
Contents lists available at ScienceDirect

Cold Regions Science and Technology

journal homepage: www.elsevier.com/locate/coldregions

Visualizing cation treatment effects on frozen clay soils through μCT
scanning

Margaret M. Darrowa,⁎, Ross M. Lieblappenb,c

a Department of Mining & Geological Engineering, University of Alaska Fairbanks, P.O. Box 755800, Fairbanks, AK 99775-5800, United States of America
b Vermont Technical College, P.O. Box 500, Randolph Center, VT 05061, United States of America
cUS Army Corps of Engineers Cold Regions Research and Engineering Laboratory, 72 Lyme Road, Hanover, NH 03755, United States of America

A R T I C L E I N F O

Keywords:
X-ray micro-computed tomography
Cation-treated clay
Frozen soil
Unfrozen water

A B S T R A C T

X-ray micro-computed tomography (μCT) scanning is a proven technique with applications in geoscience, soil
science, and geotechnical engineering. Here we apply the technique to investigate the effects of cation treat-
ments on clayey soil micro-fabric in a frozen state. We imaged six suites of frozen cation-treated soils (mon-
tmorillonite, kaolinite, illite, illite-smectite, chlorite, and Copper River heterogeneous soil) at a resolution of
8.17 μm. Although this resolution was insufficient to observe differences in microaggregate formation as a result
of cation treatment, we did observe micro-lenticular ice structures in the smectite-bearing soils that were in-
visible to the unaided eye. Quantitative analysis of the morphometric parameters from the illite-smectite and
Copper River sample suites provided results that supported the visual observations, with the Copper River
heterogeneous soil being more frost susceptible than illite-smectite, regardless of cation treatment. The μCT
results of these small soil cores also indicate that within the Copper River suite, the Ca2+-treated and Na+-
treated samples are the most and least frost susceptible, respectively, which is in agreement with previous frost
heave testing. Results from this study indicate that μCT morphometric parameters can be used to quantify micro-
lenticular ice lens formation in small samples and to serve as a quality control on sample preparation.

1. Introduction

Frozen soils represent an important geotechnical consideration in
both permafrost regions and in areas of seasonal frost. These soils have
the added complexity of water both as a liquid and an ice phase. Fine-
grained soils will draw substantial amounts of water to the freezing
front through a temperature-induced pressure gradient, resulting in
segregated ice (Taber, 1929, 1930; Beskow, 1935; O'Neill and Miller,
1985; Smith, 1985). The portion of liquid water that remains unfrozen
at subfreezing temperatures – i.e., unfrozen water – is the conduit
through which water flows to the freezing front, influencing the overall
amount of frost heave a soil will experience upon freezing, as well as
the soil strength once frozen (Konrad and Morgenstern, 1983; O'Neill
and Miller, 1985; Romanovsky and Osterkamp, 2000; Arenson and
Sego, 2006; Darrow, 2011). Thus, it is important to understand the
interactions and dependence of unfrozen water on the soil mineral
composition and structure.

The type of cation adsorbed at the clay mineral surface strongly
influences the structure of clay-rich soils (Cornell University, 1951),
which will influence the overall permeability, and unfrozen water

content and its mobility. Early work by Lambe (1953) and Nersesova
(1961) attributed demonstrated trends in frost susceptibility of cation-
treated clays to the formation of larger microaggregates at the expense
of the colloidal clay particles. Lambe (1953) stated that a coarse-
grained soil would become less frost-susceptible by effectively re-
moving the clay-sized grains through aggregation. Dispersed clay,
however, would become more frost-susceptible when the clay particles
were aggregated, due to increased permeability.

