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A comparison of the correlation structure in GPR images
of deltaic and barrier-spit depositional environments

Paulette Tercier*, Rosemary Knight*, and Harry Jol*

ABSTRACT

We have used geostatistical analysis of radar reflec-
tions to quantify the correlation structures found in 2-D
ground-penetrating radar (GPR) images. We find that
the experimental semivariogram, the product of the geo-
statistical analysis of the GPR data, is well-defined and
can be modeled using standard geostatistical models to
obtain an estimate of the range or correlation length,
and the maximum correlation direction, in the 2-D GPR
image. When we compare the results from geostatistical
analysis of GPR data from selected deltaic and barrier-
spit depositional environments we find different corre-
lation structures in GPR images from different depo-
sitional environments. GPR images from braid deltas
have near-horizontal correlation directions and corre-
lation lengths on the order of a few meters. In contrast,
the GPR image of a fan-foreset delta has a very long
(>24 m) correlation length and a maximum correlation
direction plunging 20°. In the GPR images from barrier
spits, we find maximum correlation directions that are
horizontal or plunging a few degrees. The correlation
lengths range from 7 to 43 m, depending on the orienta-
tion of the GPR image relative to spit end growth, and
on the specific radar facies that is analyzed.

INTRODUCTION

A common objective in many applied problems in the earth
sciences is to generate an accurate model of the spatial varia-
tion in physical and chemical properties of the subsurface. This
can involve the integration of different types of data, such as
surface geophysics, borehole measurements, and direct sam-
pling. In many cases, the data coverage is insufficient, and we
need some way to “fill in” between data points. A common
approach is to use geostatistical methods to account for the
spatial variability that exists in natural, heterogeneous geolog-
ical environments.

Geostatistics provides a mathematical framework which can
be used to describe how some property or parameter varies
spatially; these spatial statistics can then be used in the develop-
ment of the subsurface model. Some information about spatial
statistics can be obtained from borehole data or cores, but this
usually only provides a good measure of variation in the vertical
direction. To obtain a description of lateral variation, data can
be collected from “analog” outcrops, selected as representative
of the subsurface geology, but this is extremely time-consuming
and usually limited to the two dimensions of the exposed out-
crop. An alternate approach is the use of ground penetrating
radar (GPR), a high-resolution geophysical technique which
can be used to image the shallow subsurface in two or three
dimensions. GPR images provide information about the sam-
pled volume of the shallow subsurface and can also be used in
the way data from analog outcrops are used, when the imaged
near-surface modern and ancient systems are considered rep-
resentative of, or analogous to, deeper sedimentary sections.

Several publications have described the use of 2-D and 3-D
GPR images to obtain information about the lithologic vari-
ation and internal structure of sedimentary systems; some re-
cent examples include Gawthorpe et al. (1993), Pratt and Miall
(1993), Beres et al. (1995), Bristow et al. (1996), Jol et al. (1996),
and McMechan et al. (1997). Our interest is in obtaining quan-
titative information about the spatial statistics of a region of
the subsurface through geostatistical analysis of GPR data. The
methodology we use is that developed and described in the pa-
per by Rea and Knight (1998) where the sampled parameter
in the geostatistical analysis is the amplitude of the reflections
in the GPR data. Through our analysis, we obtain a model of
the correlation structure of the GPR reflections. Our working
hypothesis is that the correlation structure of the GPR image
can be used to model the spatial variability in the physical and
chemical properties of the subsurface.

In this study, we analyze GPR data from selected deltaic
and barrier-spit depositional environments. It was shown in
Rea and Knight (1998) that GPR images of glaciofluvial de-
posits have well-defined correlation structures that can be ac-
curately described using standard geostatistical models. The

Manuscript received by the Editor October 16, 1998; revised manuscript received August 23, 1999.
*University of British Columbia, Dept. of Earth and Ocean Sciences, 2219 Main Hall, Vancouver, B.C. V6T 1Z4, Canada. E-mail: knight@geop.ubc.ca.
{University of Wisconsin—Eau Claire, Dept. of Geography, 105 Garfield Avenue, Eau Claire, Wisconsin 54702-4004.

