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Introduction:  Water is mainly expressed in carbo-

naceous chondrites as phyllosilicates or amorphous 

silicates. These phases are most likely the result of the 

interaction between the accreted water ice and anhy-

drous phases during hydrothermal episodes [1]. In 

weakly altered chondrites, amorphous silicate is the 

main material, and it has now been identified in all 

chemical groups [2, 3, 4]. Being able to precisely quan-

tify the water content of this material is crucial to un-

derstand the nature of the silicates that were originally 

accreted in the chondrite matrices, as well as to identify 

the alteration mechanism and conditions.  

In contrast to crystalline phases which have “nomi-

nal” water content, there is no easy way to determine 

the water content of submicrometric domain of amor-

phous materials. In recent works [2], using TEM-EDS, 

we suggested that the observed oxygen excess could be 

due to the presence of hydroxyl groups allowing us to 

deduce the equivalent water content. Thanks to the 

new generation of EDS detectors (windowless, SDD 

technology), we have now a much better efficiency for 

the measurement of oxygen which should allow to pre-

cisely quantify the O/Si ratio, and, eventually, the water 

content of any material. 

However, low energy X-rays (such as O-K or Fe-L 

lines) can be strongly re-absorbed within the sample 

and modify the quantified O/Si ratio up to 40%. This 

absorption is a function of three parameters: x-ray trav-

elling distance though the sample (tilt dependent), sam-

ple thickness and density, which are in practice difficult 

to determine. 

Here, we first measured a set of standard materials 

(fayalite, forsterite, basalt and rhyolite, serpentine, wol-

lastonite and pyrite) in order to determined the O/Si 

and Fe_L/Si k-factor (the instrument calibration). We 

then developed a routine using hyperspy (python library 

for hypserspectral data analysis [5]) to retrieve the 

[thickness*density]. The principle is that if the theoreti-

cal ratio of two x-ray lines is known, one of high ener-

gy (not significantly absorbed) and one of low energy 

(strongly absorbed, such as O-K or Fe-L), then the 

“thickness*density” value can be determined, based on 

the constraint that the absorption correction should 

yield the same results for both the low and high energy 

x-ray line. With all elements including oxygen being 

quantified, the water content can then be calculated 

based on the charge neutrality assumption. The ob-

served lack of positive charges is interpretedas unde-

tected hydrogen present as hydroxyl groups or H2O 

molecules. 

Using this approach, the water content of the stand-

ards are determined as well as related uncertainties. It is 

then applied to various FIB sections of ALH 77307 and 

Renazzo, which are weakly altered CO and CR chon-

drites. 

Automated absorption correction and accuracy 

of the water content determination:  Analysis were 

performed on a Titan Themis, at 300 kV using a four 

quadrants, windowless, super-X SDD system. k-factors 

for O, Fe, Mg, Al, S, Ca, and K were measured on 

standards prepared by ion polishing, which produces 

samples of various thicknesses. Values of 0.94 is found 

for O/Si, far from the default value provided by the 

Brucker software (1.24) and a value of 2.3 is found for 

the Fe_L/Si (instead of 2.11). 

 
Fig. 1 : calculated H2O wt.% of standards of various 

thicknesses using different sets of constraints to correct for 

absorption. 

Hyperspy was used to substract background, fit 

Gaussian functions to the spectra and the specific rou-

tine was used to automatically find the thick-

ness*density value and thus apply absorption correc-

tion. If the Si/O value and the density is known (for a 

forsterite for instance), then the thickness of the sample 
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can be retrieved. On the other hand, if the material 

composition is unknown, one can use the fact that 

quantification using Fe_K lines should give the same 

result as using the Fe_L lines.  

Figure 1 shows the water content obtained using the 

Fe_K/Fe_L, Ca_K/Ca_L and the Si/O constraints. The 

standards have various Fe content (Fe/Si from 1.83 to 

0.04) and valence (from 2 to 2.6). We find an internal 

variability lower than 1 wt.% H2O and sample to sam-

ple accuracy is lower than 2 wt.%. The cations/Si rela-

tive accuracy is found to be better then 2 at. % in most 

cases.  

Application to chondrites:   

STEM-EDS hyperspectral maps were acquired us-

ing four detectors at a beam current of 500 pA. One 

FIB section was measured at room temperature and the 

other ones at liquid N2 temperature. To map the amor-

phous silicate, we established phase cartographies. 

Principal component analysis allows to identify the 

number of different phases present and a ”blind source 

separation” algoritm to obtain a first localization of 

these phases. The corresponding spectra are extracted 

and a linear combination fitting of those spectra is then 

performed to refine the phase cartography. One aver-

aged spectrum per phase was retained for the quantifi-

cation. 

 
Fig 2 : HAADF STEM image of ALH 77307 showing the 

various identified phases. 

Scanning transmission X-ray microscopy at the Fe_L 

edge was performed on the same FIB sections to de-

termine the Fe3+ content of the amorphous silicate 

which is required to calculate the water content. Values 

are always in the range 60 to 70% Fe3+/∑Fe. 

 In ALH 77307, oxide, enstatite, CaMg-pyroxene, 

Fe-olivine (Fa40 with Ni/Si up to 0.04 at.%), Fe-

sulfides, Fe-Mg sulfate and organics were found in ad-

dition to amorphous silicate. The density and Si/O ratio 

of pyroxene are known which allows to determine the 

thickness of the FIB section. For amorphous silicate, 

using this thickness value and an inferred density of 2.9, 

composition, water content are extracted. Amorphtous 

silicate is Fe-rich (Fe/(Fe+Mg) ~ 0.6), has a stoechiom-

etry close to serpentine ((Fe+Mg)/(Si+Al) ~ 1.3 – 1.7) 

and shows high Ni and S contents (Ni/Si  = 0.1 – 0.3; 

S/Si = 0.1 – 0.2). Water is present in all analyzed re-

gions and is found to vary between 7 and 12 wt. %.  

In the Renazzo FIB section, only Fe-Ni sulfides are 

found together with the amorphous silicates in the par-

ticular analyzed region. It is less Fe-rich (Fe/(Fe+Mg) = 

0.44), with a stoichiometry close to seprnetine as well 

((Fe+Mg)/(Si+Al) ~ 1.4), but the Ni/Si and S/Si ratios 

are much lower (< 0.01 and 0.05 respectively). It is 

also significantly hydrated with a H2O content of 9.5 

wt.%.  

Discussion: Using the enhanced efficiency of new 

SDD detectors, appropriate standards measurements 

and an dedicated data processing routine, we demon-

strate that is is possible to determine the water content 

of any material by TEM-EDS analysis with a precision 

better than 2 wt. % using Fe_K/Fe_L properties. On 

the other hand, if the O/Si ratio is known, density 

and/or thickness can be retrieved. 

Applied to chondrites, these analysis confirm the 

presence of a significant amount of water in the amor-

phous silicate of CR chondrites [2] and reveal its pres-

ence in CO chondrites as well. The enhanced measure-

ment accuracy also enables to show that the water con-

tent can be heterogeneous at the micrometer scale, 

since our three maps in ALH 77307 revealed a H2O 

content variation of several % (7, 10 and 12 wt. %). 

We infer that these hydrated and oxidized amorphous 

silicate are formed through the interaction with water, 

which was heterogeneously distributed within the ma-

trix. 

 ALH 77307 has a more complex mineralogical 

phase assemblage than CR chondrites, with remains of 

accreted anhydrous enstatite grain but also with Ni-

bearing fayalite and amorphous silicate which might 

reflect alteration condition at higher temperatures [6]. 
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