Near Surface Geophysics, 2009, 247-257
Multi-offset GPR methods for hyporheic zone investigations
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ABSTRACT

Porosity of stream sediments has a direct effect on hyporheic exchange patterns and rates. Improved
estimates of porosity heterogeneity will yield enhanced simulation of hyporheic exchange proc-
esses. Ground-penetrating radar (GPR) velocity measurements are strongly controlled by water
content thus accurate measures of GPR velocity in saturated sediments provides estimates of poros-
ity beneath stream channels using petrophysical relationships. Imaging the substream system using
surface based reflection measurements is particularly challenging due to large velocity gradients
that occur at the transition from open water to saturated sediments. The continuous multi-offset
method improves the quality of subsurface images through stacking and provides measurements of
vertical and lateral velocity distributions. We applied the continuous multi-offset method to stream
sites on the North Slope, Alaska and the Sawtooth Mountains near Boise, Idaho, USA. From the
continuous multi-offset data, we measure velocity using reflection tomography then estimate water
content and porosity using the Topp equation. These values provide detailed measurements for
improved stream channel hydraulic and thermal modelling.

INTRODUCTION

The movement of stream water flowing into the near sub-surface
and back out to the stream channel is known as hyporheic
exchange flow (Fig. 1). The spatial extent of this exchange defines
the hyporheic zone. Hyporheic exchange processes have a signifi-
cant effect on biogeochemical cycling within stream ecosystems
(Jones et al. 1995; Mulholland et al. 1997; Gooseff et al. 2002).
These processes have been studied in temperate stream systems
(Harvey and Bencala 1993; Vervier et al. 1993; Hill et al. 1998;
Wroblicky et al. 1998; Wondzell and Swanson 1999; Kasahara
and Wondzell 2003; Arntzen et al. 2006) and, to a lesser extent, in
arctic stream environments (Edwardson er al. 2003; Zarnetske et
al. 2007; Zarnetske et al. 2008; Greenwald et al. 2008).

Rates of hyporheic exchange flow in a stream reach are gov-
erned by spatial distributions of hydraulic head and hydraulic
conductivity, which are typically measured at point, rather than
reach, scales. The spatial distribution of hydraulic conductivity
can be particularly important to understand given the high het-
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erogeneity of sediments in gravel-bed rivers (Cardenas and
Willson 2004). However, obtaining distributed measurements of
hydraulic conductivity by conventional piezometer methods in a
streambed is impractical and invasive. Non-invasive, surface-

Arctic Stream Cross Section

Permafrost

FIGURE 1

The extent of the hyporheic zone is defined as the area where channel
water and subsurface water mix. In arctic streams the hyporheic zone
exists within the seasonal thaw layer defined as the thaw bulb beneath the
streams (Greenwald et al. 2008).
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based methods to obtain distributed measurements of hydraulic
conductivity would add value to studies of hyporheic exchange.

For the ground-penetrating radar (GPR) frequency band of
10-1000 Mhz, the frequency dependence of the conductivity and
dielectric permittivity are small for many earth materials and are
often assumed to be constant. With this assumption, electromag-
netic (EM) wave velocity, v, is related to dielectric permittivity,
K, by v :L, where ¢ is the speed of light in a vacuum and
K = ¢elg)(g, is the dielectric permittivity of a vacuum
8.85x 10"2F/m and & is the dielectric permittivity of the mate-
rial). The magnetic permeability, £, is assumed to be equal to L,
the free space permeability (47 x 107 H/m).

Given the previous assumptions, the dielectric permittivity
dominates EM velocity variations where water is a highly polar-
izable naturally occurring material (with a permittivity of K=81
in contrast to typical soil grain material permittivity values of
4-6). Because water is always present, in the pore space of
hyporheic sediments, it has a dominant effect on electrical prop-
erties. The relationship between permittivity and water content
has been used in a number of previous studies to transform
velocity to moisture content (Topp et al. 1980; Greaves et al.
1996; Huisman et al. 2003; Lunt ez al. 2005; Hanafy and Hagrey
2006; Bradford 2008). In fully saturated soils, water content is
equivalent to porosity.

