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Abstract. The entropy associated with the thermodynamic states produced by hypervelocity meteoroid 
impacts at various velocities are calculated for a series of lunar rocks and minerals and compared 
with the entropy values required for melting and vaporization. 

Taking into account shock-induced phase changes in the silicates, we calculate that iron meteorites 
impacting at speeds varying from 4 to 6 km/s will produce shock melting in quartz, plagioclase, 
olivine, and pyroxene. Although calculated with less certainty, impact speeds required for incipient 
vaporization vary from ~ 7 to 11 km/s for the range of minerals going from quartz to periclase for 
aluminum (silicate-like) projectiles. The impact velocities which are required to induce melting in a 
soil, are calculated to be in the range of 3 to 4 km/s, provided thermal equilibrium is achieved in the 
shock state. 

1. Introduction 

As a result of our intense exploration of the Moon within the last decade, it has 
become increasingly clear that meteorite impact is an important, if not dominant, 

process affecting the evolution of the lunar surface. Impact craters are, in fact, the 

most common, and striking morphological feature appearing on all scales, from 

microns or so in diameter, to craters easily visible from the Earth, some 1200 km in 

diameter. The present study of the thermodynamics of shock induced melting and 

vaporization is motivated by both these considerations, and the observation (Shoe- 

maker et al., 1969; Shoemaker, 1970) that the lunar soil, or regolith, and, probably 

also, the underlying layers of breccia, are directly, or closely related to the pervasive 

abundances of shock-induced glasses within these media. Glass in the lunar samples, 

much of it probably of impact origin, is observed lining micron (Carter and Mac- 

Greger, 1970) and millimeter-sized (Hgrz et al., 1971) craters, and as splash-like 

coatings (Morgan et al., 1971) of what are probably exposed surfaces of  lunar rocks. 
In some cases, these coatings do not have identical compositions to the rocks upon 

which they are plastered. This suggests that they have an impact origin. The lunar 
soil is observed to consist of from 10 to 60% glass, depending in general, upon site 
and core sample (Lunar Sample Preliminary Examination Team (LSPET), 1969, 1970, 

1971). The range of composition of these glasses from one-site, is observed to reflect 

the chemistry of different rocks some of which are in our present compendium of 
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analyses (Glass, 1971). The 'whole rock' compositions suggest, the glasses are derived 
from the whole rock by a rapid process such as impact. 

In this paper we examine the impact velocities and meoteroid shock impedances 
which are required to cause shock melting and vaporization of mineral and rock 
target materials. Since only the maximum shock conditions produced by a particular 
impact are considered, the present calculations describe only a relatively small amount 
of the target material exposed to the maximum shock pressure. Laboratory experi- 
ments of Gault et al. (1968) demonstrate that nearly all of  this material is ejected at 
later times in the resulting high speed flow. Geometrical arguments, based on the path 
of rarefaction waves emanating from the lateral and rear surfaces of the impacting 
meteoroid and the target free-surface, indicate that the mass of material exposed to 
this maximum shock pressure is on the order of the mass of the meoteroid itself. 

In addition to solid materials we also have studied the effect of porosity on lunar 
materials. ~I his is because the dominant portion, probably over 90%, of the exposed 
lunar surface is covered with a rubble regolith having bulk densities in the range of 
1.3 to 2.3 g/cm 3. LSPET (1969, 1970, 1971). The porosity of the regolith, the numerous 
breccias which probably underly this rubble in many places, as well as the vesicle 
porosity of the igneous rocks are expected to have a marked effect on the conditions 
required for shock melting and vaporization. 

The materials of principle interest with regard to the Moon are basalts and their 
courser-grained equivalents, various pyroxenes, plagioclases, and olivines. Also of 
interest are silicate materials such as granite which may be the ultimate source of 
tektites whether this is on the Earth, Moon or on some other solar system body. 

2. Shock Thermodynamics 

When a meoteroid strikes a surface at speeds which may vary from several kilometers 
per second, to perhaps 60 km/s, an intense mechanical shock wave is driven forward 
into the target material and rearward back into the meteorite. In general, this initial 
shock produces the highest pressure states achieved during the impact process. The 
intensity of this shock is calculable from knowledge of the Hugoniots (locus of shock 
states) (Rice et al., 1958) of the target and projectile materials, and the impact velocity. 
Upon reflection of the rearward propagating shock at the upper surface of the 
meteorite, a forward travelling rarefaction wave propagates through the meteoroid 
and subsequently into the target (lunar surface) (Figure 1). This rarefaction wave, 
and rarefactions emanating from the lateral surface of the projectile and target free- 
surface, reduce the shock pressure in each mass element of the target. This adiabatic 
rarefaction process also gives rise to the high particle velocities which cause most of 
the heavily shocked material to leave the resulting crater as impact ejecta. 

