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INTRODUCTION

Outcrops of sedimentary rocks are often studied because they provide detailed data
on: 1) processes involved in deposition and diagenesis, 2) geometries and internal
bedding character of stratal units, and 3) the nature of facies changes (e.g. grains, fossils,
mineralogy). All of these are important to understanding the characteristics that control
fluid flow in aquifers and petroleum reservoirs. Outcrop studies typically form the basis
for the development of models that are utilized in subsurface studies of analogous
sedimentary strata. Although traditional studies of outcrops provide useful information
for model development, other methods for outcrop studies are increasingly being sought
to extend and refine current models. Ideally, these methods would provide high
resolution quantitative data, depict the three-dimensional geometry of stratal units, extend
outcrop data into the subsurface, and produce data that are highly correlative with data

collected in subsurface studies.

Ground penetrating-radar (GPR) is one method that has great potential as a tool for
imaging the near subsurface at a high resolution and in 3-D. GPR is a near-surface, non-
intrusive geophysical technique that is similar to seismic reflection but which images the
subsurface at a much higher resolution as a result of its use of electromagnetic rather than
sound signals. Depending on site characteristics and antennae frequency, GPR can image
the subsurface to depths as great as 30 m and can resolve features as small as 0.1 to 1.0
m. These depth and resolution ranges indicate that GPR could be extremely useful for

outcrop studies.

Over the last decade ground-penetrating radar (GPR) has been used in environmental,
engineering, and groundwater investigations (e.g., Arcone et al., 1998; Olhoeft et al.,

1994; Annan, 1996; Young et al., 1997; Powers, 1997; Cardimona et al., 1998; Asprion



and Aigner, 1999; Butler et al., 2000) as well as shallow sedimentary and stratigraphic
studies (Arcone, 1996; Smith and Jol, 1992; Pratt and Miall, 1993; Bridge et al., 1995;
Sigurdsson and Overgaard, 1996; Liner and Liner, 1997; McMechan et al., 1997,
Martinez et al., 1998; Young and Sun, 1999; Vandenberghe et al., 1999; Beres et al.,
1999; Augustinus et al., 1999; Dagallier et al., 2000; Kruse et al., 2000; Bano et al., 2000;
Van Dam and Schlager, 2000). Although these studies demonstrate the promise and
usefulness of GPR for geologic, environmental, and engineering studies, important
questions still remain concerning all the factors responsible for the actual appearance and

characteristics of GPR reflections and diffractions.

Interpreters of GPR data have traditionally made a basic assumption: most reflection
events with continuity (based on amplitude observations) are analogous and directly
correlatable to geologic features exposed in immediately adjacent outcrops. It has also
been assumed that correlating reflection events interpretable on GPR section to outcrops
involves nothing more than visual matching of EM wave reflections (based on amplitude
and gross estimations of time-to-depth relationships) to photographs or hand-drawn
geologic cross-sections. However, not all coherent GPR reflection events on cross
sections (time-offset profiles), that could potentially be interpreted, are within the plane
(instrument footprint), are primary reflections, or have the correct geometry that can be
directly correlated to features in rock exposures. Our research incorporated several
strategies and techniques not previously attempted to groundtruth GPR data and

determine controls on GPR reflection events.

A Pennsylvanian reservoir analog in a NE Kansas quarry was selected to conduct
experiments within a 3-D grid to test the utility of ground-penetrating radar (GPR) to

accurately depict geometry, heterogeneity, and measure petrophysical properties to
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provide strategies and methods for the accurate application of GPR to sedimentologic and
reservoir analog studies. The initial results and experiments of our study that have
implications for GPR applications to the rock record in general are:

1) Wavelet suppression, using the GPR instrument wavelet acquired in air
(deterministic deconvolution), successfully eliminates narrow band source
wavelet interference and results in clearer depiction of geologic features.

2) Deconvolution of GPR data using measured instrument specific wavelets should
be included as a standard GPR data processing step.

3) The instrument wavelet is not dependent on geology or ground coupling.
Therefore, once the waveform for a particular GPR instrument is successfully
acquired, it can be used as the deconvolution operator in any geologic setting.

4) There is a high degree of direct correlation of GPR reflections with bedding and
lithologic changes. Geologic features approaching or exceeding theoretical
resolution limits are clearly identifiable on GPR profiles that include deterministic
deconvolution in the processing flow.

5) Out-of-plane effects, multiples, and other noise on GPR data are minimal or non-
existent in this setting using the deterministic deconvolution in the processing
flow.

6) Time-to-depth conversion based on EM wave propagation velocities calculated
from moveout curves on CMP data are generally accurate, but can be fine-tuned
based on rock property measurements.

7) Petrophysical properties of the rocks in all layers are highly correlated including
permeability with porosity and porosity with grain density (reflecting
dolomitization).

8) Water-filled porosity exerts significant control on dielectric constant which is

important to GPR response.



9) A volumetric-type dielectric mixing (Time-Propagation) model of the strata at the
quarry site confirm that this modeling approach is sufficiently accurate for larger
scale forward modeling and inversely may allow prediction of rock properties

from GPR response using attribute analysis.

SETTING AND METHODS
The study site is located in the Shawnee Rock Company quarry near Bonner Springs,
Kansas (Fig 1A). A bench on the upper Farley Member (Pennsylvanian) was selected for
the study grid. A 30 m by 30 m two-dimensional grid was designed on a flat bench
behind an initial quarry face (BSG1) approximately 2.7 — 3.5 m (9 — 12 feet) thick (Figs.
1B, 1C).

