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Introduction:  Iron-rich olivine is one of the major 

minerals in the matrices of unequilibrated ordinary 
(UOCs) and carbonaceous (CV, CK, CO) chondrites 
whose petrologic type is >3.6 [1-3]. There has been an 
extensive discussion in the literature as to the for-
mation mechanism of these olivines; however, their 
origin is poorly understood [1-5]. Understanding the 
formation conditions of these minerals remains a key 
problem to explain the effects of hydrothermal altera-
tion on chondrite matrices. Additionally, the conditions 
of the fayalite formation in chondrites could have im-
plication in the estimation of the origin of the water ice 
accreted in chondrites containing fayalite grains that 
precipitated from the aqueous fluid [6]. The formation 
of ferroan olivine during hydrothermal alteration has 
been demonstrated to be thermodynamically viable [5]. 
The stability of ferroan olivine is highly dependent on 
several variables, including temperature, water/rock 
(W/R) ratio, pressure, oxygen fugacity, and bulk rock 
composition. Our recent studies successfully formed  
FeO-rich olivines during hydrothermal alteration ex-
periments [7]; however, the exact conditions of these 
experiments were uncertain. Therefore, we performed 
a new hydrothermal experiment to synthesize FeO-rich 
olivines and to constrain the conditions of their for-
mation.  

Methods: In the new experiment, we used an iron-
rich amorphous silicate and iron powder as the starting 
materials. We chose iron-rich amorphous silicates as 
the precursor material since they are ubiquitous fine-
grained materials in almost all primitive solar system 
materials (chondritic meteorites and interplanetary dust 
particles) and in most astrophysical environments [8]. 
The amorphous silicate grains were synthesized exper-
imentally by disequilibrium condensation [9] from an 
Fe-SiO-H2 vapor. The composition of the iron-bearing, 
amorphous, silicate condensates smokes used as the 
starting material, were measured by EDS/TEM. This 
material clusters at the pure oxide (FeOy, SiOx) end 
members and at intermediate compositions (avg. SiO2 
62.9 wt% and FeO 37.1 wt%, avg. atomic Fe/Si 0.5). 
Additionally, we added iron metal powder (spherical 
particles, <10 µm) to the experiments, because previ-
ous studies [10] showed that fayalite forms from an 
iron-rich fluid that is SiO2-poor and very reduced (log 
f(O2) less than QFM conditions of -35.7 at 300°C).   

In the experiments, we tried to reproduce the major 
chemical pathway of fayalite formation in chondrites 
inferred from equilibrium calculations [1-3,5,8]. We 
used deionized water (18 megaohms). We loaded the 
samples in gold (Au) capsules (~3 mg - amorphous 
silicate, ~11 mg - iron powder and 6 µl of water) 
sealed and welded the gold tube at room temperature 
and pressure. We tested whether the experiments were 
successful or not (e.g. leaks) by weighing the capsules 
before and after the experiments. The capsules were 
placed in Parr bombs (reactor vessels) and heated in a 
low temperature furnace (Fisher Scientific, Isotemp 
500 Series). Deionized water was added inside the Parr 
bombs as a pressure medium (the pressure during the 
experiments was ~2319.6 kPa). In the experiment, the 
W/R ratio was 0.4. We carried out the experiment at a 
temperature of 220°C for a period of 6 days. Subse-
quently, the powder inside the gold tube was deposited 
onto carbon tape and was studied by scanning electron 
microscopy (SEM) on a FEI Quanta 3D Dual-
beam®field emission gun (FEG) SEM/FIB operating 
at 30 kV. One transmission electron microscopy 
(TEM) section of a selected region containing the new 
phases in the experimental run products was prepared 
using the FIB technique. 

Results: Based on SEM observations, two new 
phases were identified in the experimental run prod-
ucts. Figure 1 shows the association of elongated, eu-
hedral, iron-rich crystals with a homogeneous, low-Z 
material. The elongated crystals are observed either (1) 
as single crystals embedded in the homogenous mate-
rial or (2) as radiating clusters. The size of the elongat-
ed crystals varies from a few hundreds of nanometers, 
up to ~8 µm.  