In order to determine the range of meteoroid impact velocities sufficient to give 
rise to melting, or vaporization, of a given rock or mineral, our tactic will be to 
determine first, the maximum Hugoniot state in the target and then determine whether 
upon adiabatic expansion, this material remains solid, melts or vaporizes. 
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Fig. 2. Pressure-volume relations for a hypothetical silicate which undergoes a shock-induced phase 
change. The Hugoniot curves which are shown displaying a low-pressure, mixed phase, and high 
pressure regime are offset by increasing increments of pressure above the O K isotherm by either 
raising the initial temperature or by increasing the initial porosity. A series of hypothetical release 
isentropes centered at states in the low and high pressure and mixed phase regimes along the principal 

Hugoniot are also shown. 
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The thermodynamic states which result from shock compression to a state on the 
Hugoniot and subsequent adiabatic expansion for a typical silicate material are shown 
in Figure 2. All silicates which have been tested to date in the laboratory (including 
quartz, feldspars, pyroxenes, olivines and garnets (Wackerle, 1962; Trunin et  al. ,  
1971a,b; McQueen et  al., 1967; Ahrens and Gaffney, 1971; Ahrens and Graham, 
1972) display Hugoniot curves similar in shape to that sketched in Figure 2. These 
Hugoniots reflect the observation that upon shock compression, states corresponding 
to the initial, or low pressure phase (lpp) are achieved up to pressures on the order of 
N 130 to ~ 300 kb, above which a phase transition(s) in the silicates occur. At succes- 
sively higher pressures, states in a mixed phase regime in which, with increasing 
pressure (over a range of 200-400 kb) increasing quantities of a high pressure phase, 
hpp, (or phases in the case of a rock) coexist with the lpp. At still higher pressures, the 
Hugoniot curve reflects the pressure (p), volume (V), and energy (e) equation of state 
of usually a denser polymorph(s) of the mineral, or mineral assemblage. Although 
the data for many of the silicates are incomplete, it is likely that upon further com- 
pression a succession of polymorphs will form, and thus, a number of mixed phase 
regimes will exist along any one Hugoniot curve. The probable crystallographic 
nature of the phases which are shock induced in the common silicates are discussed 
by Ahrens et  aI. (1969a), Davies and Anderson, 1970; Ahrens and Gaffney, 1971 ; and 
Ahrens and Graham, 1972. 

If  the rock or mineral is initially porous, a Hugoniot curve results which, with the 
possible exception of the mixed phase regime, lies above the solid or principle 
Hugoniot. Increasing the initial porosity, increases the thermal pressure, at a given 
volume. Hence the Hugoniots of materials with successively increasing porosity, will 
be increasingly offset in pressure from the principal Hugoniot. Although extensive 
measurements of porous Hugoniots have not been carried out for geological materials, 
with the exception of MgO (McQueen et  al. ,  1971) and SiO2 (Trunin et  al. ,  1971a,b), 
such Hugoniots may be theoretically constructed assuming thermal equilibrium and 
a relation such as the Mie-Gruneisen equation of state 

P m  - -  P h  = ~ (era - e h ) / V ,  (1) 

where the subscripts m and h refer to the porous, and principal Hugoniot values of 
the pressure p, and enternal energy, e and 7, the Gruneisen parameter is V (@/0e)v. 
The latter quantity, although in principle experimentally obtainable for all materials, 
must because of the lack of data, be theoretically estimated for most of the shock 
induced hpp's. 

In order to determine the maximum shock pressure state produced in an initially 
non porous, or porous, rock or mineral as a result of impact of a stoney (silicate) or 
iron meteorite, the impedance match method (Rice et  al. ,  1958) is applied. The 
impedance match method requires knowledge of the Hugoniot curves for both the 
target and meteoroid, as well as the relative impact velocity. This method, which is 
strictly applicable only to one-dimensional flows, depends upon the constancy of the 
normal stress and particle velocity at the target-projectile interface, immediately after 
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impact in the time period when forward and rearward travelling shocks propagate into 
the target and projectile, respectively. 

Using the impedance-match solution, to determine the high pressure, p-V-e  shock 
state, and using, usually an assumption, regarding the Gruneisen parameter at 
high pressures, a complete description of the thermodynamic state (including 
specific entropy, s, and temperature, T) at the condition of maximum com- 
pression state is possible (Walsh and Christian, 1955; Ahrens et al., 1969a; 
Naumann, 1971). 

It is more difficult to achieve an adequate description of the final, post-shock states 
which are achieved by rocks and minerals via adiabatic release along a series of paths 
(shown diagramatically in Figure 2), largely because of the paucity of pertinent 
experimental data. For impact velocities of ~5 x 106 km/s, and lower, radiative 
transport of energy away from the intensely shocked region on a time scale appropriate 
to hypervelocity cratering on the moon (10-10 .9 s) will not be significant (Walsh et al., 
1964), and hence the entire shock and rarefaction process within the rock will be 
closely adiabatic. In general for impact velocities of several kilometers per second and 
lower, the maximum shock pressure state achieved along the Hugoniots of the 
silicates, will lie in the lpp regime and the adiabatic release will take place along a path 
similar to the Hugoniot, but generally lying above the lpp (Walsh and Christian, 1955). 
Because usually only one phase is involved in this process, the process will be closely 
isentropic. On the basis of a series of experiments carried out on plagioclase, crystalline 
and fused quartz (Ahrens and Rosenberg, 1968; Ahrens et al., 1969b; Gibbons and 
Ahrens, 1971) it appears that adiabatic release from states in the mixed phase regime 
occurs initially along p- V paths characteristic of the p- V behavior of the hpp. Subse- 
quently, as the pressure is reduced (to values in the ~ 50 to ~ 100 kb range) expansion 
to a post-shock volume characteristic of the lpp, or, a short-range-ordered material 
such as maskelynite in the case of plagioclase or amorphous quartz (Milton and 
DeCarli, 1963; De Carli and Jamieson, 1959) will occur. The result will be a material 
which has a zero-pressure volume which is greater than that of the lpp crystal material. 
Release paths from shock states well within the hpp regime have yet to be measured, 
but the thermodynamic calculations presented below, demonstrate that for release 
from both the principal and porous Hugoniots, a series of expanded volume, high- 
temperature states, successively within the solid, solid plus liquid, liquid, liquid plus 
vapor, and vapor stability fields are to be expected with increasing shock pressure. 