GPR data were initially collected along seven grid lines parallel to the quarry face and
seven grid lines perpendicular to the quarry face, each separated by 5 m (Fig. 1B). GPR
data were acquired using a MALA system using 50 MHz, 100MHz, 200 MHz, and 400
MHz antennas. Data were processed using WinSeis© (a commercial software package
developed at the Kansas Geological Survey) complemented with some custom code.
Analysis focused on data using the 400 MHz antenna because this frequency provided the
highest resolution of targeted geologic features at the study site. A 128-fold vertical
stack was acquired every 0.1 m along each line while maintaining a fixed source and
receiver separation of 0.6 m with the 400 MHz antenna. A perpendicular-broadside
antenna orientation was employed to give the radar section more of a 2-D slice through

the subsurface.

Twelve continuous vertical cores, five centimeters in diameter, were taken on 10 x

10-meter spacings within the grid area to provide initial groundtruth for GPR
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interpretations (Figs. 1C, 2A). Further groundtruthing of GPR data was accomplished by
observing, mapping, and sampling geologic features exposed by successive quarry face
exposures (BSG1, BSG2, BSG3, and BSG4) as operators blasted back at 10-m intervals
in coordination with our grid and borehole locations (Figs. 2B-E). Cores and outcrops
were sampled for lithologic, diagenetic, porosity, hydraulic permeability,

minipermeameter, water saturation, and dielectric constant data.

A total of 78 horizontal holes were drilled in key locations on three exposed quarry
faces where GPR data were acquired before and after conductive steel rods, 1.5 m in
length, were placed in the holes. Diagnostic GPR responses from the horizontal steel rods
served as known reflectors and provided ultimate groundtruthing of GPR data. The steel
bars provided critical information for: 1) confirmation and nature of specific geologic
reflection events in the GPR data, 2) GPR resolution limits, 3) accuracy of velocities

calculated from CMP data, and 4) determining if any multiples occurred in the GPR data.

General Stratal and Facies Characteristics

Upper Farley strata are vertically exposed for approximately 3 meters on the
quarry face and characterized by medium (< 0.15 m) to thickly (0.3 — 0.9 m)
bedded carbonates separated by thin (< 2.5 cm) shale partings and stylocumulates
(Figs. 3, 4). A characteristic of upper Farley strata is the extensive lateral
continuity of the generally horizontal to wavy horizontal bedding. Shale partings
and stylocumulates at bedding planes are generally consistent, but locally come
and go laterally. The nature of the strata made it ideal for the purposes of our
study. Details of stratal and lithologic characteristics are discussed in later

sections.



DETERMINISTIC DECONVOLUTION

"Ringing" (due to narrow bandwidth and source waveform) in a GPR section
dramatically limits resolution, and increases the potential for misinterpretations, thereby
constraining the usage of GPR. Deconvolution can be used to compress the basic source
wavelet resulting in improved temporal resolution. Although there are many different
deconvolution methods with application histories in seismic reflection data processing,
deconvolution is rarely used successfully in GPR studies of real-world sites due to source
wavelet assumptions inherent to most deconvolution models. Our study developed the
following convolution model using a GPR instrument wavelet acquired in air. The
following section briefly describes some of the key steps utilized in our study for
successful application of deterministic deconvolution. For further details on

deterministic deconvolution used in our study, see Xia et al. (2001a; 2001b).

Convolution Model
Assuming no noise, GPR data are the convolution of the instrument or source wavelet
with the earth’s reflectivity series:
x(t) = w(t)*e(t) (1)
where
x(t) = recorded GPR data
w(t) = instrument wavelet
e(t) = earth’s reflectivity series

* = denotes convolution.

In the frequency domain, Eq. 1 can be written as:

X(f) = W(HE() 2)

where



X(f) = the Fourier transform of x(t)
W(f) = the Fourier transform of w(t)

E(f) = the Fourier transform of e(t).

If w(t) is known and its spectrum W(f) has no zeros within a specific range, an earth

reflectivity series can be determined using a deterministic deconvolution:

E(f) = X(H/W(6) 3)
and the inverse Fourier transform
e(t) = F-1[E(f)] “4)
where

F-1 = the inverse Fourier transform.

Acquisition of the Source Wavelet

An MALA system with a 370-V transmitter, 400 MHz antennas, and 3348 MHz
sampling frequency was used in our study. Instrument wavelets were acquired in an open
area void of environmental and/or culture noise. Acquisition of a clean instrument
wavelet is critical to the effectiveness of deterministic deconvolution. A 512-fold vertical
stack was used to minimize the contribution of random noise during the acquisition of a
representative wavelet. Initially, to capture the source wavelet, a signal search was
performed with the transmitter antenna and receiver antenna separated by 0.3 m, 0.6 m,
and 0.9 m respectively using conventional facedown on the ground coupling (Fig 5A).
Next, to acquire the actual source wavelets, the antennas were placed face to face to
acquire wavelets in the air at 0.3, 0.6, 0.9 m respectively (Fig 5B). Trial applications
determined that the wavelet extracted with 0.3-m separation produced the best results for
400 MHz antennas. Successful acquisition of the basic source wavelet unique to this

radar equipment is indicated by the well-behaved spectrum of the 400 MHz antenna
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wavelet (no zero or near zero values in the designed frequency range spectrum), and a
dominant frequency of 300 MHz (Fig. 6). This can then be used for direct and stable
application of deterministic deconvolution (Eq. 3 of the Convolution Model) to suppress
the source wavelet in GRP data. It is important to note that the instrument wavelet is not

dependent on geology or antenna ground coupling. Therefore, a waveform acquired in

air can be used as the deconvolution operator in any geologic setting.

