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Abstract—New approaches are proposed to analyze the content, distribution, and diffusion of carbon in silicates
using nuclear microprobe analysis and secondary-ion mass spectrometry (SIMS). Techniques based on the
nuclear reaction >C(d,p)'3C were developed to determine the coefficients of radiation-enhanced carbon diffu-
sion in olivine at 300—370 K and deuteron doses that are comparable in terms of defect formation with those of
o-particles generated by the decay of uranium and thorium isotopes for ~400 Ma (olivine age). The coefficients
of thermal (Dy,) and radiation-enhanced (D,,4) carbon diffusion in synthetic forsterite were compared to those
of natural olivines from alkaline basalt nodule (Shevaryn Tsaram volcano, Mongolia). It is demonstrated that
the diffusion coefficients strongly depends on the migration mechanisms of carbon atoms in crystals. The devel-
oped techniques and software package for SIMS determination of carbon distribution in silicates allowed us to
study simultaneously the carbon and hydrogen distribution in a glass vein of the Chelyabinsk meteorite. The
possible presence of hydrocarbons in the studied silicate glass of meteorite is suggested.
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INTRODUCTION

The isotope composition, speciation, redox state of
carbon in the Earth’s rocks, and the global carbon cycle
represent the fundamental geochemical problem,
because carbon is one of the most important and
unique chemical elements of our planet. Carbon is the
major gas-forming element and actively involved in the
redox reactions in the Earth’s interior, i.e., its presence
determines the fluid and redox mode of the Earth’s
interior. This problem has been studied for over 60 years
and described in numerous publications (huge amount
of literature), for instance, in the last review “Carbon in
Earth” (Ed. by Hazen et al., 2013). The solution of this
problem is tightly related to the development of meth-
ods of carbon determination in silicates and its distribu-
tion in different geochemical objects, which are charac-
terized by complex phase and chemical composition. In
these objects, carbon occurs in different species and
compounds in the coexisting phases. The bulk determi-
nation of carbon is based on the vacuum extraction in
combination with manometric and mass-spectrometric
methods. These methods are described in different
reviews (Hauri et al., 2002 and reference therein, for
instance, lhinger et al., 1994). The advantage of these
methods is the possibility of determining the bulk con-
tent of carbon in the rock and its isotopic composition,
with simultaneous determination of other volatiles, for

instance, H,0. At the same time, this method requires
large amount of starting material (few hundreds of mg)
for accurate carbon determination. Other disadvantages
are the problem of removal of absorbed CO, at low car-
bon content (at ppm level) as well as analytical difficul-
ties in determination of carbon contribution from dif-
ferent coexisting phases. For instance, a large amount
(few hundreds of mg) of these glasses carefully hand-
picked under a binocular microscope is required for
determination of carbon in volcanic and ocean-floor
glasses. Methods of local analysis have recently received
the wide application in determining the carbon in
diverse coexisting phases of the rock. The develop-
ment of this method having the low detection limit
and high resolution is one of the top priority directions
in the modern analytical geochemistry. Such methods
of local analysis as autoradiography, methods of
nuclear reactions, IR spectroscopy, X-ray micro-
probe, combination scattering spectroscopy (Raman
spectroscopy), and secondary-ion mass-spectrometry
became widely used for measurement of carbon in
diverse magmatic silicates.

This paper considers new original approaches to the
determination of carbon, study of its distribution and
diffusion in silicates using methods of nuclear reactions
and secondary ion mass spectrometry (SIMS).
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Nuclear Microprobe Analysis

