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3D reconstrucion of the Vostok firn structure by X-ray tomography
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Mcnonb3oBaHue peHTreHOBCKOM TOMOrpadmu OTKPbIBAET HOBbIE BO3MOXHOCTHU UC-
CNefoBaHUs CTPYKTYPbl (PUPHA W OLEHKMU ero napameTposB, B 4acTHOCTH, obbemMa

3aKpbITbIX MOP.

Introduction

Due to the importance of the atmospheric records
derived from the air trapped in polar ice cores, firn stud-
ies are of primary interest to get the evolution of the firn
structure to better constrain the air trapping.

Several methods are used to determine the pore
close off density including total gas content measure-
ments, which give an estimate of its mean value by meas-
uring the amount of air trapped in the ice, or porosity
measurements, which give the evolution of the closed
porosity as a function of depth (or density) and thus
information of how the pores closure occurs. Beside these
methods two dimensional structural informations have
been obtained by coaxial episcopy [1] showing the repar-
tition of the porosity around the ice crystals [2], but real
3D information is really desirable.

In this context, three-dimensional high-resolution
images Vostok firn (BHS8) were obtained using X-ray
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absorption tomography on European Synchrotron
Research Facility (ESRF, Grenoble, France) ID19 beam-
line. We present here the first results obtained on 40 sam-
ples taken between 15 and 160 m depth.

Sample preparation and processing

In the cold room, samples are cut and machined
with a lathe into cylinders of about 15 mm of diameter
and 15 mm height and fixed on a copper base with a drop
of silicone grease. The samples are then put in a refrigera-
tor at a temperature of -40°C in order to prevent their
transformation before the analysis.

They are transported at the ESRF and placed in a
specially designed cryogenic cell cooled at about -50 °C by
nitrogen flowing between the double Plexiglas walls of the
cell [4]. By rotating the cell in front of the X-ray beam 900
images, projections of the x- ray attenuation by the sample
absorption, are taken by a Frelon CCD camera.
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Fig. 1. Vostok BH8 ice core sample from 96 m depth: grey level image slice from ESRF obtained by the back projection volume
reconstruction algorithm (a) and grey level distribution of a cross section (b)

Puc. 1. Obpasey kepHa sbaa o3epa Boctok BP8 ¢ rnybuHbl 96 M. CkoppeKTUpoBaHHOE pacnpegenieHue ceporo ToHa, NoayuyeH-
HOE C MOMOLLbIO CeLuuanbHOro anropuTMa punbTpaLrm B UMAMHAPHUUYECKOH pabouei obnactv (a); MCxogHoe nonepeuy-

Hoe ceyeHue B cepor nanutpe (b)
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Computer data acquisition and analyses

The analysis of each 3D core sample is performed in 3
main steps: data acquisition, pre-processing and processing.

Data acquisition. A filtered back-propagation algo-
rithm (ESRF algorithm) is used to compute the three-
dimensional mapping of the linear absorption coefficient
in the sample from the 2D radiography projections for
900 angular sample positions ranging from 0° to 180°. The
3D volume sample is a 10243 voxel cubic data using float-
ing point units with a 10 pm voxel resolution. The result
is thus a numerical cylindrical sample of 1 cm diameter
and height.

The first step is to change the large data set represen-
tation (64000 possible values for each voxel — 4 bytes) to a
compact description like 256 values (unsigned char —
1 byte). This step is performed by shrinking and trans-
forming the spatial absorption histogram for each sample
by a signal re-scaling. The final volume is equivalent to
256 grey level images allowing performing 3D image
processing procedures. A resulting slice is presented on
Fig. 1 a where the cross section highlights the distortion
of the reconstructed gray level in particular on the bor-
der of the sample.

Pre-processing. The pre-processing step aims to
convert the noised 3D reconstructed volume image in a
binary phase description of the medium: porous and solid
phase. Apart from the experimental artifact like hoar for-
mation during the transfer of the sample, the main noise
element comes from the ESRF reconstruction algorithm,
the signal to noise ratio in the acquisition hardware
(Frelon CCD, experimental misalignment, etc.). A non
exhaustive list of error and noise are: poor phase contrast
in particular due to the fact that we perform a local
tomography, gray level spots, rings, ghost elements or
tomography gray level distortion on the borders (“para-
bolic” cross section distribution), etc.

