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Abstract—This work is devoted to the problem of localizing the '*C cosmogenic radionuclide in a firn layer
covering glaciers. The data on '“C in ice samples from the GISP2 ice core drilled on a Greenland ice dome
(Summit) are analyzed. It has been indicated that experimental values of the '“C concentration are system-
atically smaller than theoretically calculated values, which indicates that firn grains partially lose '*C. Diffu-
sion of cosmogenic '*C in firn grains and hydration of ‘4C02 in a disordered ice layer, which is formed on a
firn grain surface and at the boundary between ice monocrystals, are considered. It has been indicated that
these processes are among the main ones responsible for the level of radiocarbon concentration in firn and

ice samples.
DOI: 10.1134/S0016793211020113

1. INTRODUCTION

Different sources (instrumental observations, his-
torical documents, bottom sediments, sedimentary
rocks, tree rings, and ice cores) give information about
geophysical conditions on our planet in the past.
However, data on ice cores are the most exact and
detailed archive of the past climatic changes. Ice cores
have a high dating accuracy and resolution and cover a
time interval of several hundred thousand years; there-
fore, they form the basis for interpreting the data of
other natural archives. A complex analysis of different
indicators in ice cores makes it possible to reconstruct
changes in any environmental parameter. Cosmogenic
nuclides, which are produced in the atmosphere and
lithosphere during nuclear reactions caused by cosmic
radiation, are among such indicators. Data on the
concentration of cosmogenic nuclides in natural
archives give information about changes in the level of
solar and geomagnetic activity and terrestrial climate
in the past.

The present work considers the production and
deposition of the *C cosmogenic nuclide in polar ice.

The reaction of thermal neutron capture by nitrogen
nuclei

14N—|—n—>14C+p.

is the main channel of the “C production in the atmo-
sphere.

After formation, '“C oxidizes to CO, and subse-
quently participates in environmental exchange pro-
cesses until it goes to a “natural archive”: tree rings,
peat layers, lacustrine sediments, etc. (Dergachev
et al., 2006). Data on “C in natural archives such as

421

tree rings together with data on '’Be and *Cl in polar
ice represent chronicles of past variations in climatic
and geophysical conditions on the planet. The “C cos-
mogenic nuclide in polar ice has been studied to a
lesser extent. This is partly related to the fact that dep-
osition of *C in polar ice is a complex process with
numerous influencing variables, as a result of which it
is difficult to use this radionuclide as an indicator.
Radiocarbon precipitates in polar ice together with
atmospheric air and is “in situ” produced in ice during
reactions caused by secondary cosmic radiation.
Atmospheric radiocarbon precipitates during the last
stage of firn transformation into ice, when air pores
close up and air bubbles form.

The C nuclide is produced by cosmic radiation
mainly in surface firn layers with thickness of several
meters. Spallation of oxygen nuclei by neutrons of the
cosmic ray nuclear-active component mainly contrib-
ute to radiocarbon production in ice:

0 +n—"C+x,

where X are reaction products. The contribution of
thermal neutrons capture by nitrogen nuclei is negligi-
ble, since the nitrogen content is small in ice. Numer-
ical simulation of the *C production by the cosmic ray
nuclear-active component was performed in (Masarik
and Reedy, 1995) and in later works of these researchers.
In addition, the production rate value was determined
experimentally based on the data on the radiocarbon
concentration in rocks with a known age (Jull et al.,
1994). Latitudinal and altitudinal dependences of the
neutron monitor count rate are used to recalculate the
radionuclide production rate for a specified altitude
and geomagnetic latitude (Desilets and Zreda, 2003).
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At depths greater than the penetration depth of the
cosmic ray nuclear-active component, the reactions
caused by the muon component (namely, the reactions
of capture of slow negative muons by oxygen atoms)

“O+p > CHrnt+ptv,
and high-energy muons
YO+t s MCHpT+ X

are the main channel of '*C production. Production of
radiocarbon by the muon component takes place at
depths of up to 100 m.w.e. (meters of water equivalent;
1 m.we. = 100 g cm~?) and more (Nesterenok and
Naidenov, 2010).

A newly formed “in situ” '“C atom has about
1 MeV energy. An atom of '“C spends its energy on
collisions with atoms and molecules in the environ-
ment. When the atom energy reaches ~10 eV, stable
chemical compounds can be formed in collisions with
water molecules. Based on available data on “C in
polar ice, we can conclude that CO and CO, are the

main products of “hot” “C chemistry in ice. However,
more complex chemical compounds (methane (CH,),
formaldehyde (CH,0O), etc.) can also be formed
(Roessler, 1991).

