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        A common view of the thermal and shock
histories of ordinary-chondrite (OC) parent bodies
is that, for the most part, thermal and shock
metamorphism were distinguishable and succes-
sive events; e.g., the decay of 26Al heated chon-
dritic planetesimals and subsequent impacts pro-
duced various shock effects.  Although collisions
have long been acknowledged as capable of pro-
ducing significant heating (including melting) of
target rocks, shock events are generally not
thought responsible for whole-rock annealing.
Because olivine is readily affected by shock proc-
esses, OC with olivine grains exhibiting sharp
optical extinction have been considered by many
workers to have never been significantly shocked.
However, shock-induced damage of the olivine
crystal lattice can be annealed out at relatively
low temperatures [1,2]; thus, annealing can make
a chondrite appear less shocked than it was at an
earlier point in its history.  I call this hypothetical
earlier point the rock's maximum prior shock level.
I examined the shock features of 75 type-5 and -6
OC of shock-stages S1 and S2 to test this idea.
No more than a few of these chondrites are likely
to be paired.
        In addition to long-recognized shock effects
in olivine, pyroxene and plagioclase (including the
presence of high-pressure phases), petrographic
shock indicators in OC include silicate darkening
[3], chromite veinlets [3], narrow glassy pseudo-
tachylite-like veins [4], metal and sulfide veins [5],
polycrystalline troil ite [6], martensite [7], rapidly
solidified metal-sulfide intergrowths [8], irregularly
shaped troil ite grains inside metal [9], metall ic Cu
[9], chromite-plagioclase assemblages (cpa) [10],
and glassy melt pockets [11].
        The petrologic characteristics of the Spade
H-chondrite impact-melt breccia [12] demonstrate
that post-shock annealing can occur.  The impact-
melt  origin of this rock is indicated by the low
modal abundances of relict chondrules (1.8 vol.%)
and of coarse (i.e., ≥200-µm-size) isolated mafic
silicate grains (1.8 vol.%) relative to those of
mean H6 chondrites (11.4 and 9.8 vol.%, respec-
tively), consistent with ~80% melting of Spade.
The shock event that melted Spade caused sig-
nificant silicate darkening and produced chromite
veinlets and cpa.  Molten plagioclase was partly

volatil ized; K and Na were mobilized and pro-
duced a relatively large range in plagioclase com-
position.  The flowing plagioclase melts partially
surrounded nearby mafic silicate grains.  Metallic
Fe-Ni cooled rapidly below the Fe-Ni solvus and
transformed into martensite.  Spade probably
reached a maximum prior shock level approxi-
mately equivalent to shock-stage S6; those olivine
grains that did not melt as a result of the impact
acquired mosaic extinction.  In contrast, olivine in
Spade currently exhibits undulose extinction and
lacks planar fractures, characteristic of shock-
stage S2.  This indicates that Spade was an-
nealed by heat generated by the impact.  Post-
shock annealing of Spade is also indicated by the
occurrence of abundant duplex plessite that
formed from martensite by unmixing.
        Another OC that underwent post-shock
annealing attributable to an impact event is MIL
99301 [13].  This rock experienced thermal
metamorphism to petrologic type 6 levels (as indi-
cated by its homogeneous olivine compositions,
significant textural recrystallization, and the
presence of coarse grains of plagioclase, metallic
Fe-Ni and troilite).  MIL 99301 was then shocked
to a maximum prior shock level approximating
shock-stage S4 as shown by extensive sil icate
darkening, polycrystalline troilite, myrmekitic ples-
site, relatively abundant metallic Cu, numerous
cpa, and coarse grains of low-Ca clinopyroxene
with polysynthetic twinning.  Despite abundant
evidence of strong shock, olivine and plagioclase
in MIL 99301 exhibit sharp optical extinction, con-
sistent with shock-stage S1.  This implies that an
episode of post-shock annealing healed the dam-
aged olivine and plagioclase crystal lattices,
thereby changing undulose into sharp extinction.
39Ar-40Ar analysis of MIL 99301 indicates that
there was a major degassing event ~4.26 Ga ago,
consistent with substantial heating [14].  At this
late date, i.e., ~300 Ma after accretion, an impact
event is the only plausible heat source.
        The combined data sets of Stöffler et al. [5]
and Rubin [9] list the petrologic types and shock
stages of 161 separate OC, including 111 of type-
5 and -6.  In the combined set of type-5 and -6
OC, 4% are S1, 12% S2, 49% S3, 26% S4, 5%
S5, and 4% S6.  To determine if S1 OC are
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unshocked or have instead been shocked and
annealed, I examined 31 type-5 and -6 OC of
shock-stage S1 (23 H, 7 L, 1 LL).  All of these
rocks appear to have experienced high maximum
prior shock levels.  All contain cpa and chromite
veinlets; many contain metallic Cu, irregularly
shaped troil ite grains within metal, and curvilinear
trails of metal and sulfide blebs causing silicate
darkening.  Several contain polycrystalline troil ite,
metal-sulfide veins, rapidly solidified metal-troilite
intergrowths, and/or silicate-rich melt pockets.
These 31 S1 OC all probably reached maximum
prior shock levels equivalent to shock-stage S3 or
higher; these rocks were then annealed to shock-
stage S1.
        I also examined 44 type-5 and -6 OC of
shock-stage S2 (19 H, 15 L, 8 LL, 2 L/LL) to de-
termine if these rocks experienced only very weak
shock (characteristic of shock-stage S2) or if they
were also shocked and annealed.  Every one of
these chondrites contains chromite veinlets and
cpa.  Most also exhibit other shock indicators in-
cluding silicate darkening, metallic Cu, irregular
grains of troilite within metal, and rapidly solidified
metal-sulfide intergrowths.  Elbert (LL6) contains
narrow glassy pseudotachylite-like veins, metal-
sulfide veinlets, chromite veinlets and cpa.  Spade,
described above, is an annealed impact-melt
breccia.  The petrographic characteristics (exclu-
sive of the optical properties of olivine) of all 44
S2 type-5 and -6 OC are consistent with these
rocks having reached maximum prior shock levels
equivalent to stage S3 or higher.  It seems un-
likely that an OC shocked to S3-S6 levels could
be annealed so precisely that its olivine would
heal planar fractures and planar deformation fea-
tures, lose mosaic extinction, but retain undulose
extinction (characteristic of shock-stage S2).  It is
more probable that a shocked OC would be an-
nealed to stage S1 and that its olivine would de-
velop sharp optical extinction.  If so, then these 44
type-5 and -6 S2 OC reached maximum prior
shock levels equivalent to ≥S3, were subse-
quently annealed to stage S1, and then were
(very weakly) shocked again to reach stage S2.
        Brecciation cannot be responsible for stage
S1 or S2 OC containing petrographic shock indi-
cators common to rocks of higher shock stages.
In the OC studied here, olivine grains that happen
to be adjacent to the shock indicators (e.g., chro-
mite veinlets, cpa, martensite, polycrystall ine troil-
ite) exhibit the same low-shock optical properties
(i.e., sharp or slightly undulose extinction, no pla-