© 2000 Society of Exploration Geophysicists. All rights reserved.

1142



Correlation Structure in GPR Images 1143

first objective of the present study is to determine whether
geostatistics can be successfully applied to analyzing GPR data
from these other environments. If geostatistics is found to pro-
vide a useful way of describing the GPR images, the second
objective is to determine whether different depositional envi-
ronments have different correlation structures when imaged
with GPR.

DESCRIPTION OF SELECTED GPR SECTIONS

For this study, we have chosen a number of previously pub-
lished radar data sets from different deltaic and barrier-spit
depositional environments. Detailed descriptions of the acqui-
sition, processing, and interpretation of the sections can be
found in the referenced papers. The GPR sections from deltaic
deposits include the Box Elder Creek fan-foreset delta (Smith
and Jol, 1992a) and the American Fork River braid delta (Jol
and Smith, 1992) in Utah, the Athabasca River braid delta in
Alberta (Jol and Smith, 1992), and the William River wave-
dominated delta in Saskatchewan (Jol, 1995). GPR sections
from barrier-spit sites that were chosen for study include the
Willapa Bay spit located in Washington (Jol et al., 1994) and
the Sandy Point spit in Alberta (Smith and Jol, 1992b).

All radar data sets were collected using a pulse EKKO IV
radar system with 100-MHz antennas. For all surveys, the an-
tenna spacing was set to 1 m, whereas station spacing ranged
from 0.5 to 1.0 m depending on the survey. Processing of the
GPR data was conducted using the software available from
Sensors and Software. GPR data were first processed to cor-
rect for signal saturation using a residual mean filter. Time zero
corrections were made for shifts due to electronic drift. A single
common-midpoint (CMP) survey was conducted at each site
to determine a subsurface velocity which was used to convert
the collected time sections to depth sections. A summary of the
velocity used for each data set is given in Table 1. As a final
step, the data were gained using an automatic gain function.

It is important to note that all GPR sections used in this
study are 2-D sections. We are not conducting a full 3-D anal-
ysis of the correlation structure of the imaged sediments, but
are sampling a specific plane through the sedimentary sequence
and analyzing the structure captured in that slice through the
subsurface. Each GPR section is oriented so as to provide an
image of a specific location and orientation within the deposi-
tional environment under study.

METHOD FOR GEOSTATISTICAL ANALYSIS OF GPR DATA

An excellent introduction to geostatistics can be found in
Isaaks and Srivastava (1989). In our work, we use the semivar-
iogram, a plot which illustrates the way in which the difference
between data values is related to the distance between the data
values. The experimental semivariogram is described by the

Table 1. Subsurface velocity for GPR sections.

GPR section Velocity (m/ns)
American Fork River 0.13
Athabasca River 0.13
William River 0.07
Box Elder Creek 0.14
Willapa Bay 0.07
Sandy Point 0.08

following equation (Journel and Huijbregts, 1978):

N
Py =20 STt W) - 2P ()
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where h is the lag, or separation vector, between two data
points, z(x; + h) and z(x;), and N is the number of data pairs
used in each summation. The direction selected for h, for con-
struction of the semivariogram, is commonly the direction of
maximum correlation. In our geostatistical analysis of the GPR
data, we use the amplitude values recorded in the radar traces
to construct the experimental semivariogram. The details of
the method are given in Rea and Knight (1998).