3. Calculation of Post Shock Internal Energy 

The method most previous workers (Butkovich, 1967; Wackerle, 1962; Ahrens et al., 
1969b) have employed in calculating the shock strengths, and hence impact velocities 
required to induce melting or vaporization upon pressure release, has been to deter- 
mine, or estimate, the shape of the release adiabats, and then calculate the net gain 
in internal energy achieved upon shocking and subsequent rarefaction. This energy is 
h en compared to that required to melt, or vaporize, the material at low pressure. 
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The post-shock energy is given 

Voo 

ep = eo + ½ph(Vo - Vh) -- f (p dV),, 
Vh 

(2) 

where eo and Vo are the initial pre-shock internal energy and specific volume, Vh and 
Voo are the Hugoniot and post-shock volume. In Equation (2) the shock state is 
assumed to be achieved via a single shock discontinuity. The integral is taken along 
the release adiabat which is assumed to be an isentrope. In our view, the major 
advantage of this procedure is that it requires no additional information regarding 
the Gruneisen parameters if measured release adiabats are available. However, if 
these release data are not measured, as in the case of complex behaving silicates, they 
are difficult to calculate theoretically with any degree of confidence. 

As an example, we have applied Equation (2) to the Hugoniot and release data of 
Ahrens et al. (1969b) for the Muskwa Lake oligoclase. This mineral has a composition 
equivalent to 75.1% albite, 19.4% anorthite and 5.5% orthoclase. As shown in 
Figure 3, release adiabats centered at Hugoniot states at 180, 272 and 416 kb were 
measured. The states at the two, lower pressures, are thought to lie in a mixed phase 
regime, representing a mixture of oligoclase and either a mixture of jadeite, grossularite, 
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220 THOMAS J, AHRENS AND JOHN D. O~KEEFE 

kyanite and SiO 2 (coesite or stishovite) or perhaps a lapp of oligoclase in the hollandite 
structure (Ahrens et  aI., 196%). The Hugoniot state at 416 kb, probably corresponds 
to nearly complete transformation to the hpp(s). By applying Equation (2) to the 
measured release adiabats, and their rather large experimental uncertainties, the post- 
shock energy gains, plotted in Figure 4 are obtained. Ignoring the small difference 
between internal energy and enthalpy at ambient pressure, a temperature scale, 
corresponding to the enthalpy versus temperature data (Robie and Waldbaum, 1968) 
for plagioclases is also shown in Figure 4. As can be seen from the figure, within the 
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Fig. 4. Calculated post-shock energy gains, versus shock pressure from the experimental release 
adiabat data of Figure 3. 

experimental uncertainties, the melting interval we infer for this composition, overlaps 
the range of maskelynite formation (shock-induced amorphous phase) reported by 
Milton and DeCarli (1963). However, in the reflected shock geometry of Milton and 
DeCarli, their peak temperatures were much lower and subsequent experimentation 
has indicated that maskelynite may form as low as 150 kbar which corresponds to 
energies well below those required for melting. The post-shock temperatures calculated 
here are considerably greater than originally estimated by Ahrens et al. (1969b). 

4. The Post-Shock State Using the Entropy Method 

The method of calculating entropy along the Hugoniot (Zeldovich and Raizer, 1966; 
Ahrens, 1972), and comparing the resulting values with the entropies required to melt 
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or vaporize a material at low pressure and high temperatures has apparently been 
overlooked by previous workers concerned with geological materials. In applying this 
simple idea, it is of course, implicitly assumed that all the entropy production takes 
place during the shock process, and during the rarefaction process the specific entropy 
remains constant. The tactic which is followed is to determine the entropy increase 
resulting from shock compression of both initially nonporous, and a series of distended 
minerals, and rocks, and compare the entropy values, to the entropy versus temper- 
ature, measured or calculated, for the solid, liquid and vapor phase at one atmosphere. 
In general, the differences in entropy of the solid polymorphs are usually much smaller 
than the entropy changes associated with vaporization. In the case of vaporization on 
the Moon we are interested in the entropies at < 10 -~° T, however the isentropes 
which lead to vaporization will of course also pass through a one atmosphere state. 
In cases where the isentrope passed through the vapor dome (Figure 2) we will 
underestimate the amount of either solid or liquid coexisting with the vapor. However 
for shock states having entropies much greater than that existing at the liquid-vapor 
critical point, where most of the material will remain gaseous, even at very low 
pressures our estimates of the shock states required for vaporization based on calcu- 
lations at ambient pressure, should be fairly valid. Entropies required for melting of 
different minerals are taken from thermodynamic tabulations (Table I). The entropies 
required for incipient and complete vaporization which are also shown in the table 
are calculated theoretically by the methods described in the next section. 

Except for periclase, all of the rocks and minerals studied undergo a shock-induced 
phase change in the regimes experimentally studied. Because sufficient entropy to melt 
the lpp's of these are only achieved either, within, or above the range ofhpp Hugoniot 
data, we have considered only the latter regime in our analysis. Employing the 
calculated temperature along the principal hpp Hugoniot reported by the various 
authors indicated in Table I, the entropy at any point along the hpp principal Hugoniot 
is given by 

Th 

f dT Ash= C~(OD/T) -({. (3) 

o 
By calculating the variation in 0D, the Debye temperature, at each Hugoniot volume 
V h, and using the Gruneisen parameter for the high pressure phase, the specific heat 
at constant volume, C,, the entropy along the Hugoniot is obtained using the calcu- 
lations given by Furakawa and Douglas (1963). Since the shock temperatures in the 
hpp regimes are comparable, or generally exceed, the Debye temperatures above 

