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EH6 Chondrites:  The two principal groups of en-

statite chondrites differ in their proportions of petro-
logic types. Among EL chondrites, ~20% are type 3 
and ~60% are type 6, whereas among EH chondrites, 
~75% are type 3 and ~3% are type 6. As of this writ-
ing, there are five EH6 chondrites listed in the Meteor-
itical Bulletin Database (MBD): A-882039, Y-793225 
(EH6-an), Y-8404, Y-980211 and Y-980223.  

Because many EL6 chondrites [1] and several EH 
chondrites have been described as impact-melt rocks 
or impact-melt breccias (e.g., Abee, Adhi Kot, ALH 
82132, RKP A80259, LAP 02225, QUE 99473, Y-
791790, Y-82189, Y-8414) [2-5], it is worthwhile to 
determine whether EH6 chondrites have also been 
impact melted. Most EH6 chondrites have not been 
extensively studied previously; I examined all of them 
except A-882039. 

Lin and Kimura [4] classified EH6 Y-8404 as an 
impact-melt rock because it contains euhedral enstatite 
grains enclosed within globules of kamacite and troil-
ite. This texture was produced by crystallization from a 
melt and is similar to that exhibited by the Abee EH 
impact-melt breccia [2,6].   

The reaction principally responsible for Abee’s un-
usual mineral chemistry [7] governs the sulfidation of 
enstatite and the production of keilite [(Fe,Mg)S], sil-
ica and metallic Fe at the expense of niningerite 
[(Mg,Fe)S] and troilite [FeS]: MgSiO3 + (Mg,Fe)S + 
2FeS = 3(Fe,Mg)S + SiO2 + Fe + ½O2. This reaction 
(coupled with element partitioning at low fO2) accounts 
for several additional characteristics of EH impact-
melt breccias: low MnO in enstatite (<0.04 wt.%), high 
Mn in troilite (>0.20 wt.%), the occurrence of keilite 
instead of niningerite, low Mn in keilite (≤4.3 wt.%), 
and abundant silica (>4 wt.%) [7,8]. Each of the four 
EH6 chondrites that I studied exhibits some of these 
features and thus appears to have been impact melted: 
Y-8404 and Y-980223 contain rare relict radial pyrox-
ene chondrules and are impact-melt breccias; Y-
793225 and Y-980211 are chondrule-free impact-melt 
rocks. All four meteorites contain euhedral enstatite 
grains surrounded by metal±sulfide, all four contain 
enstatite with <0.04 wt.% MnO, all but Y-793225 av-
erage ≥0.24 wt.% Mn in troilite, three (Y-8404, Y-
980211 and Y-980223) contain keilite (with low Mn: 
3.8, 3.8 and 4.1 wt.%, respectively) [8, this study], and 
Y-8404 (and its paired specimens) average ~12 wt.% 

silica [4] (whereas most EH3-5 chondrites contain ≤1 
wt.% silica and many have <0.1 wt.% [7]). 

These data allow one of two possibilities: (1) The 
EH6 chondrites have been properly classified, but EH6 
chondrites are impact-melt rocks and impact-melt 
breccias. In this case, the mechanism mainly responsi-
ble for EH-chondrite metamorphism is impact heating. 
(2) The meteorites have been misclassified; they are 
impact-melted rocks and are not EH6 chondrites 
(which remain hypothetical).   

One way to choose between these alternatives is to 
examine the EH4, EH4/5, EH5 and EH7 chondrites. If 
many of them appear to have been impact melted, then 
impact heating is probably the major mechanism re-
sponsible for EH-chondrite metamorphism. The MBD 
lists 15 EH4 and EH4/5 chondrites (after pairing is 
taken into account). At least four of these (Abee, Adhi 
Kot, ALH 82132, Y-791811) are impact-melt breccias 
[2,3,6,8]. Keilite has been reported in all of these rocks 
except ALH 82132 [8], and the latter contains euhedral 
enstatite grains enclosed within kamacite globules [2]. 
The MBD lists six EH5 chondrites: A-881475, LEW 
88180, QUE 93372, RKP A80259, St. Mark’s, Saint-
Sauveur. At least three of these are impact-melt brec-
cias: LEW 88180 contains keilite [8], RKP A80259 
displays igneous textures and contains impact-melted 
feldspar [5] and keilite [8], and Saint-Sauveur contains 
keilite, low-MnO enstatite, and euhedral enstatite 
grains surrounded by metallic Fe-Ni [7-9]. One mete-
orite, QUE 94204, is classified as EH7. This is a chon-
drule-free rock that contains euhedral enstatite grains 
with <0.03 wt.% MnO and exhibits an igneous texture 
[10]. Its paired specimen, QUE 99059, contains abun-
dant silica [11] and is likely to be an impact-melt rock. 

