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Abstract

High-resolution ground-penetrating radar (GPR) is a subsurface imaging tool that can extend results
gained from studies of reservoir-analog outcrops and add detailed information about reservoir analogs
that is unavailable from either seismic data or well control alone. Integration of GPR-reflection
information and outcrop photomosaics allowed detailed study of subtle changes in lithology and bedding
surfaces by comparing lateral and vertical changes in GPR-reflection character with outcrop features.
Outcrops are valuable for confirming interpretations of reflections and providing velocity information
for the GPR data. Outcrops of two Lansing-Kansas City Group limestone units, the Captain Creek
Limestone and the Plattsburg Limestone, were used as test sites to determine the vertical imaging
resolution, penetration depth, and reflection character of high-frequency (500 MHz) GPR in interbedded
carbonate and shale units, where the carbonate units contained thin interbeds of shale. Features as small
as 0.1-0.2 m (0.3-0.7 ft)—including major architectural elements (such as major and minor bounding
surfaces) and internal features (such as fractures, internal bedding, and crossbedding)—were success-
fully imaged and confirmed by outcrop data. Variations in GPR-reflection character between geologic
units allowed recognition of argillaceous limestone units in the subsurface. Although shale and soil at
the surface generally impeded GPR signal penetration, thin shale layers and shale at bounding surfaces
actually enhanced reflectivity and aided in interpretation. Our results indicate that GPR can be success-
fully used as an aid in outcrop studies to provide quantitative data for use in reservoir modeling.

Pennsylvanian, cyclothemic, carbonate strata that cromn higher resolution, can aid in better understanding
out in northeastern Kansas are direct analogs for stratal reservoir architecture and controls, especially in smaller-
units that are petroleum reservoirs in central and westernscale reservoirs where general patterns of stratal geom-
Kansas. Although the reservoirs have been successfully etries, thicknesses, and diagenetic trends, which do not
produced for many years, they still contain significant  correlate with structure, are important in controlling
accumulations of hydrocarbons. New methods are being reservoir development (e.g., Brown, 1963; Watney, 1980).
sought to identify thinner zones and better understand Seismic-reflection data provide general information
reservoir architecture at increasingly finer scales. Many oibout subsurface structures and usually image features
the reservoirs have multiple pay zones within the complegreater than 10-15 m (33—49 ft) in thickness. Well data, on
reservoir heterogeneity that are affected by poorly under-the other hand, provide very detailed information about the
stood facies changes, stratal geometries, diagenesis, andrea immediately around the well. Outcrop-analog studies
interbedded shales and sandstones that provide seals toare an important facet of reservoir studies because they
reservoir facies (Newell et al., 1987). bridge the gap in resolution between seismic and well

Outcrop studies of reservoir analogs can provide information and allow detection of small-scale lateral
important insights into complex reservoir architecture.  variations of detailed stratigraphic architecture, which can
Increasingly, outcrop studies of Pennsylvanian strata in affect oil recovery and may be missed by using only
Kansas integrate modern concepts of sequence stratigraseismic or well data.
phy (e.g., Watney et al., 1989; Feldman and Franseen, Ground-penetrating radar (GPR) is a near-surface, non-
1991) with other methods, such as high-resolution seismintrusive geophysical technique similar to seismic reflec-
data (Miller et al., 1995; Franseen et al., 1995), in order ttion that images the subsurface at a much higher resolution
better understand geometries, facies patterns, and diage{Pratt and Miall, 1993; Gawthorpe et al., 1993; Liner and
netic trends, not only at the cyclothem scale, but also of Liner, 1995; Beres et al., 1995; Bridge et al., 1995; Jol et
strata within individual cyclothems. Such studies, focusingl., 1996; Martinez et al., 1996). In addition to the high-
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resolution imaging, GPR is a potentially useful method InGPR Data Acquisition and Processing
outcrop studies because it can provide stratal information

in poorly gx_posed areas and three-dimensional stratal General Methods

characteristics beyond the outcrop face (e.g., Beaty et al., . _ _

1997). Because GPR profiles are usually gathered as ~~ GPR acquisition, processing, and display are very
common offset data, minimal digital-signal processing is Similar to the methods used in seismic reflection. How-
involved when compared to shallow seismic-reflection ~€Vver, GPR has much higher resolution and is sensitive to
methods. Data collection is rapid and non-invasive, changes in electromagnetic, rather than acoustic, proper-
allowing profiles to be collected easily and quickly ties. GPR reflections are caused by electromagnetic waves
without altering a study site. The digital data collected ar&ncountering media that have different electrical proper-
easily manageable on computer workstations with soft- ties—namely, boundaries consisting of dielectric-constant
ware developed for the petroleum industry to interpret ~ Contrasts. Reflection strength is approximately propor-
seismic data. Collection of multiple profiles or three- tional to the difference of the dielectric constants at the
dimensional grids of GPR data at study sites allows boundary (Davis and Annan,_ 1989). Valugs for dielectric
outcrop studies to be extended into the third-dimension, constants range from 1 for air, 4 to 8 for limestone, 5 to 13
sometimes greatly enhancing understanding of strati- ~ for shale, 5 to 40 for clay, and 81 for water (Daniels, 1996;
graphic architecture (Beaty et al., 1997). Grids of GPR Davis and Annan, 1989; Schon, 1996). Dielectric-constant

data can also be used to supplement and connect discreYalues affect the velocity of electromagnetic waves

core information. through a material. One-way velocities for the following
Typical GPR frequencies for stratigraphic studies rang@aterials are 0.3 m (1 ft)/nanosecond (ns) for air, 0.11—

