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ABSTRACT

Freeze and thaw processes are a fundamental component in cold region hydrology. The depth and
distribution of frozen ground in the near-surface can significantly influence the dynamics of
surface and subsurface fluid distribution. Seasonal freeze-thaw processes in mid-latitude climates
are particularly variable during the course of the winter season and require high resolution
monitoring to ensure sufficient temporal and spatial characterization. High-frequency ground-
penetrating radar (GPR) is well suited for monitoring the freezing and thawing process in the
shallow soil zone due to its non-invasive nature and ability to measure the liquid water component
in soil. To illustrate the suitability of high-frequency GPR for monitoring these freezing and
thawing processes, 900 MHz common-midpoint (CMP) soundings and reflection profiles were
conducted during winter seasonal periods at two separate sites located in Ontario, Canada. The
resultant GPR data clearly show the long-term development of a very shallow (<0.5 m) soil frost
zone overlying unfrozen wet substratum. Traveltime analysis of these data yielded physical
properties of the frozen and unfrozen layers during the course of the winter season as well as the
spatial distribution of the base of the soil frost zone. The GPR was also collected during short-term
shallow thawing events overlying frozen substratum which resulted in the formation of a
dispersive waveguide for both the CMP and reflection profile surveys. Inversion of the dispersive
wavefields for the CMP data yielded physical property estimates for the thawed and frozen soils
and thawed layer thickness.

Keywords: ground-penetrating radar, seasonal freeze and thaw, frost development, dispersive
waveguide

INTRODUCTION

The seasonal freezing and thawing of near-surface sediment is a fundamental component in
hydrological processes such as the infiltration of meltwater, surface water runoff and soil water
distribution. Knowledge of temporal and spatial distribution of seasonally frozen and thawed
zones is the basis for understanding the aforementioned processes because the depth and
distribution of these zones significantly influences the dynamics of seasonal soil water content
distribution. The seasonal frost zones pertaining to this study are those which form in mid-latitude
climates during periods of sub-zero (°C) atmospheric conditions; these zones are typically
constrained to the upper few meters of soil and are exclusively present during the winter seasonal
period. Since these seasonal frost zones develop in the near surface, they are susceptible to
changes in atmospheric conditions. As a result, seasonal freeze-thaw processes are highly variable
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during the course of the winter season and require high resolution monitoring to ensure sufficient
temporal and spatial characterization.

A comparison of coupled soil water and heat model simulations with field measurements of soil
water content, unfrozen water content, soil temperature and drainage water flow by Johnsson and
Lundin (1991) showed that the hydraulic complexities associated with seasonal freeze-thaw cycles
due to dynamic freezing and thawing of the pore water significantly influence the drainage
potential of soils. Field investigations by Nyberg et al. (2001) showed that seasonal soil frost
zones can have variable effects on surface runoff dynamics. Further, an extensive field study
conducted by Bayard et al. (2005) showed that soil frost formation could significantly reduce the
amount of deep percolation and subsequent groundwater recharge by up to 25%. Bayard et al.
also demonstrated that surface runoff, subsurface runoff and percolation are primarily influenced
by the presence or absence of pore and basal ice. Undoubtedly, field techniques capable of
characterizing and monitoring temporal and spatial freeze-thaw processes would provide valuable
information for larger-scale hydrological studies examining groundwater and surface water
recharge.