To avoid these errors and improve the binary final
volume image quality we developed 3D computer rou-
tines in a sequential procedure. The main steps used are:

1) Definition of a discrete cylindrical ROI (region
of interest) to perform all analyses. This procedure is nec-
essary to prevent errors in the analyses because the acqui-
sition data volume is a cube and the core sample is a
cylinder. For each sample a cylinder domain control was
inscribed in the cubic data, centered in the observable
sample. The radius and relative position differs for each
sample and the average size is: radius 0.005025 [m] and
0.01024 [m];

2) The grey level correction routine is used to pre-
vent the “parabolic” grey level distortion on the border of
the volume (common error from the ESRF reconstruc-
tion algorithm). The routine generates an averaged image
of the entire stack for the ROI, used to evaluate the mean
deviation factor from the idealized “flat” distribution for
each voxel in the plane. This deviation parameter is
applied over the corresponding voxel in all planes of the
stack to correct the value. The final volume has a “flat”
grey level distribution over the cross sections. The results
of this operation are seen on Fig. 1 b;
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3) A median value filter is applied over the entire
ROI, based on a local 3D kernel (27 voxel — 3x3x3). This
filter allows the suppression of local spots in the volume;

4) The threshold operator is applied on the ROI,
generating a binary volume image: solid and pores;

5) A compression algorithm based on the phase
changing is used to reduce the data necessary to describe
the entire ROI, allowing load the entire domain (10243
voxel) in the computer memory to perform the analysis.
The mean compress ratio of the ASCII file is about 30
times (final file about 50—20 Megabytes), depending on
the solid/porous changing ratio;

6) To avoid “ghost” objects of the solid phase a
cluster filter is used. Taking the advantage that an ice par-
ticle cannot float in the air, this filter put a label over
each connected solid voxel cluster and keeps only the
biggest object in the ROI. Otherwise, unconnected solid
small artifacts could artificially increase the measured sur-
face and decrease the porous ratio;

Fig. 2. Image of different firn and ice samples (from top to
bottom: 15, 85, 96, 118 and 161 m depth), in the left
column a 2D grey level slice, in the centre column the
ROI solid surface and in the right column the entire vol-
ume with a transparency of 20% (resolution 10 pm,
ROI cylinder: radius 0.5025 cm and 1.024 cm height)

Puc. 2. N3obpaskeHne pasHbix 06pa3LoB cHpHa W baa (ceep-
Xy BHM3: € rnybunbl 15, 85, 96, 118 u 161 m). Cnesa —
[ByMepHble Cpe3bl B CEpOM LKase, nocpeiMHe — no-
BEPXHOCTH paboyei LunuHapHUHeckor obnactu, cnpasa
nokasaH Becb 06beM pabounx obnacren ¢ npospayHoc-
tbt0 20% (paspewenve 10 MK, paguyc UMAMHAPUUEC-
Koh paboueit obnactu 0,5025 cm, ee ebicoTa 1,024 cm)
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7) A morphologic filter is applied over the porous
phase to eliminate (transformed in solid phase) the
objects with the radius smaller than 3 voxel. This filter
uses the counting voxel procedure [6] to evaluate the vol-
ume associated for each porous object;

8) The rings and small artifacts (common error from
the ESRF reconstruction algorithm) in the porous phase
are filtered by the “morpho-topologic filter”. Basically for
each individual object in the porous phase is observed the
maxima local radius from a discrete background distance
map [3]. This distance map is performed with a 5x5x5
kernel mask (125 voxel), using the “5-7-11 chamfer”
approximation (using only integer operators). This radius
is associated to respective object volume and surface by a
“voxel-surfel integration” procedure [6]. This integration
prevents the common errors associated to the voxel
counting procedure and allows a quick surface area evalu-
ation with a local kernel (27 voxel — 3x3x3). The final
filter step is based on the ratio between the surface and
volume of the equivalent idealized sphere (with the same
radius) related to the measure. If the surface and volume
deviation ratio is more of 50% the object is erased (trans-
formed in solid phase). In this analysis, this filter is
applied on the objects with a radius smaller than 10 voxel.

In Fig. 2 is showed for 5 different depths the com-
mon image section, the ROI external volume and the
porous internal shape by 3D rendering (20% transparency).