from 10 to 100 MHz, resulting in vertical imaging resolu- 0-15 m (0.36-0.49 ft)/ns for limestone, 0.08-0.13 m (0.26-

tions of 1.5-1.0 m (4.9-3.3 ft) (Beres et al., 1995; Bridge0-43 ft)/ns for shale, 0.05-0.13 m (0.16—0.43 ft)/ns for

et al., 1995; Dominic et al., 1995). Although such resolu-clay. and 0.03 m (0.09 ft)/ns for water. Antenna frequen-

tion is sufficient for targets that are relatively large or ~ Cies typically range from 10 to 1,000 MHz. Vertical

laterally extensive, it may be insufficient for imaging ~ resolution varies from 1 to 1.5 m (3.3-4.9 ft) for low-

detailed stratigraphy needed for some reservoir studies. frequency antennas (10-100 MHz) to 0.02 to 0.3 m (0.06-

Use of higher-frequency antennas (e.g., greater than 20®-98 ft) for higher-frequency antennas (500-1,000 MHz)

MHz) increases resolution enough to image fine-scale for most materials (Davis and Annan, 1989). These

stratigraphic variations, but penetration depths decreasereporte.d Ve'°¢'“?3 were us_ed asa basis for elevation

due to signal attenuation, which increases with frequencgorrections and interpretation in this study and were

(Davis and Annan, 1989). verified by comparison of reflection times with unit
The purpose of our study was to determine the usefulthicknesses on the outcrop.
ness and limitations of GPR as an additional tool in GPR data are typically shown as common offset

characterizing Pennsylvanian, carbonate, reservoir-analdjofiles with trace-amplitude variations representing
outcrops at a high resolution. To date, only a few studies ifferences in reerct|V|ty. The vertlcgl scale of a profile
have examined the usefulness of GPR as a stratigraphicShows tWO"g’V""y travel-time, usually in nanoseconds
tool in carbonate strata (Pratt and Miall, 1993; Liner and (NS = 1x 10°s), and the lateral scale is distance (trace
Liner, 1995). These studies focused on thick, relatively SPacing< number of traces) along the profile.
homogeneous carbonate packages. Our study differs in that
we imaged interbedded carbonate and shalg strata (0.2-Rcquisition Parameters and Data Processing
m; 0.7-16.4 ft), and the carbonate beds variously con- . .
tained thin (less than 0.01 m; 0.03 ft) shale layers. Two study sites were chosen, based on the quality of
The study outcrops were divided into several differentexposure, ease of access, availability of geologic data from
units based upon GPR reflections and stratigraphy. The previous studies, and relevance of the facies and stratal
interpreted data show excellent correlation between ~ geometries to reservoirs in Kansas. Site preparation
stratigraphic surfaces seen on the outcrop face and thos#cluded clearing the antenna path of obstructions,
imaged via high-frequency GPR. In this study GPR flagging the stations, collecting relative elevation informa-
imaged subsurface features as thin as 0.1-0.2 m (0.3-01fon, and creating photomosaics of the outcrops for
ft). However, data quality was severely diminished in ~ comparison with GPR data. The removal of material such
some areas by significant signal attenuation, which was as small rocks and grass from the antenna pathway
caused by either shales or clay-rich soils at the surface. enhanced antenna coupling with the ground and reduced
The results of our study indicate that GPR is a useful ~ spurious diffractions. It also allowed relatively consistent
method for imaging and adding to outcrop studies of lateral anten_na movement, ensuring even trace spacing. In
carbonate-reservoir analogs. Our study also provides order to retain the same antenna pathway for each of the
information on the limitations of GPR in the study of profiles collected and to allow for the comparison of GPR
cyclic strata composed of interbedded carbonate and ~ data with the outcrop, stations were flagged at 1.5- or
siliciclastic strata and gives direction for future studies. 3.1-m (4.9- or 10.2-ft) intervals. The antenna pathways



Utility of Ground-penetrating Radar in Imaging of Limestone Reservoir Analogs

were located approximately 1 m (3.3 ft) behind the this level, greatly reducing the signal-to-noise ratio of
outcrop face to minimize the possibility of interference longer scans. System noise is readily identified because it
from out-of-plane reflections from the contact between always appears at the same times across the entire GPR
rock and air. The collection of relative elevation informa+ecord and has relatively consistent amplitude. Reflections
tion allowed the GPR data to be corrected for elevation differ in that they almost always have some variability in
differences. These corrections aided interpretation of return times and change in amplitudes due to minor
reflections and correlation with the appropriate horizonschanges in velocities and depth to reflectors across an
on the outcrop. Elevations were obtained using a level amatcrop.
rod and are accurate to within 3 cm (1.2 in). The It was not possible to obtain velocity information from
photomosaics were gathered in increments of either 7.6ammmon-depth-point (CDP) gathers in this study because a
15.2 m (24.9 or 49.8 ft), depending on the overall size ofmonostatic antenna was used (e.g., the source and receiver
the outcrop at each site. were the same antenna). Instead, velocity information was
The equipment used for the study was a GSSI SIR obtained by comparing reflection travel times with

System-8 GPR unit with a 500-MHz antenna. Record interpreted unit thickness measured from the outcrop. Use
lengths of 20-80 ns were collected at a rate of 12.8 scan$/a bistatic antenna would allow CDP-velocity informa-
second as the antenna was pulled along the pathway. Ftion to be gathered because the source and receiver
long profiles, greater than 30 m (98 ft) in length, the antennas could be separated and data could be gathered at
equipment was placed within a large-wheeled garden catvariety of offsets. The GPR data for this study were
to facilitate continuous profiling. A short marker-pulse collected in a continuous manner, which resulted in rapid
was recorded at each station, every 1.5 or 3.1 m (4.9 ordata collection at the cost of lateral variability between
10.2 ft), and a double pulse was recorded at every fifth traces and no vertical stacking. Collection of the data in a
station, every 7.6 or 15.2 m (24.9 or 49.9 ft), in order to stepped manner would have allowed for even trace spacing
allow GPR data to be correlated with the outcrop. The as well as the vertical stacking of traces. Vertical stacking
tape unit recorded coherent, cable-induced system noisean increase signal-to-noise ratios of data and allow deeper
beginning at approximately 40 ns on each trace. This reflectors to be imaged. Even spacings and vertical
system noise masked some reflection information belowstacking of traces were not possible due to equipment

limitations.