Seasonal freeze-thaw processes are typically characterized using invasive point-measurement
techniques (e.g., thermistors, frost tubes) which cannot easily be extrapolated to the field-scale.
Time-domain reflectometry (TDR) has been shown as an effective technology capable of
monitoring the development of seasonal frost zones and subsequent seasonal thaws (e.g., Johnsson
and Lundin, 1991; Nyberg et al., 2001; Bayard et al., 2005); the successful application of TDR
relies on its ability to infer the liquid water fraction of frozen soil (Patterson and Smith, 1981;
Stein and Kane, 1983; Hayhoe and Bailey, 1985). However, TDR requires the installation of
numerous horizontally and vertically positioned rods at representative soil depths, limiting its
suitability for spatial investigations. On the other hand, relatively non-invasive geophysical
methods (e.g., electrical resistivity tomography (ERT), capacitively coupled ERT, electromagnetic
induction, ground-penetrating radar) can provide valuable high-resolution information about the
spatial distribution and temporal evolution of freeze-thaw processes (Kneisel et al., 2008).
Ground-penetrating radar (GPR) is of particular interest in this study due to its unique capabilities
of delineating thermal interfaces (i.e., imaging the boundary between frozen and unfrozen soil)
and estimating the amount of liquid water in frozen ground. Further, GPR has the best potential
resolving power of these geophysical techniques used to image shallow processes.

GPR has been effectively used for the characterization of a wide range of glacial and frozen
environments (Woodward and Burk, 2007; Kneisel et al., 2008). Numerous studies have
successfully used GPR to evaluate the spatial and temporal distribution of ground ice, depth to
permafrost table and thickness of the active layer above the permafrost (e.g., Annan and Davis,
1978; Delaney et al., 1990; Arcone et al., 1998; Hinkel et al., 2001; Moorman et al., 2003; De
Pascale et al. 2008). Recently, Kneisel et al. (2008) was able to image an upper and lower thermal
interface delineating the lateral distribution of a seasonally unfrozen soil layer within a frozen soil
environment of a water deltaic area. Wollschldeger et al. (2008) successfully applied multi-
channel ground-penetrating radar to simultaneously map the depth to permafrost table and average
moisture content in the active layer at a continuous permafrost site. These recent studies
demonstrate the ability of GPR for distinguishing between frozen and unfrozen soil zones.

While there has been substantial work concerning the application of GPR for monitoring arctic
and subarctic permafrost and seasonal frost environments, there has been very limited examination
of the capacity of GPR to characterize very shallow (e.g., <1.0 m) mid-latitude freeze-thaw
processes. Recently, Steelman and Endres (2009) demonstrated that the evolution of high-
frequency GPR direct ground waves could be used to monitor the seasonal development of a very
thin shallow frozen soil layer. In this paper, we present high-frequency GPR field data that
monitors the seasonal (i.e., long-term) development and dissipation of a shallow soil frost zone
overlying unfrozen wet substratum during a single winter season. Information about the state of
frozen and unfrozen materials is derived from the use of common-midpoint (CMP) soundings
while the imaging of spatial variations is achieved using fixed-offset reflection profiling. We also
show that short duration mid-winter thawing events that commonly occur in mid-latitude
conditions can be monitored using high-frequency GPR. These events result in the formation of
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relatively thin thaw layers overlying frozen substrata, resulting in the occurrence of dispersive
waveguides. Analysis of the observed dispersive wavefields in the GPR data yield information
about these systems. These examples clearly demonstrate the suitability of high-frequency GPR
for characterizing and monitoring the spatial and temporal development of very shallow freeze-
thaw processes common to mid-latitude climates.

GPR BACKGROUND

GPR uses a transmitting antenna positioned along the surface (i.e., the air-ground interface) that
radiates short pulses of electromagnetic (EM) waves commonly in the frequency band between 10
MHz and 1 GHz. These propagating EM waves respond to changes in material electrical
properties and are recorded by a receiving antenna also located on the surface. GPR can be
operated using bistatic antennas which allow the user to perform both fixed-offset reflection
profiling and multi-offset CMP soundings. The conventional reflection profiling technique allows
the user to collect a cross-sectional image of subsurface interfaces that delineate spatial changes in
electrical properties. CMP surveys systematically separate a transmitting and receiving antenna
about a central fixed point, which results in a separation of coherent events in the wavefield (e.g.,
direct air wave, direct ground wave and hyperbolic reflections). The direct ground wave
propagates along the air-ground interface and is effectively sensitive to near-surface conditions
(e.g., approximately one-half dominant wavelength in ground) while reflection events are affected
by conditions along raypaths down to a given reflecting interface.