500 kb (for the nonporous materials) the major uncertainties in the above procedure 
stem largely from the uncertainties in the calculated Hugoniot temperatures rather 
than failure of Debye theory (Kieffer and Kamb, 1972) in describing the thermal 
properties of silicates. The uncertainties in Th, which are on the order of ~ 25 % at 
compressions of 0.8, and probably approach ~ 50% at compressions of 0.6, reflect 
the uncertainty in the Gruneisen parameter. 
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The pressure along the porous Hugoniot is calculated from Equation (1) and the 
conservation of energy Rankine-Hugoniot relation (Rice et al., 1958) and is given by 

(4) 

The temperature along the porous Hugoniot is given by 

(p,. - p~) v 
T,. = T~ + (5) 

3R7 

In Equation (5) the Dulong-Petit value of Cv is assumed. Here m is the distention of 
the initial (lpp) material of crystal volume Vo. Hence the initial volume of an initially 
porous mineral or rock is given by mVo. Equations (4) and (5) are valid as long as the 
Gruneisen ratio depends only on volume, and the compressions are less than that at 
which @h/~? V= - oo or the condition 

V 7m 
- (6) 

Vo 2 + ~ ,  

O c c u r s .  

In Equations (4)-(6) it is assumed that the porous medium has come to thermal 
equilibrium in the shock state. For a grain size on the order of 0.1 mm, characteristic 
thermal conduction times are ~ 100 #sec for silicates. However if local radiative 
energy transfer between grains occurs, the thermal equilibrium time will be drastically 
reduced. 

5. Entropy of  Vaporization of  Silicates 

In simple materials such as metals, the minimum value of the entropy, in which all 
bonds are just broken is the value of the entropy at the critical point (Figure 2). In the 
more complex silicates, this is not a very convenient criteria since the vaporization 
process is incongruent, and the critical point, if it exists, is difficult to determine. A 
critical point calculation is only attempted in the case of SiO 2 (next section) for which 
some data on the pertinent species at high temperature are available from the work of 
Porter et al., 1955. As discussed in the previous section, upon adiabatic expansion into 
a vacuum, a mass element of the shocked material will always pass through the state 
corresponding to 1 A pressure* and the entropy at this state provides a measure of 
whether vaporization can be achieved at this mass element. This measure will not in 
general give the absolute minimum value of entropy for vaporization, since there can 
always be shock states in which vaporization occurred upon expansion, and subse- 

* This may not, however, be an equilibrium state. 
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quently condensation, ensued at a pressure greater than one atmosphere. However, 
the range of states for which this may occur is fairly narrow. The key unknowns in 
calculating the entropy at 1 A pressure are the final temperature at which the last 
constituent vaporizes and the molecular species of the vapor. 

Kreiger (1967) has performed detailed high temperature thermodynamic calculations 
on several complex materials and two minerals, quartz and enstatite. He found that 
enstatite disproportionated into the oxides MgO and SiO 2. These oxides have 
temperatures of vaporization at 1 A of approximately 3350 K and 3175 K respectively. 
Kreiger found that the temperature at which the individual oxide component leaves 
(boils off) the mineral, upon heating, does not vary significantly from the vaporization 
temperature of the pure oxide (Figure 5). As suggested by Kreiger's result, we will 
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assume for all the silicates that the temperature at which the liquid is completely 
converted to vapor, is the highest temperature of vaporization represented by the 
constituent oxides. This assumption therefore ignores any nonideal solution effects. 
A list of the temperatures of vaporization of important oxides (Table III) was obtained 
from the review paper by Brewer (1953). With the knowledge of the vaporization 
temperature and gaseous species, the entropy can be calculated using the methods of 
statistical mechanics (Mayer and Mayer, 1940). For each of the atomic and diatomic 
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species, the individual contribution the total entropy is given by 

[2nrnkT'~ 3/2 V 
S ' = S e t + ½ R + R l n ~  h 2 ] 

{8n2#rZkT "] 
+ R In \ p } 

.h, 1 . in{leap(  
/ + kT exp / ~  - I  

k / 

where Set is the electronic contr ibut ion (Lewis and Randall ,  1961) and R, k, h and N 

is the gas, Boltzmann, Planck and Avagadro ' s  constants, and m, p, r and v are the 

molecular mass, reduced mass, interatomic spacing and vibrational frequency. The 

values of  the latter molecular constants were taken f rom Dieke (1963). The resulting 

entropies for complete vaporizat ion are given in Table II.  

TABLE III 

Assumed vaporization products for silicates 

Silicate Oxide gas 

SiO2 
MgSiO8 -+ 
Mg2SiO4 -+ 
CaAhSi208 
NaA1Si308 --~ 
Fe2SiO4 -+ 
CaMgSi=O6 
CaFeSi20~ 
NaAl(SiOa)2 --+ 
KA1SiaO2 

SiO 4- 1/20~ ~ 
MgO 4- SiO 4-1/2 02 
2MgO 4- SiO 4- 1/2 O2 
CaO 4- 2A10 4- 2SiO 4- 3/2 O2 
Na 4- A10 ÷ 3SiO 4- 2 O2 
2FeO 4- SiO 4-1/2 O2 
CaO 4- MgO 4- 2SiO + 02 
CaO 4- FeO 4- 2SiO 4- 02 
Na 4- A10 4- 2SiO 4- 3]2 02 
K 4- A10 4- 3SiO 4- 2 02 

a Porter et al. (1955). 

The increment in entropy f rom incipient to complete vaporizat ion was calculated 

f rom 
/-/v 

A S  = - -  (8) 
T o '  

where H v is the enthalpy of  vaporizat ion and T v is the temperature o f  vaporization.  