Originally used for non-invasive imaging in the medical fields, over
the last several decades X-ray micro-computed tomography (μCT)
scanning has been applied successfully to the fields of geoscience, soil
science, and geotechnical engineering. Investigators used this technique
to quantify macro- and micro-pore characteristics, soil fabric/structure,
and fluid movement through soil cores (Peyton et al., 1991, 1992;
Ketcham and Carlson, 2001; Mooney, 2002; Blair et al., 2006; Luo et al.,
2008; Taina et al., 2008; Mooney and Korošak, 2009; San José Martínez
et al., 2010; Helliwell et al., 2013; Higo et al., 2014; Liernur et al.,
2017). Several studies employed μCT scanning to quantify the structure
of engineering materials, including porosity, strain, and crack forma-
tion (Ma et al., 1998; Lenoir et al., 2007; Birgul, 2008; Hall et al., 2010;
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Koliji et al., 2010). In recent work, researchers have applied the μCT
scanning technique to analyze frozen material, including both ice and
frozen soil (Kawamura, 1990; Daniels et al., 2003; Qi et al., 2003;
Calmels and Allard, 2004, 2008; Daniels and Inyang, 2004; Fourie
et al., 2007; Gherboudj et al., 2007; Dillon et al., 2008; Torrance et al.,
2008; Obbard et al., 2009; Ní Bhreasail et al., 2012; Lapalme et al.,
2017; Lieb-Lappen et al., 2017; Wang et al., 2017). For more in-
formation on the background of CT scanning and for summaries of the
techniques used in the geosciences and frozen soil applications, we refer
the reader to works such as Ketcham and Carlson (2001), Qi et al.
(2003), Taina et al. (2008), and Torrance et al. (2008).

As part of a larger project to investigate the mass and mobility of
unfrozen water in cation-treated clays, we used μCT scanning to in-
vestigate the effects of cation treatments on clayey soil micro-fabric in a
frozen state. Our original goal was to quantify microaggregate/pore
structure and morphology; however, the investigation grew to include
analysis of micro-lenticular ice structures, as described by Bray et al.
(2006) and Kanevskiy et al. (2011). Here we present the μCT scanning
results of six suites of cation-treated clays. We discuss both qualitative
and quantitative results, compare selected results with associated frost
heave tests and unfrozen water content measurements, and explore
unexpected elements of the preparation of frozen samples as revealed
through μCT scanning.

2. Methods

2.1. Sample preparation

We tested five clay minerals – montmorillonite, kaolinite, illite, il-
lite-smectite, and chlorite, obtained from the Source Clay Repository
(Purdue University, West Lafayette, IN) – and a heterogeneous soil
sampled from the Copper River Basin, about 5 km south of Glennallen,
Alaska (Table 1). The heterogeneous soil (referred to herein as Copper
River clay) classified as a lean clay (CL) using the Unified Soil Classi-
fication System, and contained multiple types of clay minerals
(Table 2). The illite, illite-smectite, and chlorite samples were available
only in the form of rock chips. Our first step was to crush each of these
samples with a rubber-tipped pestle and mortar, and then process in a
ball mill, until all particles passed through a US No. 200 (75 μm) sieve.
Fig. 1 illustrates the final grain-size distributions of the prepared sam-
ples.

We prepared four cation treatments (Ca2+, Mg2+, Na+, K+) for
each of the six soils; additionally, we kept an untreated portion of each
soil. For each cation treatment, we mixed 40 g of soil with 1 L of a
1.05 M salt solution (CaCl2, MgCl2, NaCl, or KCl), dividing the solution
between two 1-L plastic bottles, which were placed on a shaker table
and agitated for two days. We then repeatedly flushed the excess salt
from the soil-brine mixture using Buchner filter funnels and deionized
(DI) water, repeating this rinsing process until the electrical con-
ductivity of the effluent measured approximately 10 microSiemens per
centimeter (μS/cm). Due to the resulting low hydraulic conductivity of
the Na+- and K+-treated montmorillonite, illite, illite-smectite, and
Copper River soil, we removed the excess salt from these samples
through dialysis. Each sample was transferred into dialysis tubing,

which was suspended in a 600-mL beaker and submerged in DI water.
The conductivity was measured every 24 h, and the water was replaced
when the conductivity became constant. This process was repeated
until the conductivity was less than 20 μS/cm.