Carbon is incompatible element in the crystal lat-
tice of oxides and silicates. In the mid-1980, the pres-
ence of carbon in atomic state in the crystals of oxides
and rock-forming minerals has been hotly debated.
These discussions were based on the works of Freund
et al. (Freund et al., 1977, 1978, 1980; Wengeler et al.,
1982; Kathrein et al., 1983), who demonstrated the
ability of carbon to be dissolved in significant amounts
(up to 1000 ppm) in the crystal lattice of oxides and sil-
icates. Based on the above publications, Galimov
(1984) proposed that the enrichment of reduced car-
bon in light isotope '2C in rock is related to its dissolu-
tion in crystal in atomic zero-valent species, which
corresponds to the beta factor equal unity. Later works
(Shilobreeva et al., 1987; Mathez et al., 1987; Tsong
et al., 1987; Tingle and Green, 1987; Tingle et al.,
1988; Minaev et al., 1995; Keppler et al., 2003; Ni and
Keppler, 2013; Rosental et al., 2015) showed the lower
solubility of carbon in crystal lattice and possibility of
its dissolution in form of C** (Shcheka et al., 2006). In
this relation, the question of content and speciation of
carbon dissolved in silicates remains controversial.

Another controversial question is the high mobility
of carbon in silicates. Using nuclear '>C(d,p)"*C reac-
tion analysis and X-ray photoelectron spectroscopy, it
was demonstrated (Freund et al., 1982; Oberheuser
et al., 1983) that the carbon diffusion coefficient in
MgO and olivine crystals was D ~ 10~ cm?/s at tem-
perature 7 ~ 370 K and carbon content of 0.03—
0.1 wt %. However, later studies (Mathez et al., 1987,
Tsong et al., 1987) using the same methods in combi-
nation with secondary-ion mass spectrometry and
Auger electron spectroscopy did not confirmed the
results of the works (Freund et al., 1982; Oberheuser
et al., 1983) on the carbon diffusion in <2 pum layers
within a temperature range of 78—723 K. It was noted
(Kuzmin et al., 1998; Shilobreeva et al., 2000) that the
disagreement between the results could be caused by
radiation impact of both natural (magmatic) rocks and
ion probes on the carbon-rich surface layers of crystals
during analysis, which may lead to the acceleration of
diffusion. Radiation acceleration of the diffusion
occurs either during irradiation and heating, or during
heating after irradiation (Vavilov et al., 1981). These
processes were observed by Freund et al. (1982) but
were not mentioned by Mathez et al. (1987) and Tsong
et al. (1987), which caused disagreement in obtained
results. In work (Oberheuser et al., 1983), significant
diffusion of carbon was observed in layers <2.5 pm
during in situ experiments with neutron dose of 5 X
10 cm=2 at £ = 1.05 MeV. Calculation of vacancy
concentrations using TRIM-90 software showed that
a dose of ~10'* cm2 is sufficient to cause carbon dif-
fusion under o-particles irradiation (Kuzmin et al.,
1998). According to (Kuzmin et al., 1998) precisely
this dose may be obtained by natural crystals with age
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of ~400 Ma due to uranium and thorium isotope
decay.

The study of in situ radiation-enhanced diffusion on
o-particle beams is complicated due to the absence of
appropriate nuclear reaction. Therefore, in this work we
also applied reaction '2C(d,p)"*C for studying migration
ability of carbon in olivines at 7 ~ 300—370 K. Irradia-
tion and measurements were performed using deuteron
beam of 1.43-MeV electrostatic accelerator EG-2
(INR RAS) 1.5 x 1.5 mm? in size. The detector was
covered by a thin (4 um thick) aluminum-coated Mylar
film to reduce the integral loading from deuterons scat-
tered in sample. This film practically has no effect on
the detector (25 keV) and the high-energy part of back-
scattered deuteron spectrum. The back-scattered spec-
tra were used to control the reference sample and radi-
ation dose during analysis. Magnesium targets and thin
films SiO,/Si were used for band identification and
energy calibration. Processing of spectra and obtaining
depth concentrations profiles were carried out using
integrated BEAM EXPERT software (Kogan et al.,
1994), which does not require reference samples. Mea-
sured concentration profiles at depths of 0.3—1.5 pm
were approximated by Gaussians, the parameters of
which were used to determine the diffusion coefficients.