For  the minerals being considered, incongruent  vaporizat ion occurs over a range o f  
temperatures. A lower bound on the entropy increment was determined by taking T v 
to be the temperature at which the vaporizat ion process is completed, i.e. the vapor-  
ization temperature of  the most  refractory oxide. The following thermodynamic  cycle 
for enstatite was typical o f  those used for calculating the enthalpy of  vaporizat ion 

(Figure 6). 
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Starting with the solid at 298 K and proceeding in a clockwise manner, the first 
enthalpy change entails the heat of formation of the crystal from the oxides, then the 
heat of formation of the oxides from the elements in their standard states, the subli- 
mation of the solids to gases, and the reaction of the gases to form the vapor species 
expected from the vaporization process. All of the above processes were considered 
at 298 K. The heats in each of these, were obtained from compilation of thermo- 
dynamic properties in Robie and Waldbaum (1968). The next enthalpy change in the 
cycle is the heat required to raise the various species to the temperature of vaporization. 
This enthalpy was calculated using the statistical mechanical formulae for the temper- 
ature dependence of the specific heat at constant pressure (Mayer and Mayer, 1940) 
and spectroscopic data for the molecular parameters (Dieke, 1963). The enthalpy 
required to convert the liquid at 3350 K (temperature of vaporization of MgO) to the 
vapor at that temperature was defined as the unknown heat of vaporization. The 
remaining step in the cycle was the energy required to heat crystal from 298 K to the 
melting point, completely melt and heat the liquid to the vaporization temperature. 
The thermodynamic compilations of Robie and Waldbaum were used in these 
calculations for temperatures up to 2000 K and for temperatures above 2000 K these 
data were graphically extrapolated and in some cases the heats of fusion were estim- 
ated (Figure 7). The resultant values for the change in entropy upon complete vapor- 
ization were then calculated from Equation (8) and used to determine the entropy for 
incipient vaporization shown in Table II. 

6. The Critical Point for S i O  2 

The position of the vapor-liquid critical point of SiO 2 can be calculated using the 
recent theory of Young and Alder (1971), in which the gaseous phase is assumed to 
obey a modified van der Waal's equation of state. In this theory, the van der Waal's 
constant, a, is determined in the usual way from the liquid specific volume, VL, and 
cohesive energy of the liquid, Eo, relative to the gas species, a =  - E o V L .  The van der 
Waal's constant b is determined from the Percus-Yevick expression relating the hard 
sphere diameter a, to the volume of the liquid at the melting point, 

6 ~  
a3=0"45 nN" (9) 

In these terms b is given by 

b = 2 ~ N a  3 . 

The expressions for the critical constants are 

Vc = 2.417 x 1024 a 3, (a) 

Pc = 0.2596 a / V ) ,  (b) 

T c = 0.7232 a/RVc.  (c) 

(lO) 

(11) 
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TABLE IV 

Calculated critical point properties of SiO2 
theory of Young and Alder (1971) 

Parameter Value 

229 

Vc 1.57 cmZ/g 
Pc 6.42 kb 
Tc 13,500 K 
a 9.75 x 101~ ergs cm2/mole z 
b 0.818 cmS/g 
Sc 22.6 cal/gram-atom K 
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The vaporization reaction for SiO 2 (Table IV) indicates that one mole of liquid will 
produce 3 moles of hard spheres. The energy of formation of the liquid from the gas 
is taken to be - 192 kcal/mole (Robie and Waldbaum, 1966), or in terms of moles of 
hard spheres, -128 kcal/mole. 

The resulting values for the critical constants and critical point entropy, and the 
parameters for the critical van der Waal's isotherm, are given in Table IV. 

7. Impact Conditions for Melting or Vaporization 

The mechanical properties of objects which have, and undoubtedly still, impact the 
lunar surface probably range from those corresponding to very distended, frothy, 
NH3-CH4-CO2 ices to those of iron. In order to examine the effect of the shock 
impedance of materials on the resulting shock state, we will consider the impact of 
lauminum and iron projectiles. Iron, of course, represents iron meteoroids, while 



SHOCK MELTING AND VAPORIZATION OF LUNAR ROCKS AND MINERALS 231 

aluminum is grossly similar to silicates, or stony meteoroids, in both density, and 
shock properties. 

Using the methods outlined in the previous section, the entropy (per mole of atoms) 
produced upon impact of aluminum and iron projectiles at speeds up to 9 kin/s, and 
in several cases, 14 km/s, are shown relative to the compression of the lpp crystal 
volume in Figures 8-18 for a series of seven minerals and four rocks. The marked 
effect of varying the initial porosity, from zero to that corresponding to distentions 
of m=2 (bulk volume equals twice crystal volume) is demonstrated by the various 
curves. However, the condition of Equation (6), has in numerous cases, limited the 
range of distentions considered. From Table II it may be seen that the entropies 
required for melting, on a per mole of atoms basis, is roughly the same for all materials 
(12 to 17 cal/mole-atm K). Similarly, our calculations of the entropy change upon 
melting and vaporization, are in approximate agreement with empirical rules, generally 

Fig. 9. 
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applicable to elements and compounds, of Richardson and Trouton (Swalin, 1962) 
which predict values of 2 and 21 (cal/mole-atom K) for these, respectively. 

Although the Hugoniot experiments on silicates and silicate-bearing rocks virtually 
all demonstrate the occurrence of phase changes, samples recovered from shock 
pressures as high as 1 mb, uniformly show that these changes are rapidly reversible 
and the recovered products are largely either amorphous (but perhaps unmelted), 
melted, or in the initial lpp. If  we consider such amorphous phases as maskelynite, 
as being essentially a lpp, and we note the hpp such as coesite, stishovite, majorite 
and ringwoodite, make up less than, or most a few per cent, of the shocked material, 
the use of the thermal data for the lpp is justified. The behavior of some 11 different 
media for which calculations were carried out are described below. 