Finally, we prepared each soil for unfrozen water content testing
using a pulsed-nuclear magnetic resonance (P-NMR) device (see Kruse
and Darrow, 2017, and Kruse et al., 2018), and μCT scanning. We mixed
each sample into a slurry using DI water and consolidated the slurry at
75 kPa. Using a coring tool (4.0-cm high and 1.3 cm inner diameter,
with a beveled cutting edge), we sampled the consolidated soil, and
then dipped the sample into liquid nitrogen for flash-freezing. The
freezing process typically took about 1 min, resulting in a frozen soil
core that demonstrated no visible ice segregation. After freezing, we
removed the sample from the coring tool, wrapped it in plastic paraffin
film, placed it into a sealed glass tube, and then into a secondary sealed
container to guard against sublimation. We repeated this process for
each soil treatment, resulting in duplicate samples. All samples were
stored inside a freezer set to −20 °C.

One of the duplicate samples was used for P-NMR measurements of
unfrozen water content (Kruse and Darrow, 2017; Kruse et al., 2018).
The second of the duplicate samples was prepared for μCT scanning.
Within a cold room set to −5 °C, we cut an approximately 1-cm long
disc from each frozen soil cylinder. These samples were wrapped in
multiple layers of plastic paraffin film, sealed within air-tight plastic
bags, and shipped in a frozen state to the US Army Corps of Engineers
Cold Regions Research and Engineering Laboratory (CRREL) in Han-
over, New Hampshire for μCT scanning.

Table 1
Origins of soils used in this study. For soils other than Copper River, the
symbol is that used by the Source Clay Repository.

Soil (symbol) Origin

Montmorillonite (STx-1b) County of Gonzales, Texas
Kaolinite (KGa-2) County of Warren, Georgia
Illite (IMt-1) Silver Hill, Montana
Illite-smectite (ISCz-1) Slovakia
Chlorite (Cca-2) Flagstaff Hill, California
Copper River (CR) Copper River Basin, Alaska

Table 2
Copper River soil mineral composition based on XRD analysis, including re-
lative abundance for the phyllosilicate minerals. For the whole rock miner-
alogy, rounding errors are present due to conversion from the measured weight
fraction to the calculated weight percent (K/T GeoServices, Inc., pers. comm.,
2006).

Whole rock
mineralogy

Weight % Phyllosilicate mineralogy Relative
abundance (%)

Quartz 19.0 Randomly-ordered (RO)
mixed-layer (M-L) illite-
smectite (I–S)

0

K-Feldspar 1.2 RO M-L chlorite-smectite 30
Plagioclase 47.0 Ordered M-L I-S 0
Amphibole 5.9 Illite and mica 24
Calcite 0.8 Kaolinite 5
Pyrite 2.3 Chlorite 41
Total phyllosilicates 24.0
Total 100 Total 100
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Fig. 1. Grain-size distributions for the soils tested.
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2.2. Scanning and reconstruction

We imaged all samples using a Bruker Skyscan 1173 scanner housed
in a − 10 °C cold room. Each sample was scanned using 80 kV X-rays
with a current of 100 μA passed through a 1.0 mm Al filter. Samples
were rotated 180° in 0.2° steps with an exposure time of 900 ms, re-
sulting in a nominal resolution of 8.17 μm. X-rays were detected using a
5 megapixel (2240 × 2240) flat panel sensor and projection radio-
graphs were averaged over four frames. We then reconstructed radio-
graphs into two-dimensional (2-D) gray-scale horizontal slices using
Bruker NRecon software, which utilizes a modified Feldkamp cone-
beam algorithm. Comparison to a reference scan completed post ima-
ging allowed for x-y alignment correction of small sample movement
due to melting of ice during the scanning process (Section 3.1 provides
more discussion on sample thawing). This thermal drift correction also
helped correct for any drift of the X-ray source during the scan. Image
reconstruction processing also included sample-specific post alignment,
Gaussian smoothing using a kernel size of 2, sample-specific ring arti-
fact correction, and a 20% beam hardening correction (Lieb-Lappen
et al., 2017).

