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Introduction: Using crystal stratigraphy, a new 

petrogenetic model is proposed for the crystallization 
of the Shergotty meteorite.  Shergotty is thought to be 
a cumulate which co-crystallized pigeonite and augite 
cores, and subsequently crystallized Fe-rich rims and 
other phases.  Previous studies have attempted to ex-
perimentally reproduce the co-crystallization of the 
pigeonite and augite cores, but none have been suc-
cessful [e.g., 1, 2, 3].  In addition, the parental melt 
from which the Fe-rich pyroxene rims crystallized has 
yet to be reproduced or related to the melt from which 
the augite and pigeonite cores crystallized [1, 2, 3]. 

Crystal stratigraphy combines textural analysis 
(Crystal Size Distributions; CSDs), with elemental data 
obtained via Electron Microprobe, and Laser Ablation 
Inductively Coupled Plasma Mass Spectrometry 
(ICPMS) to determine major and trace element con-
centrations within individual zones of pyroxene crys-
tals. Using this novel approach, the evolution of the 
liquids parental to the different zones within pyroxene 
is successfully modeled for the first time. 

Methods: CSDs. CSDs are a useful non-destructive 
tool to identify crystal groups with potentially different 
petrogenetic histories before any geochemical analyses 
are conducted [e.g. 4, 5, 6].  A linear CSD indicates 
texturally equilibrated rock, whereas a curved CSD 
preserves some of the mechanisms that took place dur-
ing crystallization [7].  Curved CSDs can result from a 
variety of factors, such as change in nucleation or 
growth rate, textural coarsening, or crystal accumula-
tion within the magma chamber [4]. 

Elemental Data. Major element data and electron 
backscatter images were obtained using a JEOL JXA-
8200 Electron Microprobe at the Washington Univer-
sity Earth and Planetary Sciences Microanalysis Facil-
ity in St. Louis.  Data acquisition points were selected 
based on backscatter electron images such that each 
zone of a given pyroxene was analyzed. 

Trace element data was obtained using a Thermo 
Finnigan Element2 High Resolution ICPMS coupled 
with a New Wave 213 nm ND-YAG laser.  Laser ac-
quisition points were chosen in the exact location of 
the microprobe analyses so that CaO wt% obtained by 
the latter were used as the internal standard. NIST 
SRM 612 glass was used as the external calibration 
standard. 

In addition to spatial analysis of crystals, whole 
rock trace element abundances were determined using 
solution mode-ICPMS.  Approximately 50mg was 

taken from a 1 g powdered aliquot and dissolved and 
analyzed by the method detailed by [8]. 

Results and Discussion:  CSDs. CSDs of pyroxene 
and plagioclase are reported in Fig. 1. The pyroxene 
CSD is linear with a positive slope from 1-2 mm and a 
negative slope from 2-7mm.  A change in slope at 
small sizes can indicate textural coarsening [9].  Unlike 
previous studies [10], our pyroxene CSD does not in-
dicate multiple periods of crystallization, but reflects 
textural coarsening.  The plagioclase CSD is linear 
with no evidence of textural coarsening.  

 
Figure 1.  CSDs of pyroxene (dashed) and plagioclase 
(solid). 

Elemental Data. Backscatter electron images and 
quantitative analytical work reveal two types of zona-
tion present.  The first is pigeonite cores that evolve to 
Fe-rich pigeonite rims; the second type is augite cores 
with Fe-rich pigeonite rims, a zonation previously re-
ported to be rare [2]. 

Modeling.  We calculate equilibrium liquid compo-
sitions by simply dividing elemental concentrations by 
their respective partition coefficient. Partition coeffi-
cients were carefully selected from published papers; 
i.e. pyroxene compositions are similar to those in 
Shergotty [e.g. 11]. 

Since pyroxene is the earliest phase to crystallize in 
Shergotty [1, 2, 3], pyroxene cores record the nature of 
the parental magma.  Pyroxene crystallization also 
continued late into the sequence [1, 2, 3], therefore an 
extensive record of magma evolution is preserved.  
Both pigeonite and augite cores have the same Mg# 
and form two distinct trace element trends that con-
verge during rim crystallization (Fig. 2), which indi-
cates that pyroxene cores crystallized from two sepa-
rate magmas.  In addition, calculated equilibrium liq-
uids from both augite and pigeonite cores should be 
identical if they crystallized from the same magma, 
which is not the case here (Fig. 3).  Parental augite and 
pigeonite (solid circles and diamonds) compositions 
are plotted with 30% fractional crystallization trends 
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(grey lines), as the array indicates there was some frac-
tional crystallization occurring before mixing.  Each 
magma appears to have behaved differently; for exam-
ple, Y appears to be buffered in the augite magma, but 
is fractionated in the pigeonite magma.  A 50/50 mix-
ture (open square) of the most primitive augite and 
pigeonite core was taken to represent the parental 
magma from which the middle and rim zones (grey 
and open symbols, respectively) crystallized.  This 
50/50 mixture also matches well with the whole rock 
composition (grey square).  The 50/50 mixture repre-
senting the mixed magma is evolved via fractional 
crystallization with the following stages: Stage 1 (up to 
30% total crystallization): augite + pigeonite + phos-
phate (apatite); Stage 2 (30%-80% total crystalliza-
tion): pyroxene rims; Stage 3 (80%-99% total crystalli-
zation): pyroxene rims + plagioclase + ilmenite + 
magnetite + phosphate.  Phosphate is included in the 
model in stages 1 and 3 because it is present as both 
inclusions within pyroxene and as a late stage acces-
sory mineral.  Each of these stages is governed by a 
different bulk distribution coefficients and therefore 
changes the direction of the crystallization path 
(dashed line) in Fig. 3.  

 
Figure 2.  Mg # vs. Ca# of pyroxene analyses.  Arrows 
show crystallization trend. Circles are pigeonite, dia-
monds are augite.  Cores are black, middle zones are 
grey, and rim zones are open. 

Conclusions:  The crystal stratigraphy method for 
exploring igneous petrogenesis reveals details within 
crystal populations and individual crystals that cannot 
be witnessed through whole rock analyses.  Whole 
rock analyses represent an average composition of the 
crystallization processes that have affected a sample.  
The use of crystal stratigraphy in the study of Sher-
gotty shows that pigeonite and augite cores began to 
crystallize in separate magmas that independently ex-
perienced a maximum of 30% fractional crystalliza-
tion.  These magmas mixed, which facilitated pyroxene 
middle and rim zones to crystallize along with phos-
phate, plagioclase and opaque phases.  Plagioclase 
equilibrium liquid compositions confirm that it came 
on the liquidus when pyroxene rims were crystallizing, 

as equilibrium liquid elemental abundances calculated 
from both compositions are essentially identical. 

It is concluded that Shergotty is a good illustration 
of magma mixing followed by subsequent crystalliza-
tion.  Carefully constructed CSDs are a useful com-
plement to geochemical analyses in that they allow for 
identification of crystallization processes such as tex-
tural coarsening.  Crystal stratigraphy provides new 
insights into the crystallization of Shergotty and allows 
for a more detailed petrogenetic model to be formu-
lated. 

 
Figure 3.  Evolution of liquids in petrogenetic model.  
Top graph is Ce vs. Y, bottom graph is a schematic 
showing evolution of the various magmas.  Same sym-
bol scheme as Fig. 2. Grey lines are crystallization 
paths before mixing. Grey square is the whole rock 
analysis; open square is a 50/50 mixture of the augite 
and pigeonite magmas.  The dashed line represents 
fractional crystallization of the 50/50 mixture. 
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