8. Quartz 

The hpp for which the calculations of Figure 8 are based, is stishovite, which starts to 
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form for shock states above ,-~ 140 kb. Recovery experiments verify this and also, 
because of the high temperature instability of stishovite, these provide implicit bounds 
on the maximum temperatures achieved (DeCarli and Milton, 1965). Complete trans- 
formation to stishovite is thought to occur above ~300 kb (McQueen et aI., 1963; 
Ahrens et al., 1969a). Impact velocities of ~ 4  and ~ 6 km/s are needed to produce 
shock melting for iron and aluminum projectiles, while speeds of ,-~ 7 and ,-~ 8 km/s are 
required for vaporization of the single crystal (m= 1.0) material. Of considerable 
interest is the maximum in the 5 km/s curves, from which it follows that impact into, 
~-SiO2 with distentions of m = 1.4 will produce more entropy, and hence more heating 
(at the projectile-target interface), than impact into either less, or more, distended 
material. This effect, although not occurring at easily attainable states in all materials, 
is apparently a general property of materials that can be described in terms of the 
Mie-Gruneisen equation of state (Equation (1)) (Ahrens, 1972). The observation that 
this optimum velocity occurs at slightly less compression that that corresponding to 

E 
O 

I 
¢0 
o 
E 

>- 
o_ 
o 
n ~ 

z 
hl 

32 .£  

g 
o 
"7" 
o 

2 4 . 0  - 

16.C 

o 
E 

8 . C -  

0.4 

/ 

"~, BAMLE ENSTATITE (hpp)- 
IRON PROJECTILE "o 

"c 

m/sec 

DATA 

0.6 0.8 
COMPRESSION (V/V o) 

I 
1.0 

Fig.  lOb. 



234 THOMAS J. AHRENS AND JOHN D.O'KEEFE 

32.( 

E 
0 

c3 
t 
0) 

0 24.0 

>- eL 0 rr- F- Z LtJ 16.C 

8£ 

I I i 

TWIN SISTERS 
DUNITE (hpp)- 
ALUMINUM 

o> '~"o PROJECTILE 

~,, "/o 
~ , , / " / 6 ' ~ , ~  14 km/sec 

~km/s  -- ,,~ ";" 
,, ec 

N / 

"Ec~o "~ ~ _ _ ~ m / s  
0 e c  

E o~ ~ 5 km/sec 

DATI 
hp[ 

I I 
o.4 o.6 o.a ~.o 

COMPRESSION (V/V o) 
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dunite (hpp), for different impact velocities, (a) aluminum projectile, (b) iron projectile. 

complete transformation to the hpp is discussed with regard to the results for Bamle 
enstatite discussed below. 

9. Perielase 

This is the most refractory of the materials studied, and as shown in Figure 7, requires 
impact velocities of ,,~ 10 and ~ 12 km/s of an aluminum projectile to produce melting 
or vaporization respectively (of the single crystal). The optimum distention effect is 
quite marked. For a distension of m___ 1.6, approximately the same entropy is produced 
by a 5 km/s impact, as for a 10 km/s impact in the single crystal. The 11 and 14 km/s 
curves are known only very approximately because of our uncertainty to the value 
of the Gruneisen parameter at the high accompanying temperatures. 

10. Bamle Enstatite 

This material has a composition corresponding to (Mgo.86, Feo.14 ) SiO 3 which is 
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somewhat more Mg + + rich than most lunar pyroxenes. The Hugoniot data (Ahrens 
and Gaffney, 1971) demonstrate that this material undergoes a shock-induced phase 
change above ,-~ 135 kb, possibly to a garnet-like structure. However, this transition 
must be readily reversible, as samples recovered from shock pressures as high as 
250 kb indicate no significant disordering of this Fe + + distribution between M t and 
M 2 sites (Dundon and Hafner, 1971). 

The calculated maximum in the entropy-compression curve, shown for 3 km/s 
projectiles for m = 1.6, and for 5 km/s projectiles for m = 1.8, should be interpreted 
with some caution as these maxima occur at compressions below the range of the hpp 
data for m = 1.0. However, it may be that the mixed phase regime may be considerably 
narrower, in pressure and compression, in the case of the porous Hugoniot, as is 
reported in the case of the shock compression of porous quartz (Ahrens and Gregson, 
1964). This is possibly the result of reaction rates becoming significantly greater at 
the higher shock temperatures of the porous material. Impact velocities of ~ 6 and 
~8  km/s are required to induce melting in this mineral for iron and aluminum 
projectiles, respectively. Vaporization requires ~ 7 and ~ 10 km/s for aluminum and 
iron projectile velocities, respectively. 
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11. Twin Sisters and Hortonolite Dunite 

The Hugoniots of these rocks were measured by McQueen et al. (1967). Both contain 
predominantly olivine, and have fayalite mole fractions of 0.12 and 0.53 for Twin 
Sisters and the Hortonolite material, respectively. The crystallographic nature of the 
shock-induced phases are not known with any certainty but it is likely that these have 
zero-pressure densities close to those of the mixed oxides (MgO, FeO and S i O  2 