An underlying assumption in semivariogram analysis is that
the data under analysis conform to a concept referred to as
“stationarity.” Stationarity implies that any subset of the data
will have the same statistical description as any other subset.
In radar data sets, two separate stationarity issues must first
be addressed: attenuation of the radar signal with depth, and
the occurrence of more than one geological facies in the radar
profile. The first issue has to do with the radar signal itself.
The signal in all the traces in a GPR profile will attenuate with
depth. This will produce a systematic trend in the data and vio-
late stationarity. To overcome this problem (the attenuation of
the signal with depth), we use an automatic gain control (AGC)
with a short window length to transform all amplitudes of re-
flections to approximately the same value. The high-amplitude
signals caused by the air and ground arrivals are removed by
cropping the data. The second stationarity issue has to do with
the facies changes found in sedimentary sequences due to vary-
ing depositional processes. Data sets which contain more than
one facies are divided so that semivariogram analysis can be
completed on each facies separately. As we have no way of
directly sampling the subsurface material, the division is based
on the concept of radar facies, where a radar facies is defined
as a unit which has a characteristic radar signature (Jol and
Smith, 1991; Beres and Haeni, 1991; Rea and Knight, 1995;
van Overmeeran, 1996).

We use a modified version (Jian et al., 1996) of the program
gamv2m in the software GSLIB (Deutsch and Journel, 1992)
to calculate the experimental semivariogram. Among the im-
portant input parameters within gamv2m are angular tolerance
and bandwidth. Angular tolerance is the half-angle tolerance
on the lag vector, h; bandwidth is the vertical distance mea-
sured perpendicular to the lag vector. These two parameters
help define the area to be searched when looking for pairs to
be used in the semivariogram calculation. Setting the angular
tolerance or bandwidth too high will result in an increase in the
number of pairs found as the lag increases. Although this will
smooth out the experimental variogram, it may also result in
a shorter correlation length. For all sections, we set the band-
width and angular tolerance to a minimum number while still
enabling points to be found at all lags. As suggested by Journel
and Huijbregts (1978), we limited the maximum lag considered
in the experimental semivariogram to half the domain size or
observation length in the GPR profile.

Semivariogram models are used to provide an analytic de-
scription of the experimental semivariogram. We considered a
number of the more commonly used models: the exponential,
spherical, pentaspherical, Gaussian, cubic, and power models,
and the nugget effect. Equations for all these models can be
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found in Journel and Huijbregts (1978) and McBratney and
Webster (1986). While these models are generally used sim-
ply as an empirical means of describing the data, a discussion
of the theoretical basis for some of the models is given by
McBratney and Webster (1986). The exponential model can
be shown to describe the semivariogram which will result from
a variety of processes such as first-order Markov processes
(Agterberg, 1970; McBratney and Webster, 1986), and is the
model that is often assumed by researchers in stochastic hy-
drology (Woodbury and Sudicky, 1991). The semivariograms
from 11 of the 16 GPR sections in our study were best described
using the exponential model, which is given by

y(h) =c(1- e’%>, if0 <h
y(0) =0, (2)

where Cis referred to as the sill, and a, referred to as the range,
is the distance at which the data values are no longer correlated
and is equivalent to the correlation length of the data set.

Many semivariograms exhibit a discontinuity at the origin.
This is most commonly attributed to structure in the data set
that is on a scale smaller than the sampling interval. The dis-
continuity can be modeled using the nugget effect, which can
be included in the equations for the semivariogram models.
The equation describing the exponential model with a nugget
effect is

y(h) = Co + C(l . e—%), if0 <h
y(0) =0, 3)

where C, is referred to as the nugget.

Three GPR sections were modeled using the spherical or
pentaspherical models with the nugget effect. These are de-
scribed by the following equations (Journel and Huijbregts,
1978; McBratney and Webster, 1986). The spherical model with
a nugget effect is given by

3h 1 /h\’ .
V(h):C0+C|:%—§<a>j|, if0 <h<a,
y(h) = Cy + C, ifh > a,

y(0) =0. 4)

The pentaspherical model with a nugget effect is given by

y@:w[g_g(g)ng(gﬂ,

if0 <h<a,
y(h)=Cy+C,

y(0) =0. ©)

The weighted least squares procedure, as outlined in Jian
et al. (1996), was used to find the model parameters. This pro-
cedure minimizes R, the weighted square difference between
the experimental data and the semivariogram model, and is
defined by

ifh > a,

R=[y—y]"V [y -yl (6)

where V™! is the diagonal matrix of weights; the variance ma-
trix was used for V. The decision as to which model best fits
the data was made by considering two parameters: the sum
of the squares of the weighted differences, R, and the Akaike
information criterion, AIC. The AIC is given by

AIC = nln(?) +2p, 7)

where 7 is the number of points in the experimental semivari-
ogram and p is the number of parameters in the model. When
comparing models for any one data set, the model with the
smallest AIC is the best model.