nar fractures) as the other olivine grains in the
same thin sections.
        The only alternative to equilibrated OC of
shock-stages S1 and S2 having experienced
post-shock annealing is that the shock indicators
are unreliable and at least occasionally form in
unshocked or very weakly shocked rocks.  How-
ever, this alternative can be discounted because it
is difficult to envision how glassy pseudotachylite-
like veins, chromite veinlets, fine-grained metal-
troilite intergrowths, and glassy melt pockets
could form in an OC without significant temperatu-
re excursions followed by quenching.  Such
events are attributable to shock processes.  The
petrographic shock indicators thus appear to be
reliable.
        It follows that essentially all type-5 and -6
OC once reached maximum prior shock levels
equivalent to stage S3 or higher.  Some secon-
dary shock events would not be weak; potentially,
an OC could be shocked again to reach any
shock stage.  Some shocked OC could have ex-
perienced multiple episodes of shock and an-
nealing.  Their petrologic types, volatile-element
abundances, and Ar release patterns would re-
flect this complex thermal and shock history.
These properties would not simply reflect an early
epoch of thermal metamorphism as commonly
assumed.

References: [1] Bauer J. F. (1979) Proc. Lunar
Planet. Sci. Conf. 10, 2573-2596; [2] Ashworth J.
R. and Mallinson L. G. (1985) Earth Planet. Sci.
Lett. 73, 33-40; [3] Rubin A. E. (1992) Geochim.
Cosmochim. Acta 56, 1705-1714; [4] Fredriksson
K., De Carli P. S. and Aaramäe A. (1963) Space
Res. 3, 974-983; [5] Stöffler D., Keil K. and Scott
E. R. D. (1991) Geochim. Cosmochim. Acta 55,
3845-3867; [6] Bennett M. E. and McSween H. Y.
(1996) Meteorit. Planet. Sci. 31, 255-264; [7]
Smith B. A. and Goldstein J. I. (1977) Geochim.
Cosmochim. Acta 41, 1061-1072; [8] Scott E. R.
D. (1982) Geochim. Cosmochim. Acta 46, 813-
823; [9] Rubin A. E. (1994) Meteoritics 29, 93-98;
[10] Rubin A. E. (2003) Geochim. Cosmochim.
Acta 67, in press; [11] Dodd R. T. and Jarosewich
E. (1979) Earth Planet. Sci. Lett. 44, 335-340; [12]
Rubin A. E. and Jones R. H. (2003) Meteorit.
Planet. Sci., submitted; [13] Rubin A. E. (2002)
Geochim. Cosmochim. Acta 66, 3327-3337; [14]
Dixon E. T., Bogard D. D. and Rubin A. E. (2003),
Lunar Planet. Sci. 34, this meeting.

Lunar and Planetary Science XXXIV (2003) 1263.pdf


