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Introduction:  Cronstedtite has been shown to be an impor-
tant mineral in CM chondrites which can provide insights 
into the redox conditions at which these meteorites equili-
brated [1].  The oxidation state of cronstedtite can be deter-
mined by direct measurement of its Fe2+ and Fe3+ contents at 
nanometer scales.  It is well known that some hydrated IDPs 
also contain cronstedtite and thus oxidation conditions of 
cronstedtite formation in IDPs can likewise be determined.  
To date, no ferric/ferrous ratios have been reported from 
cronstedtites in IDPs.  In this work we report the first meas-
urments of ferric iron contents of cronstedtite from one hy-
drated IDP to provide insights into the redox conditions that 
prevailed during formation of these grains.  Furthermore, we 
compare our results to cronstedtites from CM chondrites 
which may also show whether a connection exists between 
these two types of ET materials. 
Cronstedtite is a Fe-rich, trioctahedral Fe-Mg hydrated sili-
cate containing variable ferric/ferrous ratios with minor to 
moderate amounts of Mg and Al.   Ferric iron substitutes 
equally in both tetrahedral and octahedral sites in the mineral 
structure which is required to maintain charge balance.  Ideal 
Fe cronstedtite is given by 
 

(Fe3-x
2+, Fex

3+)[Si2-x, Fex
3+O5](OH)4 

   
where 0 ≤ x ≤ 1.  As oxidizing conditions increase and more 
Fe3+ is accommodated in the structure, x will increase in the 
formula from zero toward one.  At x=1, half of the total Fe is 
Fe2+ and half is Fe3+. 
Cronstedtite is widely believed to have formed by alteration 
of precursor Fe-Mg silicates [1].  Its place of formation in the 
early Solar System, however, is controversial and several 
regions have been proposed:   gas-rich areas in the solar neb-
ula, which were likely subjected to increasing pressure due to 
shocks [2], early planetesimals prior to accretion into larger 
bodies [3] and parent bodies themselves [4]. 
Analytical Methods:  The cronsdtedtites were analyzed 
from a single 8 µm stratospheric IDP (U2070A-4G) which 
also contains forsterite, pyrrhotite, pentlandite, an amorphous 
Fe-Mg silicate material similar in composition to cronstedtite 
and possibly tochilinite.  Energy loss spectra (EELs) were 
collected on cronstedtite spots for 15 – 45 s with a Gatan 
energy loss filter (GIF 2000) attached to a Tecnai F20 FEG 
TEM operating at 200 kV in diffraction mode.  The energy 
resolution measured at FWHM at the zero loss peak (ZLP) 
was 0.8 eV.  EDX data were simultaneously collected with 
the EELs spectra. 
Following acquisition, individual EELs spectra were back-
ground subtracted using an Ae-r power law model followed 

by deconvolution using corresponding ZLP’s to remove 
thickness effects due to plural scattering of the core-loss 
signal.  Small variations in the energy-loss position of the 
white line Fe L3 and L2 edges will significantly influence the 
ferric/ferrous ratios, thus an internal standard was used to 
position each FeL2,3 core-loss edge.  This was done by 
evaporating ~10nm of cobalt metal (Energy loss = 779 eV) 
onto each TEM grid prior to EELs analysis.  Each EELs 
spectrum was energy-calibrated using the center of the Co 
peak.    
 Ferric/ferrous ratios were quantified by measuring the Fe 
white line intensity ratios I(L3)/I(L2) of each spectrum using 
energy windows of 708.4 – 710.4 eV and 719.4 – 721.4 eV.  
For the Fe L2 edge, we subtracted the background using 1.0 
eV energy windows placed at two regions:  ~716.5 – 717.5 
eV and 730.0 – 731.0 eV.    A calibration curve (Figure 1) 
was generated by measuring Fe white line intensity ratios 
I(L3)/I(L2) on synthetic hematite and magnetite and the min-
eral fayalite.    
 