Olivine sample ~ 3 mm across from nodule in the
Shevaryn Tsaram alkaline basalt (Mongolia) without
preliminary surface treatment was cyclically irradiated
with deuterons with doses 100 uC (2.8 x 10'® cm—2).
The measurements were performed between irradia-
tion, with a decrease of beam current by ten times. The
irradiation and measurement lasted for ~1000 s. After
the third cycle, a 30-min pause was made to estimate
the inverse (opposite to the concentration gradient)
carbon diffusion. Maximum temperature of sample
during irradiation was 100°C. Proton spectra of reac-
tion 2C(d,p)"3C prior to irradiation (1) and after third
irradiation (4) and next 30-min pause (5) are shown in
Figs. 1 and 2 as examples. Carbon concentration pro-
files obtained from proton spectra for all four irradia-
tion cycles and pause are shown in Figs. 3 and 4. The
dose of the last irradiation was increased to 250 uC.
During recovery of concentration profiles using
BEAM EXPERT, the background of associated reac-
tions (d,p) on Mg and Si isotopes was automatically
taken into account. In order to test the validity of the
Fick law application for calculation of diffusion coef-
ficients, the integral carbon contents were determined
in the top 1.5 um layer for all measured spectra. All
results are given in Table 1.

As seen from Table 1, obtained data show satisfac-
tory agreement with Fick law (integral content of car-
bon remains practically unchangeable within measure-
ment error), while concentration profiles (Figs. 3, 4) are
well described by the Gaussian distribution. The coef-
ficients of the radiation-enhanced diffusion calculated
from distribution data are shown in Table 2 and fall in
the range of D4 1.2—1.8 X 10~12 cm?/s.
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Fig. 1. Energetic proton spectra of the reaction 12C(d, D) B¢
(spectra nos. 1, 2 are presented in Table 1). N is the counts
per channel.
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Fig. 3. Profiles of carbon concentrations obtained from

energetic proton spectra of the reaction 12C(d, p)13C (spec-
tra nos. 1, 2, 3 are presented in Table 1).

Obtained diffusion coefficients are two orders of
magnitude lower than values obtained in (Freund
et al., 1982; Oberheuser et al., 1983). Such a diver-
gence may be caused by the difference in the prepa-
ration of sample surface before experiment, the low
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Fig. 2. Energetic proton spectra of the reaction 12C(d, p) B¢
(spectra nos. 1, 5 are presented in Table 1). N is the counts
per channel.
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Fig. 4. Carbon concentration profiles obtained from ener-

getic proton spectra of the reaction 12C(d, p)13C (spectra
nos. 4, 5, 6 are presented in Table 1).

accuracy of spectrum processing, and the difference
in the deuteron beam parameters. The possibility of
radiation-enhanced diffusion in works (Freund
et al., 1982; Oberheuser et al., 1983) has not been
considered at all.
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Table 1. Results of determination of the carbon content in the surface crystal of olivine.

NN spectrum Irrradiation dose, nC Total irradiation dose, uC Integral content, pig/cm?

1 Prior to irradiation 0 1.54

2 100 100 1.29

3 100 200 1.26

4 100 300 1.37

5 After a 30-minute pause 300 1.59

6 250 550 1.43
Table 2. Diffusion coefficients D of carbon from measured spectra

Spectra N 1 2 3 4 5 6
Diffusion coefficient D, 10_12 sz/s 1.8 1.4 1.4 1.2 Inverse diffusion 1.2
after 30-min pause

In our case, unlike (Freund et al., 1982; Oberheuser
et al., 1983), the surface was not subjected to mechani-
cal or chemical treatment; the number of defects was
maximal and corresponded to the natural conditions.
Since surface defects (dislocations, mirofissures, etc.)
serve as sinks for impurity atoms, the irradiation impact
may cause atom migration in opposite directions, which
retards the radiation-enhanced diffusion. This assump-
tion is confirmed by the opposite carbon diffusion
(Figs. 2, 3) to the crystal surface. Shilobreeva and Kuz-
min (2003) assumed that such diffusion is caused by
gettering with crystal surface as a getter. This process
may be explained by the presence of carbon in the inter-
granular space of meteorites owing to the segregation on
crystal surface caused by gettering in the response to
weakening of the intensity of a-radiation after forma-
tion of the Solar System.

Thus, our experiments showed that carbon diffu-
sion in olivine was radiation '*C(d,p)"C in nature,
rather than thermal, as supported by (Freund et al.,
1982; Oberheuser et al., 1983), because all above men-
tioned studies were based on the same technique of
nuclear reaction 2C(d,p)"C.