For each of the 2-D GPR images, we first determine the
direction of maximum correlation and define our lag vector
as oriented in this direction. The modeled semivariogram in
this direction thus reveals the maximum correlation length of
the radar reflections in the 2-D GPR section. An interesting
extension of this work would be to obtain full 3-D radar images
and define the complete 3-D correlation structure. What we
have done in this study allows us to assess the structure in
specific planes in different depositional environments.

RESULTS AND DISCUSSION

We found, in all cases, that geostatistical analysis of the GPR
sections produced semivariograms of outstanding quality—
both in terms of the form of the variogram and in terms of
the agreement with the selected model. We discuss each of the
GPR sections in detail below. Table 2 presents a summary of
the parameters used in the geostatistical analysis and the mod-
eling results. Table 2 gives for each GPR section the direction of
the lag vector (which is equivalent to the maximum correlation
direction for the section) with angular tolerance, and the band-
width; the best fit model with the model parameters (range and
nugget); and the values of R and AIC used in determining the
best model. In the three cases where the exponential model was
not the best model, we also include (for comparison purposes)
the results of fitting the data with an exponential model.

Deltaic examples

Figure 1 shows GPR data collected over the American Fork
River braid delta. The GPR section is oriented perpendicular
to the direction of last delta growth. The reflections seen in this
data set have been qualitatively described as distinct, continu-
ous to semicontinuous wavy reflections (Jol and Smith, 1992).
These short reflections have been interpreted to represent an
environment of channel scour and deposition (Jol et al., 1996)
which exists as the braided river changes course across the
delta. The boundaries observed in the GPR profiles probably
represent bounding discontinuities which may include contacts
between beds and sedimentary structures, channel scours, and
the base and top of stratigraphic units.

The rectangle drawn on Figure 1 outlines the area used in
the geostatistical analysis. The maximum correlation direction
was found to be along a line plunging approximately 0.5° north.
Figure 2 shows the experimental semivariogram calculated in
that direction. The result in Figure 2 is a classic example of a
semivariogram. Unlike many geostatistical studies where the
lack of data points makes it very difficult to accurately de-
fine the semivariogram, the large number of data points in
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the GPR data gives us this “textbook” example of a semivar-
iogram. Each data point in the semivariogram is the result of
averaging between 10 000 and 19 500 data pairs. These data are
modeled using an exponential model with a range of 3 m, and
show excellent agreement with that model.

Another example of a braid river delta is shown in Figure 3.
These data, taken from the publication by Jol and Smith (1992),
were collected over the Athabasca River delta located at the
Embarras Airfield in northeastern Alberta. The GPR section
in this case is oriented parallel to the direction of last delta
growth. Once again the GPR image is dominated by short,
discontinuous reflections indicative of a sedimentary environ-
ment where there are recurring episodes of scour and deposi-
tion. This long profile provides us with the opportunity to assess
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how variable the correlation structure of GPR data can be in
a braid river delta. For the geostatistical analysis, the 600-m
profile was divided into four sections: A, B, C and D, each
150 m in length, as shown in Figure 3. The direction of maxi-
mum correlation varied among the areas from a line plunging
1° west-northwest to a line plunging 1° east-southeast. Figure 4
shows the semivariograms corresponding to the areas indicated
by the rectangles in Figure 3. All areas were modeled using
an exponential model with ranges equal to 6 m for section
A, 4 m for section B, 5 m for section C, and 4 m for section
D. We find that the 2-D GPR sections from both the Amer-
ican Fork and Athabasca braid river deltas are characterized
by short, subhorizontal reflections with correlation lengths of
3to6m.