In summary, a large fraction (≥0.67) of EH5-7 
chondrites and a significant fraction (≥0.27) of the set 
of EH4 and EH4/5 chondrites appear to have been 
impact melted. It thus seems likely that collisional 
heating is the principal mechanism responsible for EH-
chondrite metamorphism. The less-metamorphosed 
rocks tend to show less evidence of impact processes. 

Aubrites:  I examined shock effects in 11 aubrites 
and determined whole-rock shock stages using estab-
lished criteria [12,13]: ALH A78113 (S4), ALH 83015 
(S3), ALH 84007 (S4), Bishopville (S4), Cumberland 
Falls (S4), EET 90033 (S3), LAP 03719 (S3), LAP 
03780 (S4), Mayo Belwa (S4), Peña Blanca Spring 
(S4) and Shallowater (S2).  Rocks of shock-stage S3 
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and S4 have coarse polysynthetically twinned clinoen-
statite, exhibiting undulose extinction and weak mo-
saic extinction, respectively. EET 90033 (S3) also con-
tains a few pyroxene grains with sharp optical extinc-
tion. Some of the olivine grains in Bishopville (S4) 
and Mayo Belwa (S4) exhibit weak mosaic extinction 
and contain curvilinear trails of troilite blebs, consis-
tent with the shock stage determined from enstatite.   

I studied five chondritic clasts in Cumberland Falls 
(S4) (UCLA sections 512, 567, 575, 589, 602). The 
clasts have been shocked to approximately the same 
extent as their aubritic host. Olivine grains in the clasts 
contain planar fractures and have undulose to weak 
mosaic extinction. Both olivine and pyroxene exhibit 
silicate darkening [14] caused by the dispersion within 
grain interiors of small sulfide blebs. The chondritic 
clasts contain fine-grained metal-sulfide intergrowths, 
metal-troilite veins, and polycrystalline troilite.  

Shallowater (S2) is an unbrecciated aubrite with ~9 
wt.% metallic Fe-Ni that may have been derived from 
a separate aubritic asteroid [15-17]. The vast majority 
of enstatite grains are ordered orthorhombic crystals 
[18] that show well-developed {210} cleavage and 
exhibit undulose extinction, but do not have polysyn-
thetic twins. Twinned clinoenstatite grains are rare and 
occur mainly in xenocrysts [16]. Many orthoenstatite 
grains poikilitically enclose olivine that exhibits sharp 
optical extinction (a shock-stage S1 feature). Shallo-
water was not significantly shocked after it crystallized 
from a melt, but appears to have been mildly annealed.  

Two aubrites appear to have experienced post-
shock annealing: (1) Peña Blanca Spring (S4) contains 
a coarse enstatite grain that exhibits undulose extinc-
tion and encloses a 220×500-µm-size olivine grain 
with sharp optical extinction (characteristic of shock-
stage S1). The olivine grain contains several 150-200-
µm-long curvilinear trails composed of 0.1-1-µm-size 
troilite blebs. (2) The anomalous aubrite LAP 03719 
(S3) contains coarse polysynthetically twinned clino-
enstatite crystals that poikilitically enclose rounded 
180-1900-µm-size olivine grains with sharp optical 
extinction. A 1720×1900 µm olivine grain is traversed 
by a 2-7-µm-thick discontinuous troilite-rich vein that 
extends into the surrounding pyroxene.   

The apparently unshocked olivine grains in Peña 
Blanca Spring and LAP 03719 must once have been 
shocked to the same degree as the surrounding ensta-
tite. These aubrites may have been buried within an 
insulating ejecta blanket produced by the same impact 
event that caused the shock effects. The rocks were 
annealed by heat generated by the impact to a degree 
sufficient to repair shock-induced damage to the oli-
vine crystal lattices, but insufficient to affect pyroxene 

significantly. This is consistent with the higher rates of 
elemental diffusion in olivine than in pyroxene [19,20] 
and with experiments showing that microfractures in 
olivine can heal at sub-solidus temperatures [21,22].  

Aubrites join a list of meteorite groups in which 
some members have been inferred to have experienced 
post-shock annealing: ordinary chondrites [23-25], CK 
chondrites [14], EL chondrites [1,13], ureilites [26], 
acapulcoites and lodranites [27]. The parent asteroids 
of these groups may have been high-porosity rubble 
piles [28-30], in which collisional energy was distrib-
uted through relatively small volumes of material [31] 
and efficiently converted into heat [32-34].   

It is to be expected that different asteroids of simi-
lar size and structure would behave similarly when 
struck by large meteoroids. Shock and post-shock an-
nealing are natural processes that probably occur on all 
rocky bodies subject to hypervelocity impact events.  
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