We studied experimentally the thermal diffusion of
carbon in forsterite crystals (Shilobreeva et al., 2000;
Shilobreeva and Kuzmin, 2003). After polyenergetic
ion implantation of carbon in crystals (0.25 wt %), the
samples were annealed in air at a temperature of 1100 K
for an hour and then kept at room temperature for
190 days. The depth profiles of carbon concentration
in forsterite were measured by secondary ion mass
spectrometry using a Cameca IMS-4F. The value of
thermal diffusion coefficient in forsterite crystals was
Dy, = 1 x 1075 e¢m?/s at 1100 K (Shilobreeva et al.,
2000), and decreased to Dy, < 6 X 10720 ¢cm?/s at 300 K.
Thus obtained coefficient of radiation-enhanced dif-
fusion in olivine (D,,q = 1.6 X 10~'2 cm?/s at 300 K)
was more than ~ seven orders of magnitude higher
than the thermal diffusion coefficient. These data
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allow the comparison of thermal and radiation-
enhanced carbon diffusion in olivine.

Based on the study of carbon diffusion in olivine
crystals, Shilobreeva and Kuzmin (2003) hypothe-
sized a radiation nature of carbon migration in natural
olivine crystals from meteorites and assumed a
vacancy mechanism for the radiation-enhanced car-
bon diffusion.

Secondary-1on Mass Spectrometry

Secondary-ion mass spectrometry (SIMS), the
microprobe method, is widely applied in studying the
carbon geochemistry. The surface of analyzed samples
is bombarded by primary ions (Xe*, Cs*, Ga*, O*
etc.), which leads to sputtering of atoms and molecules
both in neutral and charged state. SIMS method is
based on this phenomenon of the formation of
charged particles (secondary ions) and their subse-
quent mass spectrometric measurement. Theoretical
principles of SIMS have been described in (Stephan,
2001; Werner, 2003; Senoner and Unger, 2012;
Kuznetsov, 2010; Lebedev, 2013).

The SIMS method is widely used for solution of
such geochemical problems as determination of con-
centration of chemical elements (including volatile
carbon, hydrogen, fluorine, chlorine, sulfur, and oth-
ers) in different phases (glasses, melt inclusions, etc.)
in the rocks of different genesis (Portnyagin et al.,
2007; Mironov et al., 2015; Plechov et al., 2015).
SIMS method is also applied for experimental deter-
mination of solubility of water and carbon-bearing
gases in silicate melts at high and elevated tempera-
tures and pressures (Pan et al.1991; Thibault et al.,
1994; Brooker et al., 1999; Behrens et al., 2004;
Dasgupta et al., 2013; Ardia et al., 2013; Li et al.,
2015), for determination of C and H partition coeffi-
cients between silicate and metallic phases (Li et al.,
2015), melts and crystals (Rosental et al., 2015), as well
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as for study of carbon diffusion in silicates (Farquhar
et al., 1999; Shilobreeva et al., 2000.)

We would like to mention also the works where low
carbon concentrations were locally determined using
SIMS method. These works consider the following fun-
damental problems: distribution of volatiles in the
“atmosphere—magma” “ocean—core” system as
applied to the evolution of the Martian atmosphere on
the basis of experimental study of CH, solubility in Fe-
free basaltic melt (Ardia et al., 2013); the determination
of carbon partition coefficients between Fe-rich alloy

and silicate melts ( D(’;“eta'/s“i“a‘e) and between silicate

melts and minerals (Li et al., 2015, Rosental et al.,
2015); determination of volatile solubility in the C—O—
H system in the reduced silicate melts (Li et al., 2015);
the measurement of carbon content in melt inclusions
in minerals of different genesis (Nekrylov, 2015;
Plechov et al., 2015).