Based on the experimental data on “C in the
GISP2 Greenland ice core samples, Lal et al. (2005)
concluded that the degree of “C preservation in ice
crystal lattices is high. However, a low '“C level in sam-
ples from Antarctic ice cores indicates that firn grains
lost *C during ice formation (Smith et al., 2000; Lal
et al., 2001). During the stage of firn transformation
into ice, ice grains lose *C: carbon oxide molecules
diffuse into firn air pores and subsequently leak into
the atmosphere.

In this study we analyze the data on “C in the
GISP2 Greenland core samples published in (Lal
etal., 1997, 2000, 2005). The work considers the prob-
lem of *CO and '*CO, molecule mobility in ice crystal
lattices. We also consider the problem of '*CO, hydra-
tion in a disordered ice layer, which forms on ice crys-
tal surfaces and at the boundary between ice monoc-
rystals. We for the first time numerically estimate the
characteristic time of the aforementioned processes as
applied to the considered problem. The aim of the
work is to indicate that it is necessary to understand
these processes in order to more accurately interpret
experimental data.

2. EXPERIMENTAL DATA

Table 1 presents experimental data on “C in the
considered ice samples. Column 1 of Table 1 presents
the sample code; column 2, the sampling depth (Lal
etal., 1997, 2000); column 3, the age of the ice
according to (Meese et al., 1994) (the age is counted
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from 1950). Column 4 presents the average sedimen-
tation (ice accumulation) rate during a period corre-
sponding to the sample age; this quantity is measured
in equivalent ice centimeters per year (Alley, 2000).
The experimental method for determining the 4C
concentration includes melting of ice samples. The
effectiveness of “C extraction using this method is, as
a rule, higher than 80% (Lal et al., 2000). The data on
the concentration for the first three samples and the
tenth sample are taken from (Lal et al., 1997); for the
remaining nine samples, from (Lal et al., 2000) (see col-
umn 5 of Table 1). The '“C concentration was measured
separately for the CO and CO, components of the
extracted gases. The contribution of *CO to the total
14C concentration varies from sample to sample and is
about 30% on average. The total amount of *C in ice
samples is the sum of “C produced in situ and atmo-
spheric *C captured together with air bubbles during
ice formation. According to (Lal et al., 2000), the con-
tribution of carbonate dust to the total '*C concentra-
tion is negligible. In this work, the amount of atmo-
spheric radiocarbon was estimated based on the air
volume in an ice sample (see column 6 of Table 1 (Lal
et al., 1997, 2000)), fraction of CO,, and amount of
14C in the atmosphere during a period corresponding
to the air age (Petit et al., 1999; McCracken et al., 2005).
The standard '“C/"?C ratio in the atmosphere was set
equal to 1.5 x 10~12 (Marley et al., 2009). Column 7 of
Table 1 presents the concentration of atmospheric '“CO,
(in this case, the concentration of atmospheric “CO
can be neglected).

Column 8 of Table 1 presents the concentration of
14C produced by secondary cosmic radiation when ice
samples were stored on the Earth’s surface. This
amount of “C was determined based on the data pre-
sented in (Lal et al., 2000). It was taken into account
that Lal et al. (2000) used an underestimated value for
the '“C production rate by the nuclear-active compo-
nent of cosmic rays (see the remarks in (Van der Kemp
et al., 2002)).

3. CONCENTRATION OF "C
IN ICE SAMPLES

On the assumption that radiocarbon is not lost dur-

ing ice formation, the concentration of *C in situ in
ice at depth 4 is defined by the following expression
(Nesterenok and Naidenov, 2010):

0,+0 _+0,
-
Riheor = £ e ' [at/g]’ (1)
Sp
where 7 is the age of ice at depth /; s is the average ice
accumulation rate during a period of radionuclide
production (in equivalent ice centimeters per year); p

is ice density; A is the decay constant; 0, Q _, and Q,,
n
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Table 2. Integral production rates of '*C by cosmic ray components for the GISP2 station height and latitude (Q values are

given in 10% atom cm 2 yr )