Verification of Deterministic Deconvolution from the Study Site

A variety of experiments were conducted using steel rods, 1.5 m in length and 4.4 cm
in diameter, inserted into holes drilled horizontally into the quarry face. A specially
designed air-drilling unit was used to drill holes that allowed rods to be driven snuggly
into place (Fig. 7A). GPR data were acquired before and after the conductive steel rods
were placed in holes (Fig. 7B). Reflections/diffractions from the rods on the GPR data
provided absolute bearings as to the exact location in the 3-D subsurface being imaged.
Comparison to measured locations of rods on the quarry face determined whether
coherent GPR events were due to geologic features or were noise. The steel rods were
variously arranged vertically or laterally along horizons in the quarry face exposures to
determine the nature of GPR response and for use in accurately calibrating GPR data to
known locations as measured on the quarry face (Figs. 8, 9, 10). The steel rods proved
extremely useful for verification that including a deterministic deconvolution processing
step improved the quality of GPR images over images that are conventionally processed

using only scaling and bandpass filtering.

One example using steel rods demonstrates the improved resolution of GPR data
using deterministic deconvolution. This experiment consisted of six vertically aligned

steel rods in quarry face BSG3 (Fig. 8A). We acquired GPR data along a 6-m trace, 1 m
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behind the quarry face containing the steel rods. The conductive rods cause reflections
that appear as hyperbolas on GPR profiles. Although the apex of the hyperbolas should
be indicative of the precise location of the rods, the locations (horizontal and vertical) of
the apex of the hyperbola on the non-deconvolved GPR profile are skewed compared to
the true rod locations (Figure 8B). The average velocity of EM wave propagation in the
limestone at this site is 0.1 m/ns, which for the 400 MHz antenna equates to a maximum
potential vertical resolution of around 0.25 — 0.30 m. Theoretically, two reflectors closer
than 0.25 — 0.30 m will not be resolvable because any reflected events with time duration
equal to or longer than 1/2 the width of the main peak will interfere with each other,
smearing, splitting, and/or misplacing reflections in time and/or space. With this
limitation in resolution, the six rods on the non-deconvolved GPR data can only be

located within confidence of + 10 cm vertically and + 20 cm horizontally (Fig. 8B).

In contrast, after including deterministic deconvolution in the processing flow (Fig.
8B), the peaks of the four shallowest hyperbolas distinctly and correctly represent the
locations of the corresponding four rods both horizontally and vertically. Using a normal
moveout velocity calculated from a nearby CMP gather (0.097m/ns), the true depths of
the first four rods can be located within a few centimeters on the GPR profile. It is also
possible to locate the two deepest rods even though they are considered relatively deep
(considering their size and penetration limitations for antennas of this frequency) and are

less than one-quarter wavelength apart.

The improvement in resolution after deterministic deconvolution is further
demonstrated by comparison of deconvolved and non-deconvolved GPR traces of an
entire quarry face within our grid (Fig. 11A, B, C). GPR data were again acquired along a

line one-meter behind the quarry face. CMP data with 60-trace gathers and maximum
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source and receiver antenna separation of 6 m were acquired at eleven intersection points
of the GPR survey grid. Time to depth conversions are based on EM wave propagation
velocities calculated from moveout curves on the CMP data. Accuracy of these
conversions was confirmed by comparing surveyed horizontal rod locations along the

BSG1 face with locations calculated from the GPR measured velocity.

Some reflections on non-deconvolved GPR data (Fig. 11C) appear to correlate with
the stratigraphy shown on the photomosaic, however much of the GPR data are very
difficult to interpret correctly due to the dominance of a very complex arrival pattern
characteristic of wavelet interference, and possible out-of-the-plane energy. Based on the
results of the steel rod experiment discussed above, many of these complexities are a
byproduct of the data resolution and associated wavelet interference, which makes it
difficult to interpret most of the bedding on this section. Results from the rod experiments
also indicate that interpretations are further complicated by the inaccurate vertical and

horizontal locations of geologic features imaged by non-deconvolved GPR data.

Resolution of reflection response, positions of bed boundaries, and rod locations is
considerably improved after deterministic deconvolution (Figure 8C). Data using the
known locations of the steel rods indicate that: 1) reflection events in these GPR data are
from specific geologic features (multiples are absent); 2) the locations of beds along the
BSG1 face are spatially accurate along the entire deconvolved GPR trace as confirmed by

measurements from the quarry face.
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GPR RESULTS AND RELATION TO LITHOLOGY
This section describes lithology, geologic features, and results of GPR profiles from
two of the quarry faces that were exposed within the grid. We focus on the results of
GPR profiles using the 400 MHz antennas because they provide the highest resolution of
features exposed on the quarry faces. Theoretically, using the 400 MHz antenna,
resolution should be smaller than ~15 cm, and potentially greater, depending on dielectric

constant (Fig. 12).