Table 2. Semivariogram analysis: parameters and results.

Environment and| Area [ Orientation of lag |Bandwidth (m)| Model* |Range (m)| Nugget R AIC
Location analyzed vector (°)
S
é ~ 05+298 N 0.026 exp. 3 0.02 | 0.007 | —163
<2
2|5 A 1+ 149 W-NW 0.026 exp. 6 022 | 0.003 [ —133
g |2
~ B 1+ 1.49 E-SE 0.026 exp. 4 0.14 | 0.004 | —126
Q
2 C 1+ 1.49 E-SE 0.026 exp. 5 0.14 | 0.002 | —137
=
< D 0 — exp. 4 0.01 | 0.002 | —139
pe A 1+0.80E 0.014 exp. 7 021 [ 0.003] —121
— ] 5 [
— > (5]
s |22
Rl=z 3z & B 2+ 0.80 E 0.014 pent. 14 0 0.01 | —182
exp. 18 0 0.04 [ -149
-
SElHE 20 + 2.83 NW 0.026 — > 24 — — —
5O
|l @
m
B 1.5+ 0.80 W 0.014 exp. 24 0.03 | 0.003 | 314
0]
£ | E7
< =m —_ — —
S | E 0 — — > 30
IN 1+ 092 SE 0.016 pent. 16 010 | 0.03 | —229
exp. 15 0.04 | 0.07 | —205
A" 0 — sph. 7 0.10 | 0.03 | —150
o = €Xp. 7 0 0.03 | 146
g |3 B' 2+ 092 SE 0.016 exp. 7 0 0.01 | —238
518 | ¢ B" 3+ 092 SW 0.016 exp. 10 004 | 001 | —112
—
i C 0 — exp. 43 0.16 | 001 | —a11
C" 2+0.92 SW 0.016 exp. 9 008 | 003 | -170

*exp. = exponential, pent. = pentaspherical, sph.= spherical, R = sum of squares of weighted difference, AIC= Akaike

information criterion.
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The radar profile shown in Figure 5 is an example of GPR
data collected over a wave-dominated delta. This profile was
collected along strike over the modern William River delta lo-
cated in northern Saskatchewan and clearly shows two radar
facies (Jol, 1995). For geostatistical characterization, the sec-
tion has been split into these two separate radar facies. The
upper radar facies (A) is characterized by wavy, discontinuous
reflections. These have been interpreted as upper shoreface
and beach foreshore deposits, where the sediments deposited
are constantly reworked by waves and longshore currents. The
maximum correlation direction for the reflections in this radar
facies on the 2-D GPR section was found to be along a line
plunging 1° east. The semivariogram calculated in this direc-
tion is shown in Figure 6a. The experimental semivariogram
is best modeled using an exponential model with a range of
7 m. The lower radar facies (B) is dominated by gently inclined
reflections which have been interpreted as representing the
middle lower shoreface, which was farther from the shore than
the sediments imaged in area A of this GPR section. Semivar-
iogram analysis of this facies revealed a maximum correlation
direction along a line plunging at 2° east. The experimental
semivariogram in Figure 6b was best fit using a pentaspherical
model with a range equal to 14 m. For comparison purposes,
the data also were fit using an exponential model; this model
results in a range equal to 18 m and values of R and AIC that
are not significantly different from those obtained for the pen-
taspherical model.

Figure 7 shows an example of GPR data collected over a
fan-foreset delta (taken from Smith and Jol, 1992a). These data
were collected in the Brigham City Sand and Gravel Company
pit floor and show the late Pleistocene Box Elder Creek delta.
Fan-foreset deltas are dominated by steeply inclined strata,
referred to as foreset beds, which are preserved as the delta
progrades into deep water. Typically, one finds horizontally
bedded sediments (referred to as topset and bottomset beds,
respectively) lying both above and below the package of foreset
beds. In the GPR data presented from this location, however,
only the foreset beds are imaged. The topset beds have been

excavated, and the radar signal is attenuated before it reaches
the bottomset beds. A number of GPR profiles were collected
over the package of foreset beds, oriented perpendicular to the
strike of the frontal slope. The GPR section shown in Figure 7
is the one which shows the steepest apparent dip of the foreset
beds.