Because the sediments are fully saturated in the hyporheic
zone, GPR velocity measurements are strongly tied to hyporheic
zone porosity. In temperate and arctic stream environments
unfrozen water content, which is related to porosity, is an impor-
tant parameter that directly affects the depth and rate of freezing
and thawing (Hinzman et al. 1991; Romanovsky and Osterkamp
2000). The link between GPR measurements and hydraulic con-
ductivity is more tenuous and is an area of active research. We do
not attempt to derive hydraulic conductivity from GPR measure-
ments in this study, however, it is important to recognize that
previous studies have established empirical relationships where
hydraulic conductivity is derived from dynamic viscosity, effec-
tive grain size and porosity for sand and gravel systems (Carman
1937; Bear 1972; Fitts 2002). These relationships break down
when clay is introduced to the system. Soils within the study
sites presented in this study are composed of low-loss materials
where GPR propagates effectively, implying the presence of little
to no clay.

Topp et al. (1980) presented an empirical relationship of
water content as a function of dielectric permittivity based on
four soil types (sandy loam to clay dominated). To test the valid-
ity of their relationship they expanded the study to include an
organic soil, ground vermiculite mineral and two sizes of glass
beads. Through the petrophysical relationship presented by Topp
et al. (1980) GPR can provide laterally and vertically continuous
porosity measurements beneath stream channels. These porosity
measurements in turn provide constraints on hyporheic zone
hydraulic conductivity and perhaps more effectively provide a
measure of lateral variability in the hydraulic conductivity. These

constraints have the potential to significantly improve the under-

standing of hyporheic flow and thermal dynamics.

Conventional GPR surveys are acquired with a constant
transmitter-receiver offset. EM velocities for the GPR images are
estimated by one of three methods:

1. Radar reflectors are directly correlated with significant
boundaries identified in the borehole data. Drawbacks include
misinterpretation, lack of lateral resolution and the expense of
deploying a destructive method.

2. Moveout of scattering diffractions within the data image can
be used to estimate velocities. However, diffractions are not
always present and when they are their distribution deter-
mines the limits of the lateral and vertical velocity estimates.

3. Lastly, sparsely located common-midpoint (CMP) soundings
are gathered (perhaps at one or two points) along the survey
line and then normal moveout (NMO) analysis is used to
estimate root-mean square (rms) velocity distribution.

Next, Dix inversion computes interval velocities from the rms

velocities (Dix 1955). Drawbacks to the latter method include

limited lateral velocity variations and errors associated with NMO
assumptions, which include small offset-to-depth ratios, small
vertical and horizontal velocity gradients and planar flat-lying

reflections (Al-Chalabi 1973; Al-Chalabi 1974; Yilmaz 2001).
Several studies show significantly improved images when an

entire GPR survey is acquired with CMP geometry (Fisher et al.
1992; Liberty and Pelton 1994; Greaves et al. 1996; Pipan et al.
1999; Deeds and Bradford 2002; Bradford 2003, 2004, 2006;
Pipan et al. 2003; Bradford and Deeds 2006). With CMP acquisi-
tion, multi-trace reflection seismic processing methods can be
applied for accurate depth imaging from laterally and vertically
continuous GPR velocity measurements. An additional advan-
tage of CMP data includes improved suppression of coherent and
random noise.

In this paper we present a method to obtain spatially distrib-
uted porosity estimates in the substream environment. We use
the continuous multi-offset method to image the hyporheic
zone and subsurface porosity in four arctic streams north of the
Brooks Range, Alaska and a temperate stream site within the
Sawtooth Mountains near Boise, Idaho, USA. Our primary
objective was to accurately image GPR velocity structure, then
use these measurements to estimate porosity distribution using
the petrophysical relationship defined by the Topp equation
(Topp et al. 1980). This information will provide input to future
hyporheic flow and heat flow models to better understand
hyporheic zone processes.