Lithologic Features

In general, the upper Farley strata at the study site are characterized by carbonate
beds that are separated by thin shale seams. However, some horizons show more
complex and vertical and lateral variability. The twelve cores taken within the grid were
described in detail for further facies characteristics that may be important for GPR
response (Fig. 13). Facies were divided into the following categories: 1) Shale/Clay, 2)
Calcareous Shale/Clay, 3) Shaly Limestone, 4) Mudstone (carbonate), 5)
Mudstone/Wackestone, 6) Wackestone, 7) Wackestone/Packstone, 8) Packstone, 9)
Packstone/Grainstone, and 10) Grainstone. Using a digital lithofacies classification
system (Fig. 13), the cores were described at 0.1 foot intervals. These digital descriptions
were used to visually represent the rocks, to model petrophysical properties for dielectric

modeling, and to compare rock properties with GPR profiles from quarry faces.

Comparison of Quarry Face and GPR Results

Each quarry face was mapped in detail to document bedding characteristics and
traceability across the exposed face (Figs 14, 15). Eleven major traceable bedding planes
were identified on each of the four exposed quarry faces. These beds are labeled from

top to bottom: A, *(star), B, @ (dot), C, E, D, F, G, H, and X. Solid lines represent
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distinct, traceable bedding planes (most characterized by distinct bedding plane breaks
with distinct shale partings), dashed lines reflect bedding planes that are less distinct and
shale partings are typically thinner or more diffuse, and dotted lines represent inferred
bedding planes, where no distinct lithologic break is evident. Orange dots show the
locations of the horizontal steel bar experiments. Core descriptions are included to
provide facies data. The bedding features as mapped on the quarry faces are shown
directly overlain on the 400 MHz GPR profiles from the same faces; exact locations are
confirmed by steel bar experiments. Some adjustment in overlaying the data on the GPR
sections had to be made, and 100 percent match was not possible due to: 1) The quarry
face exposures contain some three dimensionality (not a straight plane) that gives some
curvature to bedding features on the mosaics, whereas the GPR data were collected along
a straight line, 2) the GPR data were taken approximately 1-m behind the quarry face
exposure so that there may be some change in bedding character in that direction behind
the exposure, 3) core locations are matched to the quarry face exposures as close as
possible but may not reflect exact location due to the nature of the quarry face after
blasting. Overall, the comparison with quarry facies data indicates a high degree of direct
correlation of GPR reflections with bedding and lithologic changes. The following
section discusses and compares bedding features as documented on the quarry faces and

their representation on the GPR data.

On the quarry face, the * (star) and ® (dot) bedding planes are very distinct and sharp,
and laterally traceable across the entire face. Both bedding planes contain distinct shale
layers and clay laminations along the entire trace of the beds. Diffuse clay and clay
intermixed in carbonate is common in strata immediately adjacent to these bedding

planes. Consistent with reflectivity estimations, the * (star) and @ (dot) horizons should
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be, and are, strong, laterally continuous reflections on the GPR profiles from the two

quarry face examples (Figs. 14, 15).

Beds A and B are mostly distinct, laterally traceable bedding planes on quarry
exposures. However, there is some lateral variation along these bedding planes. Locally,
the bedding planes contain distinct shale layers and clay laminations. Elsewhere, the
bedding planes may contain little clay (only marked by diffuse clay or some minor clay
laminations). Based on this lateral variation in shale concentration, these bedding planes
would be expected to possess some variability in reflection wavelet character as a
function of the differing shale concentrations. On the GPR profile, bedding planes A and
B are confidently identified and, as expected, their reflection character varies laterally

(Figs. 14, 15).

Below the @ (dot) bedding plane, bedding character is more complex due to highly
variable shale content along bedding planes, additional bedding planes (unlabeled) that
appear between the major labeled bedding planes, and bedding planes that converge, or
die out. Several bedding planes (D, F, X) are relatively distinct, sharp breaks and
generally traceable across most of the quarry face exposures. However, there is some
lateral variation along these bedding planes. Locally, the bedding planes contain distinct
shale layers and clay laminations. Elsewhere, the bedding planes may contain little clay
(only marked by diffuse clay or some minor clay laminations). As expected, the
reflection character varies laterally for bedding planes D, F and X on the GPR profiles.
Further complexities occur due to added minor clay seams that occur near these beds, and
convergence of major bedding planes beyond the resolution of the deconvolved 400 MHz
GPR data (< 10 cm; 0.3 in), which likely adds complexity in reflection character due to

signal interference.
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Bedding planes C, E and G, H show the most complexity on quarry face exposures.
These bedding planes locally die out laterally, other bedding planes locally occur
between these horizons, there is highly variable shale content along the bedding planes,
and there is geometric complexity (pinching, swelling, bedding plane convergence,
additional minor bedding planes). Accordingly, GPR reflection characteristics and
geometry for these horizons is expected to be very complex. GPR data on Figures 14 and
15 both show the most complexity in reflection character at these horizons. The
additional minor clay seams (unlabeled) that occur near these beds, and convergence of
major bedding planes beyond the resolution of the deconvolved 400 MHz GPR data (<
10 cm; 0.3 in), likely add complexity to reflection character due to signal interference.
Although exact tracing of beds is difficult, confident identification of the general location
of these complex horizons and the similarity in complexity on outcrop and complexity on

GPR indicates that the GPR reflections are responding to the geological features.