Data within the rectangle in Figure 7 were used in the geosta-
tistical analysis. The direction of maximum correlation within
this 2-D image was found to be along a line plunging 20° to the
northwest. Figure 8 shows the experimental semivariogram ob-
tained with a lag vector oriented in this direction. Given the
length and depth of the GPR section, the maximum lag that
could be used in constructing the semivariogram was 24 m. [As
stated in the description of our procedure, we follow the sug-
gestion of Journel and Huijbregts (1978) that the maximum
lag not exceed half the observation length in the data set.] As
the experimental semivariogram in Figure 8 shows, even at a
lag of 24 m there is not any apparent flattening to suggest that
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FIG. 2. Semivariogram analysis of the GPR image shown in
Figure 1. Circles = experimental data; solid line = the model of
the semivariogram. These data are modeled using an exponen-
tial model with a range of 3 m.
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we have reached the range. We can only conclude from this
example that the range in this GPR section is greater than
24 m.

It is important to note that in order to get an accurate deter-
mination of the maximum correlation direction and length in
this GPR data set, where the reflections are plunging relatively
steeply, the data should first be migrated. While migration of
the data had no effect on the determined correlation structure
in the other examples (which have reflections that are close to
horizontal in orientation), migration of the data in this exam-
ple changes the maximum correlation direction from a plunge
angle of 20° to 21°. Migration would also decrease the correla-
tion length of the GPR image. For example, if the determined
range in this data set was actually 24 m in the unmigrated data,
this would be decreased to 21 m in the migrated data set.

Geostatistical analysis of the 2-D GPR sections from the
three types of deltas show differences in both the maximum
correlation direction and length. The GPR image of the foreset
delta is dominated by steeply inclined continuous reflections
with a maximum correlation direction of 20° and a correla-
tion length >24 m. In contrast, the GPR images of the braid
deltas are characterized by shorter subhorizontal reflections
with maximum correlation directions between 0.5° and 1° and
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ranges between 3 m and 6 m. The GPR image of the wave-
dominated delta is also characterized by subhorizontal reflec-
tions with maximum correlation directions between 1° and 2°
but with ranges for the two radar facies of 7 m and 18 m.

Barrier-spit examples

Figures 9 and 10 show GPR profiles collected over a marine
coastal barrier spit located in Willapa Bay, Washington (Jol
et al., 1994). The spit end is growing in a direction which par-
allels the shoreline, while progradation of the spit is occurring
in a direction perpendicular to the shoreline. The GPR pro-
file in Figure 9 was collected perpendicular to the direction of
spit-end growth. The gently inclined reflections in this profile
have been interpreted as beach foreshore strata and represent
the shingle-like accretionary layers of sediment that forms as
the spit progrades seaward. Figure 11 shows the results from
the semivariogram analysis of this section. The GPR data from
this environment provide an outstanding example of an exper-
imental semivariogram that shows close to perfect agreement
with the model. The direction of maximum correlation is along
a line plunging 1.5° west. An exponential model with a range
of 24 m is used to fit the data.
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Fic.3. GPR proﬁle collected over the Athabasca River braid delta in northeastern Alberta. The lower profile is a continuation of
the profile above. The data found within rectangles A, B, C, and D were used in the geostatistical analysis.
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FIG. 4. Semivariogram analysis of the GPR image shown in
Figure 3. Circles =data points; solid line =the model of the
semivariogram. In all cases, the data were modeled using an
exponential model. (a) The reflections in area A have a range
equal to 6 m. (b) The reflections in area B have a range equal
to 4 m. (c) The reflections in area C have a range equal to 5 m.
(d) The reflections in area D have a range equal to 4 m.