Processing. The porous phase analysis is performed
over the entire cylindrical ROI, allowing to characterize
each pore. The procedure has different steps: i) a labeling
procedure is used to identify each individual pore (a con-
nected cluster of voxel); ii) the distance map is used to
identify the maxima radius inside the object; iii) a “voxel-
surfel integration” is used to improve the measure quality
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Closed porosity

of the specific surface and volume ratio; and iv) a classifi-
cation of the objects depending on wether they touch or
not the ROI. We assume than a porosity is open when it
touch the ROI edge, otherwise it is closed. This assump-
tion is not sufficient to classify the porous objects in the
“close off” depth domain since the size of the sample is
not large enough compare to the size of the objects.

The final results are: specific surface (by volume)
distribution, the porous volume distribution (by volume
or radius), the main radius distribution, the topologic and
morphologic deviation (related to the idealized sphere)
and a classification in closed or open pore.

Results

In this section, we present the first results obtained
during this study on the evolution of the density, closed
porosity and specific area with depth.

Density. Density, or total porosity is an integrated
parameter which can be easily controlled and compared
to other and simpler techniques. Unfortunately no density
measurements have been performed in the field on BHS
core. However, on Fig. 3 a, several density profiles from
different cores (BH3, BH5 and BH7) taken in the vicinity
(less than 200 m) of BH8 have been plotted together with
the density given by our 3D reconstruction. The different
density profiles are very similar which justify the compari-
son with the 3D derived measurements. Apart the first
sample taken at 15 m depth, our reconstructed density
compare well with the field experimental results.

Fig. 3 b shows our results with those obtained on
the other cores at the same depth. The agreement is very
good for the density higher than 0.8 and below, the 3D
numerical density give results slightly higher than the field
measurements in particular for the 15 m sample. For this
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Fig. 3. Comparison of BH8 3D numerical density (grey circles) and closed porosity (grey stars) to experimental data obtained
on adjacent cores (a) and with BH3 (cross), BH5 (stars) mean values and detailed measurements on BH7 (circles).

Triangles compare 2D density with mean BH3 values (b)

Puc. 3. CpagHeHu1e nnoTHocTH B KepHe BH8, nonyueHHOM no TpexmepHbIM U3o6paskeHHAM (cepble KPY>KKH) U 3aKpbITOM nopuc-
TOCTH (Cepble 3BE3A0UYKH) C IKCNEPUMEHTA/IbHBIMU AaHHbIMU MO APYrMM, OTOBpaHHbIM PALOM KepHaM (a), a Takxke ¢
naoTHocTbio B KepHax BH3 (kpectuku), kepre BH5 (3Be3nouku) v nonydeHHoW npu feTanbHbIX U3MepeHUsx B kepHe BH7
(Kpy>kkH). TpeyronbHUKK NOKa3blBalOT CPaBHEHWE ABYMEPHOM NIOTHOCTH CO CPeaHWUMHU 3HadeHusiMu no BH3 (b)
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Fig. 4. Closed porosity in the firn determined by the pycnomet-
ric method (cross, individual measurements and black
dots, mean values) and by 3D reconstruction (grey stars)

Puc. 4. 3amkHyTas nop1cTocTb chupHa, onpeneneHHas NMKHoMe-
TPHUYECKUM MeTOLOM (KPecTUKU — OTAesibHble U3Mepe-
HUS1, YEPHDbIE KPY>KKW — CpefiH1e 3HAYEHUs), U NOJTyUYeH-
Hasi Mo TpexMepHbIM U300paskeHUAM (Cepble 3Be3[0UKH)

sample, the numerical density is 0.52 while the field den-
sity for the adjacent cores are 0.46 (BH3 value over 1 m)
and 0.475 (BH7, 3 samples of 5 cm height).

To know whether this discrepancy was due to the
method or to an evolution of the firn sample during the
storage we calculate the density from 10 of the 1024 origi-
nal 2D sample images. The density calculated in such a
way is very similar to the 3D results especially for the 15
m sample where the mean density on 10 slices is 0.512
(6=0.02) instead of 0.52. This strongly suggests that the
numerical treatment does not significantly affect the den-
sity result and that the long storage duration has most
probably modified the most porous samples.

Closed porosity. Closed porosity results are plotted
on Fig. 3 a. They are compared with those obtained on
the field by a pycnometric method (Barnola et al., in
preparation) similar to the one described in Schwander et
al. [7]. In this case, the sample volume is about 100 cm3
and the precision of the volume measurement by the air
expansion is about 0.2 cm3, which give a precision on the
porosity of about 2¥10-3. When comparing the two tech-
niques, the most obvious feature is the large discrepancy
in the close off area. This is due to the different sizes of
the sample cylinders: 100 ¢cm3 with the pycnometric
method and 0.785 cm3 for the 3D reconstruction.