METHODS

Employing continuous multi-offset methods over stream chan-
nels is more challenging than land based surveys. One difference
is determining a feasible method to successfully bridge across
actively flowing steam channels while maximizing coupling
between the antennas and the Earth’s surface. Additionally,
results can be largely affected by rapid elevation changes from
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stream banks to the active channel that can be accounted for with
an accurate elevation survey of the profile line. Perhaps the great-
est challenge however, is imaging the large velocity contrast
present at the transition from free flowing water, in the stream
channel, to water saturated sediments where the velocity may
increase by a factor of three or more. This change can occur
laterally across nearly vertical boundaries thus severely violating
the assumptions of NMO analysis and necessitating more accu-
rate velocity estimation and prestack depth imaging techniques.
At all sites, continuous multi-offset data were gathered by
extending a 25-30 cm wide board across the stream, just above
the stream water flow level. This board then served as a bridge
along which we acquired GPR measurements. Traces were gath-
ered in common source gathers by incrementally stepping the
receiver across the stream at a set distance interval while the
transmitter remained stationary. Once completed, the transmitter
was moved a set distance along the profile line and the process
repeated until the transmitter reached the end of the profile.
Premigration processing steps for all data sets include time
zero correction, band-pass filtering, amplitude correction and/
or automatic gain control that varied by site. For the arctic sites
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an additional three-CDP mix is included to improve the stack-
ing display. Initially, NMO velocity analysis with constant
stacking velocities was applied to each data set and produced
significant improvements in S/N ratio when compared to the
conventional common-offset image. NMO assumptions are
violated in the stream environment where the velocity increases
from ~0.032 m/ns in the stream water to 0.05-0.08 m/ns in the
surrounding saturated sediments (Brosten et al. 2000).
Additionally, the reflector geometries in the substream environ-
ment often proved to be complex, with steeply dipping and
truncated reflectors. We applied prestack depth migration
(PSDM) and reflection tomography to improve velocity esti-
mates and image accuracy.

The PSDM process requires a starting velocity model as ini-
tial input then the velocity model is refined iteratively until a
good migration result is obtained. Our method for deriving the
starting model varied by site (see site specific descriptions
below). The output of PSDM is a set of common-image point
(CIP) gathers that display reflector horizons as a function of
offset and depth. When the correct velocity is used the reflection
depth is independent of offset, whereas incorrect velocity leads

FIGURE 2

Locations and photos of four arc-
tic stream study sites (81, 80, PI,
and GC) within the Kuparuk
River watershed, Alaska.
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to reflectors displaying apparent offset dependence. This offset
dependent depth is defined as residual moveout.

To derive the final velocity model we utilized Stork’s (1992)
method of reflection tomography, which consists of tomographic
inversion to minimize residual moveout in the post-migration
domain. A typical processing sequence goes as follows: PSDM
is applied with the starting velocity model, residual moveout is
computed for a selected reflector, tomography updates the veloc-
ity model and PSDM is applied with the new velocity model.
This process continues iteratively until the residual moveout is
minimized for all coherent reflectors. For a detailed review of
PSDM with reflection tomography as applied to GPR imaging,
see Bradford (2006, 2008).

FIELD EXAMPLES

Arctic sites

Gathering GPR reflection data to study frozen ground in the
arctic regions has been well documented by an extensive number
of published investigations (Annan and Davis 1976; Arcone and
Delaney 1982; Delaney et al. 1990; Arcone et al. 1998b; Hinkel
et al. 2001; Moorman et al. 2003). Fewer published studies exist
that focus on identifying thaw features and the active layer thaw
beneath arctic streams and rivers (Arcone ef al. 1992, 1998a;
Bradford et al. 2005; Brosten et al. 2006). Many of the above
mentioned studies successfully used wide-angle reflection and
refraction in conjunction with conventional constant transmitter-
receiver offset surveys to exploit the low permittivity of perma-
frost underlying a seasonal thaw to determine permittivity and
velocities of the two layers. But these were only for single or
sparsely located locations, which does not allow for PSDM or
laterally continuous velocity measurements.

