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Chondrule Formation by Impact? The Cooling Rate 

F. K.luger, H. H. Weinke, and W. Kiesl 
Institute for Analytical Chemistry, University of Vienna, A-1094 Wien, Austria 

Different sets of initial conditions for impacts of stray objects on solid surfaces of planetary bodies or 
asteroids have been computed for cooling times of chondrules. The results of the calculations indicate 
cooling times shorter than 60 seconds for condensed matter from 104-1015 g generated by impact and initial 
temperatures of the gas phase formed up to presumed degeneracy limit of 150,000 K. To retain solid impact 
products originated that way on meteorite parent bodies by gravitational forces, a target diameter of at least 
800 km is required. It is shown that chondrule formation by impact seems to be an unlikely event. 

INTRODUCTION 

A number of different origins for chondrules have been proposed during the past decades. 
Among these, the so-called impact theory was stressed first by Fredriksson ( 1963 ). Thereafter the 
theory has been modified more or less until the present, e.g., by Kurat (1982). The main process, 
however, is an impact occurring on the surface of a parent body. The proponents of the impact 
theory point to abundant collisions, producing melt and vapor, during the early accretion stage of 
planets and planetesimals. A serious problem is the definition of what particle is called a chondrule 
(Dodd, 1982; King and King, 1978). From the literature it is evident that most investigators, when 
speaking of chondrules, mean "barred olivine chondrules," "radiating pyroxene chondrules," and 
"glassy chondrules" after Van Schmus ( 1969), or the so-called "true chondrules" of Grossman and 
Olsen (1974). Whatever the definition might be, in the paper presented here we show that a 
collision between objects of a certain size must fail in producing "true chondrules." 

THEORY 

Since impacts on the surface of parent bodies during the early accretion stage of planets and 
planetesimals should be responsible for the formation of chondrules, we describe the mechanism 
with respect to the cooling rate of a gas phase containing condensed matter after a cosmic impact. 
The early thermal history of the chondrules (formed out of the condensed fraction mentioned) is 
clearly controlled by the thermal behavior of the surrounding gas phase. 

The computation of the cooling time of gas as well as of condensed matter is based on the law 
of Stefan-Boltzmann: 
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(1) 

with T= temperature(K), Tm= matter(T8= gas, Tc= chondrules),and T5 = temperature of the 
surrounding environment. For the chondrules the environment is the cooling gas, thus variable in 
temperature, but for the gas the environment is the interplanetary space with a constant tempera-
ture of 200 K, which corresponds to the black body temperature in the asteroidal region, 
considering the present value of the solar constant S = 1.36· 106erg cm-2 sec-1 (e.g., Unsold, 
1974); t = time (sec), m = mass (g), F = surface (cm2), CP = specific heat; for two-atomic gases 
9R/2, for mono-atomic gases 5R/2. Taking the universal gas constant R= 8.31 · 107erg Mor' 
K-1, a mean molecular weight of 40 and a mean atomic weight of20 yields Cp8 = 9.87 · 106 erg g-1 

K-1• This value corresponds to the high temperature limit of fluid MgSiO3 or Mg2SiO4 (JANAF, 
1968). 

The relief of pressure after the collision defines the zero point of time scale and the initial 
temperature Ti of the gas phase. Our calculations had been carried out for Ti between 2000 Kand 
a presumed degeneracy limit of 150,000 K, because for high speed impacts (i.e., greater than 3.5 
km/ sec) the shock temperature may well be above the temperature of fusion and va poriz.ation but 
remains below the limit of degeneracy of matter, as has been calculated for example by Opik 
(1958a). Thus we exclude plasma, an excellent thermal conductor. At most the gas expands 
without interference to interplanetary space with the speed of sound: dr/dt = (2 Cp8·T/12; the 
corresponding surface becomes Fg = 2 CP ·Ti t2 G with Gas an undimensional factor depending 
on the geometry of expansion and the simplifying assumption that at t = 0 the surface is zero. The 
cooling of the gas from Ti down to 1500 K is calculated pre-supposing thermal equilibrium wit~n 
the gas and radiative energy loss at the surface only, unaffected by the condensed matter. Allowing 
the black body radiation to come from a gray and semi-transparent object by introducing an 
efficiency factor for hot spheres of gas (Unsold, l 974 ), Eg = 1/2 (thus the effective temperature of r:ff = t'g/2), eq. (1) becomes: 

t2dt 8818mg 
----
dTg G · Ti(T:/2- T!) 