Besides advantage, SIMS also has a significant dis-
advantage in quantitative measurements. This disad-
vantage is a strong matrix effect: the dependence of the
ionization coefficient of the sputtered atoms on the
surrounding atoms in a solid (Drozdov et al., 2011).
Reference samples are required to solve this problem.
The preparation of the reference samples is laborious
and difficult procedure, especially for multicompo-
nent silicate glasses. Mass spectrometer is usually cal-
ibrated by the measurement of '2C/3°Si and "*C/>°Fe
intensities depending on the carbon content in the ref-
erence sample. The carbon content also should be
determined in the analyzed samples, which are close
in composition to the reference sample. In this case,
the selection and preparation of the reference samples
represent a difficult problem.

To solve this problem we proposed a new method
of quantitative SIMS measurement of the carbon ion-
ization coefficient in silicate glasses. This method is
based on the calculation of the carbon sputtering coef-
ficients during bombardment of the surface by pri-
mary ions (Cs*, O%) using SIMS analysis.

In this work, the carbon sputtering coefficients in
samples of silicate glasses analyzed by SIMS method
(Hauri, 2002; Dasgupta et al., 2013; Ardia et al., 2013;
Nekrylov et al., 2015) were calculated using
SRIM?2013 software package (Ziegler, 1995). In the
works (Hauri, 2002; Dasgupta et al., 2013; Ardia et al.,
2013; Nekrylov, 2015), analyses were carried out using
Cameca IMS 4f, Cameca IMS 6f, and Cameca IMS
1280 mass spectrometers. In order to estimate the
matrix effect on the carbon ionization coefficient, we
proposed to apply the NBO/T parameter (Mysen,
1987; Shildt et al., 2015), which characterizes the
structure and composition of the silicate matrix. The
application of this parameter is limited by amorphous
matrices, which are silicate glasses. The linear depen-

dence of parameter B; / I°® (B} —ionization coeffi-

reg
i

cient of carbon, /,"°*—the secondary ion current of
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carbon) on NBO/T for the above considered experi-
mental literature data is shown in Fig. 5. Obtained
dependences factually represent the calibration plots
for the determination of ionization coefficient, and
further, for the quantitative assessment of carbon con-
centration in unknown sample for given SIMS device
and experimental conditions. Unlike calibrations pre-
viously applied in works (Hauri, 2002; Dasgupta et al.,
2013; Ardia et al., 2013), our method makes it possible

reg

to obtain dependence of B,i / I, parameter in the
wider compositional range of silicate glasses. The
slopes of obtained straight lines for experiments with
primary Cs* for different instruments coincide within
an error and equals —3.1 £ 0.2 (Fig. 5), in contrast to
the experiments with primary O™ ions for which the
slope is —5.9. Such difference is presumably deter-
mined by the nature of the primary beam, which in
turn, affects the carbon sputtering from the surface of
silicate glasses.

In this work, we developed a method of SIMS
study of carbon and performed a calibration of
Cameca IMS 4f (Lukin Institute of Physical Prob-
lems, Zelenograd) in order to study carbon in the glass
vein of the Chelyabinsk meteorite. Special attention
was given to the preparation of the surface of meteorite
sample for analysis. The sample was ground and pol-
ished using carbon-free powders. In addition, its sur-
face was etched with argon ions with energy of 5keV,
I, = 60 PA and slope angle 55° for 20 hours. In order
to remove carbon pollution from the surface and fis-
sures, the sample was also etched with oxygen plasma
for 10 minutes. The studies were carried out on a
Cameca IMS-4f. Cs* ions with the energy of 10 keV
were used as a primary beam for analysis. The density
of ion beam current was 30 wA/cm?. The incidence
angle of the primary beam relative to the normal was
25° at impact energy of 14.5 keV. Since the studied
object is excellent isolator, the charge of the sample
surface was compensated using a normal-incidence
electron gun. In addition, the sample was covered by a
thin gold layer (~10 nm) to remove charge. Mass spec-
tral resolution Am/m = 5000 was used to solve the inter-
ference problems. Maps of element distribution were
compiled in a dynamic mode (DTS). A spatial resolu-
tion was determined by the microscopic field and
accounted for 5 um at a raster of 250 x 250 micron.
Secondary particles were detected using secondary ion
multiplier SEV217. As a result, we obtained numerical
arrays for secondary ion current intensities of carbon
(ion number per second) in the points with coordi-
nates (X, Y) for each ionic image (layer). The second-
ary ion current intensities were obtained not only for
carbon, but also for hydrogen. During analysis, the
sample was studied to a depth of 65 um. 1134 ion
images (layers 250 % 250 um in size) were obtained for
depth distribution of carbon. An example of ion image
of 12C distribution in the glass vein in the sample of the
Chelyabinsk meteorite is shown in Fig. 6a.
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Cameca IMS-4f was calibrated using above
described method based on the estimation of the ion-
ization factor and sputtering coefficient of carbon
during SIMS analysis. The procedure of estimate is
described in detail in (Bronsky and Shilobreeva, 2016).
Obtained calibration dependence for used Cameca
IMS-4f device is shown in Fig. 5 (dashed line).