Station Height, km O,

Q- o Os

GISP2 3.2 42125

93+1.9 69+ 15 83

Note: Quf’ 0 _, and Q,, are the l4c integral production rates during reactions caused by high-energy muons, during reactions of capture of
n

slow negative muons, and during reactions caused by the cosmic ray nuclear-active component, respectively. The errors in the 0,0

bl
n

and Q,, values are 60, 20, and 20%, respectively (Heisinger et al., 2002a, 2002b; Jull et al., 1994). For comparison, the l4c integral pro-
duction rate in the atmosphere is 2 atom em2s ' or6.3 x 107 atom cm™2 yr’1 (Masarik and Beer, 1999).

are integral production rates of '“C by the cosmic ray
nuclear-active component, during reactions of cap-
ture of negative muons and reactions caused by high-

energy muons, respectively; Q = fP(h)dh, where

P(h) is the radionuclide production rate in ice at depth
h; Q is measured in atom cm~2 yr~'. When (1) was

derived, it was assumed that AA <1 (A is the charac-

sp
teristic depth of '*C production). This condition is sat-
isfied for the considered values of ice accumulation
rates (s). It is assumed that the entire *C is produced
in the surface firn layer; i.e., the age of in situ produced

14C coincides with the sample age.

The values of the radiocarbon production integral
rates (Q;, O _, and Q, ;) for the GISP2 Greenland station
n

height (~3.2 km) are presented in Table 2 (see the calcu-
lation details in (Nesterenok and Naidenov, 2010)). The
contribution of reactions caused by the cosmic ray
nuclear-active component to the production of '“C is
about 85%. Thus, radiocarbon is mostly produced in
surface firn layers, the thickness of which does not
exceed 10 m, i.e., the penetration depth of the cosmic
ray nuclear-active component.

An error indicated in Table 2 for the integral rate of
radiocarbon production in reactions caused by the cos-
mic ray nuclear-active component O, corresponds to an
error of radiocarbon production in the surface layer of
quartz that was obtained by Jull et al. (1994). An addi-
tional error of about 5—10% results from scaling this
value for a given height and latitude (Desilets and Zreda,
2003). Also, according to the results of preliminary cal-
culation, the attenuation length of the flux density of fast
neutrons in ice may be much lower (by 30%) than a cor-
responding value of 160 g cm~2 for quartz, which is used
in this work and others (Nesterenok and Naidenov, 2010;
Heisenger et al., 2002). This introduces an additional
error into the value of Q,,.

Figure and column 9 of Table 1 present a ratio of
the experimental data on “C produced in situ (cor-
rected for atmospheric radiocarbon and production
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during storage) to the calculated concentration values
(Mexp/Mineor)» Where ny,.. was determined using expres-
sion (1). The indicated 7n.y,/Rypeo, €TTOTS COTTESPONd tO
the errors of the experimental *C values without the
Moo €TTOL. According to Figure, the C in situ con-
centration only coincides with the calculated value for
one of the considered ice samples; the experimental
values do not exceed the theoretical ones for all remain-
ing samples. The last column of Table 1 presents the aver-
age ratio value (1.,,/Mypeor) = 0.39 £ 0.09 (16), which can
be considered as a measure of the preservation degree
of 1*C in firn typical of the Holocene.

4. DIFFUSION OF *CO, AND CO IN FIRN

As indicated above, in situ *C is mainly produced
in surface firn layers. Any losses of '*C by firn grains
different from radioactive decay are possible during
the ice formation stage up to the complete transforma-
tion of firn into ice. Let us assume that the escape rate
of '*C from firn grains is proportionate to the radiocar-

bon concentration in ice, i.e., dn/dt = —an. For sim-
plicity, let us also assume that the coefficient o is con-
stant during ice formation. In this approximation, for
the ratio of the concentration of '*C that is retained in
firn grains during ice formation to that of *C that was
produced initially, we have the following:

—out

npres/nprod =e 67 (2)

where ¢, is the age of the ice at the firn—ice boundary.
The presented model ignores the specific features of
carbon oxide localization in firn grains and changes in
firn properties during ice formation. The degree of '“C
preservation in firn grains ({Meyp/Apeor) = 0.4) was
obtained for the considered Greenland ice samples.
For the Greenland ice summit during the Holocene,

the time of ice formation (z,) was about 200 years (Blu-
nier et al., 1998). Consequently, according to (2), the
characteristic time of carbon oxide preservation in firn
at the Greenland ice summit during the Holocene is
ty = /o ~ 200 years.

