
3. Results and Discussion 

            
According to TEM analyses [3,4], one of the most abundant carbon phases in some of the samples is represented by graphene stacks 

with variable number of layers. However сarbon content of the ARF does not exceed 37% (Table 1). Raman spectroscopy (Fig. 4) and 
TEM indicate that the principal mineral phase in ARF is chromite. The surface of some chromite grains is covered by graphene stacks, 
which suggests that chromite grains served as a substrate for graphene formation. In this connection it is important to note that in some 
fractions (SU2A, SU2AA) chromite is almost absent. 

 
 
 
 
 
 
 
          Table 1.  
 
 
 
 
 
 
 
 
 

    As can be seen (Table 1 and Figs 2 and 3) the frac-
tions obtained using sonication has as usually higher Xe 
content. These fractions also have higher carbon con-
centrations suggesting that sonication promotes better 
separation of carbonaceous and non-carbonaceous phas-
es.  

The ratios of Ar/Хе and He/Хе in the samples ana-
lyzed vary within 50-130 and 165-2215, respectively. 
For the bulk samples of the Saratov ARF these values 
are 32 and 245 [7]. The minimal values of Ar/Хе and 
He/Хе for the fractions obtained in the present study are 
similar to those reported in [9] for the bulk ARFs of 
Chainpur (LL3.4) (58 and 200) and Dimmit (H3.7) (55 
and 154), which are petrologicaly similar to Saratov 
(L4). These values correspond to Q-gases modified by 
diffusion loss of light gases during thermal metamor-
phism [9, 10]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    

 
 
 
 
 

                      
        Variations of the Аr/Хе ratios with concentration of C-normalised Xe for all the fractions produced with sonication can be fitted 
by an exponent (Fig. 3а). According to this curve, the Ar/Xe ratio increases with decreasing of Xe concentration. For the He/Хе ratios 
no common dependence with Xe content is observed (Fig. 3b). However, it is reasonable to suggest a certain similarity in behavior of 
Аr and Не i. e. that He/Хе ratio and Хе content in the studied fractions may follow similar trends as for Ar. The deviations of the He/
Xe ratio from the exponential function observed for some of the fractions (Fig. 3b) are, presumably, due to a presence of excess He. 
The existence of fractions with and without He excess is clearly seen in Figure 4 where there are two groups of points: one of them 
forms a linear dependence between Не/Хе and Аr/Хе ratios and the other  shows no relationships between the ratios. This He excess 
may, for example, be of radiogenic origin. The sites in carbonaceous phase(s) where the excess He atoms and Q-gases are located like-
ly differ. This difference is well manifested, for example, by comparison of the He and Ar release kinetics for the SU-D fraction with 
excess He and SU-BA fractions containing no such He excess (Fig. 5).  

   An important observation is that Ar/Хе and He/Хе ratios of the fraction SU-BB, obtained by Н2О2 oxidation of the SU-BA fraction, 
are much higher than those in SU-BA (Fig. 3). This may reflect preferential loss of Xe in comparison with Ar and He as a result of the 

treatment. The dependences shown in Figure 3 can also be a result of similar process taken place during parent body metamorphism. 

2. Experimental 
 
2.1. Preparation of the residues 
 

      The choice of Saratov meteorite is determined by two important factors: a very low, if 
any, abundance of nanodiamonds [6], which create additional difficulties for Q identifica-
tion, and relatively high concentration of Q noble gases [6, 7].   
      The schematics of Q separation are shown in Fig. 1-3. In attempt to achieve maximum 
enrichment of Q we used different separation procedures both without (Fig. 1) and with 
sonication (Figs. 2 and 3). The samples produced with sonication have symbol “S” in 
their identification. Prolonged sonication yielded residues with negligible silicate content. 
In contrast to our previous preparations of the Q-enriched fractions, in the present study 
we applied colloid separation in isopropanol with ammonia or NaOH directly to the HF/
HCl residue after ultrasonic treatment and produced suspension and sediment after cen-
trifugation (~1000g, 30 min). Sedimentation of the fractions dispersed in the solutions 

was performed after acidification by HCl, 
which promoted neutralization and agglomer-
ation of charged grains. It is most likely, elec-
tric charges on surfaces of carbonaceous par-
ticles is mainly due to partial ionization of 
functional groups bound to carbon radicals. 
Some of the fraction were treated with oxidiz-
ing agents such as H2O2  (Fig. 2). The num-
bers in the fraction boxes on the schematics 
indicate Xe/C (10-8 cc/g). 
 