The measured intensities of secondary ion current
of carbon (as well as hydrogen) were statistically pro-
cessed using new software developed using C# algo-
rithm. This software provides statistical processing of
the great body of SIMS output data (over 1000 files
with more than 30000 intensity values in each). SIMS
analysis is accompanied by the loss and some distor-
tion of signal, which is related to specifics of the
instrument (for instance, the drop of resistance in a
dynamic mode of analysis). To remove these errors, a
function of trilinear interpolation of results over the
entire analysis volume with possibility of subsequent
smoothing was implemented in the developed soft-
ware. Figure 6b shows an example of starting and
recovered profile of carbon distribution with depth in
the glass sample of the Chelyabinsk meteorite.

The developed technique was used to construct the
distribution profiles of intensity signals for 'H and 2C

GEOCHEMISTRY INTERNATIONAL Vol. 54 No. 13

—32x+7.3,R2=0.95; (4) y=—3.3x + 4.8, R

0.92; (5) —=5.9x

versus sample depth in points with maximum and
minimum values (Figs. 7¢c, 7d). To estimate the >C
contents (Fig. 7d) with depth in recovered profile, the
total and average intensities of the secondary ion cur-
rent of carbon were calculated over the entire analyzed
volume (I, = 9.2 x 10°, I, = 23620). The average
intensity of the secondary ion current of carbon was
compared with the average carbon content of 205 ppm
in the glass-like vein of the Chelyabinsk meteorite
(Pillinger et al., 2013). The recalculation coefficient of
the intensity of secondary ion current of carbon in
ppm was calculated to be 0.009 (205/1,,)-

Data array of the intensities of secondary ion cur-
rents obtained by us during analysis of silicate glass
from the Chelyabinsk meteorite were used to present
them as a 3-D image.

Widely applied imaging mass spectrometry pro-
vides not only qualitative and quantitative, but also
spatial information on sample (Lebedev, 2013).

The imaging technique was used to obtain the spatial
distribution of carbon and hydrogen in silicate glass
sample of the Chelyabinsk meteorite. For this purpose,
we developed a MatLab script to compile the 3D distri-
bution of analyzed elements on the basis of obtained
data array. Imaging of the results was performed using
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from sample surface to the crater floor.

GNUplot software. Using analysis of silicate glass of the
Chelyabinsk meteorite as an example, 3D distribution
of 'H, 2C was plotted in two regions of the studied sam-
ple analyzed to a depth of 20 (Fig. 8) and 65 um (Fig. 9),
their spatial correlation was analyzed, and the ratios of
secondary ion current intensities "H/">?C were calcu-
lated (Figs. 8, 9). The developed technique of imaging
of isotope distribution in sample allowed simultaneous
study of carbon and hydrogen in meteorite.

It is shown (Fig. 9) that the ratios of secondary ion
current intensities 'H/"?C in 95% correlation region of
'H, 2C are less than 0.2 and lie within the range of
0.05—0.2. The spatial correlation 'H, 2C and calcu-
lated ratio of the intensities of secondary ion currents
in these regions may indicate the presence of hydro-
carbons in a sample of silicate glass of the Chelyabinsk
meteorite. The presence of hydrocarbons in the het-
erogeneous samples of the Chelyabinsk meteorite has

GEOCHEMISTRY INTERNATIONAL

been confirmed in (Romanovskaya, 2013) by simulta-
neous spectrofluorimetry.