The propagation velocity (v) of EM waves within GPR bandwidth primarily depends on the
relative dielectric permittivity (x ) of the material (i.e., the measured dielectric permittivity
relative to the free space permittivity). This relationship is defined by the equation:

y=— (1)

where ¢ is the electromagnetic velocity in free space (0.2998 m/ns). Many successful applications
of GPR rely on the large electrical contrast between liquid water and the remaining subsurface
components. Within the GPR bandwidth, the dielectric permittivity for most geophysical
applications ranges between 1 (air) and 80 (liquid water). Table 1 provides a summary of
dielectric permittivities and EM wave velocities for some typical materials. The large dielectric
value of liquid water (80) relative to ice (3.2) provides a basis for monitoring freeze-thaw
processes using EM wave velocity measurements. Further, an estimate of liquid water content can
be obtained using an appropriate petrophysical relationship during these processes (e.g., Patterson
and Smith, 1981; Stein and Kane, 1983; Nyberg et al., 2001).

Table 1. Typical values of relative dielectric permittivity and EM wave velocity for common geological
material within GPR bandwidth. Source: ® Reynolds (1997), ® Moorman et al. (2003).

Material Dielectric Permittivity « Typical Velocity (m/ns)
Air 1 0.2998

Ice? 3.2 0.167
Permafrost® 1-8 0.106 - 0.3

Dry Sand? 3-6 0.12-0.17

Wet Sand® 25-30 0.055 - 0.060
Frozen Sediment” 6 0.12
Unfrozen Sediment” 25 0.060

Water 80 0.033
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The resolution of GPR techniques is determined by the wavelength of the emitted signal which
is the product of the wave velocity and the dominant period of the electromagnetic pulse. Due to
their short temporal period, higher frequency signals provide better resolution than lower
frequency pulses. However, higher frequencies attenuate more rapidly and thus have a shallower
depth of investigation. Hence, there is an inherent trade-off in the use of GPR between depth of
investigation and signal resolution. Given the very shallow depth (<1.0 m) of the freeze-thaw
processes being monitored and the relatively low attenuation in frozen soils, high-frequency GPR
are an ideal method for high-resolution imaging of these phenomena.

Normal-moveout (NMO) velocity analyses applied to CMP soundings provide information
about the subsurface EM wave velocity profile. The hyperbolic form of the offset distance-
traveltime relationship for reflection events is the basis for methods used to determine the NMO
velocity for a specific reflection event. Commonly used velocity analyses employ a semblance
statistic which is a measure of signal coherency along the hyperbolic trajectory of a reflection
event. The semblance statistic is expressed as the normalized output-to-input energy ratio on a
velocity versus time plot, where semblance peaks correspond to NMO velocities and two-way
zero-offset times for the reflection events (Yilmaz, 2001).

The NMO velocity for a given reflection is an average velocity value for the overlying material
through which this event propagates. An interval velocity for the material located between two
reflecting events can be obtained from the NMO velocity information using Dix (1955) equation:
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where v, and v, are the NMO velocities of the lower and upper reflecting boundaries, while #,
and ¢, are the corresponding two-way zero-offset traveltimes. Corresponding interval thickness
between persistent reflection events (e.g., stratigraphic interfaces) or thermal interfaces is obtained
from the measured traveltimes and interval velocity.

The amplitude of an EM wave will vary when it encounters an interface between materials with
differing electrical properties. This change is due to the fact that when a wave impinges an
interface some of the energy is reflected while the remaining energy is transmitted. The relative
amplitude of a reflected wave is defined by the reflection coefficient (R) which primarily depends
on the contrast in electrical properties. The reflection coefficient for a downward traveling normal
incident signal is defined by:

P ®)

where x, s the dielectric permittivity of the upper (i.e., incident) layer while & is the dielectric
permittivity of the lower (i.e., refracting) layer. Reflection coefficients range between 1 and -1,
where the negative sign convention denotes a reversal in the polarity of the reflected signal. The
magnitude of R is directly related to the permittivity contrast at the interface; hence, large
amplitude reflections indicate boundaries with a strong permittivity contrast.