No.3 2011
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The ratio of the experimental data on the '4C in situ concentration to the calculated values (Mexp/Mineor) for the ice samples from
the GISP2 Greenland core. The ny,,, values were determined using expression (1). A horizontal line shows the average value of

the neyp/Aiheor TALIO: (Mexp/Aineor) = 0-39 £ 0.09 (10).

The coefficients of carbon oxide diffusion in ice are
too small; therefore, it is impossible to determine these
coefficients under laboratory conditions. However,
these values can be determined indirectly. Ahn et al. (2008)
presents the lower estimate for the CO, diffusion coeffi-

cient in ice (Do, > 1.3x10™° m? s7! for + = —23°C)
obtained based on an analysis of the CO, concentra-
tion profile in ice layers associated with melt layers.
The value of the CO, coefficient of diffusion computed
in molecular dynamics simulation is larger than the esti-
mate above by more than an order of magnitude and is

Dco, =6x 10" m2s~! for the temperature at the top of
the Greenland glacier (f = —31°C) (Ikeda-Fukuzawa
et al., 2004).

The characteristic escape time of *CO, molecules
produced within an ice grain with a radius »toward the
grain surface is:

Tco, ®

P 2
" _<0.3- (LJ years,
D

co, I mm

for Deo, > 1.3 % 107" m? s~!. The size of ice grains in
the upper firn layer vary from several tenths of a milli-
meter to several millimeters (Albert and Shultz, 2002).
For r=~ 1 mm, the characteristic time of carbon dioxide
diffusion within an ice grain (tco,) is about a year.
Molecules of CO are smaller than those of CO,; con-
sequently, we can assume that the CO diffusion coeffi-
cient is larger and 1, is smaller than t¢q,.

The time necessary for gas diffusion in air channels
in surface firn layers is several days, and the total time
required for gas diffusion from the firn bottom to its
surface is about 6 years for central Greenland (Bender

GEOMAGNETISM AND AERONOMY Vol. 51 No. 3

et al., 1997). Thus, the time required for gas diffusion
within an ice grain and in firn air channels is much
smaller than the lifetime of '“C in the firn layer
obtained at the beginning of this section. We could
assume that some mechanisms are responsible for the
preservation of '“C in firn grains.

5. HYDRATION OF *CO,
IN A DISORDERED ICE LAYER

A crystal lattice becomes disordered in an ice crys-
tal surface layer and at the boundary between ice
monocrystals (Dash et al., 2006). The formation of a
quasiliquid layer on an ice surface is experimentally
observed for temperatures of about 200 K and higher.
Quasiliquid layers, which form on firn grain surfaces
and at the boundary between ice monocrystals, are
considered to be a zone of localization of chemical
compounds, where chemical reactions can proceed
with these compounds (Grannas et al., 2007).

In experimental studies on CO, adsorption on an
ice surface, the amount of adsorbed carbon dioxide
increased with an increasing temperature (“anoma-
lous” adsorption); this is assumed to be related to the
appearance and thickening of a quasiliquid layer on
the ice surface (Ocampo and Klinger, 1982). The
hydration of CO, most probably takes place in disor-
dered ice layers, similarly to the hydration of CO, in
water solutions (Johnson, 1982):

CO, +H,0 <> HCO; +H"
< H,CO; & CO, + H,0.
Assonov et al. (2005) studied the 30 isotope

exchange rate between the firn air CO, component and

2011
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ice. The processes of hydration and dehydration of CO,

molecules on a firn grain surface were considered. For

the isotope exchange rate, it was found that k oc e 5/,

where 7 is the firn temperature, and AE = 7.8 £
0.8 kcal mol~!. For the temperature at the Greenland
ice summit (—31°C), the characteristic isotope
exchange time would be about 50 years, according to
(Assonov et al., 2005) (the time during which the dif-
ference between the content of an '*O isotope in CO, gas
and the equilibrium value of this content decreases by a
factor of e). This timescale is comparable with the char-
acteristic time of the '*C loss by firn grains (~200 years) in
the order of magnitude. This can result from the fact
that common mechanisms form the basis of the afor-
mentioned processes; i.e., the hydration of carbon
dioxide molecules in a disordered ice layer in (on) firn
grains can be one of the causes of the relatively high
14CO, preservation degree in firn grains.