(stishovite). The hpp has been interpreted as probably forming in the SrzPbO 4 
structure (Ahrens et al., 1969a; Davies and Anderson, 1970). Shock melting requires 
impact speeds of ~ 7 and N 9 km/s and ~ 5 and ~ 8 km/s for the two dunites (Figures 
11 and 12) in nonporous form. These indicated variations in the different composition 
dunites are probably artifacts of the calculations as they arise from the differing 
values of the Gruneisen parameter (Table I) used in the calculations and are probably 
less than those which can be attributed to the uncertainties in our knowledge of 7 
of the hpp(s). The impact velocities required for melting, which are really not well 
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determined, are very roughly consistent with the results of Vedder (1971), who 
experimentally studied the characteristics of laboratory-produced micro-impact 
craters in an olivine similar to that in the Twin Sisters dunite. For aluminum projectiles 
impacting at 5.8 km/s, his photographs show a ragged crater with little evidence of 
fluidity (i.e. melting), while a crater formed from a 13.1 km/s aluminum projectile 
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shows considerable flow around the crater rim, presumably as a result of shock 
induced melting. 

12. Oligoelase and Anorthosite 

The exact nature of the hpp(s) of these minerals, although not explicitly known have 
been discussed in terms of transformation to the hollandite structure or dispropor- 
tionation to jadeite, kyanite, grossalaite, and stishovite (Figure 3), (Ahrens et al., 

1969a,b). In any case, for the nonporous minerals, the present calculations specify 
shock-induced melting for aluminum and iron impacts at 6 km/s and 4 km/s, respec- 
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tively. Corresponding values for anorthosite are ~9 and ,-~8 km/s. The crater 
photographs of Vedder (1971) for oligoclase impacted at 6.9 km/s by aluminum 
suggest little, if any, melting while at 13.6 km/s obvious melting is shown. Similarly 
the results of Figure 4, using the energy method suggest a similar result, although 
the experimental uncertainties are large. On the other hand, ignoring the compositional 

E 
0 

*6 
I 

<1) 

s 

0 

v 

>-. 
EL 
0 
13/ 

Z 
W 

32.( 

c 
0 

0 
N 

0.4 1.0 

2 4 . 0  

m 

16.( - 

c . , _  
4 -  

E 

8.0 

I I 

OLIGOGLASE (hpp)- 
'~" ALUMINUM 
"~ PROJECTILE 

x~ 
J 
-~  t .  14 k m / s e c  

~ , , ~  ~ k m / s e c  

~ / ~ (  ~ 5  kin/see 

DATA 
hpp 

- '4 i I ' -  i 
0.6 0.8 

COMPRESSION (V/V 0) 
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difference between anorthosite and oligoclase, the shock induced entropy production 
calculation, and the onset of shock-melting for anorthosite (Figure 14), agrees more 
closely with Vedder's result. 

13. Centerviile and Frederick Diabase and Vacaville Basalt 

These rocks containing predominantly pyroxene and plagioclase are good analogies 
to several of the igneous rocks collected from the Moon. In the present calculations, 
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it is implicitly assumed that upon being engulfed by the shock, each of the minerals 
present, achieve the same entropy density. Observation of shocked rocks containing 
coexisting plagioclase and pyroxene (Chao, 1967) suggest that shock-induced melting 
occurs at considerably lower whole-rock pressures in plagioclase than in pyroxene. 
Since the present calculations indicate that for the nonporous materials, melting 
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I.O 

occurs within both pyroxene and plagioclase at approximately the compression (1,1/Vo) 
of 0.55, the present results cannot take into account the differences in compressibility 
of pyroxene and plagioclase. Contrary to what is indicated in Figures 15-17, plagio- 
clase being more compressible, should melt or become amorphous at lower impact 
velocities. The overall effect of increasing the porosity to values of distension, corres- 
ponding to the range observed in the lunar (soil), m= 1.4 to 2.3, can be seen to 
drastically reduce the impact velocities which will produce melting. For iron and 
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aluminum projectiles, impact velocities in the range of 3 to 4 km/s will induce melting 
in a diabase-like rock at distentions corresponding to the lunar soil. 

The Vacaville basalt, Figure 17, is also similar in composition to some lunar basalts, 
being somewhat more Na-rich. This rock contains 53 % andesine, 31% augite, and 9 % 
ilmenite-magnetite (plus 7 % groundmass). Its somewhat lower zero-pressure density 
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Fig. 14 a-b. Entropy versus compression for different distentions (m = 1.0 to 1.1) for anorthosite 
(hpp) for different impact velocities, (a) aluminum projectile, (b) iron projectile. 

(2.82 g/cm 3) and a higher assumed value for the Gruneisen parameter, 1.39, gives rise to 
a somewhat higher entropy density than for the diabases, at a given impact velocity. 

14. Granite 

The impact conditions required for shock-induced melting of granitic rocks may be 
related to the formation of tektites. ~[he velocities of iron and aluminum projectiles 
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required to induce melting are approximately 7 and 9 km/s for the solid material 
As can be seen in Figure 10, our calculation suggest that, if entropy generation is 
uniform between the feldspar and quartz in a granite (which is likely since the 
compressibilities are similar) the potassium feldspar should melt at a slightly lower 
impact velocity than the quartz. The marked differences in the vaporization interval 
shown in Figure 18 are not known to be significant. 