SITE DESCRIPTION

The GPR field studies were conducted at two field sites located in southern Ontario, Canada
(Figure 1). The Woodstock site (519845E, 4770361N) is characterized by silt loam soil (17%
sand, 79% silt, 4% clay), while the Waterloo site (528878E, 4814702N) is characterized by sandy
soil (97% sand, 3% silt). The mean annual air temperature and precipitation (1971-2000) in the
region surrounding the Woodstock site is 7.5 °C and 954 mm); the atmospheric conditions over the
same period for the region surrounding the Waterloo site is 6.7°C and 908 mm, respectively
(Environment Canada, 2008). In general, seasonal conditions in southern Ontario are
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characterized by frozen soil conditions during the months of December—-March and unfrozen
conditions for the remainder of the year.
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Figure 1. Study site locations in southern Ontario, Canada (revised from Natural Resources Canada, 2003).

The Woodstock site is situated in a localized valley portion of an active agricultural field
characterized as a glacialfluvial outwash channel (Cowan, 1975). Core logs in the vicinity show
that the monitoring location is characterized by approximately 0.5-0.7 m of silt loam grading
downward into a silty gravel with sand. The water table is located 2-3 m below ground surface.
The Waterloo site is situated on a relative topographic high within an active agricultural field
located on top of the Waterloo moraine which is characterized as an irregular tract of gently
rolling to hummocky terrain with some exposures of ice-contact stratified sand and gravel deposits
(Bajc et al., 2004). The regional water table at the Waterloo site is located approximately 15-20 m
below ground surface.

DATA COLLECTION

Continuous daily measurements of precipitation and atmospheric temperature for the
Woodstock and Waterloo sites were collected at near-by weather stations during the 2007 and
2008 winter seasons, respectively. Conditions at the Woodstock site were monitored using an on-
site meteorological station located approximately 0.5 km from the field site. Conditions at the
Waterloo site were monitored from the University of Waterloo weather station located
approximately 7 km east of the field site.

GPR data sets were collected at the Woodstock and Waterloo sites during the development of
the seasonal soil frost zone and subsequent seasonal thaw (e.g., January—March). The relatively
thin snow pack at each site (e.g., <0.3 m) was removed prior to conducting the GPR surveys.
CMP soundings and reflection profiling were concurrently conducted along a fixed survey line
using a Sensors and Software PulseEKKO™ 1000 GPR system (Sensors and Software Inc.,
Mississauga, ON, Canada) equipped with 900 MHz bistatic antennas. The GPR data was
collected using a time window of 100 ns, sampling interval of 0.1 ns and 64 stacks per trace.

CMP soundings and reflection profiling at the Woodstock site were conducted on eight different
dates between 13 January 2007 and 13 April 2007. CMP data was acquired over the range of
antenna offsets from 0.2 m to 2.0 m using a 0.02 m step interval; corresponding reflection profiles
were collected along a 2.0 m line using a spatial step size of 0.02 m. CMP soundings and
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reflection profiling at the Waterloo site were conducted between 11 November 2007 and 26 April
2008; however, the GPR data pertaining to this study are focused on a single mid-winter thawing
event occurring between 24 January and 8 February 2008). For this site, CMP data were acquired
over the range of antenna offsets from 0.2 m to 4.0 m using a 0.02 m step interval; corresponding
reflection profiles were collected along an 8.0 m line using a spatial step size of 0.02 m. For both
data sets, the midpoint location of the CMP surveys coincides with the center of the corresponding
reflection profile.