ROCK PROPERTIES, GPR RESPONSE,
& FORWARD MODELING OF GPR RESPONSE
Dielectric constant is a critical GPR parameter because it controls the electromagnetic
wave propagation velocity through a material, the reflection coefficients at interfaces, and
affects the vertical and horizontal imaging resolution. Knowledge of dielectric constant

values of materials aids in understanding and interpreting GPR images.

Dielectric constants in rocks are primarily a function of mineralogy, porosity, pore
fluids, frequency, geometries and electrochemical interactions between the components.
The close match of strong GPR reflections to clay-rich lithology as discussed in the

above section suggests clay content and mineralogy is a strong control. However, the
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clay minerals present in the Farley are mainly illite/mica, kaolinite, and some smectite,
(Mckirahan et al., 2000). The dielectric constant for illite/mica is 6.4 (Martinez and
Byrnes, 2001) and kaolinite is 11.8 (Olhoeft, 1989), whereas the dielectric constant for
calcite and dolomite ranges from 6.4 to 8.5 (Martinez and Byrnes, 2001; Olhoeft, 1989).
Therefore, the similarity in dielectric constants between the clays that are present at the

study site and the carbonate rocks indicates that mineralogy alone cannot account for the

strong reflections that occur.

Martinez and Byrnes (2001) have recently shown the significant influence of water
saturation and porosity and the lesser influence of mineralogy on bulk dielectric constant
(Fig. 16) and, therefore, are primary controls on GPR response, including two way travel
time, reflection coefficient amplitude across interfaces of different materials, and vertical

and horizontal imaging resolution.

Petrographic studies and a suite of petrophysical properties were measured on
samples from cores to further understand the lithologic and petrophysical controls on
GPR response. Core plug petrophysical analyses indicate there is a good correlation
between porosity and permeability for all beds (Fig. 17). Furthermore, increasing
porosity (¢) and permeability (k) are associated with dolomitization (Fig. 18). Increasing
dolomitization is associated with increasing ¢ for ¢ > 10%. Increasing dolomite content
is also associated with higher k at any given ¢ for ¢ > 10%. Variance in density for any
given ¢ is not strongly influenced by argillaceousness. However, horizontal partings
along shale beds also create high porosity and permeability. Core plug and miniprobe
permeability measurements also indicate that the middle of the studied quarry exposures
generally have higher porosity and permeability values as compared to the upper and

lower (to 11 foot depth) portions of the studied interval (Fig. 19). Figures 20 and 21
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illustrate lithologies, porosity, and grain density (dolomite) relationships and associated
GPR response. There is a general consistency in rock properties and GPR response
between all cores taken within the grid (Figs. 20, 22). A strong GPR response is
generally associated with the higher porosity dolomite intervals and shale-rich bedding
planes. Clean carbonates with less dolomite are less porous and GPR response tends to

be weaker.

Although there appears to be a clear relationship between higher porosity and strong
GPR response water saturation in the pore space exerts significant control on dielectric
constant. Water saturations, measured from samples collected on fresh quarry outcrop
faces, approached 100% in shaly intervals and in the higher porosity carbonates (higher
% dolomite) for several inches adjacent to these shale aquitards (Fig. 23). Water
saturations in clean carbonates were much lower (generally 40% or less). The strong
GPR reflections at shale bed contacts are interpreted to result from the higher porosity
associated with dolomitization and clay bedding planes/partings and high water saturation

states associated with those horizons.

The high degree of direct correlation of GPR reflections with geologic features and
rock properties provides the opportunity to do forward modeling to determine which rock
properties exert dominant control on reflectivity. Results from forward modeling,
compared to and calibrated with actual GPR response from the grid, can in turn be used
for inversely modeling expected reflection coefficients, two-way travel-times, and
vertical and spatial imaging. The inverse modeling results can be used to predict

lithology and rock properties based on GPR attributes away from control points.
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Dielectric constant mixing models allow prediction of bulk dielectric properties of
complex earth materials based on the dielectric properties of constituent materials. A
dielectric mixing model that is highly useful and easy to construct for geologic materials
is the Time-Propagation (TP) model, a volumetric-type dielectric mixing model. The
input parameters for TP modeling are easily obtained, the mathematical equation to
calculate bulk dielectric-constant values is simple, and the results of the TP model are

very similar to observed values (Martinez and Byrnes, 2001).

The mathematical equation describing the TP dielectric mixing model is:
E, = [2 V(E)™T
where E, is the dielectric constant and V, and E,; are the bulk volume fraction and
dielectric constant of the ith component (Knoll, 1996). The TP model is a specific case of
the more general Lichtenecker-Rother (1931) equation:
E, = [Z V{(E,) 1"
where a geometric factor that relates the direction of the effective layering of components
to the direction of the applied electrical field, is 0.5. The TP model does not account for
variations in frequency and is valid only for low conductivity (¢ < 10 mS/m), non-
magnetic (i.e., #,=1) materials. Due to the high E, of water (E, = 81), water saturation and
porosity play a critical role in bulk E,. Figure 24 shows the results of TP modeling for

this study and the close match of measured and observed petrophysical values.

Electromagnetic impedance equals the square root of dielectric constant. Using EM
impedance, the reflection coefficient (RC) of GPR signals in nonmagnetic material can
be calculated using the relationship:

RC = [(E,)'"” - (B)"V [(E)"™+ (B )™
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where E, is the dielectric constant of the upper media, and E,, is the dielectric constant of
the lower media. This equation describes the strength of single-fold reflections at
interfaces of materials of different lithology or water saturations (i.e., different bulk

dielectric constants).