 
 

Figure 1:  EELs ferric iron calibration curve using Fe white 
line intensity ratios [5] from 3 measured standards. 
Results:  Because hydrous IDPs are mineralogically and 
texturally very complex it can be difficult to determine which 
nanophase regions in microtomed slices are actually 
cronstedtite.  Platy morphology combined with high resolu-
tion images of 0.7 nm lattice fringes are two important char-
acteristics used to identify this mineral.  However, in IDP 
U2070A-4G only the platy morphology textures were com-
mon.  A lack of numerous characteristic 0.7 nm lattice 
fringes in areas that were compositionally equivalent to 
cronstedtite suggests that some of the former cronstedtite in 
this IDP may have been amorphitized at some point after its 
equilibration. 
Simultaneous EELs and EDX spectra were collected from 
platy grains within the IDP.  Because all these regions did 
not contain 0.7 nm fringes, EDX spectra were used to verify 
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that the compositions were consistent with cronstedtite.  Ten 
EDX analyses are shown in the FeTot-Si-Mg ternary diagram 
in Figure 2.  Reference fields of cronstedite from CM chon-
drites [6,7] are shown along with individual analyses from 
Murray [8] and Murchison.  Fe, Mg and Si constitute >95% 
of the cations in the analyses.  The positions of IDP cronsted-
tite in the ternary diagram support the fact that the EDX and 
EELs spectra from all ten spots were collected from 
cronstedtite or cronstedtite-like regions. 
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Figure 2:  FeTot-Mg-Si ternary diagram showing cronstedtite 
from IDP U2070A-4G.  Individual spot analyses and fields 
of cronstedtite from CM chondrites are also shown for refer-
ence. 
Ferric/ferrous ratios measured from the 10 cronstedtite spots 
in the IDP are shown in the histogram in Figure 3.  The fig-
ure shows a wide variation in 100*Fe3+/ΣFe, ranging from 28 
– 74.  Five of the 10 analyzed cronstedtites, however, form a 
fairly tight cluster averaging 100*Fe3+/ΣFe = 47.8 (sd = 3.5) 
a value which falls in the same range as reported for CM 
chondrites[1] (100*Fe3+/ΣFe = 45 – 54). 
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Figure 3:  Histogram of 100*Fe3+/ΣFe ratios from 10 
cronstedtites measured in IDP U2070A-4G.  

Discussion:  The large range in ferric iron contents observed 
in cronstedtite in the IDP suggests that either all cronstedtites 
within this IDP were 1) not equilibrated under the same re-
dox conditions or 2) that some or all of the cronstedtite 
chemical system was disturbed after cronstedtite formation.  
If the first hypothesis is correct, this may imply a nebular gas 
origin for cronstedtite formation where the oxygen fugacity 
may have varied widely [9].  The second hypothesis would 
be valid if modification of the oxidation states of previously 
equilibrated cronstedtite grains occurred.  This may have 
resulted from exposure to radiation in space and/or from 
atmospheric entry heating (oxidation).  The three analyses 
shown in the histogram that plot at values higher than 
100*Fe3+/ΣFe = 50 are stoichiometrically impossible for 
ideal cronstedtite as this mineral can only accommodate up 
to 50% Fe3+(see formula in introduction); the ferric iron 
measurements are in the range of 65 – 75%.  From TEM 
observations, many of the regions in this IDP have cronsted-
tite-like compositions but apparently are non-crystalline pro-
viding physical evidence that the original cronstedtites in this 
IDP were texturally disturbed.  This observation favors the 
second hypothesis to explain the spread of Fe3+/ΣFe in the 
IDP cronstedtites.  It appears that all the grains may not have 
suffered oxidation changes though, as 5 of the 10 analyses 
DO have ferric iron contents equivalent to cronstedtites in 
CM chondrites. This suggests that these grains may have 
preserved their original oxidation states and thus may be 
directly analogous to cronstedtites in CM chondrites.   
Conclusions:  Ferric iron contents in cronstedtites from a 
single IDP show a wide spread in Fe3+/ΣFe; this contrasts 
with measured values from CM chondrites, which are tightly 
clustered.  Ferric iron contents in five of 10 cronstedtite 
grains measured in the IDP overlap directly with CM chon-
drites suggesting that some of the IDP cronstedtites may 
have retained their original oxidation states and therefore 
may have direct affinities with CM chondrites.  However, 
other IDP cronstedtites that do not overlap CM values may 
have suffered oxidation changes at some point after their last 
equilibration. 
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