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Introduction:  Undoubtedly, chondrule formation 

ranks as one of the chief enigmas in cosmochemistry 

[1]. An enduring opinion since the 1980s has been that 

chondrules formed out of nebular precursors (that is, 

precursors grown in a disk environment, in contradis-

tinction to planetary contexts; e.g. [2-3]) through some 

transient heating mechanism usually also envisioned in 

a nebular setting. 

A leading idea in this vein is the shock scenario 

(e.g. [4-10]). Whether the shocks are supposed to arise 

from large-scale gravitational instabilities [8] or from 

planetary embryos in eccentric orbits [6,7], the basic 

tenet is that nebular solids (“protochondrules”) are 

heated because of strong drag upon crossing the shock, 

before approaching thermal equilibrium with the hot, 

post-shock gas. 

Despite the high level of theoretical development 

enjoyed by the shock scenario compared to other com-

peting models and the successes encountered in match-

ing the inferred thermal history of chondrules [11], a 

basic objection was first brought forward by [12-13]: 

protochondrules of different sizes would experience 

different drag decelerations, and would thus be led to 

collide at velocities well in excess of fragmentation 

thresholds (see Fig. 1).  

Although [14] concluded that solar abundances 

(solid/gas mass ratio ~10
-2

)  would actually make such 

collisions infrequent, growing evidence from the FeO 

content of chondrule olivine [15], compound chondrule 

fraction [16] and retention of sodium [17] suggests that 

chondrule-forming regions were enriched in 

condensibles well above solar—in fact, this is the very 

reason for the increasing popularity of planetary sce-

narios (e.g. [18,19]). We have thus set out to reexamine 

the problem and in particular derive thresholds for the 

solid/gas mass ratio (henceforth called ε) leading to 

chondrule destruction [20].  

Standard, gas-dominated shocks:  We first con-

sidered standard gas-dominated (ε << 1) shocks. This 

situation lends itself to analytic treatment, supported by 

numerical calculations. Collision velocities were found 

to be generally within one order of magnitude of the 

velocity jump at the shock (which must be several km/s 

for chondrule melting temperatures to be obtained), so 

the destruction probability of a given protochondrule 

through catastrophic collision with another 

protochondrule could be safely equated to the probabil-

ity of collision 

 

Pcoll = 1 – exp(-ε/εcrit)  (1), 

 

 
Figure 1: Sketch of chondrule destruction process by 

collisions with peer chondrules (up) and with dust 

grains (“sandblasting”; bottom). 

 

where the critical solid/gas ratio εcrit (corresponding to 

Pcoll = 63 %) works out to ~0.1, assuming (conserva-

tively) size distributions comparable to the ones pres-

ently observed in chondrites. This would barely allow 

one order of magnitude enrichment above solar values, 

which might be in tension even with type I chondrule 

data [21].  

Yet this estimate ignores collisions between 

protochondrules and small (say micron-sized) grains. 

While individual such collisions would not lead to cat-

astrophic disruption but merely eject Y times the 

impactor mass from the protochondrule (where Y is the 

velocity-dependent ejection yield), the effects of suc-

cessive (numerous) collisions would add up. Moreover, 

the ejected dust would also contribute to further “sand-

blasting”, hence a runaway erosion (see Fig. 1, 2). We 

found that the resulting critical solid/gas ratio would be 

of order Y
-1

 (with Y evaluated for the velocity jump). 

For Y of order 10
2
-10

3
 [22], this would allow essential-

ly no enrichment above solar, although the rheology of 

liquids might complicate the picture.  
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Clearly, collisional destruction is a serious issue for 

standard shock models. We explored some variants 

which might alleviate the prob-

lem.

 
Figure 2: Effect of sandblasting on the size of 

protochondrules (normalized to the initial one) as a 

function of distance to the shock front x (normalized to 

the stopping length). 

 

 Small-scale bow shocks:  Although the above rea-

soning is fairly independent of the overall structure and 

source of the shock, one basic assumption is that the 

shock is wider than the stopping length of the 

protochondrules. One could however envision a small-

scale shock due to a few-km planetesimal [9]. The crit-

ical solid/gas ratio for protochondrule-protochondrule 

collisions would be somewhat increased and the 

threshold for sandblasting would be raised by 1 or 2 

orders of magnitude. The heating event would last only 

a few seconds, not unlike the repeated flash heating 

envisioned by [23], and, at any rate, could account for 

some agglomeratic olivine objects [24] and igneous 

rims [25].  

Solid-dominated shocks:  Another regime hitherto 

little explored is that of a solid-dominated shock. Val-

ues of ε above 1 could result in the disk midplane from 

settling in a low-turbulence dead zone [26], possibly 

following some radial gas-solid redistribution (e.g. [27, 

28]). In addition to satisfying empirical constraints on 

condensable element abundance, it would present the 

advantage of requiring fairly modest shock velocities 

(~2 km/s). While initial chondrule destruction would 

be extensive, given the high number density of the ob-

jects, there would be a prospect (absent from the gas-

dominated case) of re-forming chondrules by coagula-

tion once collision velocities allow sticking. In this 

case, though, the expected compositional 

homogeneization might be difficult to reconcile with 

the observed compositional diversity of chondrules 

([3], [29]). 

Reassessment of the evidence for condensable 

enhancement?:  Finally, another way out—in the 

framework of the shock picture—may be to question 

the evidence for large solid abundances. In particular, 

one could relax the assumption that the ambient gas 

was of solar composition, as proposed by [6] who envi-

sioned the contamination by an atmosphere outgassed 

by a planetary embryo. Such an explanation seems dif-

ficult to envision for large-scale shocks. With recent 

work casting doubt on the ability of the latter to ac-

count for the relatively rapid cooling rates of 

chondrules through sideway radiative losses [30], this 

may suggest that bow shocks are favored over large-

scale shocks. At any rate, chondrule collisions remain a 

serious issue for the shock scenario as a whole. 
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