The GPR data were converted from RADAN format
into 4-byte SEGY format for digital-signal processing with

Download from GPR Unit the program Seismic UNIX (SU). The data were time- and
distance-scaled by a factor ok1L(f for viewing and
Reformat to SEGY processing purposes. Data processing did not vary much
l between the data from the two sites; a generalized process-

Import Into Seismic Unix (SU) ing flow chart is shown in fig. 1.

Apply Front-end Mute GPR Data and Interpretations at the
Study Sites

Apply Bandpass and f-k Filters . .
Captain Creek Limestone Member

Perform Trace Balancing and AGC

Geologic Setting

Apply Elevation Corrections The Captain Creek study sitig. 2) is located in
northwestern Johnson County, Kansas (SQE-1 of
Import Into Workstation For Interpretation Cunningham and Franseen, 1992). Two 106-m (348-ft)

profiles of GPR data were collected to image features
Ficure 1. Generalized flow chart of GPR-data processing. Fron _hssc;;lat(tad V\Il_lth th? CaptalltII?].Crt(?]ekSLtlm(:‘stoge Me_?]berl of
end mutes removed the high-amplitude reflection from the e Stanton Limestone (within the Stanton depositiona

air-ground interface, allowing trace balancing to enhance ~ S€quence of Watney et al., 1989) and the underlying Vilas
low-amplitude reflection information. Frequency—-wave Shale (which caps the subjacent Plattsburg depositional

number (f-k) filtering removed most of the system noise
recorded below 40 ns. Low-frequency noise was removed or
reduced by bandpass filters. Automatic gain controls (AGC)*'Recent studies and observations by one of the authors

were used to allow low-amplitude events to become more (Franseen) bring to question whether the strata at this study site
visible and aid interpretation. Static shifts were applied to  belong to the Captain Creek Limestone and the Vilas Shale.
individual traces to account for elevation differences during However, these designations will be adhered to in this report as
data collection. they have no bearing on the results of the outcrop and GPR study.
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Ficure 2. Map of eastern Kansas showing the locations of the outcrops used for this study.

sequence of Watney et al., 1989) (fig. 3). The site was 1992). It represents deltaic sedimentation during a relative
chosen to determine the capabilities of GPR to image (1)owstand in base level, and the upper surface is considered
the erosional contact between the Captain Creek and Vil sequence boundary of the Plattsburg depositional
Shale; (2) the contact between the lower and upper Capseguence (Watney et al., 1989).

Creek submembers; and (3) internal bedding geometries The Captain Creek is the flooding unit within the

and truncations in the lower and upper Captain Creek Stanton depositional sequence and represents initial

submembers.

The Vilas Shale is a gray mudstone, silty or sandy
shale, or fine-grained sandstone containing mica and
carbonized plant fragments (Cunningham and Franseen,The lower submember is a gray or brown, conglomeratic

Formation Group  |Stage|Series|
Howard Ls. _|wabaunsee
Topeka Ls.
Member — T Deer Creek Ls. =
——— Shawnee | =2
South Bend Ls. = =
Rock Lake Sh. || \SYeT== Lecompton Ls. g
Stoner Ls. It Oread Ls.
Eudora Sh. ~ ~= == Lawrence Fm.
Captain = Douglas _§
Creek Ls. - Stanton Ls. S
- - ——= — Vilas Sh. Lansin =
Spring Hill Ls. Plattsburg Ls. 9 @
Hickory — s
Creek Sh. Wyandotte Ls. @
Merriam Ls. (] T lola Ls. c | 5
Bonner = 8 =
Springs Sh. Drum Ls. Kansas )
=~ ===|Cherryvale Sh. City a
Dennis Ls. =
»’—=——1—T|Mound Valley Is|
T Swope Ls.
Hertha Ls.
‘\_E‘_E_; Pleasanton

Ficure 3. Stratigraphic column of Upper Pennsylvanian stata in
northeastern Kansas. The two units used for this study, the

Captain Creek Limestone Member and the Plattsburg
Limestone, are highlighted.

carbonate sedimentation during a relative rise in sea level
(Watney et al., 1989). Cunningham and Franseen (1992)
proposed two submembers for the Captain Creek Member.

lime grainstone composed of small, pebble-sized limestone
clasts, bioclasts, and shale clasts and locally containing
0.1-0.3-m (0.3-0.9-ft)-scale horizontal bedding and local
foresets. The upper Captain Creek submember is more
massively bedded and typically occurs as a gray to light-
brown phylloid, brachiopod, crinoid, and bryozoan lime
wackestone-packstone.

The contact of the lower Captain Creek conglomeratic
submember with the Vilas Shale indicates some erosional
modification and is interpreted as a sequence boundary
resulting from a relative sea-level fall. According to
Cunningham and Franseen (1992), the Captain Creek
conglomerates were deposited as tidal channel-fills in
bathymetrically constricted areas between the Bonner
Springs and Olathe algal mounds during a relative sea-
level rise.