The following processing sequence was applied to the GPR data sets: 1) Dewow filter to remove
low-frequency signal saturation, 2) time zero correction, 3) bandpass temporal filtering with 100,
200, 1100, 1400 MHz (i.e., low cut frequency, lower plateau, upper plateau and high cut
frequency), 4) spreading and exponential compensation (SEC) gains to compensate for
geometrical spreading and attenuation losses and 5) time-to-depth conversion for reflection
profiles. It should be noted that identical gains were applied to a sequence of GPR measurements
collected at particular location (e.g., the same gain function was applied to the CMP soundings
collected at the Woodstock site), thereby permitting a comparison of relative reflection
amplitudes.

FIELD OBSERVATIONS

High-frequency GPR data acquired during this study clearly demonstrates the ability of this
non-invasive technique to monitor and characterize differing aspects of the freeze-thaw process.
Conditions during the 2007 winter seasonal period at the Woodstock site are well described in
terms of a single, long-term freeze and thaw cycle; daily average temperatures were persistently
sub-zero between 9 January 2007 and 21 March 2007. Temporal GPR data collected at the
Woodstock site during this period show the development of a relatively thick, seasonal frost layer
and the occurrence of the subsequent infiltration event during the seasonal thaw.

In contrast, a number of short-term (i.e., 1-5 day) mid-season thawing events occurred during
the 2008 winter seasonal period at the Waterloo site. The formation of a relatively thin, thawed
layer (e.g., near or less than the dominant wavelength of GPR) over a frozen substratum gave rise
to a unique wave propagation phenomenon called a dispersive waveguide. Analysis of these
dispersive waveguides yield estimates of the properties of the unfrozen and frozen layers.

Seasonal Velocity Variations

CMP data collected at the Woodstock site during the 2007 winter seasonal period are shown in
Figure 2. The CMP soundings (upper series of panels) were analyzed using the semblance
statistic (middle series of panels) which was then used to construct a velocity-depth profile (lower
series of panels) for each of the soundings. These vertical velocity profiles were derived from
three coherent reflection events; the NMO velocity picks corresponding to these reflection events
are shown on the semblance plots.

The initial CMP sounding (Figure 2a) was conducted on 13 January 2007 during unfrozen wet
soil conditions. Daily average atmospheric temperatures were consistently below zero after 9
January 2007; however, the seasonal snowpack was not yet developed at this time. The GPR data
displays a strong, well-developed low velocity direct ground wave (DGW) with an increasing
velocity with depth. During this period, the upper soil interval was characterized by a relative low
velocity of 0.062 m/ns.

The CMP sounding collected on 22 January 2007 (Figure 2b) was conducted after the formation
of a relatively thin (e.g., <0.05 m) snowpack. The occurrence of an attenuated DGW is indicative
of the formation of a thin frozen soil layer (i.e., thin relative to dominant GPR wavelength) over an
unfrozen substratum (Steelman and Endres, 2009). This inference is supported by a velocity
increase to 0.079 m/ns in the uppermost soil interval which is consistent with the presence of high
velocity frozen soil within this layer.
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Figure 2. CMP soundings (upper panels), semblance plots (middle panels) and interval velocity models
(lower panels) obtained at the Woodstock study site during the development of a surficial frozen soil layer
and subsequent seasonal thaw. The three NMO velocity picks identified on the semblance plots were used to
calculate the interval velocity models. Surveys were conducted on (a) 13 January 2007, (b) 22 January 2007,
(c) 31 January 2007, (d) 20 February 2007, (e) 5 March 2007, (f) 21 March 2007, (g) 28 March 2007 and (h)
13 April 2007.
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The CMP sounding acquired on 31 January 2007 (Figure 2c) shows the effects of the continued
freezing process with the emergence of a pronounced high velocity DGW and a further velocity
increase in the upper soil interval to 0.11 m/ns. This CMP sounding also contains a strong
reflection event at approximately 4 ns (an approximate depth of 0.22 m); its polarity is consistent
with a velocity decrease with depth (e.g., a high velocity frozen layer over a lower velocity
unfrozen substratum). Given its polarity and the associated high velocity in the near-surface, this
event is interpreted to be the base of the soil frost zone (BFZ).