2.3. Image processing

We processed and analyzed all images using Bruker CTAn software.
Every sample was reduced to a cylindrical volume of interest (VOI) 5-
mm (612-slices) high and 10 mm (1224 pixels) in diameter. We chose
this smaller VOI to save processing time, and to exclude the outer
portion of each sample that experienced disturbance due to the initial
coring and cutting when frozen. A partial analysis on porosity demon-
strated this VOI was well beyond the representative elementary volume,
i.e., the smallest volume that represents the system as a whole
(Costanza-Robinson et al., 2011).

We determined segmentation threshold values for the void space,
low density soil particles, and high density soil particles through both
visual analysis of multiple slices within the VOI of each sample and a
histogram-shape based approach, the process of which is detailed in
Lieb-Lappen et al., 2017. Rather than using a single threshold for all
samples, choosing specific threshold values for each sample accom-
modated for variations in X-ray attenuation and slight differences in
material densities. Initial estimates were determined by finding the
local minimum between peaks of the histogram showing all grayscale
values for all image slices. If a distinct local minimum was not located,
then visual inspection across multiple slices was used to fine-tune the
selection. Once images were segmented, we performed further noise
reduction on each segmented phase for each sample, using common
image processing techniques (e.g., Batchelor and Waltz, 2012; Sreedhar
and Panlal, 2012). First, 2-D black speckles less than five pixels in size
were removed on each horizontal slice. Next, we performed a mor-
phological operation called “closing” using a round kernel with a radius
of one pixel. In this operation, each segmented object was first dilated
by one pixel. If there was an adjoining object within the dilated region,
then these two objects were joined. The second step of closing was
“erosion,” in which the dilated region was reduced back by one pixel.
Finally, we performed 2-D and 3-D analyses to quantify parameters
such as the volume of each phase, number of distinct objects of each
phase, degree of anisotropy, and structure model index (Bruker, 2006;
Lieb-Lappen et al., 2017).

2.4. Morphometric parameters

We investigated several structural and morphometric parameters
that are most relevant to investigating the micro-fabric of frozen cation-
treated clayey soils. For a given segmented phase, the total number of
objects is the number of binarized objects within the VOI. The objects
could be minerals of higher density or voids. The objects that we are
most interested in for this study are the void spaces, which – because

the soil was frozen – we interpret as ice. The ice is indistinguishable
from void spaces containing only air. From the size of these objects, the
percent object volume is calculated.

The degree of anisotropy is a measure of preferred alignment along
a given axis, and is derived from a tensor eigenvalue analysis of mean
intercept lengths (Bruker, 2006; Lieb-Lappen et al., 2017). A large
number of test lines are passed through the binarized 3-D image, and
the length of each line is divided by the number of intersections with
the given phase. An ellipsoid is fit to circumscribe a polar plot of these
mean intercept lengths. The three eigenvalues of the matrix re-
presenting this ellipsoid are calculated, and the ratio of the largest to
the smallest eigenvalue is a quantitative measure of the degree of ani-
sotropy. A completely isotropic sample has a value of 0, whereas a
highly anisotropic sample has a value close to 1. For these soils, we
wanted to determine if cation treatments caused voids (and thus the
micro-fabric) to align preferentially, resulting in anisotropy.

The structure model index (SMI) indicates the overall shape of an
object. It is based on the formula:

= ∙
′∙SMI S V
S

6 2 (1)

where S is the object surface area before dilation, S′ is the change in
surface area caused by dilation, and V is the initial, undilated object
volume (Bruker, 2006). The CTAn software calculates S and S′ using a
marching cubes computer graphics algorithm to determine the volume
model (Bruker, 2006). SMI values of 0, 3, and 4 represent ideal plates,
cylinders, and spheres, respectively. We used this value to determine
the shape of the voids.

