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Introduction: Fayalitic olivines found within the 

matrix of the Allende CV3 meteorite are spreading 

over the Fa40-50 compositional range. They mainly oc-

cur as a porous assemblage of ~ 5-10 µm grains with 

elongated and tabular shape. Ferroan olivine is also 

found as rims surrounding olivine chondrules as well as 

isolated fragments of chondrules in the Allende matrix. 

The origin of these fayalite-rich olivines is still un-

der debate. Some authors suggested a formation by 

direct condensation from a nebular gas at high tem-

perature [1-3], while others favored a fluid-assisted 

formation through aqueous and metamorphism altera-

tion processes on the Allende parent body [4-5].   

In this TEM-EDS study, we have measured and 

quantified the Mg-Fe interdiffusion profile in a forster-

ite grain (likely a fragment of a type I chondrule) sur-

rounded by a fayalite-rich overgrowth layer (Fig. 1). 

The inferred diffusion distance enables to deduce the 

time-temperature conditions that prevailed during the 

formation process and thus to better constrain the fay-

alitic olivine formation setting. 

 

 
Fig. 1: BSE-MEB image of  a forsterite grain with the 

surrounding Fa50 matrix. The white line is the localiza-

tion of the FIB section extracted at the interface be-

tween the forsterite fragment and the matrix.  

 

Methods: A TEM foil (100 nm thick) has been 

prepared by the focused ion beam technique using an 

FEI Strata DB 235 at IEMN (Univ. Lille). Analytical 

TEM was performed using a FEI Tecnai G2-20 (LaB6 

filament) operated at 200 kV. Interdiffusion profiles 

were measured using energy dispersive X-ray spectros-

copy (EDS) with an EDAX Si-detector. 

Results: The fayalitic rim ranges from 0.7 to 2 µm 

in thickness (Fig. 2.). It has the same crystallographic 

orientation as the forsterite in contact. It is therefore an 

epitaxial overgrowth. It contains voids, inclusions (spi-

nel, pentlandite) and planar defects along (100). A sim-

ilar microstructure is found in the fayalitic grains in the 

surrounding matrix, with a comparable compositional 

range Fa40-50. These observations suggest a common 

origin and thermal history for the ferroan olivine in the 

matrix and the fayalitic overgrowth. 

 

 
Fig. 2: Bright field image of the fayalitic rim in contact 

with the  forsterite grain. 

 

Composition profiles. Composition line profiles 

have been recorded by EDS (probe size 5 nm) at sever-

al places in the FIB section across the overgrowth and 

the adjacent forsterite (Fig. 2 and 3) .Within the for-

sterite grain, the fayalite concentration is nearly equal 

to zero and progressively increases when approaching 

the rim. Within the rim, the concentration of Fe is al-

most constant at Fa40. The profile fits well with the 

Fick’s second law for an infinite source of diffusing 

atom  :  

)
2

()(),( 0
D

x
erfCCCtxC ss   

With Cs = C(0,t) = Fa40 the surface concentration at the 

boundary between the rim and the grain, C0 = C(x,0) = 

0 the initial concentration of fayalite in the forsterite 

grain and D2  the characteristic lengthscale of diffu-

sion, with D, the coefficient of diffusion. The diffusion 

distance value deduced from the profile is about 1.5 

µm.  

Diffusion calculations. The diffusion coefficient is 

dependent on oxygen fugacity for values higher than 

f(O2) > 10
-10 

Pa [6]. As we didn’t found any metal or 

magnetite grains in the Allende matrix and that magnet-

ite mainly occurs in Allende within the chondrules [7], 

we assume thatthe oxygen fugacity lies between the IW 
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and the WM buffer.Below 1000°C and within the oli-

vine stability field, the f(O2) is lower than 10
-10 

Pa [8], 

implying that the diffusion coefficient is not f(O2)-

dependent. Above 1000°C, f(O2) effect is low and was 

negligeated thereafter. To derive the time-temperature 

couples, we use the following independent-f(O2) equa-

tion for the interdiffusion coefficient [6]:  
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with XFe= 0 (diffusion takes place in the forsterite 

grain) and [6]: ccba DDDDD
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Fig. 3: Interdiffusion profile recorded by EDS. The 

profile fits with the Fick’s second law with an R² value 

≈ 0.98. The deduced characteristic lengthscale of dif-

fusion from the fit is 2√Dτ=1500 nm. 

 

Discussion: On Fig. 4. is reported the time-

temperature couples corresponding to the interdiffusion 

profile. If we assume that interdiffusion in forsterite 

occurred during the thermal metamorphism undergoes 

by the Allende parent body, evaluated around 500°C-

600°C [9], timescales spread from 10
2
 years to 10

4
 

years. This is consistent with the the fluid-assisted 

model formation [4-5]. Furthermore the presence of 

pentlandite inclusions within the fayalite matrix sug-

gests a low-temperature formation (T<610°C [10]) in 

accordance with the thermal metamorphism tempera-

ture.  

On the other hand, if we assume a high-temperature  

condensation (above 900°C [2]) in a oxidized solar 

nebula [1-3], timescale drops to less than a few hours 

or days implying a brief thermal event. This timescale 

is consistent with that generally proposed for chon-

drules formation. This makes possible the contempo-

rary formation of both chondrules and fayalite matrix 

in the solar nebula. However, an important issue for 

this model is to obtain the required conditions for a 

solar nebula to form Fa40-50 by direct condensation. 

[11] infer that such an origin is unlikely because of the 

difficulties to reach, on a physical basis, a solar nebula 

oxidizing enough to condense Fa40-50. Neverthless, this 

hypothesis cannot be completely ruled out because it 

doesn’t take into account the hypothesis of heteroge-

neities in the solar nebula, with locally higher fugacity 

than the characteristic chondrules formation values (i.e. 

f(O2)<10
-10

). The shockwave model could be a plausi-

ble explanation for such local heterogeneities in the 

solar nebula and for such short formation timescales.  

Our study does not allow to clearly discriminate the 

two formation mechanisms (nebular or asteroidal). It 

shows, however, that the concentration gradients extent 

over short distances and can only be accessed by TEM. 

This TEM quantitative approach should be pursued on 

other carbonaceous chondrites, more or less metamor-

phosed, to clarify the role of asteroidal metamorphism 

on the fayalitic overgrowth and adjacent composition 

gradients. 

 
Fig. 4: Time-temperature couples for the composition 

profile. The interdiffusion coefficient equation is valid 

only for T>600°C, we extrapolated the value for lower 

temperature (dashed line). Timescales corresponding 

to the Allende T-peak metamorphism or the high-

temperature formation are highlighted in yellow.  
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