The following CMP soundings collected on 20 February 2007 (Figure 2d) and 5 March 2007
(Figure 2e) both continue to show well-developed high velocity DGW and high velocity
conditions in the upper soil interval (e.g., 0.11 m/ns). The strong BFZ reflection event in the CMP
sounding data has shifted to a later traveltime (~7 ns), indicating a downward migration of the
BFZ to a depth of 0.40-0.43 m. It should also be noted that the snowpack was at its maximum
height (e.g., 0.3-0.5 m) during this period.

The CMP sounding done on 21 March 2007 (Figure 2f) was conducted at the end of the
seasonally sub-zero period. The snowpack was completely melted as a result of sufficiently high
daily temperatures prior to this survey date. In addition, an intense short-term overland flow event
that covered our site with about 0.5 m of meltwater was observed on 13 March 2007. The velocity
analysis found only a slight decrease in velocity for the upper soil intervals (to 0.10 m/ns), and the
BFZ event was readily observed at a depth of 0.42 m. These results show the continued presence
of the frozen soil layer after the major snowpack melt. The final two CMP soundings collected on
28 March 2007 (Figure 2g) and 13 April 2007 (Figure 2h) show a return to low velocity conditions
across the entire depth interval (e.g., 0.064-0.082 m/ns) indicative of wet unfrozen soil conditions
(e.9., increasing velocity with depth).

Spatial Imaging of Freeze-Thaw Process

While CMP soundings can be used to obtain substratum physical properties, they do not provide
information about the spatial development of freeze-thaw interfaces. The GPR reflection profiles
corresponding to the CMP soundings discussed above are presented in Figure 3. It should be
noted that the vertical axis for these profiles has been converted into a depth estimate for the
reflecting boundaries using the corresponding interval velocity information provided in Figure 2.

Figure 3a shows the reflection profile obtained during the unfrozen soil conditions on 13
January 2007. Its notable feature is the strong first arrivals which are a composite event consisting
of the direct air and DGW. By the time of the profiling on 22 January 2007 (Figure 3b), the
freezing process has commenced; however, it appears that the soil frost front is too shallow to
generate a reflection event that has sufficient two-way traveltime to appear as a distinct event
below the composite first arrival event. In this case, the interference between these overlapping
events obscures the frost front reflection.

Profiling on 31 January 2007 (Figure 3c) starts to image a distinct frost line reflection across the
survey line at a depth of approximately 0.20 m. This event correlates with the BFZ reflection
noted at 4 ns on the corresponding CMP data (Figure 2c). After a substantial period of freezing
conditions, the reflection profiling on 20 February 2007 (Figure 3d) shows that the BFZ event has
descended to depths varying between 0.28-0.40 m across the profile line. By 5 March 2007
(Figure 3e), the BFZ event continued downward to 0.38-0.43 m depth across the profile line.
During this later period, the profile also displays a significant increase in the reflection amplitude
of the BFZ event.

Profiling done on 21 March 2007 (Figure 3f) continued to image the BFZ event at depths
between 0.28-0.42 m, supporting the CMP sounding results that indicated the continued presence
of a frozen surface layer. However, the relative amplitude of the reflection event appears to be
slightly diminished compared to the previous measurement period.
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Figure 3. Reflection profiles collected at the Woodstock site. Profiles were concurrently collected with the
CMP soundings on (a) 13 January 2007, (b) 22 January 2007, (c) 31 January 2007, (d) 20 February 2007, (e)
5 March 2007, (f) 21 March 2007, (g) 28 March 2007 and (h) 13 April 2007. Vertical time axis was
transformed to depth using the velocity information obtained from CMP velocity analysis.