3. Results

3.1. Qualitative assessment of reconstructed images

Despite the use of the μCT scanner's built-in cold stage and its lo-
cation within a − 10 °C cold room, many of the samples demonstrated
movement due to thawing. Heat sources were likely the X-ray source
and the motor rotating the cold stage. Due to the small scale of the
features under investigation in this study and their complex micro-
structure, the scan duration for these samples was much greater than
typical frozen specimens. For example, most glacial and sea ice samples
have total scan times under 30 min (Hammonds et al., 2015; Courville
et al., 2017; Lieb-Lappen et al., 2017), whereas these samples were
scanned for 1–2 h. Fig. 2 illustrates sample movement for Ca2+-treated
illite, in which an upwards-progressive thawing from the sample
bottom is present. As all X-ray radiographs during the scanning process
need to correlate to each other, we were not able to achieve reliable
quantitative data for the samples that demonstrated significant move-
ment (i.e., montmorillonite, kaolinite, illite, and chlorite samples);
however, we will provide a qualitative assessment of the reconstructed
images.

Fig. 3 provides representative images for the untreated Copper River
sample. Fig. 3a is a 2-D horizontal slice through the VOI, shown in gray
scale. The lighter gray represents the mineral matrix, whereas the
darker gray to black is void space. Absent in this sample are any white
objects indicative of high density particles or aggregates. Fig. 3b is the
binarized view of the same slice, which better highlights the void spaces
as the white regions. Although ring artifact reduction was performed
during image processing, we note that it did not entirely remove all
rings. These rings are artifacts due to dead pixels in the detector, and
introduced minimal amount of error in quantitative results. Fig. 3c il-
lustrates the 3-D reconstructed VOI. The shape and alignment of the
voids indicate that ice lenses formed in this sample during the flash-
freezing process, producing a micro-lenticular cryostructure (Bray
et al., 2006; Kanevskiy et al., 2011). In Fig. 3d, the binarized void space
is colored blue for easier visualization. All of the Copper River samples
demonstrated ice lensing, with prominent horizontal alignment of the
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lenses (Fig. 4). The Ca2+-treated sample demonstrated the largest ice
lenses (typically 1.5-mm long by 0.1-mm wide). Of note, the Na+-
treated sample produced smaller lenses than the other treatments (ty-
pically 0.8-mm long by 0.05-mm wide). The K+-treated sample pro-
duced coarser lenses, similar to the divalent treatments. It also de-
monstrated both horizontal and vertical alignment of lenses.

Fig. 5 provides images for the illite-smectite suite of samples. More
striking in this sample suite's 2-D images than in those for Copper River
is the presence of higher density particles or aggregates, seen as the
lighter gray to white shapes in Fig. 5a and b. Although visually more
apparent, these denser particles only make up an average of 0.63% of
the VOI for the illite-smectite suite. Further analysis of the 2-D gray
scale images of the untreated and Ca2+-treated samples suggests pos-
sible ice lens formation (see yellow arrow in Fig. 5a, for example),
whereas visual analysis of the remaining treatments' gray scale images

suggests the absence of ice lenses and rather the presence of large black
voids (see red arrow in Fig. 5b, for example). The 3-D binarized images
of the untreated and Ca2+-treated samples (Fig. 5c and d) are full of
small ice lenses as well as a few larger voids. The binarized images of
the remaining treatments (Figs. 5e-5g) reveal the presence of large void
spaces within each of these samples, which may represent air pockets
that formed during sample preparation.

Out of the remaining soils, the untreated, Ca2+-treated, and K+-
treated montmorillonite samples, and the Mg2+-treated illite sample
demonstrated some degree of ice lensing, based on visual analysis of the
gray scale images. The remaining samples, including the entire kaoli-
nite and chlorite sample suites, did not contain ice lenses and demon-
strated a relatively uniform porosity.

Fig. 2. Evidence of sample thaw in the Ca2+-treated illite. Images (a), (b), and (c) are rotational steps 0015, 0630, and 1190, respectively. Arrows in (b) and (c) point
to the advancing thaw front (bottom up), and the bracket at the bottom of each image indicates the stage and adhesive securing the sample.