The arctic stream sites we studied are located within the
Kuparuk River watershed, north of the Brooks Range, Alaska,
where the drainage area is underlain by continuous permafrost
with thicknesses ranging from 250 m near the foothills to over
600 m near the coast (Osterkamp and Payne 1981). Based on
results from the 2004 fieldwork campaign (Brosten et al. 2006)
four sites were selected and revisited for continuous multi-offset
data collection in early August 2005 (Fig. 2). The stream sites
encompassed two general geomorphologic conditions found in
rivers and streams on Alaska’s North Slope:

1. Low-energy water flow, organic material lining, beaded mor-
phology, 0.90% gradient, and
2. High-energy water flow, riffle-pool-riffle morphology, cobble
to gravel material lining, 0.97-1.18% gradient.
All of our arctic sites have the potential to contain some frac-
tion of peat or sand and cobble sediments. Therefore, we use
Topp’s general equation and estimate an uncertainty of +5% in
porosity values based on Topp’s relationships for equivalent
sand and organic soil types. We expect that values for sand
dominated sites may be overestimated by 5% and values
within the peat dominated sites may be underestimated by 5%.
Past studies (e.g., Ponizovsky et al. 1999) comparing estimates
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FIGURE 3
Location and photo of temperate stream site (BT) above the inlet of Bull
Trout Lake, Idaho.

from Topp’s equation to laboratory measurements reported a
good fit for sand material. We acknowledge the uncertainty in
our porosity measurements, specifically within the peat domi-
nated sites but maintain that GPR can provide laterally and
vertically continuous porosity approximations, within 5%
accuracy, beneath stream channels.
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Peat inlet stream site (PI), Alaska

The peat inlet (PI) is the first of two low-energy peat lined stream
sites. The profile along the PI stream was collected across one of
the deeply incised connecting channels located ~0.5 km north of
Toolik Field Station. We started trace gathers at the PI site 2 m in
from the stream channel on the stream bank right side, continued

TABLE 1

Acquisition parameters for the arctic stream sites, North Slope, Alaska

Survey type Transverse electric, 2D

GPR system Sensors and software, Pulse EKKO
100-A, 200-MHz unshielded antennas,
1000 V transmitter

Min/max offset 0.6 m/12 m

No receivers/source  up to 58

Source interval 0.4 m

Receiver interval 0.2 m

Sampling interval 0.4 ns

Recording time 300 ns

No stacks/source 8

(a) Reflection tomogram (m/ns)
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across the stream and ended 3 m in from the stream channel on
the stream bank left side. Data were acquired with 200 MHz
antennas in common-source point gathers with 0.2 m receiver
and 0.4 m source intervals, 0.6 m near offset. Additional acquisi-
tion details are given in Table 1 and apply to all the arctic sites.
The deeply incised bank sides of the PI site made the reflection
tomography processing steps more challenging. We only migrated
the near offset data, 60 cm, using a water velocity at 0.032 m/ns in
order to locate the water bottom in the image. Then, for the starting
velocity model we set the water channel, in the proper spatial loca-
tion, to 0.032 m/ns and the remaining area to 0.055 m/ns based on
scattering diffraction velocities noted by Bradford er al. (2005).
They achieved good migration results by including a positive
vertical velocity gradient within the seasonal thaw layer that is
consistent with lithology grading from saturated peat to water-
saturated sand/gravel. We used the velocity model that resulted
from our first-pass reflection tomogram analysis to migrate the
image. Due to significant topography variations at this site the
image was corrected to a local datum generated from elevation
measurements collected along the profile line. The resulting image
illustrates an excellent active layer/permafrost boundary reflector
easily seen on both sides of the stream bank and underneath the
stream as well (Fig. 4a). The moisture content model shows fairly