FIG. 6. Semivariogram analysis of the GPR image shown in
Figure 5. Circles = data points; solid line =the best fit model
of the semivariogram. (a) The data from area A are modeled
using an exponential model with a range of 7 m. (b) The data
from area B are best modeled using a pentaspherical model
with a range of 14 m. The data are also fit with an exponential
model (broken line) with a range equal to 18 m.
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The GPR section in Figure 10 was collected along a line
parallel to the direction of spit-end growth. In this profile, the
shingle-like layers are represented by long continuous horizon-
tal reflections across most of the section. Figure 12 contains
the semivariogram obtained with a lag vector aligned in the
direction of maximum correlation, in this case horizontal. This
experimental semivariogram has not been modeled as there is
no apparent flattening of the semivariogram. From these data,
we can only determine that the range is greater than 30 m.

The collection of the GPR data parallel and perpendicular
to the direction of spit-end growth has allowed us to charac-
terize the correlation structure of the GPR image in these two
directions. For the Willapa Bay spit, we find that the correlation
length of reflections in the direction parallel to spit-end growth
is greater than that in the direction perpendicular to spit-end
growth.

Figures 13 and 14 show GPR data from the active lacustrine
Sandy Point spit located near Fort Chipewyan in northeast-
ern Alberta (Smith and Jol, 1992b). These profiles have been
collected along lines parallel (Figure 13) and perpendicular
(Figure 14) to the direction of spit-end growth. This active spit
is prograding southeastward into Lake Athabasca. Longshore
currents from the northeast transport sediment to the distal
end of the spit. Smith and Jol (1992b) identified four radar fa-
cies based on the reflection patterns in the GPR profiles. The
lowermost radar facies occurs at depths >12.5 m. The highly
attenuated signals in this facies are interpreted to represent
lacustrine mud. Because the signal has been attenuated, no
geostatistical analysis is presented for this facies.

The first radar facies is the upper 0-3 m of the radar profiles
shown in Figures 13 and 14. This radar facies contains hori-
zontal to slightly inclined reflections which are interpreted to
represent beach foreshore and upper shoreface deposits. Re-
gions of the GPR sections that correspond to this radar facies
are labeled A’ on the section parallel to spit-end growth and
A” on the section perpendicular to spit-end growth. Semivari-
ogram analysis of A’ revealed a maximum correlation direction
along a line plunging 1° southeast. Figure 15a shows the exper-
imental semivariogram calculated in this direction. These data
are best fit using a pentaspherical model with a range equal

to 16 m. For comparison purposes, the data also are modeled
using an exponential model with the range equal to 15 m. Fig-
ure 15b shows the semivariogram for region A” calculated in
the horizontal direction, which is the direction of maximum cor-
relation. These data are best modeled using a spherical model
with a range of 7 m. The data can also be modeled very well
with an exponential model with a range of 7 m.

Geostatistical analysis of the two perpendicular sections
from both the marine Willapa Bay spit and the lacustrine Sandy
Point spit found that the direction of maximum correlation in
all four of the 2-D GPR images of the beach foreshore strata
was very shallow, ranging from 0° to 1.5°. For both spits, the cor-
relation lengths were longer in the direction parallel to spit-end
growth than in the direction perpendicular to spit-end growth.

