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Microstructural Characterization of Firn
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ABSTRACT

In this paper, we use a scanning electron microscope (SEM) coupled with x-ray spectroscopy
and electron back-scattered diffraction patterns to examine firn in cores retrieved by the United
States International Trans-Antarctic Scientific Expedition. From grain boundary grooves we were
able to see where the previously-existing snow crystals were joined, and can determine grain sizes.
From the SEM images, the porosity and the surface area per unit volume of the pores were
measured. Finally, we have shown that we can determine the microchemistry of impurities in firn
and demonstrated that we can determine the orientations of the firn crystals.
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INTRODUCTION

In a number of recent papers, we have used a scanning electron microscope coupled with
energy-dispersive x-ray microanalysis (EDS) to determine the microstructural location of
impurities in ice cores (Cullen and Baker 2000; 2001; 2002a; 2002b; Cullen et al. 2002; Iliescu et
al. 2002; Baker et al. 2003; Baker and Cullen 2003a; 2003b; Obbard et al. 2003a; 2003b; Iliescu
and Baker 2004; Baker et al. 2006). A key feature of this work is that the ice specimens were
uncoated, and examined at -80 + 10 °C so that slight sublimation from the ice prevented charge
build-up. This is a technique that we have also used to examine snow (Iliescu and Baker 2002) and
that Barnes and co-workers used to examine both ice cores and snow from Antarctica (Barnes et
al. 2002a; 2002b; 2003). This approach has an advantage over the use of aluminum or gold
coating on ice to prevent charging in the SEM (Mulvaney, Wolff and Oates 1988; Wollff,
Mulvaney and Oates 1988; Barnes et al. 2002b) since the metal coatings can obscure weaker X-
ray fluorescence signals from the sample.

In other work, we have demonstrated that Raman spectroscopy coupled with a confocal
scanning optical microscope can be used to analyze impurities in grain boundaries and triple
junctions that cannot be detected by EDS (Iliescu et al. 2004). MicroRaman spectroscopy was first
used to look at impurities in a triple junction in ice by Fukazawa and co-workers (1998).

More recently, we have demonstrated that we can obtain the complete orientations of crystals in
polycrystalline ice (not simply the c-axis direction) with high angular (0.1°) and spatial resolution
(50 nm) by using electron back-scattered patterns (EBSPs) obtained in a SEM (Iliescu et al. 2004;
2005; Obbard et al. 2006).

In this paper, we show, for the first time, that we can obtain SEM images, EDS and EBSPs from
uncoated firn using the same approach. Ultimately, such information can provide an efficient and
accurate method of measuring porosity, internal surface area and grain size and will allow us an
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understanding of how impurities are redistributed and how fabric forms in the shallow layers of
ice sheets.

EXPERIMENTAL

We examined six firn specimens from depths of 9.71 m, 19.545 m and 34.465 m from core 02-
SP, and depths of 13.019 m, 23.028 m and 38.533 m, from core 02-5 obtained on the United States
International Trans-Antarctic Scientific Expedition (ITASE). Core 02-SP is at the South Pole
while core 02-5 is the next core along the route, see the route map at
http://www?2.umaine.edu/USITASE/html/map.html for details.

For examination in the SEM, ~25-mm- x 25-mm- x 10-mm-thick specimens were cut
perpendicular to the core axis, shaved flat with a razor blade under a HEPA-filtered, laminar-flow
hood at -10°C and frozen onto a brass plate. Specimens were then either sealed in a small
container for later examination or mounted onto a cold stage for immediate observation. For
imaging and microanalysis, the uncoated specimens were examined at -80°C + 10°C using a JEOL
5310 low-vacuum SEM operated at 10 kV equipped with a Princeton Gamma-Tech IMIX EDS
system utilizing a lithium-drifted silicon thin-window detector. For orientation determination,
specimens were frozen to a purpose-built pre-tilted brass sled that was then mounted on a cold
stage in a field emission gun FEI XL-30 environmental SEM. The SEM was operated at 15 kV
with a beam current of 0.15 nA, and the ice was again examined at temperatures between -80°C +
10°C at a pressure of approximately 5 x 10 Pa. Secondary electron imaging was used on both
SEMs. EBSPs were captured using the techniques described by Iliescu and others (Iliescu et al.
2004; 2005) and indexed using HKL Technologies’ CHANNEL 5™ software.