GPR Interpretation and Results

A map of the study site is shown in fig. 4. Figures 5 and
6 show uninterpreted and interpreted photomosaics and
GPR data. The top of the roadcut where the GPR profiles
were gathered has a rough, rocky terrain on either end and
a thick overburden in the middle. The overburden thick-
ness ranges from 0 to 1 m (3.3 ft), consists of a fine, silty
soil (with approximately 45% clay, 40% silt, and 15%
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Ficure 4. Map of the Captain Creek Limestone Member study site (see fig. 1 for location).

sand), and contains small fragments of chert and lime- fracturing included a velocity pull-down of reflections at
stone. The clay-rich soil cover attenuated the signal station 190 and dipping events in the lower half of the
greatly, resulting in no discernible reflection energy submember between stations 195 and 210 adjacent to an
between stations 50 and 150. The thickening soil as isolated block between stations 200 and 205 (fig. 6). This
observed on the outcrop (fig. 5) also caused a velocity may also be the cause of a prominent diffraction near the
pull-down in the reflection of up to 5 ns between stationssurface in the upper Captain Creek Limestone Member
40 and 190 due to the change in velocity between the between stations 210 and 215. Several horizontal to low-
slower clay-rich overburden and the faster limestone (figangle dipping limestone layers in the upper Captain Creek
6). Minor variations in soil thickness, velocity, and submember are clearly visible and laterally traceable until
topography resulted in short-period static shifts of 1 to 2 tigy intersect the modern erosional surface between
on GPR profiles. Some of this shifting may also have beatations 190 and 250 (fig. 6).
due to intersecting hyperbolic diffractions from open or Lower Captain Creek Limestone (LGHThe contact
soil-filled fractures near the surface or to irregularities in between the lower and upper Captain Creek submembers
bedding surfaces within the limestone. Changes in relatiyeC1), a 0.25-m (0.82-ft)-thick sandy shale, is visible
elevation did not appear to have any effect on limestone between stations 180 and 275 (figs. 5 and 6). Internal
velocity. No out-of-plane reflections from the outcrop facdéedding geometries within the lower Captain Creek were
were readily identifiable because profiles were taken far also imaged by GPR (fig. 6). Local convergent and
enough back from the outcrop face (approximately 1 m; divergent bedding geometries, and some truncations of
3.3 ft). beds likely associated with crossbedding at the base of the
Relatively high amplitude reflections, which correlatedupper Captain Creek, were imaged between stations 240
with major outcrop stratigraphic divisions, are indicated gnd 285. Crossbed foresets were imaged by GPR in the
heavy dashed lines on figs. 5 and 6. The correlations welawer half of the lower Captain Creek between stations
performed by comparing the outcrop photomosaics (and240 and 255. These crossbeds appeared to terminate
the outcrops themselves) with the GPR reflections. The against a relatively flat-lying bed above (fig. 6). Bed
major stratigraphic divisions were interpreted as the top dfiinning is apparent on the outcrop west of station 270 and
the upper Captain Creek submember (UC1), the top of theas visible on the GPR data as a decrease in time between
lower Captain Creek submember (LC1), and the top of threflections or a termination of reflections.
Vilas Shale (VS1). Reflections correlated with outcrop Vilas Shale (VSBH-The contact of the Captain Creek
features between major unit divisions are identified by thand Vilas Shale (VS1) was visible on the GPR data
dashed lines. between stations 235 and 300 (figs. 5 and 6). The strength
Upper Captain Creek Limestone Submember (UE1). of this reflection was probably due to the large dielectric-
The top of the upper Captain Creek submember (UC1) wamistant contrast between limestone and shale. This
indicated by a prominent reflection between stations 155contact was not imaged by GPR east of station 240
and 200 (fig. 6). Material above this reflector is primarily because of signal attenuation caused by increasing soil
soil, which may have been created from the overlying thickness on the top of the outcrop. Truncation of some
Eudora Shale. On the outcrop the limestone layer does rim#ds within the Vilas Shale that are visible on the outcrop
sag (it is relatively horizontal), but on the GPR data therevas not clearly imaged by GPR, probably because of its
was a definite increase in the travel-time to the interpretesttenuating nature. As with the lower Captain Creek
reflections from the limestone events. This is evidence thHamestone Member above it, the Vilas Shale appears to be
the observed velocity pull-downs were caused by thickerslightly upwarped west of station 265 (fig. 5). However,
ing soil. Additionally, only when fractures were soil filled the reflection associated with the top of the shale was
did they cause a velocity pull-down. subject to the same velocity effects as the overlying
Soil-filled fractures near the top of the limestone causditchestone, which may add to some of the apparent warping
weak diffractions and the interruption of continuity in the on the GPR data. Some evidence for true structural
reflection near stations 185 and 190. Other evidence of disruption of the shale came from a diffraction emanating



Twiy gbuy/zaunrew/ge6TAUSIIND /NP SUBRYN IEHJUUDAS|e[leAR SI 24nBI) SIUY JO MBIA pajieIap v :a10u "p3] ‘AjoAandadsal ‘areys sejiA ayl pue ‘Iaquiajy auoisawi 3aaid
ureide) Jamo| ay) ‘Iaquis|y auoisawi yaalgdadmedgpo) Jajal TSA pue ‘T ‘TON dus Apnis ¥aa1) ureide) ayl wolj saoresowoloyd (g) paraidiaul pue (y) palaidiaiuiun G 3dnoi4