1.0

Depth (m)
o

20

0 10 20 30 40 50 60 70

FIGURE 4
= a) PSDM image of PI profile with
0.055 the reflection tomogram used for
migration overlaid. b) Moisture
0.05 content estimated from the veloc-
ity model in (a), colours have
0.045 been scaled to show variations in
the thaw layer.
0.04

W0.0SS

8.0 9.0
Distance (m)
(b) Moisture content, Topp equation
0 = T == L T  § T T T 05
058 i 0.48
~ 10 i
E 0.46
§% 1.5} .
) 0.44
20 E
25+ i 0.42
3.0 1 1 1 1 1 1 1 1 1 0.4
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Distance (m)

© 2009 European Association of Geoscientists & Engineers, Near Surface Geophysics, 2009, 7, 247-257



252

T.R. Brosten et al.

(a)

Time (ns)

W

10

Offset (m)

(b)

Velocity Model (m/ns)

N -
o ©

W
o

Depth (m)
o o s
o o o

oy
=

0

10 20 30 40 50 60

Distance (m)

7.0

homogeneous porosity estimate of ~43% throughout the active-
layer (Fig. 4b).

Common-source gathers illustrate strong subsurface refrac-
tion events from the velocity increase between active layer and
frozen soil (e.g., Tx @ 0 m, Fig. 5a, indicated by yellow arrows).
These events become less apparent and the direct wave disap-
pears completely as the transmitter moves across the profile
(Tx @ 3.2 and 5.6 m) due to rapid topography changes along the
profile line. A reflection event from the active layer/permafrost
boundary in the first gather (Tx @ 0.0 m) is barely evident at the
near offset before it is obscured by refraction energy. The back-
dipping moveout shown by the reflection in the third gather
located over the stream channel (Tx @ 5.6 m) results from a
steeply dipping reflector. A synthetic common-source gather
(last gather in Fig. 5a) was generated using a 4" order finite dif-
ference solution of the scalar wave equation. The synthetic
gather was evaluated against the common-source gather collect-
ed at the start of the profile line (Tx @ 0 m) to verify model
velocities. The model includes a 2 m layer of air to account for

TX@56m

8.0

FIGURE 5
a) Filtered and gained common-
source gathers along PI profile.

. Synthetic Shot

Note that the last gather is a syn-
thetic. Black arrows indicate the
thaw/frozen reflection event and
yellow arrows, from left to right,
for Tx @ 0.0 m and synthetic shot
represent the direct wave, thaw/
frozen refraction, direct wave
through the water channel and the
thaw/frozen refraction on the far
Yellow
arrows, from left to right, for

side of the channel.

Tx @ 3.2 m shot gather represent
thaw/frozen refraction, direct
wave through the water channel
and the thaw/frozen refraction on
the far side of the channel.
Tx @ 5.6 m is over the stream
channel and shows a strong dip-
ping reflection from backdipping
moveout. b) Velocity model used
to generate a synthetic common-
source gather with the same
source and receiver spacing as

Tx @ 0.0 m for comparison.

9.0

the air wave and permafrost/air mixing in the refraction phase,
1 m by 2 m water channel at 0.032 m/ns, 1 m thick active layer
with a velocity at 0.055 m/ns for saturated peat, all underlain by
continuous permafrost at 0.168 m/ns (Fig. 5b). Similar refraction
events, indicated by yellow arrows from left to right, represent
the direct wave, thaw/frozen refraction, direct wave through the
water channel and the thaw/frozen refraction on the far side of
the channel. A reflection event from the active/permafrost
boundary that arrives at ~40 ns near offset (black arrows) is also
evident within both gathers. This demonstrates that, despite the
simplified model, the synthetic velocity model is a reasonable
representation of the true velocity distribution.

