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Introduction: Haraiya, an equilibrated basaltic eucrite 

that fell in the Basti District, Uttar Pradesh, India in 1878 
is composed of fine- to medium-grained basaltic clasts in 
a brecciated matrix.  The diversity and complexity of tex-
tures and mineral compositions in Haraiya and other ba-
saltic eucrites warrant a detailed investigation to decipher 
the thermal evolution of eucrites and, ultimately, the evo-
lution of the HED parent body.  We have undertaken a 
detailed petrographic and analytical study of Haraiya 
6722, along with quantitative cooling rate calculations of 
exsolved pigeonite, to address the problem of the mark-
edly different cooling rates indicated by textures [1] rela-
tive to those determined by exsolution modeling [2]. 

Analytical Methods: Major and minor element com-
positions of all phases in Haraiya were measured using a 
JEOL 733 Superprobe.  Compositional WDS profiles were 
measured for Ca, Fe, Al, and Mg across pigeonite host--
(001) augite lamellae oriented perpendicular to the plane 
of the section.  To overcome problems of spatial averag-
ing we use a beam scanning method in which a small area 
is scanned for several hours and the data are decon-
volved [3].  The resulting compositional profiles are simu-
lated using a numerical solution to Fick’s Law.  Cooling 
rates are varied until the calculated profile matches the 
measured profile. 

Petrography: Haraiya 6722 contains three distinctive 
clast textures; a fine-grained subophitic texture (type A), 
a coarser subophitic texture (type B), and a medium-
grained ophitic texture (type C).  Fig. 1 shows a contact 
between clast types A & B which are separated by a thin 
vein of diaplectic glass.   

Type A clasts are composed of fine-grained subo-
phitic plagioclase laths (An86.3-An92.3).  Individual laths 
have a high aspect ratio (~17) and are partially enclosed 
in pyroxene grains to 200µm.  Approximately 80 % of the 
pyroxene within this clast type is pigeonite 
(Wo1.8En35.7Fs62.5) containing augite (Wo43.2En28.7Fs28.1) 
lamellae (to 5µm) exsolved along (001).  The remaining 
20% of pyroxene is augite that contains fine pigeonite 
exsolution <3µm thick.  Many individual pyroxene grains 
show a zonation from pigeonite to augite.  A silica poly-
morph is present as small grains (~50µm).  Type A clasts 
also contain ~1% fine-grained, anhedral troilite, ilmenite, 
chromite, and apatite.  Modal analysis  of the major 
phases yielded plagioclase 40.1%, pigeonite (as exsolu-
tion and host) 30%, augite (as exsolution and host) 
19.4%, and silica 10.5%. 

Type B are coarser-grained subophitic clasts con-
sis ting of 55 % pyroxene and 45 % plagioclase (An86.0-92.9), 
both averaging 1mm. Pigeonite (Wo1.7En35.4Fs62.9) with 
exsolved augite lamellae (Wo43.9En29.2Fs26.8) is abundant 
and augite with pigeonite exsolution lamellae makes up 

<5 %.  Some coarse pyroxenes contain areas of finer-
grained mosaic texture.  These equigranular polygonal 
pyroxenes (av. 100 µm) show triple junctions between 
adjacent grains.  One small clast consists solely of mo-
saic augite and pigeonite (Fig. 2). Epitactic textures are 
preserved (Fig. 2) in some pyroxene grains, suggesting 
overgrowth of augite on pigeonite.  Plagioclase contains 
abundant randomly-oriented pyroxene inclusions, con-
centrated at grain boundaries with mosaic pyroxene, 
that appear to have been incorporated within the pla-
gioclase during physical mixing and subsequent recrys-
tallization.  Pyroxenes appear clouded in transmitted 
light due to abundant opaque micro-inclusions, mostly 
ilmenite, chromite, troilite, and rarely kamacite. 