Fig. 3. Examples of reconstructed images for the untreated Copper River soil. Image (a) is a raw 2-D slice taken horizontally across the VOI; (b) is binarized view of
(a), highlighting the void space (in white). The yellow arrows point to the same ice lens. Image (c) is a 3-D view of the gray scale VOI; the binarized void spaces (ice
lenses) are colored blue in (d). The distance between grid marks for (c) and (d) is 500 μm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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3.2. Morphometric parameter results

Two suites of samples, Copper River and illite-smectite, demon-
strated negligible movement due to thawing, allowing quantitative
analysis of the results. Fig. 6 contains plots of four morphometric
parameters' results for these two soil suites. Based on the results, the
two types of soils demonstrate different micro-fabrics and void struc-
tures. For example, the Copper River soil suite demonstrates a greater
percentage of void volume (Fig. 6a), with two orders of magnitude
more voids than the illite-smectite samples (Fig. 6b). Notably, the Ca2+-
treated Copper River sample demonstrated twice the number of objects
than the rest of its soils suite. Based on the SMI values (Fig. 6c), the
overall void shape in the illite-smectite soil ranges from a cylinder to a
sphere, whereas the void shape in the Copper River samples is closer to
a plate. This result agrees with the visual observation of ice lenses that
have a platey shape. The suite of Copper River samples demonstrates a
high degree of anisotropy, with an average of 0.75 (Fig. 6d). The illite-
smectite samples demonstrate more variability among treatments and
are also more isotropic, with an average of 0.36. This quantitative result
agrees well with the visual observation that the Copper River samples
typically contain distinct horizontal ice lenses, whereas the void space
of the illite-smectite samples is more uniform in appearance.

4. Discussion

The resolution at which the μCT images were obtained (8.17 μm)
was insufficient to visualize significant differences in microaggregate
formation as a result of the cation treatments. The same can be said for
the quantitative analysis of the results, which typically indicate uni-
formity for a given morphometric parameter among the different
treatments (a few exceptions will be discussed below). The imaging did
allow us, however, to recognize particles of different density (e.g.,
Fig. 5a and b). The presence of these denser particles may be an artifact
of the sample preparation method, indicating incomplete crushing of
the rock chip fragments, for example. Additionally, the sample pre-
paration protocol included flash-freezing each sample in liquid ni-
trogen, which has a boiling point of −196 °C at sea level. By rapidly
freezing the samples at this extremely cold temperature, we tried to
eliminate segregated ice formation since it is dependent, in part, on
freezing rate (Miyata and Akagawa, 1991; Takashi et al., 1978); how-
ever, the μCT scanning results illustrate that micro-lenticular ice lenses,
not visible to the unaided eye, formed in several of the samples that
generally contained some amount of smectite. Ice lenses typically form
perpendicular to the freezing direction under a small temperature
gradient (Andersland and Ladanyi, 2004). Since these samples were