We should note here that seasonal time-lapse common-offset
GPR data were collected at this same profile line in the summer
of 2004 (Brosten et al. 2006). The migrated data (Fig. 4a) show
thaw depths up to 1 m (about 0.35 m greater than the August
2004 interpretation). This is partly due to a higher velocity
obtained from the reflection tomography analysis, ~0.057 m/ns,
in comparison to the migration velocity of 0.05 m/ns used in the
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previous study. The remaining discrepancy is likely due to differ-
ences in the correctly interpreted water-bottom reflection caused
by small permittivity contrast between the water and organic
material lining the channel.

Green Cabin Lake inlet stream site (GC), Alaska

The second low-energy study site (GC) is the right channel
entering a confluence located upstream of Green Cabin Lake.
The profile at this site was gathered across one of the connect-
ing channels characterized by a shallow, actively flowing,
stream with minimal channel incision. The site is located at a
higher elevation than the other three sites resulting in cooler
seasonal temperatures and therefore a shallower thaw depth is
estimated at ~0.61 m (Fig. 6a). The porosity estimates (Fig. 6b)
were slightly higher than those estimated at the peat inlet site,
specifically within a small area beneath the stream just above
the permafrost (at 4 m along the profile line) that could repre-
sent a small pocket of localized sand deposition. This profile
line was also studied during a field campaign in 2004 (Brosten
et al. 2006), however, the interpreted thaw depth from the 2005
profile is only ~0.11 m greater than the 2004 profile. Given the
more rigorous approach to velocity estimation in the present

Reflection tomogram (m/ns)
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study, we believe that these velocities are more reliable and the
thaw depth estimate is likely more accurate in this case, how-
ever, it is not unreasonable to expect annual variations in the
maximum thaw depth.

I-8 Lake inlet stream site (81), Alaska
The first high-energy gravel-lined stream site (8I) is located on
the inlet stream to 1-8 Lake and is in close proximity to the peat
inlet site (Fig. 2). The continuous multi-offset profile is located
just downstream of a riffle section. The line starts on the stream
bank left side on top of an exposed gravel bar that extends along
the line for the first 3 m of the line. The last trace gather ends on
the stream bank right side ~3 m onto the terrestrial tundra.
Common-source gathers along the line illustrate the difficulty
in interpreting reflection events (Fig. 7a). The thaw/frozen
boundary in the first gather (Tx @ 0.0 m) is downward dipping
causing the apex of the corresponding reflection event to occur
well before the near offset trace (black arrow). Most of the leg
from the same reflection is obscured by the direct wave where
the interpreted near offset arrival is at ~60 ns. The second and
third gathers display a reflection (annotated by black arrows)
arriving at ~75 and ~100 ns, respectively and is interpreted as the

FIGURE 6
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FIGURE 7

a) Filtered and gained common-source gathers along 8I profile. Black/
yellow arrows show locations of reflection/refraction events, respective-
ly, within each gather. b) PSDM image of 8I profile with the reflection
tomogram used for migration overlaid. ¢c) Moisture content estimated
from the velocity model in (b).

thaw boundary reflection. The reflection event at ~100 ns in the
last gather (Tx @ 6.8 m) exhibits a similar moveout to the one
noted in the PI gather (Fig. 5a, Tx @ 5.6 m) indicating an upward
dipping event possibly caused by a rapid decrease in the thaw/
frozen boundary. There is also a clear refraction event from the
thaw/frozen boundary within the three gathers (yellow arrows)
that arrives sooner as the transmitter steps down the line indicat-
ing a decrease in thaw towards the right side of the profile line.
These refraction events are travelling upslope on the far side of
the stream profile and therefore have high apparent velocities.
Values for the starting depth-velocity model were incorpo-
rated from velocities generated by Bradford et al. (2005). Based
on their results we used 0.075 m/ns as our starting depth-veloci-
ty model. Multiple coherent reflectors within the cross-section

Pseudo Common-offset

Time (ns)

Distance (m)

Multi-offset

Time (ns)

Distance (m)

FIGURE 8

a) Pseudo common-offset stack (0.085 m/ns) at 80 site with 0.60-1.2 m
offsets (active layer/permafrost boundary). b) Multi-offset stack
(0.085 m/ns) with 0.60—4.6m offsets. There is noticeable improvement in
the S/N ratio illustrated by a stronger reflector representative of the active
layer/permafrost boundary beneath the stream (100 ns) (active layer/
permafrost boundary).

produced a velocity model displaying excellent detail in lateral
velocity changes within the subsurface. The migrated image
shows preferential thaw towards the exposed gravel bar for a
maximum thickness of ~2.6 m (Fig. 7b), likely due to enhanced
heat conduction into the subsurface from exposed gravel warm-
ing up from solar radiation.