Results of initial TP modeling for reflection coefficients are shown in Figure 235.
These results indicate that water-saturation states are the primary control on GPR
response because of the high dielectric constant of water. If the site were completely dry,
the model results indicate that porosity and mineralogy alone would not produce the
response seen on the GPR data. Many reflections that are strong on the observed GPR
profiles are subdued in the model, and there is a weak signal-to-background noise ratio in
the model. Modeling using a full-water saturated condition also does not provide a match
between modeled and predicted GPR response. If the rocks were water-saturated a
contact between a high porosity and underlying low porosity rock, similar to a carbonate-
shale contact, would produce a peak to trough response. This is the opposite reflection of
that observed on GPR profiles. In addition, in fully water-saturated carbonates, all
contacts between high and low porosity carbonate would produce strong reflections,

which was not observed in the field.

In the final model, bulk E, was calculated for a vertical profile using measured
porosity and argillaceousness values, and water saturation values of 100% for shale
bedding planes and 40% water saturation for the carbonate strata as measured at the 10m-
10m location. Modeled high reflection coefficients at shale/carbonate bedding plane
contacts (resulting in a strong GPR response) match closely with the observed GPR

signal and amplitude. This supports the interpretation that water at shale partings and
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bedding planes, and high porosity in dolomite that occurs adjacent to shale horizons

combine to be the primary controls on strong GPR reflections.

These results provide confidence for further interpreting details on the collected GPR
data that were not obvious in the field. Discontinuous and subtle reflectors between the
main traceable layers are likely areas of water saturated shale partings and/or porous
dolomite intervals (at least partially saturated) that affect heterogeneity within the setting.
The understanding of controls on GPR reflection provides the opportunity to use GPR
attributes for further interpretation of lithologic, porosity, and resultant water saturation
state and heterogeneity of this reservoir analog at high resolution between control

(outcrop and core) points.

CONCLUSIONS
1) Exposures of a Pennsylvanian reservoir analog, characterized by horizontally bedded
carbonates separated by thin shale partings and stylocumulates, provided an opportunity
to conduct studies and experiments to analyze the effectiveness of GPR for accurately

depicting stratal characteristics, heterogeneity, and petrophysical properties.

2) A convolution model was developed using a unique GPR instrument wavelet acquired
in air. Wavelets for 400 MHz antenna (0.3 m spacing) and 200 MHz antenna (0.9 m
spacing) possessed well-behaved spectral properties. A wavelet suppression procedure

(deterministic deconvolution) was then implemented during processing of GPR data.

3) Once a wavelet is acquired and defined for a particular antenna, it can be permanently
stored and used for any geologic setting. Changes in geologic material being imaged or

ground coupling will have no impact on the source wavelet.
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4) Deterministic deconvolution, using the acquired instrument wavelet, successfully
suppressed narrow-band source-wavelet interference and resulted in clearer depiction of
geologic features. Detailed comparison of quarry exposures of successive faces and
conductive steel bar experiments confirmed that GPR data processed using deterministic
deconvolution provided superior GPR profiles compared to conventionally processed

GPR data (only scaled and AGC bandpass filtered).

5) Out-of-plane effects, multiples, and other noise on GPR data are minimal or non-
existent in this setting based on: A) comparison of two GPR data sets acquired along the
same line before and after the blasting of successive quarry faces, and B) data from

conductive steel bar experiments.

6) There is a high degree of correlation of GPR reflections with bedding and lithologic
changes. Theoretically, resolution should be finer than ~15 c¢m, depending on dielectric
constant, using the 400 MHz antenna. Major geological features identified on quarry
walls (~ 3-3.5 m vertical exposures), even those as closely spaced as ~10 cm (0.3 in.), are

resolvable on the GPR data and can be confidently correlated.

7) Time-to-depth conversion based on EM wave propagation velocities calculated from
moveout curves on CMP data are generally accurate as confirmed by steel bar
experiments. However, petrophysical measurements indicate that the middle of the
studied quarry exposure has generally higher porosity and permeability values as
compared to the upper and lower portions of the studied interval. These data can be used

for refining velocity calculations.
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8) Petrophysical properties of the rocks in all layers are highly correlated including
permeability versus porosity and porosity versus grain density. Increased porosity is
generally associated with dolomite; much of the dolomite is associated with clay-rich

intervals. Higher porosity also occurs at partings in and bounding clay-rich beds.

9) Rock properties and GPR response for data collected from all faces is consistent.
Strong GPR response is generally associated with higher porosity dolomitic and clay-rich
intervals that typically occur at or near bedding planes. Clean carbonates with less
dolomite are less porous and exhibit few contrasts in dielectric constant and thus few

strong reflections.

10) Bulk dielectric constant is primarily controlled by water saturation, porosity and
mineralogy. Water saturations, measured from samples collected on fresh outcrop face,
approached 100% in shaly intervals and in the carbonate for several inches adjacent these
shale aquitards. The high dielectric constants associated with these high water saturations

and clays significantly control the reflectivity.