Using quantitative energy dispersive X-ray spec-
troscopy (EDS) analysis and electron diffraction, the 
elongated crystals were identified as fayalite (Fa100, 
Figs. 1-2). The fayalite crystals are elongated parallel 
to the [001] direction (Fig. 1); however, multiple 
grains have to be measured in the future to confirm 
that this is the preferred elongation direction of the 
fayalite. The average length of the crystals in the FIB 
section is ~2.1 µm and the width is 0.7 µm (N = 10). 
We observe that the width of the elongated crystals 
(0.5-1.0, S.D. 0.1) varies less then the length (0.8-4.8, 
S.D. 1.3).  

Additionally, we identified an amorphous material 
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associated with the fayalite crystals in the experimental 
run products (Figs. 1-2). The composition of the amor-
phous materials is more enriched in iron than the origi-
nal smokes (avg. SiO2 44.3 wt% and FeO 55.7 wt%, 
see Fig. 2). The morphology of the amorphous, silicate 
condensates smokes changed during the experiments 
by becoming compact. No amorphous materials having 
the chemical composition of the smokes were identi-
fied so far. Additional, TEM measurements are needed 
to observe if other phases are associated with the fayal-
ite and the amorphous materials.  

 
Figure 1. a) SEM backscattered electron image 

showing the experimental run products. Two new 
phases are observed, euhedral, elongated, iron-rich 
olivines surrounded by a homogeneous, amorphous, 
low-Z material. b) Dark-field STEM image of FIB 
section made of the experiment products showing the 
euhedral elongated FeO-rich olivines and the textural 
relationships between the reactant amorphous material 
formed during the experiment. The crystal indicated by 
the arrow is elongated along the [001] direction. Pt = 
platinum, am = amorphous silicate, Fa = fayalite.  

Discussion: Previous studies of CCs and UOCs 
matrices suggested that elongated iron-rich olivine 
could form during fluid-assisted metamorphism [1-
4,5]. However, so far, the growth of elongate silicate 
olivines from hydrothermal fluids has not been demon-
strated experimentally, except for olivine-structured 
phase LiFePO4  and related compounds (e.g., LiFePO4, 
LiMnPO4, LiCoPO4, LiNiPO4, and LiMgPO4) [11]. 
Our new observations provide clear evidence that hy-
drothermal growth of elongated, iron-rich olivine can 
occur during thermal metamorphism in the presence of 
a fluid as described previously in meteorites (e.g. 
Tieschitz, [2]). Additionally, these new formed iron-
rich olivine are elongated in the c axis direction similar 
to the olivines identified in other chondrites, such as 
Allende, and Krymka [12-13]. 

Four additional significant outcomes occur from 
this new hydrothermal experiment. First, it shows that 
fayalite could form at W/R ratios higher (~0.4) than 
the values calculated to be thermodynamically viable 
(W/R ratio <0.2, [5]). Second, the composition and the 
texture of the original smokes changed during the hy-

drothermal alteration process suggesting that the 
amorphous material was mobile during the experiment 
by an iron-rich fluid. Third, no phyllosilicates were 
formed associated with fayalite during the experiment, 
the same as the previous hydrothermal experiments 
[7]. Fourth, fayalite can form at very low temperatures, 
which are at the transition between aqueous alteration 
and thermal metamorphism. From all these four out-
comes, we suggest that two variables appear to have a 
very important role in the formation of fayalite during 
hydrothermal growth, viz. the W/R ratio and the fluid 
composition. The lack of phyllosilicates during the 
hydrothermal growth of iron-rich olivine support the 
idea that the composition of the aqueous fluid is im-
portant [10]. Previous studies indicate that phyllosili-
cates can form only at higher Si/Fe ratios [10].  

 
Figure 2. Ternary diagram of MgO-FeO-SiO2 

(wt.% element) showing the composition of the fayal-
ite formed during the hydrothermal experiments (red 
diamonds – ol exp.), the amorphous material associat-
ed with the fayalite in the experiment (green circle – 
am. material exp.) and the smokes, the amorphous ma-
terials used in the experiment (yellow triangles – 
smokes).  
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