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     Introduction:  The bimodal release pattern of no-
ble gases (and in particular Xe) from meteoritic nano-
diamonds remains a subject of debate. The difference 
in the release temperatures between the low-
temperature Xe-P3 and the high-temperature Xe-HL 
(and P6) is huge – almost 1000o [1]. The first idea to 
explain such difference suggested [1] that the low-
temperature Xe-P3 is sited in the poor crystalline dia-
mond surface layer with non diamond sp2 structure, 
while Xe-HL is located in the proper sp3 diamond 
structure and can be released only as a result of graph-
itization at high temperature. The scenario correspond-
ing to this case suggests that Xe-P3 is surface-trapped  
component and Xe-HL – implanted. A different expla-
nation has come from separation of nanodiamonds into 
grain-size fractions which demonstrated a strong corre-
lation between concentrations of both Xe-P3 and HL 
and grain size of nanodiamonds: the higher the grain-
size, the higher the concentration of Xe [2]. When con-
centrations of Xe-P3 are changed by 3 orders of mag-
nitude, concentrations of Xe-HL are different only by 
factor of 3, so that P3-Xe/HL-Xe ratio varies signifi-
cantly on grain size being higher in the coarser frac-
tions [3]. The observations have been explained as a 
result of ion implantation of P3 and HL noble gases at 
which the ion ranges are comparable with the size of 
diamond grains [2]. This scenario supposes that in 
order to explain the bimodal release it is necessary to 
suggest that HL and P3 components are located in dif-
ferent populations with similar grain sizes but distinct 
thermal properties. And of cause Xe-P3 in this case is 
not surface correlated. However, if Xe-P3 and HL are 
located in different populations then the last statement 
is true only if population with Xe-P3 is dominated in 
the mixture. Otherwise, if it is a minor component, the 
dependence of Xe-P3 concentration on grain size re-
mains uncertain because of normalization to the total 
amount of diamonds. And in principal it can be sur-
face-correlated and not implanted. Another explana-
tion of the bimodal release has been suggested on the 
basis of the experimental noble gas implantation into 
synthetic nanodiamonds [4]. Release pattern of an im-
planted noble gas mixture in a single event demon-
strated a striking similarity with bimodal release of 
noble gases from meteoritic nanodiamonds. The sce-
nario which would fit the experimental data suggests 
that the HL noble gases have been implanted first at 
relatively high temperature so that the low-temperature 
peak was annealed. P3 gases have been implanted later 

when the temperature of diamonds dropped and there-
fore both peaks were preserved. The P3 and HL noble 
gases can be located in the same or different popula-
tions but in any case the scenario suggests that the 
high-temperature release is also dominated by Xe-P3, 
and consequently Xe-HL must be a minor component 
with extremely anomalous isotopic composition [5]. 
This scenario has some problems. First of all, it is not 
clear why noble gases implanted into nanodiamonds in 
a single event have bimodal release. Whether it is a 
fundamental property of nanodiamonds to have two 
different types of defects to be released at such differ-
ent temperatures or the defects are formed during irra-
diation? Secondly, it is possible that the bimodal re-
lease is an artifact due to implantation into a thick tar-
get so that noble gases penetrated deeper than into one 
layer of the diamonds target. As has been shown ear-
lier [6], the release temperature of implanted noble 
gases is controlled mostly by the total radiation dose 
which would be different for the different layers. And 
therefore bimodal release can be explained by such an 
effect. Thirdly, a simple consideration of Xe isotopic 
compositions and Ar/Xe element ratios on the three-
isotope plot for nanodiamonds with different Xe-
P3/Xe-HL mixing ratios suggests that 136Xe/132Xe in 
the pure Xe-HL component is close to the maximum 
observed - ~0.7 [7] i.e. it is not extremely anomalous.  
    In order to shed more light on the problem of the 
bimodal release of noble gases from meteoritic nano-
diamonds we decided to make a long-term oxidation 
experiment at relatively low constant temperature. 
     Experimental:  A fraction of nanodiamonds sepa-
rated from Orgueil with grain size a little bit higher 
than average have been used for the experiment. For 
the isotope measurements we used our multi-element 
analyzer Finesse. C, N, Ar and Xe isotope were ana-
lyzed in each step. The experiment has been conducted 
at 400oC with step time ~1h and constant oxygen pres-
sure at each step. 40 steps have been done at that tem-
perature, then 10 more at 450oC in order to release 
almost all Xe-P3.  

Results:  As can be seen from Figure 1, release of 
Xe-HL and P3 are significantly different from each 
other in the combustion steps. In contrast to Xe-HL 
which release is mostly controlled by amounts of com-
busted C (Xe-HL/C ratio is only slightly variable), Xe-
P3 seems to be released almost independently of car-
bon.  
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More than 80% of Xe-P3 is released when ~40% of 
C is oxidised. This roughly corresponds to the surface 
sited atoms of carbon. Thus, this observation can be 
considered as indication of surface location of Xe-P3. 
Such idea is accepted in [8]. However, it is very diffi-
cult to explain extremely sharp increase of Xe-P3 con-
centration with increasing grain size within this hy-
pothesis.   
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Figure 1.  Release of Xe components. 
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Figure 2. Carbon and Xe release. 

Discussion: In order to identify the mechanism by 
which Xe-P3 is released we decided to use Fick’s law 
applied for spherical grains: 
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where Qo and Q – initial concentration and concentra-
tion left in the grains after heating for certain amount 
of time correspondingly, and τ=Dt/R2- factor Fourier; 
D –diffusion coefficient, t- time and R-grain radius. If 
release of Xe follows the volume diffusion law, then τ 
is leaner function of t at constant D (temperature). In 
the case of desorption from the surface layer the proc-
ess would rather follow the 1st order reaction and τ is 
not linear function of t. In Figure 3 the values of τ 
found from the above equation for each time-step are 

plotted against time for the steps at 400oC. As can be 
seen the experimental data form a well defined linear 
dependence indicating that the physical process con-
trolled the release of Xe from the nanodiamond grains 
is volume diffusion (AVF suggests that Xe-P3 can be 
released by volume diffusion from the graphite-like 
sp2 surface layer). Oxidation does not seem to affect 
very much grain radius since at the end of Xe release 
at 400oC only the very surface layer is destroyed.  
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Figure. 3. Dependence of factor Fourier on time. 
      Thus, the results allow to conclude that Xe-P3 is 
distributed within the nanodiamond grains as a vol-
ume-correlated component. The most likely process of 
its trapping is ion implantation. In order to explain the 
relatively low (compared to Xe-HL)  release tempera-
ture of Xe-P3 we have to suggest that it is located in a 
separate population in which diffusion of Xe occurs 
faster than in the population containing Xe-HL. The 
reason for that could be different radiation history of 
the populations since experimental data suggest that 
the higher the radiation doze the higher the diffusion 
rate of implanted species [6].  

We plan to apply isothermal heating without oxida-
tion to the same sample and also analyse  fractions 
with different grain size in order to confirm the volume 
diffusion mechanism of Xe-P3 release from nanodia-
monds. 
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