11) A volumetric-type dielectric-mixing model (Time-Propagation) allows prediction of
bulk dielectric properties based on the dielectric properties of constituent materials.
Results using this forward modeling approach show that a dry or fully water-saturated
outcrop does not exhibit the observed GPR response. A modeled response for a profile
with ~40% saturation in the limestone and 100% in the shales exhibits strong reflectance
coefficient values at the shale beds and closely matches observed GPR response

indicating water saturation and porosity are primary controls on GPR response.
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12) Once confidence has been gained that GPR data are of sufficient quality and
accurately represent geologic features and rock properties, the forward modeling results
can be used for inversely modeling expected reflection coefficients, two-way travel-
times, and vertical and spatial imaging resolutions for field GPR and reservoir analog
studies. Efforts along these lines are being used in conjunction with the abundant GPR
data collected in the field for depicting stratal relationships and heterogeneity in 3-D, and

at very high resolution, for this reservoir analog study site.
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Figure 1: A) Study site location. B) and C) A 30 x 30 m grid was set up on a flat bench just behind the
original quarry face. The surface was cleaned as much as possible of any debris and shale material.
Initially, seven GPR lines were collected parallel to the quarry face and seven lines perpendicular to the
quarry face, each separated by 5 m. Antennas of 50,100, 200, and 400 Mhz were used for each line.

Additional GPR data were collected in conjunction with steel rod bar experiments and as successive faces
of quarries were exposed.
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Figure 2: A) Locations of successive quarry faces and cores. 12 cores were obtained within the grid at 10 meter intervals behind the original
quarry face. Those locations coincided with future quarry faces to be exposed through repeated blasting by quarry operators within our grid
design. B) Planting of explosives within the grid in preparation of blasting back to the BSG3 (20 m) face. Rocks are piled up in front of the
BSG2 (10 m) face to help control the direction of blast. C) Blasting to expose the BSG3 (20 m) face. D) Just after the blasting to expose the
BSG3 (20 m) face. Quarry equipment then clears blast debris to expose the face for stratigraphic,sedimentologic and additional GPR work
associated with the newly exposed face. E) Clean exposure of the BSG2 (10 m) face after blasting and cleanup by quarry operators.
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nature of the upper Farley unit.
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Figure 4: Limestone beds are typically composed of skeletal wackestone and packstone consisting predominantly of phylloid algae, bryozoans, brachiopods (A).
Shale beds, partings and stylocumulates are commonly diffuse into adjacent limestone over the scale of < 2.5 cm to ~7.5 cm (A, B, C). Shale-rich bedding planes
and diffuse clay areas were saturated with water after rain (dark areas on C).



Figure 5: Methodology for capturing source wavelet for 400 Mhz antennas.
A) Transmitter antenna and receiver antenna separated by 0.3 m, using
conventional facedown on the ground coupling. B) The antennas were then
placed face to face in the air at 0.3,m to acquire the actual source wavelet.



WAVELET WAVELET SPECTRUM

O s gl 1.0--
L ,‘i 0.8
S— o=

=)
30 | EE 067
2 | Qo
2
B s
; 0.4+
50 |
60— - 0.2

70 ‘

0.0

0 200 400 600 800 1000
Frequency MHz

Figure 6: Wavelet characteristics for 400 MHz antennas with 0.3 m separation in signal search and wavelet acquisition.



Figure 7: A) A specially designed air drilling unit was used to drill holes that allowed
horizontal rods to be inserted into the quarry face. driven snuggly into place.

B) Steel rods, 1.5 m in length and 4.4 cm in diameter, were inserted into holes in quarry
faces for groundtruthing of GPR data.
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Figure 8: A) Experiments using conductive metal rods to demonstrate effectiveness of deterministic deconvolution. B)
Results on conventional GPR data (scaled and bandpass filtered). C) Resutls on GPR data after deterministic
deconvolution. The theoretical maximum vertical resolution at the site is ~0.25-0.3 m for the 400 MHz antenna. On the
conventionally processed data, resolution of rods is relatively poor and rod locations are skewed compared to true
locations as measured on quarry face. In contrast, after applying deterministic deconvolution, resolution is significantly
improved (by > 50% in some cases) and locations of rods are spatially accurate.
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Figure 9: Rods were variously placed and arranged laterally along horizons or vertically stacked- (Fig 8) along
exposures to determine nature of GPR response and for use in accurately calibrating GPR data to known
locations as measured on the quarry face. Letters indicate beds; numbers indicate rod locations.
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Figure 10: Results of some of the rod experiments carried out on BSG1. Orange dots and numbers are rod locations. Letters and symbols are
bed identifications. Note, these GPR data include the deterministic deconvolution processing step. Common-midpoint (CMP) data were acquired
and velocities of EM wave propagation were calculated based on moveout curves on the CMP data for time to depth conversion. The accuracy of

these calculated depths were compared to actual locations of steel rods for verification.
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Figure 11: Comparison of GPR data from BSG1 quarry face (A) after deterministic deconvolution processing (B) and the same GPR data after just AGC scaling and bandpass

filtering (C), which are the type of data conventionally used for interpretation in sedimentary studies.
deterministic deconvolution) are easier to directly tie to geologic features on the photo mosaic and are confirmed by steel rod data (orange dots).
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Figure 14: Photomosaic (with cores) shows facies and bedding characteristics as traced on the photo during study of the exposed quarry face. These traces are essentially shown directly overlain on GPR data from
the same face; exact locations are confirmed by steel bar experiments. Solid lines represent distinct, traceable bedding planes (shale partings), dashed lines reflect where bedding planes are less distinct (shale part-
ings are thinner or more diffuse), and dotted lines represent inferred bedding planes. Orange dots show locations for horizontal conductive bar experiments. GPR data were taken with 400 MHz antennas 1 meter