Porosity estimates are highest beneath the active stream chan-
nel and just beneath the peaty tundra on the stream bank right
side. Moisture content is noticeably higher within the upper
1.5 m of the subsurface with a gradual decrease to ~20% beneath
the gravel bar (Fig. 7c).

1-8 Lake outlet stream site (80), Alaska

Trace gathering at the 80 site started just over 2 m to the left of the
stream bank left side. Gathers were collected across the stream up
to 3 m past the stream bank right side. We were unable to use
reflection tomography to refine the velocity model due to poor
signal-to-noise (S/N) ratio in the post migration domain. However,
the constant velocity stacked image from this site shows signifi-
cant improvement in the S/N ratio in the multi-offset profile in
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comparison to the conventional common-offset profile (Fig. 8). A
pseudo common-offset GPR section was created by combining
traces with 0.6-1.2 m offsets and constant-velocity (0.085 m/ns)
normal moveout (Fig. 8a) for comparison to the CMP stack gener-
ated with offsets up to 4.6 m and the same stacking velocity
(Fig. 8b). There is a noticeable improvement in the thaw/frozen
boundary reflection beneath the stream at ~100 ns (~3.4 m maxi-
mum thaw depth). Our failure to generate a reasonable velocity
model at this site emphasizes the extreme heterogeneity that can
occur within these high-energy gravel-lined sites. In this case, the
noise is primarily coherent noise caused by multiple 3D scattering
near the streambed where the sediments consist of cobble to boul-
der sized material. This strong scattering also results in greater
signal attenuation exacerbating the problem.

Temperate stream site

Our research team acquired continuous multi-offset data late
September 2007 at an inlet stream that drains into Bull Trout
Lake (BT), located within the Sawtooth Mountains near Boise,
Idaho, USA (Fig. 3). BT is a temperate, sand and gravel lined,
low gradient (<0.05 m m™), riffle-pool-riffle morphology, with a
drainage area of 9.7 km? at the lake inlet (Arp er al. 2007). The
inlet stream lining is composed of late Pleistocene unsorted to
moderately sorted sandy boulder till, sandy gravel and coarse
sand (Freed et al. 2006).

The collection method was similar to the method used in the
arctic studies except that shielded 500 MHz antennas were used
for data collection. In addition, the receiver was placed on a sled
and triggered every 0.05 m, by an attached odometer wheel, as it
was pushed away from the transmitter, starting at 0.1 m near-
offset up to a maximum of 2 m far-offset. Once completed, the
transmitter was moved 0.1 m along the profile line and the proc-
ess was repeated until the transmitter reached the end of the
profile. Additional acquisition details are given in Table 2.

Multiple continuous multi-offset data lines were gathered

TABLE 2
Acquisition parameters for the temperate stream site, Bull Trout Lake,
Idaho

Survey type Transverse electric, 2D

GPR system Sensors and software, Pulse EKKO PRO,
500-MHz shielded antennas, 185 V
transmitter

Min/max offset 0.1 m2 m

No receivers/source 39

Source interval 0.1 m

Receiver interval 0.05 m

Sampling interval 0.2 ns

Recording time 100 ns

No stacks/source 16
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across a number of different stream features at this site. For the
purpose of this paper and to minimize redundancy, we will show
only one of the profiles. The continuous multi-offset profile
started on the stream bank left side with the foot of the board
embedded into the bank just above the water line. The line con-
tinued across 2 m of active channel and then continued and
additional 2.5 m across a well-sorted sand/gravel point bar.
Strong reflection events are evident throughout the profile as
illustrated by the common midpoint gathers shown in Fig. 9(a).
High variability in the distribution of reflectors in the CMP gath-
ers indicates significant subsurface complexity.