(2) 

During the cooling time of the gas, chondrules are formed by melting of the precursor material, 
evaporation, or condensation until the entire mass has reached a temperature of 1500 K. This limit 
has been chosen with respect to rare relict inclusions and liquidus temperature (Nagahara, 
1981; Rambaldi, 1981; Rubin et al, 1982) of chondrules. Further cooling of chondrules is 
described by eq. (1 ), accounting fornon-ideal radiation with efficiency Ec = i- 114 (Unsold, 1974): 

dt 2. 7· 1011mc --
dTC EcC~-T:) 

(3) 
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190 Chondrules and their Origins 

Since the cooling of the chondrules increases the thermal energy of the gas, eq. (2) has to be 
extended; furthermore, allowing the gas to approximate the temperature of T5 of the surrounding 
space, Eg has to be replaced by: 

Thus the cooling of the gas for temperatures less than 1500 K finally is described: 

(dt/ dT)c 
----· m · C (dt/dT)g c Pc 

4 ' 4 4 1 13·10- ·G·T·C (ET -T) • I Pg g g s 

(4) 

(5) 

Rather extensive estimates indicate that the influence of physical or chemical parameters, like 
thermal aspects of dissociation, recombination, crystalli:zation, or the temperature dependence of 
the CP data may be neglected. Convective and/ or turbulent motion of the gas tends to reduce all 
cooling times when high total masses are involved, especially in combination with high initial 
temperatures. 

RESULTS 

Equations (3) and (5) are linked by time and temperature. The calculations have been 
realized iteratively inserting the following constants: 

• The geometry of expansion is a spherical sector with sin/j = 4/5 (2P = 106°), 
thus G = 5.03; 

• The density of chondrules is 3 g cm-3 neglecting temperature dependence and 
variations in solid or fluid matter; 

• (m/F)c is found to be 0.021 g cm-2 with respect to spherical shape and a mean 
diameter of 0.042 cm (Dodd, 1976); and 

• The impact-produced ratio of masses gas/(liquid + solid) is 4/3. This value is 
given by Cpik ( 1958b) for impact velocities greater than 15 km/ sec as an upper 
limit. Of course, impacts may be less effective in the production of vapor, but 
any reduction of the fraction of vapor will result in reduced cooling times of 
chondrules too, as is evident from eq. (2) and eq. (5). 

The results for some selected values are presented in Fig. 1 and listed in Table 1. 
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Table 1. Input parameters and cooling periods for three selected cases of impact.• 

Initial temperature Ti of gas 
Speed of expansion 
Mass of condensed matter 
Mass of gas 
Cooling of gas from Ti to 1500 K, eq. (2) 
Cooling of gas from 1500 K to 700 K, eq. ( 4) 
Cooling of gas from 700 K to 400 K, eq. ( 4) 
Cooling of chondrules from 1500 K to 700 K, eq. (3) 
Cooling of chondrules from 700 K to 500 K, eq. (3) 

* Black body temperature of the surrounding space is 200 K. 

[K] 
[km sec-1] 

[g] 
[g] 

[sec] 
[sec] 
[sec] 
[sec] 
[sec] 

CONCLUSION 

Case 1 Case 2 Case 3 
2,000 20,000 150,000 

1.73 5.47 14.98 
10,000 1011 1015 
13,300 l.33•1011 l.33•1015 
0.016 1.91 21 
0.038 2.65 30.2 
0.012 3.14 35.6 

5.0 6.77 36.6 
9.8 10 25.6 

If chondrule formation by impact on the surface of a parental body would have been an 
abundant event, any chemical, petrological, or experimental study has to be in agreement with the 
cooling time of these particles. In any case, it is evident from Fig. 1 that the cooling period is 
extremely short, although depending on several parameters like impact velocity and masses of 
colliding bodies. 

With respect to Table 1 the temperature interval from 1500 K, the lower liquidus tempera-
ture of chondrules, down to 500 K, the temperature where diffusion within the chondrules is more 
or less hampered, is passed very rapidly in less than 60 seconds. From the studies of Nagahara 
( 1981 ), Rambaldi ( 1981 ), and Rubin et al. ( 1982 ), it seems evident that some chondrules were not 
necessarily crystallized from a completely molten liquid. This means for an impact model that the 
temperature of the impact products did not exceed the liquidus of the bulk chemistry of these 
chondrules, or the high temperature period of the gas has been too short. This is consistent with our 
calculations for the quick cooling of the gas from Ti down to 1500 K (Table 1; 0.016 to 21 
seconds). Blander et al. (1976) and Tsuchiyama et al (1980) compared the textures of natural 
chondrules with synthetic spherules. The results point to cooling rates of chondrules 50-120 K 
min_, when crystallimtion occurred. Hewins et al. ( 1981) reported on experiments with synthetic 
spherules and concluded that pyroxene excentroradial chondrules could have formed by cooling 
from the liquidus at rates of about 10 K/hr to greater than 3000 K/hr. 