RESULTS AND DISCUSSION

Figure 1 shows low-magnification secondary electron images of firn from three different depths.
The images were obtained as soon as possible after the specimens were inserted into the SEM to
reduce the degree of sublimation, which can affect the appearance of the specimens. Several
features are worth noting. First, shaving the ice produced some debris, which fell into the pores in
the ice. This was much more noticeable in the higher porosity shallow ice, presumably because the
grains were less strongly bonded together and the pore volume is larger. Examples of such debris
are labeled “D” in Figure 1(a).

Second, grain boundaries grooves were observed in some images. These indicate where the
snow crystals are joined together, see Figure 1 (a). By allowing the specimens to sublimate in the
SEM it is possible to see grain boundary grooves between all the individual ice crystals and,
hence, it should be possible to determine how the grain size changes as a function of depth in the
firn. However, one needs to be aware that longer sublimation times, due to loss of mass,
drastically affect the appearance of the microstructure and hence a delicate compromise needs to
be achieved between the need to depict the microstructure in an accurate unadulterated manner
and the desired to better visualize the details within the grain boundary region.

Third, it is straightforward to determine the % areal porosity from these images by dividing the
area occupied by the shaved flat regions by the area of the image. The pore area and length of
boundary area were measured on the SEM images using Image SXM (Barrett 2005), a derivative
of NIH Image (Rasband 1997). The boundaries of pore areas were traced with the drawing tool,
and the perimeter and enclosed area measured with the pixel-counting measurement utility, see
Figure 2. As is quite common in the SEM, the edges of the flat surface tended to charge. This
analysis was performed from multiple images at each depth (except for the 9.71 m specimen,
where only one image was available). The porosity values obtained at each depth are shown in
Table 1. As might be expected, (except for the 9.71 m specimen), the porosity at a particular site
decreases with increasing depth.
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Figure 1. Low-magnification secondary electron images of firn samples from depths of (a) 9.71 m, (b) 23.028

m, and (c) 34.465 m. The features labeled “D” in (a) are debris produced by shaving. Some grain boundaries

where the original snow crystals joined together, as indicated by grooves, are labeled “GB”. Some air bubbles
are indicated by “A”.

Table 1. Porosity, measured length of internal surface around the pores in 16 mm2 areas, length of
(internal surface) line per unit area, LA, and internal pore surface area per unit volume, SV, for
various depths at two sites from the US ITASE measured from SEM images.

Site Depth % Measured length L, (mm™) Sy (mm™)
(m) Porosity | of surface (mm)
02-SP 9.71 80 33.2 2.08 2.65
02-5 13.019 85 28.7 1.79 2.28
02-SP 19.545 87 44.5 2.78 3.54
02-5 23.028 58 304 1.98 2.52
02-SP 34.465 36 40.7 2.54 3.23
02-5 38.533 38 40.6 2.54 3.23
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Fourth, by measuring the length of the surface around the pores per unit area it is possible to
obtain the internal surface area per unit volume, see Figure 2. Microstructural examinations are
normally performed on firn by infiltrating the firn with a liquid, e.g. dimethyl Phthalate (Albert
and Shultz 2002; Rick and Albert 2004), allowing it to set, and then sublimating the firn. The
problems with this method are that the viscous liquid cannot easily penetrate small pores, which
increase in frequency with depth; and, of course, the liquid cannot infiltrate closed off pores,
which also increase in frequency with depth. The lengths of projected surface around the pores
measured from images of area 16 mm® are shown along with the length of (internal surface) line
per unit area, L, in Table 1. The internal surface area per unit volume, Sy, was calculated from
La using: Sy = (4/n) La (Underwood 1970). In contrast to the volume porosity, the internal surface
area per unit volume of the pores was generally found to increase with increasing depth. This is an
unexpected result. It may indicate that the pores are more convoluted at greater depth even though
their percentage of the volume is less. A more detailed SEM analysis would involve taking both
horizontal and vertical sections. This becomes more important with increasing depth where the
pore and grain structures become more inhomogeneous due to the flattening of the microstructure
from the increasing overburden. Thus, it is possible that this sectioning issue may be at the root of
the unexpected increase in internal surface area with increasing depth.

Fifth, the edges of the flats shaved on the specimens preferentially etch before the rest of the
surface, see Figures 1(b) and 1(c).