The reflection profile acquired one week later on 28 March 2007 (Figure 3g) shows drastic
changes in reflection character. In particular, the strong reflection that is present has an opposite
polarity compared to the reflection from the BFZ. This polarity change indicates a reversal in the
sense of the electrical properties contrast for this reflection event. The character of this reflecting
interface suggests that it represents an infiltration front associated with release of liquid water due
to the thawing of the near-surface frozen zone. The final reflection profile conducted on 13 April
2007 (Figure 3h) shows a return to thawed conditions similar to those encountered at the start of
this sequence on 13 January 2007 (i.e., Figure 3a).
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Near-Surface Waveguide

GPR field investigations at the Waterloo site during the 2008 winter seasonal period was
characterized by multiple mid-season freeze-thaw cycles, which resulted in the formation of
transient thin surface thaw zones underlain by frozen and/or partially frozen sediment. During
these periods, wave dispersion was readily observed in the GPR data. Wave dispersion will occur
when wave energy is repeatedly reflected within a waveguide, which results in a series of
multiples that manifest into a package of dispersed waves (van der Kruk et al., 2006). Arcone
(1984) showed that GPR wave dispersion could develop for a thin layer bounded by two confining
layers with contrasting dielectric permittivities (e.g., ice bounded by air and water), and would
essentially propagate as lossless dispersive waves for layer thickness near or less than the in-situ
wavelength at velocities that may not correspond to the layer’s dielectric properties (Arcone et al.,
2003).

The thickness of the thin thawed layers is below the resolving power of the conventional
reflection profiling and CMP velocity analyses discussed above. However, the effects of these
dispersive shallow waveguides can be observed in both profiling and CMP data. Further, analysis
of these dispersed modes can yield layer thickness and layer dielectric properties (e.g., van der
Kruk et al., 2007). Results of van der Kruk et al. (2009) readily demonstrate the dispersion
inversion technique for estimating thin frozen and thawed soil properties using high-frequency
900 MHz CMP data sets.

Figure 4a shows a CMP sounding collected on 24 January 2008 at the Waterloo site after a
period of prolonged freezing conditions. The sounding is characterized by a well-developed DGW
across the entire range of offsets as well as a high amplitude hyperbolic reflection event at
approximately 7 ns. This reflection event is interpreted to represent the BFZ, which yielded a
NMO velocity and depth to interface of 0.15 m/ns and 0.72 m, respectively. Relatively persistent
sub-zero atmospheric conditions were observed until 5 February 2008, at which time temperatures
increased causing a short-duration thawing period. These conditions were subsequently followed
by a return to sub-zero atmospheric conditions and further snowfall accumulation on 6 and 7
February 2008. The CMP sounding collected on 8 February 2008 (Figure 4b) was completely
different than the sounding collected on 24 January 2008, and was characterized by highly
dispersive wave propagation across the entire offset range; this type of wave phenomenon was
commonly observed for periods of 1-5 days following the initiation of surface thawing conditions
during the course of the 2008 winter season.

Offset (m)
0.2 1.0 2.0 3.0 4.0
S P

Traveltime (ns)
Traveltime (ns)

Figure 4. CMP soundings collected at the Waterloo site on (a) 24 January 2008 during frozen soil conditions
and on (b) 8 February 2008 following a mid-seasonal thawing event.

Here, we employ the inversion procedure introduced by van der Kruk et al. (2009) for thin thaw
layers overlying frozen substratum; details of this procedure are thoroughly discussed in van der
Kruk et al. (2006). The inversion analysis applied to the CMP data collected on 8 February 2008
involved calculating the phase-velocity spectra, followed by the determination of the dispersion
curve corresponding to the fundamental dispersion mode. This dispersion curve was then inverted
for a single layer model to obtain the EM wave velocity of the thawed layer waveguide, the
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thickness of the thaw layer and the EM wave velocity of the underlying frozen substratum. The
inversion results shown in Figure 5 yielded a thawed layer dielectric permittivity and thickness of
10.3 (i.e., v = 0.09 m/ns) and 0.06 m, respectively, and a frozen layer dielectric permittivity of 4.3
(i.e., v=0.14 m/ns).