The second radar facies, shown in Figures 13 and 14 in the re-
gions labeled B” and B”, consists of inclined reflections which
are interpreted to represent the middle to lower shoreface.
The GPR image in region B’ was found to have a maximum
correlation direction plunging 2° southeast. The experimental
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Fic.8. Experimental semivariogram of the GPR data collected
over the Box Elder Creek delta foreset beds shown in Figure 7.
These data have not been modeled as there is no clear flattening
of the sill. The value of 24 m is taken as a lower bound on the
range.
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Fic.7. GPR profile collected over the Box Elder Creek fan-foreset delta in Utah (modified from Smith and Jol, 1992a). Data within
the rectangle were used in the geostatistical analysis.
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semivariogram for region B’ is shown in Figure 16a. These data 0.6
are best fit with an exponential model with a range correspond-
ing to 7 m. The maximum correlation direction for the reflec- 057
tions in the region labeled B” was found to be along a line 04
plunging 3° southwest. The semivariogram for B” is shown in range =24 m
Figure 16b. These data are modeled using an exponential model & 03 1
with a range of 10 m. The correlation lengths of the reflections 02 |
within the middle lower shoreface are very similar for the data
both parallel and perpendicular to the direction of spit-end 0.1
growth: 7 m for B’ and 10 m for B”.
The final radar facies is shown in Figures 13 and 14 as C’ and 0 ' ‘ ‘ '
C”. These continuous, horizontal reflections of this radar facies 0 5 10 15 20 25 30 35
have been interpreted to represent the lake bed. The experi- Lag (m)
mental semivariogram shown in Figure 17a has been calculated
along the horizontal; this corresponds to the direction of max- FIG. 11. Semivariogram analysis of the GPR image shown in
imum correlation for C'. The semivariogram is best modeled Figure 9. Circles =data points; solid line =the model of the
using an exponential model with a range of 43 m. Shown semivariogram. The data are modeled using an exponential
model with a range of 24 m.
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(modified from Jol et al., 1994). The rectangle indicates data used in the geostatistical analysis.
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in Figure 17b is the semivariogram calculated using the data
in region C” collected perpendicular to the direction of spit-
end growth. This semivariogram was calculated along the di-
rection of maximum correlation, a line plunging 2° southwest.
These data are best modeled using an exponential model with
arange of 9 m. The long subhorizontal reflections with correla-
tion lengths ranging from 9 to 43 m are interpreted to represent
the build-up of sediments along the lakebed. The longer range
of 43 m corresponds to the direction of longshore drift.

CONCLUSIONS

We have found that the spatial variability in GPR images can
be well described using standard geostatistical models, and that
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FiG. 12. Semivariogram analysis of the GPR image shown in
Figure 10. Circle = data points. These data have not been mod-
eled as there is no clear flattening of the sill. A lower bound on
the range can be set at 30 m.
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geostatistical analysis of GPR data gives us an effective way of
quantifying the correlation structure of the GPR image. Such
geostatistical information can be useful in developing models
of the subsurface, either for the region imaged with GPR or
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FIG. 14. GPR profile collected over the active Sandy Point spit
along a line perpendicular to the direction of spit-end growth
(modified from Smith and Jol, 1992b). The three rectangles in-
dicate the data used in the geostatistical analysis. Area A” rep-
resents beach foreshore/upper shoreface, area B” represents
middle lower shoreface, and area C” represents the lake bed.
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FiG. 13. GPR profile collected over the active Sandy Point spit along a line parallel to the direction of spit-end growth (modified
from Smith and Jol, 1992b). The three rectangles indicate the data used in the geostatistical analysis. Area A’ represents beach
foreshore/upper shoreface, area B’ represents middle lower shoreface, and area C' represents the lake bed.
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FIG. 15. Semivariogram analysis of areas A’ and A” shown in
Figures 13 and 14. Circles = data points; solid line = the best fit
model of the semivariogram. (a) The data from area A’ are best
modeled using a pentaspherical model with a range of 16 m.
These data can also be modeled very well using an exponential
model (broken line) with a range equal to 15 m. (b) The data
from area A” are best modeled using a spherical model with a
range of 7 m. These data can also be modeled very well using
an exponential model (broken line) with a range equal to 7 m.

for other regions (such as deep hydrocarbon reservoirs) that
can be considered analogous to the imaged section.

The geostatistical analysis of the GPR sections clearly re-
veals the presence of different correlation structures in GPR
images of different depositional environments. This study has
been a start in describing and comparing the correlation struc-
ture seen in GPR images from such different environments.
We suggest that the correlation structures of GPR images are
closely related to the processes that formed the imaged ge-
ologic section. In order to develop a fundamental theoreti-
cal framework to explain such observations, we will ultimately
need to unravel the complex relationships between sedimen-
tary processes, spatial variation in sedimentological parame-
ters, and the corresponding variation in dielectric properties
that is imaged in the GPR data.
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