Fig. 4. Image comparison of void space (ice lenses) for all Copper River cation-treated samples: (a) untreated; (b) Ca2+; (c) Mg2+; (d) Na+; (e) K+. The distance
between grid marks is 500 μm. Each image has been rotated to provide optimal viewing of ice lens structure.
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Fig. 5. Examples of 2-D images and 3-D image comparison of all illite-smectite cation-treated samples: (a) gray scale 2-D slice of untreated illite-smectite, with the
yellow arrow indicating an ice lens; (b) gray scale 2-D slice of Na+-treated illite-smectite, with the red arrow indicating a large void; (c) through (g) are 3-D binarized
views of untreated, Ca2+, Mg2+, Na+, and K+ treatments, respectively. For (c) through (g), the distance between grid marks is 500 μm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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dipped into liquid nitrogen, freezing occurred rapidly from both the
bottom and outside of the sample towards the center, which would
suggest the formation of concentric rings of ice lenses. Instead, the ice
lenses that formed generally were oriented horizontally (i.e., perpen-
dicular to the long axis of the sample), with one sample demonstrating
both horizontal and vertical orientations. A possible explanation is that
the ice lenses formed in flaws present in the soil structure due to sample
preparation. Style et al. (2011) indicate that many such flaws exist at
different orientations in clayey soil. Ice that forms in a flaw exerts
pressure that eventually exceeds the cohesive strength of the soil,
causing fracturing and extension of the flaw and becoming a new ice
lens (Style et al., 2011). For our experiments, we posit that freezing
under a large temperature gradient caused ice growth in preexisting
flaws, leading to rapid micro-lenticular ice lens formation. The ice lens
orientation thus depended on the original orientation of the flaws, a
product of sample preparation, rather than the freezing direction. From
this, it follows that the ice lens sizes associated with the various cation
treatments may qualitatively reflect microaggregate formation. Re-
searchers who investigated microstructure in colloidal clay and bento-
nite indicated that such soils need to be frozen within milliseconds and
under high pressure to prevent ice crystal formation (Keller et al., 2014;
Vali and Hesse, 1992). While such rapid, high-pressure freezing may be
necessary for the preparation of electron microscopy samples (Keller
et al., 2014), it also may be impractical for the preparation of larger
samples typically used in a variety of frozen soil testing. It is important
to realize, however, that smectite-bearing soils most likely demonstrate
a micro-lenticular ice structure upon freezing.

For the two sample suites that could be analyzed quantitatively, the
Copper River heterogeneous soil is more frost susceptible than illite-
smectite, regardless of cation treatment. This is based on the visual
identification of ice lenses, and the morphometric parameter results,
such as greater void (ice lens) volume, void shape, and degree of ani-
sotropy. Within the Copper River sample suite, the Ca2+-treated sample
stood out from the other treatments by containing twice as many ice
lenses (Figs. 4b and 6b). In contrast, the Na+-treated sample produced
smaller lenses that formed the smallest void space of the sample suite
(Figs. 4d and 6a). In previous frost heave testing conducted on cation
treatments of this same soil (Darrow et al., 2009), the Ca2+-treated and

Na+-treated samples demonstrated the most heave with larger ice
lenses and the least heave with smaller ice lenses, respectively, than the
other treatments (Figs. 7a-f); yet unfrozen water content measurements
from the sample suite (Kruse and Darrow, 2017) demonstrated negli-
gible differences among cation treatments (Fig. 7g). Based on these
results, the exceptional frost heave and ice lens formation within the
Ca2+-treated sample and the significant reduction in frost heaving and
small ice lens formation in the Na+-treated sample cannot be predicted
based solely on unfrozen water content. The μCT method, however, was
able to capture the presence of a micro-lenticular ice structure, and to
quantify the relative ice volume and morphometry of these cation-
treated samples within a small sample volume.

5. Conclusions

We successfully imaged frozen cation-treated soils using μCT scan-
ning at a resolution of 8.17 μm. Although this resolution was in-
sufficient to observe differences in microaggregate formation as a result
of cation treatment, we did observe micro-lenticular ice structures in
the smectite-bearing soils that were invisible to the unaided eye. The
quantitative results from the μCT method for two sample suites sup-
ported the visual observations of 2-D images and 3-D sample re-
constructions. Results from this work indicate that analysis of mor-
phometric parameters, such as percent object volume, anisotropy, and
structure model index, can be used to quantify micro-lenticular ice lens
formation in small samples and to serve as a quality control on sample
preparation (e.g., to ensure adequate grain size reduction or to verify
samples without ice lensing).

For future work, we recommend optimizing acquisition time versus
resolution to prevent thawing of frozen samples and to allow complete
quantitative analysis. A longer scan time can increase resolution,
helping to differentiate fine-scale features, however at the risk of in-
creased sample thawing. In order to visualize differences in micro-
aggregate formation in cation-treated soils, we recommend using other
methods, such as focused ion beam nanotomography (FIB-nt) (e.g.,
Keller et al., 2014) or electron scanning microscopy (e.g., Sun and
Kodama, 1992; Day-Stirrat et al., 2011).
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