(y) Jaqwinu uonels
M 00¢€
- Slc om__m G2z -

D 19quINU uoNe)
, 002 () Jeq nels
- , =a)
B AT e et 0T 5

S———

|

Y e

M 00g () Jequinu uoners
: . . g ShEpsl g

(1) Jequinu uoneis
__..__ i _u__

ST 0sT

48 Martinez et al.



Utility of Ground-penetrating Radar in Imaging of Limestone Reservoir Analog9

["Juny-9by
/Zaulew/g866 TAUSLIND /NP suey N’ SBY mweapgeuapms! 216 SIY1 JO MBIA pajrelsp v :a10u "p3] ‘Ajaandadsal ‘areys se|iA ayl pue ‘Jaquuiaiy auoisawi 3aal) urelide) Jamoj
ay] ‘IaquisN auolsawi 231 ureideolEddn B A pue ‘TOT ‘TON "wo ¢ Ajerewixoidde jo Buioeds adel e pue Spuodasoueu Ul awil Aem-0M] JO S[eJS [RIILISA B aARY elep
HdO @pUI| paysep Aq paledipul are guBEBBYdO Yl0g U0 Usas SUoNIajay "aus Apnis ¥aai1) ureide) ayl wodj sajjoid ¥d9o (g) paieidiaul pue (y) palaidiajuiun "9 3dnoi4

(i) Jaqwinu uoneirs

M 00g siz 0se sze 00¢ ST 3,
Sle
—
o)
()
9]
£
()
E
T
o o o o (=} o o o
g g g g S g g g g g
< 2] 3] (3] ] @ I3 3 S N
(1) Jaqwinu uoneis
M 00 sz 052 sez 002 SLT 3
3
= |E
-
o)
()
9]
£
Q
=
=

3600
3400
3000
2800
2600
2400
2200

o o
(s} (=}
o @
< ™

3200



50 Martinez et al.

—l
0

435

—z—

/
Area of detail

fig. 8) filled with silty shale; silty, pebbly sandstone; and
shale. The sand/shale hemi-channel form is truncated by
another hemi-channel form expressed as abrupt westward
thickening of the Merriam Limestone Member from 0.9 m
in section 1X to 4.0 m in section X of fig. 8.

The Merriam Limestone Member is the flooding unit of

400 the Plattsburg sequence (Watney et al., 1989). Lithologi-
IX cally, the basal part is typically a packstone, but it ranges
from very argillaceous, nodular-weathering yellow
OQ'@G?’ limestone to ooid grainstone. The middle portion of the
X oo\d 9 Lot bed, below the most prominent shale break, is typically a
20 0 30m skeletal packstone containing prominent, coated grains or

oncoids (Enos et al., 1989). An overlying shale bed or
parting can be traced over most of the area. The top unit is

Ficure 7. Map of the Plattsburg Limestone study site (see fig. _ne or two beds of skeletal packstone. Argillaceous
for location). The locations of the measured sections show imestone caps are developed locally.
in fig. 8 are indicated by the roman numerals VI, IX, and X.
The location of the photomosaic and GPR profile shown in GPR interpretation and results
figs. 9 and 10 is indicated (area of detail).

A site map of the study area shows the relationship
between the GPR profile and the outcrop (fig. 7).

from the contact between the Vilas Shale and the overlyitginterpreted and interpreted photomosaics and GPR data
lower Captain Creek Limestone Member near station 27@rom the site are shown in figs. 9 and 10. The data were
(fig. 6). This diffraction may have been due to a fracture piotted to 50 ns below the surface, corresponding to a
small fault responsible for the northward offset in the  depth of 3.0 m (9.8 ft), assuming an average one-way
outcrop face near this station (fig. 5). velocity of 0.12 m (0.39 ft)/ns (based on reflection travel-
times and unit thickness measured on the outcrop).
Changes in relative elevation did not have an appreciable
Geoloai . effect on limestone velocities, except when argillaceous

eologic setting units (which have slightly slower GPR velocity) were

The Plattsburg Limestone study site is located in encountered at the surface.
southwestern Wyandotte County, Kansas, on the northeastAlthough data were collected along the entire 366-m
ern access ramp of the interchange between 1-435 and I{10200-ft) pathway, only the data acquired between stations
(figs. 1 and 7; stop 4 of Watney et al., 1989). GPR data 0 and 400 (fig. 7) were visible. Based on outcrop observa-
were gathered at this site in order to image features tions, the lack of reflectivity in the remainder of the data
associated with the Bonner Springs Shale (which caps theas probably due to signal attenuation caused by a
Wyandotte depositional sequence of Watney et al., 1989tombination of thicker soil cover, conductive shale, a high
and the Merriam Limestone Member of the Plattsburg  content of conductive clays in the Bonner Springs sand-
Limestone (which forms the basal portion of the subjacestones and siltstones, and lack of significant dielectric-
Plattsburg depositional sequence of Watney et al., 1989)constant and lithologic contrasts in the underlying rock
(fig. 8). This site was chosen to determine the capabilitieanits. The boundaries between the major stratigraphic units
of GPR to image (1) hemi-channel forms within the were the locations of the most significant dielectric-
sandstone lithology of the Bonner Springs Shale, (2) the constant contrasts. The internal contrasts were minor in
erosional contact between the Merriam Limestone Mem-comparison.
ber and Bonner Springs Shale, and (3) internal bedding  High-amplitude GPR reflections that were correlated
geometries in the sandstone lithology of the Bonner with major unit boundaries on the outcrop are indicated by
Springs Shale and within the Merriam Limestone Membeéteavy dashed lines on figs. 9 and 10. These reflections