Frequency (MHz)

100 200 300 400 500 600 700 800 900 1000
0.18 - =

Picked Dispersion Curve 1

0.7 Inversion Result

0.16
0.15
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Figure 5. Phase velocity spectra of the CMP data collected on 8 February 2008 at the Waterloo site (Figure
4b). The solid line represents the picked dispersion curve while the dotted line is the dispersion curve
calculated for the model parameters obtained from the inversion.

The thawing process also produced small-scale heterogeneities that resulted in near-surface
scattering which were observed on the reflection profiles in the form of steeply inclined
diffractions. Because these scattered waves travel in the shallow thawed waveguide, they also
exhibit a dispersive character. Previous field studies by Moorman et al. (2003) noted similar
steeply dipping diffraction events on GPR profiles collected across relatively thin shallow thaw
zones (e.g., less than the resolving capability of the GPR) overlying frozen sediment. Moorman et
al. attributed these near-surface diffractions to shallow point source reflectors which they used to
delineate small ice lenses; however, they did not note that these events were dispersive in
character.

Figure 6 shows the two reflection profiles corresponding to the CMP surveys collected at the
Waterloo site. The profile collected on 24 January 2008 (Figure 6a) represents a typical image
acquired when a well-developed frozen surface is present. The laterally continuous, high
amplitude reflection from the BFZ is located at approximately 6-8 ns on the traveltime profile.
This event correlates with the reflection identified in Figure 4a. At this time, no near-surface
scattering is present on the profile. However, the profile collected on 8 February 2008 (Figure 6b)
is characterized by numerous near-surface diffractions which are dispersive in character. The
presence of these dispersive diffractions is consistent with those observed in the corresponding
CMP data (Figure 4b). While the BFZ event appears to be laterally continuous, the reflector is
less pronounced and occurs at a slightly later traveltime (e.g., 9-10 ns) that is consistent with the
presence of overlying lower velocity thawed material. Analysis of these diffraction events may
yield valuable information of near-surface physical properties analogous to that obtained from the
CMP soundings. However, the inversion of dispersive waveguide events obtained from reflection
profiling is a topic of future research.
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Figure 6. Reflection profiles collected at the Waterloo site on (a) 24 January 2008 during surficially frozen
soil conditions and on (b) 8 February 2008 following a mid-seasonal thawing period.

SUMMARY

While numerous studies have shown GPR to be an effective tool for the characterization of a
wide range of glacial and permafrost environments, there have been very limited studies in highly
variable mid-latitude environments characterized by very shallow freeze-thaw processes. To
demonstrate the capability of GPR for monitoring and characterizing freeze-thaw processes, field
data is presented for a single long-term (e.g., 3 month) seasonal freeze and thaw cycle in 2007 and
a short-term (e.g., 1-5 day) mid-season thawing event in 2008.

Time-lapse GPR surveys collected at the Woodstock site successfully characterized seasonal
variations due to shallow freeze and thaw processes. For example, CMP soundings were used to
characterize the temporal development of the seasonal frost zone in the upper 0.5 m of soil, where
both the frozen layer properties and depth to frost base were characterized. The corresponding
reflection profiles successfully imaged the spatial position of the base of the frost zone, as well as
the base of the subsequent seasonal infiltration front at the end of the winter season.

The GPR surveys at the Waterloo site were used to characterize freeze and thaw processes in the
very shallow soil surface (e.g., less than the dominant wavelength of GPR). During a short-
duration thawing event, highly dispersive wave propagation was observed in both the CMP and
reflection profile data. An inversion procedure was used to obtain the physical properties of the
unfrozen waveguide layer and underlying frozen substratum. While the inversion procedure was
successfully demonstrated for the CMP data set, the application of this inversion procedure for
dispersive events observed in reflection profiles will be the topic of future work.

In this paper, we have clearly shown the potential capabilities of high-frequency GPR for the
temporal and spatial characterization of very shallow freeze and thaw processes. It can be seen
that these field techniques can supply valuable information that would improve our understanding
of their impact on hydrological processes.
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