The firn part of the profile is reported on Fig. 4. In
this case, the pycnometric method gives high scattered
results and takes into account the precision of the method,
mean values not significantly different from zero. The 3D
reconstruction shows that a closed porosity exists all along
the firn. Its mean values are very small, 8.4*10-4 that is
about only 1% of the porosity at the pore close off. If we
exclude the 15 m sample, which seems to have evolved
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Fig. 5. Evolution of the specific area with the density calculated
from the 3D reconstruction (stars) together with those
(black dots) reconstructed from 2D field photographs
taken in reflected light

Puc. 5. UameHeHus yaenbHOW naowanu U NAOTHOCTH, paccyu-
TaHHble N0 TPEXMEPHbBIM U30OPaKEHHUAM (3BE3Q0UKH), U
OHU Ke, PEKOHCTPYUPOBaHHbIE MO ABYMEPHbIM MOJIEBLIM
oTorpacmsm, caenaHHbIM B OTpaXKeHHOM cBeTe (uep-
Hble KPY>KKH)

during the storage, the close porosity, decrease with depth,
from about 1¥10-3 to 5*10-4 at 65—70 m depth.
Considering that there are 600 closed pores in the volume
of our samples and that they are spherical, they should
have a mean radius of .06 mm. This value compares well
with the value 0.04 mm obtained by V. Lipenkov [5] at a
depth of 183 m on another Vostok core.

Finally we can note that visual inspection of the dif-
ferent slices suggest that the closed pores are preferential-
ly located between the different grains and not inside the
ice crystals.

Specific area. The specific area based on the 3D
reconstruction are plotted on Fig. 5 and compared with
the results obtained in the field on the BH7 core [1, 2].
These last results were obtained by processing 2 D photo-
graphs taken in reflective coaxial light. This technique has
the advantage to give, together with the pores, the grains
boundary position [1]. However, the 2D—3D transforma-
tion has to be validated. The agreement between the two
techniques is very good which validate the 2D measure-
ments and also shows that the storage of the sample did
not affect this parameter.

Conclusion

We have shown the large potential of the high reso-
lution X-ray tomography to obtained virtual firn samples
on which different parameters can be measured. This pre-
liminary work has already permit to quantify the closed
pore volume in the Vostok firn and to validate 2D field
measurements The main limitation of this technique is
the small volume reconstructed despite the very large data
file that have to be handled, but it appear unique to study
3D parameters.
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TPEXMEPHAA PEKOHCTPYKIIUA CTPYKTYPbI
®HPHA C IIOMOIIBIO PEHTTEHOBCKO¥
TOMOTI'PA®UN

C moMoIIpI0 PEHTTeHOBCKOM aOCOPOIIMOHHON TO-
Morpadun ObUIA TTOJYYeHBI C BHICOKMM paspelieHueM
TpexMepHbie n3o0paxkeHus 40 o6pa3noB ¢pupHa, O0TOO-
paHHBIe Ha mIyouHax oT 15 mo 160 M Ha craHuuu Boc-
ToK. B pesynbraTe ymamoch omnpeneuTh U3MEHEHUS C
IIyOMHOI IUIOTHOCTU (pMpHA, 00beMa 3aMKHYTBIX IIOp U
VIENBbHOM TOBepXHOCTU. OIEHKN 3THX IMapaMeTpoB ObI-
JIA CpaBHEHBI C pe3yabTaTaMM U3MEPEHUIN APYTUMU Me-
TOIAaMM ¥ TIOKa3ajy XOPOIIYyl0 CXOAMMOCThb. HekoTopsie
OTJINYMS TUIOTHOCTH 00OpaslioB C €€ MaJbIMM 3HAUCHMSI-
MU, BUAMMO, CBSI3aHBI C T€M, YTO IOCJIEe OTO6Opa OHU
JTOJITOE BpeMsl HaXOMWJIUCh B XpaHuuie. [1pencraBieH-
HBI METOHI PacIIUpsieT W AOTMOJTHSET BO3MOXHOCTU pa-
Hee HCITOJIb30BAHHBIX METOAUK, HO C €T0 IMOMOIIbIO
MOXXHO HMcClIeqoBaTh 00pa3ibl GupHa TOJBKO HEOOJb-
X pa3MepoB.
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