The adsorption of CO on an ice surface under the
conditions of low temperatures (about 100 K and
lower) was studied experimentally and using the
molecular dynamics calculations (Manca et al., 2001).
It was discovered that carbon monoxide bond energy
on an ice surface is about 2.5 kcal mol~!. Any data on
CO adsorption or solubility in a quasiliquid ice layer
are absent. Nevertheless, we can assume that low-
energy bonds between '“CO and H,O with energy of

about 2.5 kcal mol~! form in this case.

6. DISCUSSION

The parameters responsible for the *C concentra-
tion level in the ice samples can be divided into two
groups: parameters controlling radiocarbon produc-
tion in ice and parameters responsible for the degree of
carbon oxide preservation in firn grains.

The degree of radiocarbon production in ice
depends on cosmic ray intensity. The cosmic ray
intensity near a glacier surface depends on the follow-
ing two factors: 1) the intensity of primary cosmic rays
in the upper atmosphere, i.e., on the solar activity level
and the geomagnetic field value; 2) the thickness of the
atmosphere over the glacier, i.e., on the atmospheric
pressure and glacier height above sea level. Lal et al.
(2005) quantitatively analyzed the effect of the listed
factors on the '*C in situ production rate. For latitudes
of A > 60°, the geomagnetic cutoff rigidity is not more
than 2 GV (Masarik and Beer, 1999; Desilets and
Zreda, 2003). In this case, the effect of magnetic vari-
ations on the production rate of cosmogenic nuclides
is insignificant. The level of solar activity is the main
parameter responsible for the cosmic ray intensity near
the glacier surface and, consequently, for the radionu-
clide production rate.

Climatic conditions belong to parameters respon-
sible for the degree of “C preservation in firn grains.
The age of the considered ice samples is not more than
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11000 years, i.e., the beginning of the Holocene,
which is generally characterized by rather stable cli-
matic conditions (Dergachev et al., 2006). Seasonal or
other short-term variations in climatic conditions can
substantially affect the physicochemical properties of
the snow cover; however, these variations are local in
depth. Variations in the influencing parameters can
affect the experimental value of the '*C concentration,
when the period of these variations is larger than the
characteristic time of “C production and the times-
cale of averaging the “C concentration related to the
finite dimensions of an ice sample. For the considered
samples from the GISP2 ice core, this time is about
25 years (Lal et al., 2005).

The processes of liberation of chemicals adsorbed
or dissolved in ice are closely related to the processes
of firn grain metamorphism. Sublimation or evapora-
tion of some ice grains and vapor condensation on
other grains result in a change in the grain size and
shape and, consequently, in the firn physical proper-
ties. The process of firn grain metamorphism almost
always results in a decrease in a specific area of snow
and firn surface, inevitably resulting in a decrease in
the number of chemicals adsorbed on the ice grain
surface (Grannas et al., 2007). Thus, we can anticipate
that the experimental values of the “C concentration
in ice samples will be systematically smaller than the
theoretical values.

Delmas et al (2004) analyzed *°Cl cosmogenic
nuclide concentration in snow samples taken at the
Vostok Antarctic station. A considerable spread of *°Cl
bomb peak was found. Thus, the 3°Cl redistribution in
the firn layer is caused by the intensity of the snow
grain recrystallization and sublimation under these
climatic conditions. It was indicated above that the
adsorption of CO, on the ice surface is dissociative as
in the case of HCI. For the Taylor Dome and Vostok
Antarctic stations, the experimentally measured “C
values are much smaller than the calculated values
(Lal et al., 2001). In addition, it was indicated that the
14C concentration in the ice samples from the Antarc-
tic ice cores is largely related to the radiocarbon pro-
duction by the cosmic ray muon component at great
depths (Nesterenok and Naidenov, 2010). This indi-
cates that the degree of '*C in situ preservation in the
firn layer is extremely low. A different degree of reten-
tion of *Cl, *CO,, and “CO carbon oxides by firn
grains is explained by the considerable difference in
the chemical properties of these compounds.

7. CONCLUSIONS

We indicated that the experimental values of the
14C concentration for the samples from the GISP2
Greenland ice core are systematically smaller than the
calculated values. A deficit in in situ '*C is the general
characteristics of the ice samples from the Greenland
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and Antarctic stations. The hydration of *CO, in a
disordered ice layer, which is formed on the firn grain
surface and at the boundary between ice monocrystals,
is considered among the main processes responsible
for the “C concentration. Low-energy bonds between
14CO molecules and free hydroxyl groups of water can
be formed in the case of *CO.
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