2.2. Analyses 
 
The obtained fractions have been analyzed for 

noble gases, carbon and nitrogen isotopes and amounts on Finesse mass spectrometric 
complex [8] by stepped combustion methods. The samples were combusted in a pure oxy-
gen atmosphere from 200 to 1500oC with variable temperature increments (25-100o). 
   Raman spectra of the samples SU-2A and SU-2B were recorded using 532 and 785 nm 
lasers.  
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1. Introduction  
 

      The planetary noble gas carrier in meteorites - Q, remains an unidentified phase, alt-
hough all its properties established so far point to a carbonaceous nature of the matter [1, 
2]. The problem with the phase identification is that even in the highly Q-enriched resi-
dues prepared from different meteorites it is always accompanied by other much more 
abundant carbonaceous phases such as organic macromolecular material and graphitic 
carbon with different structures. Further separation of Q from these phases is very prob-
lematic because of similarities in their chemical properties. TEM investigations of the Q-
enriched residues showed that they often contain nano-sized curved graphite stacks with 
variable number of layers [3, 4], suggesting that these graphene structure can be a candi-
date for the Q-phase. Similarity of the thermo-oxidizing graphene stacks’ behavior with 
kinetics of noble gas release during stepped combustion of Q also supports this assign-
ment [4]. However at present it is difficult to prove unambiguously that Q is graphene-
related and therefore it is impossible to exclude that another carbonaceous phase with 
very low abundance and similar thermo-oxidizing properties serves as a carrier of the 
planetary noble gases. One of the ways to solve the problem is to investigate the residues 
extremely enriched with Q.  

This work is a continuation of our studies of acid-resistant fractions (ARF) of Saratov 
(L4) chondrite [4, 5]. We present here results of correlation analysis of He/Xe and Ar/Xe 
ratios as functions of Xe content in twelve ARFs, obtained using different procedures of 
separation. 

       The increase of He and Ar 
relative to Xe could be explained 
within the framework of the fol-
lowing hypotheses. 
      1. The Q-phase is a low-
abundant, in comparison with 
other carbonaceous phases, popu-
lation of submicron carbonaceous 
grains with high concentration of 
Q-gases [5, 11, 12]. In this case, 
the correlations between Xe con-
tent and Ar(He)/Xe ratios can be 
explained as a result of  ion im-
plantation of noble gases into Q-
phase grains of different sizes 
[13]. We note that in framework 
of the implantation hypothesis 
variations of the Аr/Хе should not 
necessarily be correlate with Хе/
С variations, since these ratios are 
determined by different process-
es: the former – by sizes of Q-
phase grains and the latter – by 
degree of enrichment of the frac-
tion in the Q-phase. The higher 
ratios of implanted Ar and He rel-

ative to Xe in the SU-BA fraction after H2O2 oxidation is explained by differ-
ences in implantation depth of these ions at given energies and grain sizes. Con-
sequently, removal of Xe-rich near-surface layers of the grains by Н2О2 oxida-
tion lead to increase of relative amounts of He and Ar in the residue. 