The Bonner Springs Shale outcrop at the study site  divide the Merriam Limestone Member into five major
consists of up to 8.7 m (28.5 ft) of channel sandstone  reflective packages or units (ML1-ML5). Reflections
overlain by 1.0 m (3.3 ft) of sandy shale, evidence of  within the major packages are identified by thin dashed
multiple episodes of erosional scouring and backfilling. lines (figs. 9 and 10) and were correlated with bedding
The sandstone is extensively ripple cross-laminated, witlpkanes visible on the outcrop. A transition from limestone
few festoon sets and local, climbing, ripple-drift cross  to shaly limestone to limestone beds is observed in the
lamination and herringbone crossbedding that is developdeérriam member between stations 0 and 400 (fig. 9). This
at the base (Enos et al., 1989). This sandstone, which transition was also indicated by changes in the internal
apparently eroded the entire Bonner Springs Shale, is reflectivity of packages ML1-ML5 (fig. 10). Units ML1,
truncated by a distinct hemi-channel form (section X of ML2, and ML5 appear to represent the limestone beds,

Plattsburg Limestone
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Ficure 8. Measured stratigraphic sections and correlations of the Plattsburg Limestone (modified from Enos et al., 1989). The
locations of measured sections VIII, 1X, and X are shown on fig. 7.

while units ML 3 and ML4 represent shaly limestone bedgpossible that the reflection represents the base of a thicker
(fig. 9). All of these units are generally flat-lying between soil layer, potentially a residual from the Hickory Creek.
stations 0 and 280 but were readily discernable from The low velocity of the overlying material was indicated
system noise on GPR data because they had slight variaby the slight velocity pull-down between stations 145 and
tions in travel times and were not truly horizontal. The 250 (fig. 10). Internal GPR reflections were of lower
dips of beds increased between stations 280 and 400 asdah#plitude than those of stratigraphically lower limestone
margin of a series of hemi-channels was approached. Thisits. The reflection character of ML1 was likely due to its
dip was mostly primary because the beds were depositednassive bedding and homogeneous limestone lithology,
along the flanks of a channel. Primary dip was also resulting in relatively small dielectric-constant contrasts
indicated by flatter dips of overlying and underlying stratanternally.
in some cases. However, the primary dip may have been Merriam Limestone Member (ML2):Unit ML2 is a
partially exaggerated due to some compaction of underlyeompetent limestone that can be traced from stations 20 to
ing, finer-grained clastic units. 315 (fig. 9). Large-amplitude reflections within this unit
Merriam Limestone Member (ML3:Unit ML1 is a (fig. 10) were probably due to argillaceous material
distinct limestone bed directly beneath the modern land between the limestone beds or compaction differences at
surface. The top of this bed was traceable between statidresd boundaries. Gradual thickening and thinning of beds
120 and 265, whereas the base was imaged between  within unit ML2 was indicated on both the photomosaic
stations 20 and 300 (figs. 9 and 10). Both the upper and (fig. 9) and the GPR data (fig. 10). The termination of the
lower contacts of this approximately 1.0-m (3.3-ft)-thick uppermost internal reflection near the top of unit ML2
bed were imaged by GPR as relatively high amplitude between stations 220 and 230 (fig. 10) correlated with the
reflections along most of its lateral extent. The large thinning of a bed between this reflection and the top of
reflection amplitude of the top of ML1 might indicate that ML2, which was consistent with outcrop observations.
it is the contact between the Merriam Limestone MembefThis reflection was characterized by a high-amplitude
and overlying Hickory Creek Shale Member. It is also  trough (white) with high-amplitude adjacent peaks (dark
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gray) along most of its length between stations 20 and 180pported by the westward thickening of the Merriam

The relative strength of this reflection was gradually member visible on the outcrop (fig. 9), the GPR data (fig.

reduced between stations 170 and 190 due to a lessenint), and measured stratigraphic sections (Enos et al., 1989)

of dielectric-constant contrasts. Beyond station 190 the (fig. 8).

reflection varied between a single event and a doublet as itBonner Springs Shale (BSHGPR successfully

interfered with the reflection associated with the top of imaged the erosional contact (hemi-channel form) between

ML2. This reflection ended between stations 220 and 23€he Bonner Springs silty shale lithology (BS1) and the

as the bed became too thin to image with the 500-MHz overlying Merriam Limestone Member (ML5). The

GPR antenna. contact was visible on both the outcrop and GPR profile
Merriam Limestone Member (ML3).The argillaceous between stations 360 and 400, where measured section IX

limestone at the top of unit ML3 was well imaged between located (fig. 8). The contact is expressed on the outcrop

stations 30 and 315 (fig. 10), probably because of the largg low-angle truncation of dipping shale, silty shale, silty

dielectric-constant contrast between it and the overlying limestone, and siltstone layers in the Bonner Springs Shale

lowermost limestone bed in unit ML2. The recessive (BS1) by the overlying Merriam Limestone Member

weathering pattern of this unit suggests that it is predomitML5). The Bonner Springs correlates with the distinct

nantly a thin-bedded, shaly limestone that becomes morsiltstone and shale-filled hemi-channel form below the

argillaceous downward (fig. 9). The high clay content of Merriam member and above channel-filling sandstones

this unit may have caused the relatively low internal and siltstones (measured sections VI, IX, and X in fig. 8).