Clear reflectors from past channel erosion and deposition are
seen at 0.5-1 m depth starting on the right side of the profile

(a)

oCMP Y =1.95m 0CMP Y =2.35m é)MP Y =3.45m

Time (ns)

Offset (m)
Reflection tomogram (m/ns)

(b)

0.075
0.07
0.065
0.06
0.055
0.05
0.045
0.04
0.035

Distance (m)

(©

Moisture content, Topp equation

0.4

1.0

Depth (m)
o

o
o

n L L L L n L L 0.2
0 0.5 10 15 20 25 3.0 35 40 45

Distance (m)

FIGURE 9

a) Common midpoint gathers (arrows indicate strong reflection events).
b) PSDM image of BT profile with the reflection tomogram used for
migration overlaid. Note the stream channel bottom at 0.5 m on the left
and the highly coherent reflection layering beneath the gravel bar on the
right side. ¢) Moisture content estimated from the velocity model in (b),
colours have been scaled to show variations in the saturated zone. The
moisture content model provides an excellent display of layering from a
high porosity material overlaying a lower porosity layer overlaying
another high porosity layer.
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(gravel bar) and dipping downward towards the active channel on
the left. Based on NMO analysis we used 0.065 m/ns for water-
saturated sands as our starting depth-velocity model for the temper-
ate stream site. The resulting reflection tomogram shows slower
velocities (~0.06 m/ns) along the same reflectors overlaying a
faster velocity (~0.075 m/ns) layer that is confined by another
slower velocity layer (0.065 m/ns) marked by strong reflectors at
~1.75 m (Fig. 9b). The corresponding porosity estimates illustrate
a distinct lower porosity content layer (~25%) enclosed by higher
porosity layer (~35-45%) above and below (Fig. 9¢). This notice-
able layering indicates more porous well-sorted sand/gravel layers
bounding a less porous poorly-sorted gravel layer.

CONCLUSIONS

Results from the five field sites presented in this study illustrate
the benefits of continuous multi-offset GPR data including sig-
nificant improvement in S/N ratio within the stacked GPR pro-
files, leading to a more detailed and confident interpretation. The
field data example at Bull Trout Lake (BT) shows excellent detail
of individual deposition events in addition to three distinct poro-
sity layers revealed through reflection tomography analysis. The
gravel-lined stream site results from the arctic studies illustrate a
detailed lateral depth-velocity model at the 81 site but not 80 due
to insufficient coherent reflectors. Our ability to generate an
appropriate velocity model at 81 but not 80 suggests a high
degree of the 3D diffraction scattering likely due to irregular
high-energy depositional events. Whereas the depth-velocity
models from the peat-lined stream sites show more homogenous
constant velocities representative of the active layer thaw.

Continuous multi-offset GPR methods have the advantage of
providing laterally continuous measurements of subsurface
stratigraphy and properties, whereas borehole methods provide
detailed vertical measurements at a single point. While more
time consuming than conventional single-offset methods, con-
tinuous multi-offset profiles can be acquired and analysed rap-
idly relative to the time required to install, sample and analyse
borehole data. The real strength of the method is seen by com-
bining a few direct borehole measurements with laterally exten-
sive radar measurements.

PSDM methods, along with reflection tomography analysis,
provide detailed depth-velocity models and migrated GPR pro-
files for interpretation. Through petrophysical relationships
detailed porosity estimates beneath various stream environments
can be achieved. A large number of cross-sectional porosity
measurements are obtained through non-invasive methods and
provide a high degree of lateral detail that, in turn, provides
information of the spatial distribution of hydraulic properties.
These in situ estimates can improve and help constrain hydro-
logical and thermal models.
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