2. The Q-phase mostly consists of curved bi- and few-layers thick graphene 
stacks, abundant in ARF [3, 4]. The main feature of this hypothesis is that the in-
terlayer spacing in graphene bi-layers is 3.4-3.5 Å, i.е. somewhat less than atom 
size of Ar and Xe [4]. Therefore, the graphene layers in sites of these ions will 
form a bulge. And so it is suggested that retention of Ar and Xe in graphene 
stacks depends not only on their thermal-oxidative properties, but also on the de-
fects’ density in the vicinity of the bulge. The size of a bulge and number of cor-
responding defects will be higher for Xe than for other smaller ions of the Q-
gases. This factor is likely responsible for the increasing of Ar(He)/Xe in the SU-
BA fraction after its H2O2 oxidation and, possibly, in graphene stacks partly oxi-
dized with silicates during Saratov’s thermal metamorphism in the parent body. 
Variations in C-C bond strength in the Ar and Xe related bulges may also explain 
differences in their retention efficiency. Defects’ density of the graphene stacks 
and their sizes are the principal factors influencing efficiency of separation of the 
ARFs with different compositions of the Q-gases. Therefore, according to this 
hypothesis the variations of Ar(He)/Xe ratios are explained by differences in re-
tention efficiency of the initial  Q-gases during thermal metamorphism of Sara-
tov chondrite due to a) graphene stacks oxidation in reactions with silicates that 
affects  more the sites distorted by Xe atoms (in this case, Xe is lost predomi-
nantly than Ar and He), and b) diffusion gas losses (in this case, He and Ar are 
lost preferensially compared to Xe). Relative efficiency of these processes de-
pends on conditions of the reactions with silicates and graphenes defects’ state. 
     

5. Summary 
 
Acid-resistant fractions of Saratov chondrite separated at different conditions 

are enriched in bi- and few-layers graphene stacks. The Ar/Xe and Не/Хе ratios 
variations in Q-phase of these fractions are between 48-130 and 165-350, respec-
tively. The observed trends of increasing of Ar(He)/Xe with decrease of Xe/C 
could be explained by: (а) implantation of the Q-gases into grains of as yet un-
known phase with broad size distribution, or (b) alteration of initial Q-gases 
composition in the graphene stacks during the chondrite thermal metamorphism. 
In any case the key factor influencing laboratory separation of ARF into frac-
tions with different content and composition of the Q-gases is the charge state of 
the grains’ surface.  

Figure 1. Schematic of the residues preparation 
using centrifugation only. 
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Figure 5. Variation of the Ar/Xe (a) and He/Xe (b) ratios de-
pending on the C-normalized Xe concentrations in the analyzed 

samples.  

Figure 4.  Raman spectra of the samples analyses. The sample SU-2A contains 
17% of carbon, the rest is chromite and other not yet identified phase with Raman 
line at 305 cm-1. The carbonaceous fraction in these two samples is identical as 
shown by identical I(D)/I(G) ratio, presence of weak bands due to amorphous car-
bon, similar second order Raman spectra and identical dispersion of the D-band po-
sition.  

Figure 6. Relationship between elemental ratio of He, Ar in Xe in the analyzed frac-
tions.  

Figure 2. Schematic of the residues preparation 
using sonication, centrifugation and oxidation. 

Figure 3. Schematic of the residues preparation 
using sonication and centrifugation. 

Fractions C, mg/g 

4
He 

10
-5 

cc/g 

36
Ar 

10
-5 

cc/g 

132
Xe 

10
-8 

cc/g 

Xe/C 

10
-8 

cc/g 
Ar/Xe 

SU-B 47.8 4.87 1.85 14.41 301 128 

SU-BA 64.3 6.93 2.31 29.24 455 79 

SU-BB 14.5 5.59 0.058 0.18 12 322 

SU-D 23.6 11.25 0.568 5.41 229 105 

SU-2A 167.6 13.3 7.12 55.8 333 128 

SU-2A-1 184 27.6 8.34 79.1 430 105 

SU-2B 10.8 1.48 0.326 5.22 483 62 

SU-2AB 355.3 68.9   298 839   

SU-2AB 371 353 14.9 278 749 54 

SU-2AA1 208.6 239 13.9 292 1400 48 

SU-2ACp 111 175 6.83 79 712 86 

SU-2AC 170.3 36.4   221 1298   

C(B)  38.4 3.44 1.53 11.09 289 138 

CC(B) 38.2 3.78 1.56 3.09 81 505 

C(E) 37.6 2.16 1.6 7.24 193 221 

C(C) 28.3 1.49 1.09 3.06 108 356 

C(D) 35.5 21.46 0.883 5.19 146 170 

AJ 660 9.9 6.8 210 318 32 

Figure 7. Release patterns of He (black) and Ar (red)  
during stepped combustion of SU-BA (a) and SU-D (b).  

mailto:anat@chgnet.ru
mailto:sasha.verchovsky@open.ac.uk
mailto:a_shiryaev@mail.ru