reflectivity and greater signal attenuation. This hemi-channel form was also supported by a very
Merriam Limestone Member (ML4XUnit ML4 is a gradual thickening of unit BS1 downdip (fig. 9). The

shaly limestone that is more argillaceous and thinner  contact between the Bonner Springs Shale and Merriam

bedded than unit ML3. Reflections from this unit were  Limestone Member is a relatively high amplitude reflec-

imaged only near the surface between stations 320 and tion, but no more reflective than those between limestone

360. As in unit ML3, reflections from within unit ML4 beds in the overlying ML5 unit (fig. 10). Although the

were relatively weak, possibly due to high clay content aerosional truncation of beds is apparent on the outcrop,

bounding surfaces and within the limestone unit, lack of study of interference patterns did not show the termination

significant internal dielectric-constant contrasts, and thinof unit BS1 against the Merriam Limestone Member,

bedding. Diffractions from within unit ML4 occurred near probably because it was at too low an angle to image with

the surface near station 340 (fig. 10). They may have be#me 500-MHz GPR antenna.

due to open fractures seen on the outcrop near the surfaceBonner Springs Shale (BS2)The top of unit BS2 is

the edges of collapse features, or modern weathering of an erosional contact with a hemi-channel form that cuts

this relatively easily erodable unit. The diffractions were across flatter-lying beds below (fig. 9). This unit correlates

not likely to have been caused by cobbles or out-of-planevith the lower channel-filling sandstone and siltstone in

reflections because of the GPR-profile distance from themeasured sections VIII, IX, and X (fig. 8), which occur

outcrop face. below the siltstone- and shale-filled hemi-channel form.
Merriam Limestone Member (ML5)%:Unit ML5 is The upper contact is obvious on the outcrop, but it was

primarily a thin-to-medium-bedded limestone similar to much less so on the GPR data. The relatively horizontal

unit ML2. It is relatively resistant and is visible in outcropbeds of siltstone, shaly siltstone, sandy siltstone, and

between stations 270 and 400 (fig. 9). This unit was sandstone are visible on the outcrop, but they were not

imaged by GPR between stations 355 and 400 (fig. 10). imaged by GPR. The poor reflectivity along the top and

The top of unit ML5 was a relatively strong reflection thatwithin unit BS2 was probably due to signal attenuation

was reduced in strength downdip due to signal attenuati@maused by the siltstones in unit BS2, the silty to shaly

caused by unit ML4. Internal reflections within unit ML5 layers in unit BS1, or a lack of significant dielectric-

were also attenuated by unit ML4. As with unit ML2, the constant contrasts within the siltstones of BS2. The events

high-amplitude reflectivity at bed boundaries was probab$een at 80—-100 ns between stations 390 and 400 were not

due to changes in clay content or compaction. Diffractionglated to beds within unit BS2, but instead were noise that

occurred along many of the bed boundaries in unit ML5 appeared parallel to the ground surface.

and were most apparent close to the surface at the top of

the outcrop. As with the diffractions in unit ML2, they Discussion

were probably caused by open or soil-filled joints and

other fractures seen on the outcrop; they could possibly  High-frequency GPR can be an invaluable tool for

have been caused by the edges of modern collapse featardwncing outcrop studies because, with sufficient control,

seen in exposures at some locations. The base of this uiitallows detailed stratigraphic and lithologic information

is an erosional contact between the Merriam Limestone to be extended into the subsurface beyond the outcrop face

Member and underlying Bonner Springs Shale. The in a relatively continuous manner. Detailed lateral and

interpretation of a hemi-channel form for the contact wasvertical stratigraphic and lithologic information is critical