behind the BSG1 quarry face. See Figure 13 for key to core descriptions.
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Figure 15: Photomosaic (with cores) shows facies and bedding characteristics as traced on the photo during study of the exposed quarry face. These traces are essentially shown directly overlain on GPR
data from the same face; exact locations are confirmed by steel bar experiments. Solid lines represent distinct, traceable bedding planes (shale partings), dashed lines reflect where bedding planes are less

distinct (shale partings are thinner or more diffuse), and dotted lines represent inferred bedding planes. Orange dots show locations for horizontal conductive bar experiments. GPR data were taken with
400 MHz antennas 1 meter behind the BSG1 quarry face. See Figure 13 for key to core descriptions.
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correlated with the more accurate plug values for k> 0.1 md, but probe values were not accurate at low k and are not
useful for f prediction in this low range.
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Figure 20: Lithologic features, rock properties, and GPR response for the 10-10 core. Increasing grain densi-
ty is generally indicative of increase in amount of dolomite. Increased porosity is generally associated with
dolomite; much of the dolomite is associated with clay-rich intervals. Higher porosity also is associated with
partings along clay-rich beds. Note locations of photomicrographs (Figs. 21A-L) showing lithologic details.
See Figure 13 for key to core descriptions.
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Fig. 21 A) 0.1 feet - Skeletal wackestone/packstone with clay-rich
stylocumulates and concentrated skeletal fragments. 6.2 % porosity .062
md permeability 5% dolomite. Dual stain; red is calcite. Field of view
(long dimension) is 5 mm. B) 2. 5 feet - Phylloid, brachiopod, bryozoan
wackestone. 5.7% porosity. Perm =.014 md. 0% dolomite. Dual stain;
red is calcite. Field of view is 5 mm. C) 3.9 feet - Shaly skeletal
fragment wackestone. 23.5% porosity. Permeability = 4.7 md. Dolomite
= 47%. Note the blue-green color is due to blue epoxy filling in
microporosity. No stain. Field of view is 5 mm. D) 4.1 feet - Bryozoan,
brachiopod, phylloid algal wackestone with some clay.16.3 % porosity.
Permeability = 1.65 md. Dolomite = 74%. Dual stain; red is calcite, clear
is dolomite. Dolomite in this interval is mixture of matrix dolomite and
coarser dolomite cement. Field of view is 5 mm.
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Fig. 21: E) 4.4 feet - Brachiopod, phylloid algal, bryozoan wacketone/packstone. 19.5% porosity. Permeability =
1.24 md. Dolomite = 48%. Dual stain; red is calcite, clear is dolomite. Field of view is 5 mm. F) 6.3 feet - Shaly
bryozoan, echinoderm, brachiopod, phylloid algal mudstone/wackestone. 20% porosity. Permeability = 2.92 md.
Dolomite = 24%. No stain. Field of view is 5 mm. G) 7.1 feet - Skeletal fragment wackestone with some clay (c).
19.3% porosity. Permeability = 2.85 md. Dolomite = 17%. Dual stain; red is calcite clear is dolomite. Field of view
is 5 mm. H) 7.7 feet - Shaly, bryozoan, phylloid algal, brachiopod wackestone. 18% porosity. Permeability = 1.60
md. Dolomite = 10%. Red stained areas are calcite. Field of view is 5 mm.



Fig. 21: 1) 8.25 feet - Shaley skeletal wackestone with thin clay seams (c). 19.6% porosity.
Permeability = 1.3 md. 47% dolomite. Dual stain; Red is calcite, clear and darker areas are
dolomite and clay. Field of view is 5 mm. 9.1 feet - Phylloid algal, bryozoan, skeletal fragment
wackestone. J) 9% porosity.Permeability = .035 md. Dolomite = 18%. Dual stain; red is
calcite,clear and darker areas are dolomite and clay. Field of view is 5 mm.



Fig. 21: K) 9.6 feet - Shaly skeletal fragment wackestone with clay-rich stylocumulates (c).
13.8% porosity. Permeability = .215 md. Dolomite = 34%. Dual stain; red is calcite, clear
and darker areas are dolomite and clay. Field of view is 5 mm. L) 9.7 feet - Shale-rich
skeletal fragment wackestone. 14% porosity. Permeability = .03 md. Dolomite = 34%.
Dual stain; red is calcite, clear and darker areas are dolomite and clay. Field of view is 5
mm.
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Figure 22: Comparison and correlation of lithology, GPR response, porosity, grain density between five cores from three different quarry faces.

See Figure 13 for key to core descriptions.
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Figure 23: Water seeped out along horizontal partings in shales and saturations in the
limestone overlying shales or between fine shale beds approached 100%. High water
saturations, and associated high Er’ and high Er for shales containing clays with high

surface area and cation exchange capacity, both significantly control the reflectance
coefficient.
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Figure 24: Time propagation (TP) models of the strata at the quarry site confirm that
this modeling approach is sufficiently accurate for larger scale forward modeling.
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Figure 25: Time Propagation modeling shows that mineralogy alone at the site cannot account for the observed GPR
response. Modeling also shows that a dry or fully water-saturated outcrop does not exhibit the observed GPR response.
Note that full water saturation reverses reflectance polarity. Modeled response for a profile with ~40% saturation in the

limestone and 100% in the shales exhibits strong RC values at the shale beds and closely matches observed GPR

response.
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