Thus, the developed software package and SIMS
method were used to demonstrate the spatial distribu-
tion of 'H and 2C in the analyzed silicate glass sample
from the Chelyabinsk meteorite. The regions of spatial
correlation of carbon and hydrogen and their absence
were identified. The ratios of the intensities of the sec-
ondary ion current 'H/"C were estimated and the
presence of hydrocarbon in the studied meteorite was
assumed. However, obtained results require further
study using spectroscopic methods.

CONCLUSIONS

Original technique was developed to determine the
carbon diffusion coefficients in silicate crystals using
energetic proton spectra of nuclear reaction
12C(d,p)"*C. The radiation-enhanced carbon diffusion
2016
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Fig. 7. Ion images 'H (a) and 2c (b) (with distinguished analysis spots) in glass vein obtained by SIMS method at a depth around
65 um, and profiles of the distribution of the secondary ion current intensities 'H (), 2¢c (d) in selected spots. Calculated carbon
content is shown in (d).

was studied in natural olivines crystals from the She- The coefficients of thermal (D) and radiation-
varyn Tsaram alkaline basalts at deuteron doses com-  enhanced (D,, ) carbon diffusion in the crystals of syn-
parable in terms of defect formation with alpha-parti-  thetic forsterite were compared with those of natural
cle doses produced by decay of natural uranium and olivine from nodule of alkaline basalt (Shevaryn
thorium isotopes during ~400 Ma (olivine age). Tsaram, Mongolia). The results showed the high

GEOCHEMISTRY INTERNATIONAL Vol.54 No. 13 2016
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Distribution of C
Distribution of H
~ORegionsC+H

Fig. 8. Distribution of carbon (+) and hydrogen (o) (carbon and hydrogen correlation regions — ) in the sample of the Chelyabinsk
meteorite obtained by SIMS method with depth. Axes X, Y correspond to the coordinates of the analyzed region (ion images) 250 %
250 wm, where 0 corresponds to 0 pum, while 1—250 pm. Axis Z corresponds to a depth of around 20 pum, where —0.1 corresponds

to a depth of 10 um.
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Ratios of the intensities of the secondary ion current H/C

0

Fig. 9. Region of spatial correlation of 'H and 2Cin sample of the Chelyabinsk meteorite and ratios of the intensities of the sec-

ondary ion currents 1H/ 2¢. Axes X, , Ycorrespond to the coordinates of analyzed region (ion image) 250 % 250 wm, where 0 cor-
responds to 0 um, while 1, to 250 um. Axis Z corresponds to analysis depth around 65 um, where —0.1 corresponds to a depth of

10 um. Scale corresponds to the value of 'H/ 12C concentration ratio.

dependence of the diffusion coefficients on the migra-
tion mechanisms (interstitial and vacancy) of carbon
atoms in crystals: Dy, = 1 x 10~ ¢cm?/s (1100 K, 1 bar)
and D,,4= 1.6 X 1072 cm?/s (300—370 K, deuteron irra-
diation dose at energy of 1.4 MeV — 2.8 x 10'® at/cm™—2).
Since vacancies are generated both during growth of
natural crystals at high pressure and during their natural

GEOCHEMISTRY INTERNATIONAL

o-radiation from decay of uranium and thorium iso-
topes that are contained in alkaline basalt, the high car-
bon concentrations in olivines of ~0.01—0.0001 wt %
become possible.

Developed techniques and software package for
SIMS study of carbon in silicates allowed simultane-
ous study of carbon and hydrogen distribution in the
Vol. 54

No. 13 2016
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glass vein of the Chelyabinsk meteorite. The possible
presence of hydrocarbons in studied silicate glass is
suggested.

The considered methods of carbon study in sili-
cates are characterized by high accuracy, sensitivity,
and resolution and represent microprobe methods,
which allow the determination of content, distribu-
tion, and diffusion of carbon in silicate samples. Data
obtained by these methods are unique and cannot be
obtained by other techniques.
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