And, sixth, some air bubbles can be observed, which have been trapped in the ice, see Figures
1(b) and 1(c).

Figure 2. Secondary electron image of firn sample from 13.019 m. The boundaries of the pore areas were
traced with the drawing tool, and the perimeter and enclosed area measured with the pixel-counting
measurement utility of Image SXM (Barrett 2005).

Figure 3 shows a higher magnification image of two grains in firn. In this case, ridges
(indicated) appear to have formed on either side of the grain boundary groove. Because the ridges
were well below the surface of the ice, EDS analysis was not possible. Adams et al. (2001)
observed a grain boundary ridge on snow crystals that were sintering together, a feature that they
suggested was indicative of direct evidence for grain boundary diffusion as a sintering mechanism
in ice. However, Barnes (2003) later pointed out that the ridge may have been a grain boundary
impurity filament of the kind observed previously in ice (Baker and Cullen 2003a; 2003b; Baker et
al. 2003; Baker et al. 2006; Barnes et al. 2002a; 2002b; Cullen and Baker 2000; 2001; 2002a;
2002b; Cullen et al. 2002; Iliescu et al. 2002; Iliescu and Baker 2004; Obbard et al. 2003a; 2003b).
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200 microns

Figure 3. Higher-magnification secondary electron images of firn samples showing ridging on either side of a
grain boundary groove (arrowed). The vertical lines are scan faults.

Figure 4 shows x-ray spectra taken from white spots formed during the sublimation of the
surface of firn specimens. The oxygen peak is from the ice, while the carbon peak arises from the
breakdown of diffusion pump oil under the electron beam in the SEM. In the shallow samples
(9.71 m and 13.019 m), for example Figure 4(a), only small, barely-detectable quantities of
impurities were found in the white spots. In this case, S and Cl were found. Spectra from white
spots on deeper firn specimens showed more pronounced peaks. The example spectra shown in
Figure 4(b) contain Cl, K, Na, S, Si and possibly Ca. Such impurities have often been noted in
white spots in ice specimens from Greenland and Antarctica (Cullen and Baker 2001; 2002b Baker
and Cullen 2003a; Barnes et al. 2002a; 2002b; Obbard et al. 2003a; 2003b; Baker et al. 2000). It is
evident that impurities are spread throughout the firn. We did not find any impurities segregated to
the grain boundaries as has been found in ice from Antarctica and Greenland (Cullen and Baker
2000; 2001; 2002b; Cullen et al. 2002; Barnes et al. 2002a; 2002b; Baker et al. 2003; Baker and
Cullen 2003a; 2003b; Obbard et al. 2003a; 2003b; Baker et al. 2006).

Finally, Figure 5 shows an EBSP from firn from 3 m. The reds lines indicate the centers of the
indexed Kikuchi bands. The pattern, while not as good quality as patterns previously presented for
ice (Cullen and Baker 2002a; Iliescu et al. 2004; 2005; Obbard et al. 2006) is of sufficient quality
that it is indexable. Various poles are indicated on the pattern. Each EBSP contain the complete
three-dimensional orientation information of the crystal from whence it came and together the
patterns enable the misorientations between grains to be determined.
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three spectra in (b).

216

(o]
[+
s Cl
WMWMMMW
0 2.0 4.0 6.0 8.0
keV
A
38.533 m
|
cl
Na Sip s .
38,533 m
0
cl
. '\\W/K
]\J | T\":\“MW
38.533 m
0 cl
K
Na S S Ca
J MW’)TMW ] A 5 A U
0 20 4.0 6.0 8.0
keV
B

Figure 4. X-ray spectra taken from white spots, such as that indicated in Figure 1(c), on the surface of firn
samples from depths of: (a) 9.71 m; and (b) 38.533 m. The full scale counts are 1130 for (a) and 230 from the



Figure 5. Indexed electron backscatter diffraction pattern from firn from a depth of 3 m.

CONCLUSION

In conclusion, we have shown that it is possible and useful, using various advanced electron-
optical techniques and x-ray spectroscopy measurements in a SEM, to examine firn at high
resolution. By observing grain boundary grooves, one can determine where snow crystals were
joined; their orientations can be determined from EBSPs, allowing the misorientations between
grains to be calculated; the porosity, approximate grain size and internal pore surface area can be
measured; and the microchemistry of impurities can be determined by EDS.
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