Planner and Keil (1982) proposed a three-stage model for the cooling history of olivine-
porphyritic fluid droplet chondrules found in ordinary chondrites. Experimental investigations of 
thermal parameters in the pre-accretionary chondrules environment point to an initial continuous 
cooling from at least liquidus temperature at rates of 300-4000 K/hr to about 1600 K, a 
subsequent duration isothermal event at that temperature, and finally quenching. Results of these 
experiments are not in agreement by at least one order of magnitude with the cooling history of 
impact products. 
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Fig. 1 Time-temperature depen-
dence for two selected cases of 
Table 1 at Ts of gas is 200 K. Upper 
curves: Ti= 2,000 K, mg= 13,300 
g, me= 10,000 g; lower left curves: 
Ti = 150,000 K, mg = 1.33· 1015 g, 
me= 1015 g. 

The oxygen isotope ratios of chondrules have been used to support the impact history (Kurat, 
1982). The oxygen isotope ratios of the precursor materials may vary as much as 10°/00. Since the 
gas cools faster than the condensed matter, there is no possibility of establishing strictly limited 
values of oxygen isotope ratios for chondrules of various classes (Clayton et al., 1976). Recently it 
has been shown by Gooding eta/. (1980) that isotopic variations might be explained by mixing of 
mafic and felsic components if chondrules form by melting of pre-existing, heterogeneous 
materials. Caffee et al (1982) also point in this direction, without specifying in detail the different 
precursor materials. It should be noted here that these authors state that most tests to find trends 
between isotopic structures and petrological parameters are of questionable significance. 

Concerning a pressure range of 10-3 to 10-7 atm for the impact gas cloud (Tg less than 1500 
K), O'Keefe (1976) has demonstrated that evaporation of FeO is faster than diffusion within a 
chondrule. As a consequence glass chondrules, produced by impact and having FeO homoge-
neously distributed, should exhibit a depletion of FeO content at the rims. Since hydrosilicates 
and/ or crystal water cannot be ruled out either as constituents of the projectiles or as parts of the 
surface layers of the target bodies, the marginal water content of chondrules has to be inspected in 
the light of the impact model. Water will be dissolved in the melt during the impact peak pressure 
of up to and greater than 1 Mbar (Cintala et al, 1979). Following O'Keefe (1964) a temperature 
of 2500 K should be effective for at least 60 seconds to drive out water by diffusion. 

To avoid complications due to the postulation of an additional event of accretion, the 
formation of chondrules by impact is further restricted by the need to retain the impact products on 
the meteorite parent body. Experiments with impact velocities of more than 6 km/sec show no 
significant melting of the colliding materials (Gault et al., 1963). A steel projectile impacting the 
Bjurbole chondrite with 4.5 km/sec (Fredriksson and De Carli, 1964) produced veins by partial 
melting of compressible materials, e.g., feldspar and troilite. Allowing scaling difficulties in 
extrapolation and missing knowledge of target strength a mean collision speed for asteroids of 5 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1983chto.conf..188K


1
9
8
3
c
h
t
o
.
c
o
n
f
.
.
1
8
8
K

F. Kluger et al.: Impact chondrule cooling rate 193 

km/ sec (Davis et al., 1979) may be high enough to produce vapor and melt. Nevertheless, there is 
no question that, at these impact speeds, targets with diameters less than 800 km are eroded 
(Marcus, 1969; Davis eta/., 1979). Asa consequence a comparably thin layer of chondrules may 
cover a chemically related meteorite parent body essentially free of chondrules; however, this is 
not likely. 

Properly setting the (m/F)c value the model calculation is useful to evaluate the cooling 
history oflunar type "chondrules," glassy spheres, or agglutinates. Finally, we agree with Taylor et 
al. (1982) that some molten droplets, glass spheres, and quench-crystallized impact melts in lunar 
soils, regolith breccias, and even meteorites can certainly form by impact; however, most chon-
drules did not. 
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