15. Summary 

The thermodynamic state corresponding to the maximum shock pressure produced 
upon hypervelocity impact of a meteoroid with a planetary surface can be obtained 
by utilizing the appropriate Hugoniot curves of the impacting bodies in an impedance 
match solution (Rice et aL, 1958). Geometrical considerations may be used to 
demonstrate that the rock mass within the planetary surface exposed to this maximum 
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Fig. 16 a-b. Entropy versus compression for different distentions (m = 1.0 to 2.0) for Frederick 
diabase (hpp) for different impact velocities, (a) aluminum projectile, (b) iron projectile. 
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shock pressure, is on the order of the mass of the impacting meteoroid. A large 
fraction of this intensely shocked material is known to be ejected as spray in the later 
stages of the impact process. It is likely that much of the glassy material, found in the 
lunar fines, comprising 10 to 60% of the grains, have such an impact origin. The 
description of the shock pressure, volume, energy and temperature state is relatively 
simply carried out by applying the Rankine-Hugoniot equations, and the Mie- 
Gruneisen equation of state. However, because of the phase transitions which take 
place in all of the silicates under shock compression, the calculation of the post shock 
state is less straightforward. In particular, the question of how fast an iron or stoney 
meteorite has to impact various minerals and rock-types in order to produce melting 
and vaporization can be attacked by either calculating the post shock energy (or 
enthalpy), or the post shock entropy gain, and then comparing the obtained values 
with high temperature thermodynamic and phase diagram data. Previous calculational 
efforts along these lines have largely concentrated on calculating the post energy using 
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theoretically constructing, or approximately deriving, release adiabats (the thermo- 
dynamic paths followed by the shocked material as its pressure is reduced to zero 
during the post-shock rarefaction). A limited number of measurements of release 
adiabat curves for silicates have demonstrated that, as a result of the phase changes 
in the silicates, the early theoretical estimates of the release adiabats (which often 
were closely approximated by the Hugoniot curve) will lead to serious underestimates 
of the irreversible work imparted to the mineral by the impact process. Using experi- 
mental release adiabat data for the Muskawa Lake plagioclase (ab, 0.75; an, 0.19; 
or, 0.06), post-shock energies and temperatures are calculated using energy cycles for 
adiabats centered at shock pressures up to 416 kb. Within the experimental uncer- 
tainties po st shock temperatures as high as ~ 1600 °C which are sufficient to melt this 
material, cannot be ruled out for single shocks in the range 250-300 kb. Although 
this is the range in which Milton and DeCarli (1963) observed maskelynite formation, 
their multiple shock experiments generated less entropy, and hence the present results 
are not  necessarily inconsistent with the earlier suggestions that maskelynite (amor- 
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phous form of plagioclase) is a phase produced by solid-solid transformation. It also 
could be that maskelynite is merely a denser glass produced as a result of shock- 
induced melting at elevated pressures of the high pressure phase, although the lack 
of flow structure speaks against this hypothesis. 

It is usually assumed that all the entropy production upon hypervelocity impact 
takes place, during the initial compression, and that upon subsequent rarefaction the 
specific entropy remains constant. Our tactic has been to calculate the entropy 
production during shocking, for a series of nonporous and porous rocks and minerals 
which occur on the Moon. We then compare these values with the magnitude of the 
entropy required for melting and vaporization at one atmosphere pressure. This 
method then requires only calculated shock temperatures and the one-atmosphere- 
pressure entropy values and, not, specific knowledge of the release adiabats. In the 
case of melting, entropy versus temperature data have been either measured or can 
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be in a straightforward manner inferred. The entropy of incipient vaporization and 
the entropy of the completely vaporized species can be calculated from the data 
specifying the enthalpies of formation of the various oxides and application of 
statistical mechanical formulae. The entropy required to achieve melting on a mole of 
atoms basis, for all the silicates varies from ~ 13 to ,-~ 17 cal/mole K. The entropies 
of melting are generally less than 2 cal/mole K, while the entropies required for 
incipient vaporization and complete vaporization vary from 16 to 22 cal/mole K, and 
from 35 to 37 cal/mole K respectively. These latter values are relatively insensitive to 
the assumptions made concerning the oxide species in equilibrium with the liquid 
during the vaporization process. 

In order to examine the effect of shock impedance on shock melting and vaporization, 
the specific entropies produced upon one-dimensional impact of aluminum and iron 
projectiles (representing silicate and iron meteoroids) with a series of target, silicates 
and rocks, were calculated. These results are sensitive to the values of the Gruneisen 
parameter one uses for the high pressure phases to calculate shock temperatures. Iron 
projectiles traveling at velocities of 4, 5 to 6, and 6 km/s will produce shock melting 
in quartz, plagioclase, olivine, and pyroxene (bronzite), in nonporous form, respec- 
tively. In the case of aluminum projectiles, speeds of approximately 6, 5 to 8, 8, and 
10 km/s will result in melting in quartz and plagioclase, olivines, pyroxene (bronzite) 
and periclase. In the case of olivine and plagioclase these values are in good accord 
with the inferences which can be drawn from the limited photographic data on 
hypervelocity impact micro-craters recently reported by Vedder (1971). The impact 
speeds required for incipient vaporization are difficult to establish firmly because of 
the lack of data for the very high temperature, high pressure Gruneisen parameter and 
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the low pressure vapor  equat ion  of  state. Calcu la ted  impac t  velocities for a luminum 

projecti les values vary f rom 7 to 8 km/s  for  quar tz  to 10 to 12 km/s  for  periclase to 

vaporize  these minerals.  The impac t  velocity required to melt  and  vapor ize  is shown 

to be drast ical ly  reduced by in t roducing  poros i ty  (to decrease the init ial  densi ty)  if  

local thermal  equi l ibr ium can be achieved. F o r  example,  i ron  and a luminum project i les  

impact ing  a soil o f  d iabas ic  or  basal t ic  composi t ion ,  having an init ial  bu lk  densi ty 

in the range of  1.3 to 2.3 g /cm 3 (such as is observed  on  the surface of  the moon) ,  

should  induce complete  mel t ing at  speeds as low as 3 and 4 km/s.  
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