     Type C ophitic clasts are composed of single pi-
geonite oikocrysts to 3mm enclosing numerous blocky 
plagioclase grains that average 100µm.  Type C contains 
the highest modal abundance of pigeonite (60%) relative 
to plagioclase (40%).  Unlike types A and B, augite is 
absent.  Zones within both type B and type C pigeonite 
contain exsolution-free pigeonite (Wo1.8En36.6Fs61.6), 
fayalitic olivine (Fo19.0), high-anorthite plagioclase 
(An95.3-97.2), chromite, ilmenite + trace troilite. These mu l-
tiphase zones are most abundant at pyroxene-
plagioclase grain boundaries.  These phases are also 
found as continuous stringers within pigeonite and are 
interpreted to have formed post-exsolution by healing of 
previously existing fractures. 

Cooling Rate: Compositions of host and lamellae 
pairs in pigeonite and augite along with recombined 
compositions are plotted on the Sack and Ghiorso [4] 
phase diagram.  The equilibration temperature for pri-
mary pigeonite-augite pairs is ~1000OC (Fig. 3). Diffu-
sion on the scale resolvable by microprobe analysis was 
ineffective below the closure temperature of ~700OC.  
The measured and simulated profiles are shown in Fig. 4 
for a cooling rate of 10-3 degrees per day. The downturn 
in the measured profile near the host-lamellae interface 
is the result of a later, short-lived, reheating event as the 
host and lamellae equilibrate to a higher T.  A cooling 
rate of 10-3 degrees per day corresponds to a depth of 
about 250-300 meters below the surface in a region of 
normal thermal conductivity. 

Discussion: Compositionally similar but texturally 
variable clast lithologies in Haraiya suggest crystalliza-
tion of a texturally stratified flow with grain size increas-
ing towards the interior of the flow as a function of cool-
ing rate.  Differences in type A, B, and C clast bulk com-
positions are consistent with minor fractionation within 
the system.  Primary augite and pigeonite pairs (recom-
bined from host lamellae compositions and modal analy-
sis) indicate equilibration at ~1000OC. 
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Subsequent impact-induced brecciation promoted 
physical mixing of the stratified flow.  Deformation twin-
ning in plagioclase, undulatory extinction in pigeonite, 
granulated pyroxene that was later recrystallized to form 
mosaic pyroxenes, and inclusions within deformed pla-
gioclase derived locally from adjacent granulated grains 
all provide evidence for deformation by impact.  Mosaic 
pyroxe ne is absent in the coarsest clast type, type C, 
suggesting that this type was the least affected by this 
event, possibly due to this lithology’s greater distance 
from the impact.   

Haraiya 6277 is a type 5 basaltic eucrite based on the 
metamorphic classification scheme of Takeda and Graham 
[5].  This degree of metamorphism is expressed texturally 
by clouded pyroxenes, annealed grains, and healed frac-
tures within pigeonite.  Primary igneous textures have 
been preserved during the metamorphism suggesting a 
static metamorphic environment.  The textural observa-
tions, the cooling rates and depths of burial (200-300 me-
ters) support the model of Yamaguchi et al. [6] who pro-
posed that the equilibrated eucrites cooled rapidly during 
crystallization in lava flows and subsequently underwent 
thermal metamorphism during rapid burial by successive 
flows.  Clearly, a brecciation episode occurred between 
the two thermal events. Similar pyroxene exsolution tex-
tures in clast types A, B, and C indicate exsolution post-
dates brecciation and mixing. 

The sample experienced a late-stage shock event that 
was responsible for brecciation (during ejection?).  The 
rapid increase in temperature associated with this late 
stage shock event caused the formation of crosscutting 
veins of diaplectic glass, and may have promoted minor 
reequilibration along the host/lamellae interfaces. 
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     Fig. 1  Fine-grained subophitic clast type A (upper 
left) and coarser subophitic clast type B (lower right). 

 

 
     Fig. 2  Mosaic texture of exsolved augite  and  pi-
geonite.  Note epitactic augite and pigeonite in grain la-
beled augite. 

 
Fig. 3.  Pyroxene compositions in Haraiya.  Bulk px: 

solid squares; host lamellae pairs: diamonds.  Red-
pigeonite, Blue-augite, Green-intermediate pyroxene 
composed of 50% augite and 50% pigeonite (after Sack 
and Gh iorso [4]).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  Measured profile and the deconvolved profile 

for pigeonite with augite lamellae in Type B clast.  
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