Utility of Ground-penetrating Radar in Imaging of Limestone Reservoir Analog§g

to understanding the complex heterogeneity of reservoirémaged using GPR methods. The results of that study,
and can aid in determining production strategies. As our combined with those of the present study, indicate that
study shows, the shapes of bounding surfaces and chantaghinae, beds, minor and major bounding surfaces, and
fills can be imaged in the near surface via high-frequencyractures (all of which may affect fluid-flow characteristics
GPR methods. In addition, our study indicates that verticafithin reservoir strata) can be imaged using GPR and
imaging resolutions of high-frequency GPR data are thereby provide additional data for reservoir modeling
sufficient to image many small-scale details associated efforts.
with these features, such as crossbedding and fractures. Previous outcrop studies involving GPR have usually
Imaging of channel fills and crossbedding can sometimesised lower-frequency antennas and therefore have much
be used to determine stratal geometries in three dimen- lower vertical imaging resolutions (Pratt and Miall, 1993;
sions, which can aid in determining paleoflow directions,Liner and Liner, 1995; Beres et al., 1995). Such resolution
which are important for establishing three-dimensional may be adequate for imaging relatively large-scale features
geometries of reservoir flow units (Beaty et al., 1997). (major bounding surfaces and faults), but it is not suffi-
GPR can be used to image subsurface features and extanent for imaging the detailed features (thin internal
outcrop correlations into areas of poor or nonexistent  bedding and crossbedding) that were the concern of this
exposure, as long as there is a difference in dielectric  study. It is also difficult to determine subtle lithological
constants between subsurface media and there is sufficiehtanges from lower-frequency data because the changes
control on lithology and geometries from nearby outcropsnay occur at scales much smaller than the antenna
or cores. The variability in GPR-amplitude responses is wavelength.
related to changes in the media through which the GPR  Our study also differs from most previous studies in its
signal passes, and therefore can sometimes be an indicaletailed correlation of photomosaics of the outcrop face
tion of lithologic changes. Fine-grained material, such aswith reflection information. Detailed correlation of GPR
clay and silt, can contain more bonded water molecules data with the outcrop face is critical for understanding the
than coarser-grained material, thus increasing their cause of GPR reflections at a study site and recognizing
dielectric constant if wet. Bounding surfaces between subtle reflection characteristics of the data that allow
lithologic units may provide the largest dielectric-constaninterpretations to include small-scale lateral and vertical
contrasts if they contain finer-grained siliciclastic materiasubsurface lithologic and stratigraphic variability.
In our study, bounding surfaces were enriched with fine-  The successful high-resolution imaging of major
grained siliciclastics from both depositional and diagenetimunding surfaces, fractures, and joints indicates that high-
processes. In contrast, internal dielectric contrasts withinfrequency GPR may be a useful technique for mapping
limestone units in our study usually are of lesser magni- features associated with sequence-stratigraphic boundaries,
tude than those of major bounding surfaces because theincluding those evidencing paleokarst and paleosol
usually contain thinner, less continuous siliciclastic layerslevelopment from subaerial exposure. Many important
The massive-bedded and argillaceous units of the reservoirs, including those in the subsurface of Kansas, are
Plattsburg Limestone study site illustrate the utility of  associated with major sequence boundaries showing
identifying reflection character and correlating it with extensive subaerial exposure and karst features. GPR
subsurface lithology. At this site, the massive-bedded ungsudies of analogs may provide an additional tool for
have almost no internal reflections, whereas the argilla- quantifying the dimensions and spacing of fractures, caves,
ceous units have strong reflections from their upper and joints associated with such sequence boundaries.
bounding surfaces and cause significant signal attenuatiéwlditionally, GPR may also aid in regional correlations of
This study was also successful in imaging joints and sequence boundaries. Using GPR for three-dimensional
fractures at both study sites. The characteristics, diffrac- mapping of surfaces associated with sequence-strati-
tions, and offsets (sometimes accompanied by slight  graphic boundaries can assist in placing outcrop informa-
velocity pull-downs, when soil-filled) of these joints and tion within a sequence-stratigraphic framework and help
fractures were confirmed using the data from the outcropunderstand basin-scale depositional history, as well as
face. Therefore, by identifying reflection characteristics provide important data for reservoir modeling.
and correlating them to lithology and bedding features at  Clearly, as shown by the various limiting factors at our
the outcrop, general lithological and sedimentary structustldy sites, high-frequency GPR is not a panacea for all
information can be extended into the subsurface beyondoutcrop studies. Not only is it limited to areas of low
the outcrop face. As noted by Knight et al. (1997), surface conductivity (e.g., those lacking clays or shales), it
knowledge gained from GPR data of the shapes, spatialis also very limited in imaging depth because of rapid
distribution, and frequency of these features (which may signal attenuation. For example, the 500-MHz GPR
greatly affect reservoir quality) can help create more maximum-imaging depths in the limestone units of this
realistic reservoir models. As shown in the study by study were approximately 3—4 m (9.8-13.1 ft). The
Martinez et al. (1998a), small-scale (less than 0.01 m; 0.p8netration-depth limitations can be reduced by using a
ft) lithologic heterogeneity that affects permeability can bsuite of antenna frequencies to image the subsurface at
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different penetration depths and resolutions (Martinez et (0.3-0.7 ft) at each study site. Detailed correlation between
al., 1998b). Depth control of GPR data can also be a  GPR and outcrop data allows the use of pattern recognition
problem without adequate outcrop or borehole informatiamhen away from outcrops or boreholes. With a nearby

to constrain possible GPR velocity values, even when outcrop, the shapes and patterns of sedimentary features
using CDP gathers to determine velocity information.  can be recognized and then extrapolated into the subsur-

Having a detailed outcrop photomosaic to interpret face with some confidence. Further GPR imaging of these
alongside a GPR profile is critical if highly accurate, reservoir analogs could provide information about three-
depth-constrained interpretations are necessary. dimensional changes in stratigraphy and lithology that may

be useful in exploitation of valuable petroleum resources.
Conclusions

Two petroleum-reservoir-analog outcrops of IimestoneACknOWIEdgmentS

units of interest were studied using high-frequency GPR  The authors wish to thank Neil Anderson, Mike Roark,
methods to image stratigraphic architecture behind the  and Mike Shoemaker of the University of Missouri—Rolla,
outcrop face. GPR successfully imaged major bounding for the use of UMR's radar equipment and field assistance
surfaces and features such as crossbedding and internain this study. David Leck provided field assistance at the
bedding within units in the subsurface to a maximum  pjattshurg Limestone study site, and Rich Sleezer per-
depth of 3-4 m (9.8-13.1 ft). Careful interpretation of theformed soil sample analyses for the Captain Creek study
GPR data and correlation with outcrop information site. Critical reviews by Rick Miller, Toni Simo, and Roger
allowed general relationships between reflection charact§tung greatly aided us in clarifying our ideas and

istics and lithology to be determined. Strong reflections  syrengthening the paper, and editing by Liz Brosius helped
were found to correspond with major bounding surfaces,make the paper more accessible. Lastly, Tim Carr of the

which consisted of either a decrease in grain size or  Kansas Geological Survey graciously provided funding for
change in lithology (often enriched with clay or siltstone)ihjs study.

both of which resulted in a change in the electromagnetic
properties of the rock at these locations.
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Captain Creek Limestone Member and the Vilas Shale aggaty, D. S., Martinez, A., and Walton, A. W., 1997, Combined
the contact between the lower and upper units of the minipermeameter and ground-penetrating radar characteriza-
Captain Creek were successfully imaged using GPR tion of valley-fill sandstones, Upper Pennsylvanian, northeast-
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X . : X minic, D. F., Egan, K., Carney, C., Wolfe, P. J., and Boardman,
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