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Donald Zachary Wormington

ABSTRACT

Nixa, Missouri is located on the southwestern edge of the Ozark Dome which has a karst
geomorphological environment. Near surface geophysical methods can be used in determining
the location and nature of karst features such as caves and sinkholes. Electrical resistivity
methods have been shown to be among the most useful methods in deciphering sinkholes and
caves. To investigate a known cave and related sinkholes and faults within Mississippian
carbonates south of Nixa, Missouri, a series of two-dimensional electrical resistivity profiles
were collected using the dipole-dipole and Schlumberger arrays. Terrain data was collected to
include in modeling. The data were modeled using a robust two-dimensional inversion method
where the inversion parameters were varied to determine the statistically most reasonable model.
Using these methods new unexplored cave passages have been detected around the existing cave.
The data collect has been used to estimate the location and dimensions of these new cave
passages. These new cave passages were found to the northwest and northeast of the known cave
passages.
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INTRODUCTION

Karst is a type of topography that is formed over limestone, dolomite, or gypsum by
dissolution, and that is characterized by sinkholes, caves, and underground drainage (Bates and
Jackson, 1984). Karst lends itself readily to the formation of unique surface and subsurface
features. Fractures and/or bedding planes in the subsurface of karst can become widened by
dissolution, resulting in the formation of voids in the subsurface. These voids form when surface
and groundwater infiltrate into soluble bedrock and flow through fractures or bedding planes
present in the subsurface dissolving the bedrock and then transporting the dissolved material
away. Bedrock permeability, which is the ability of water to be transported through the
subsurface, is drastically increased by the presence of faults and the fractures. This is important
for the formation of karst features because there must be a constant recharge of water to the
subsurface in order for karst features to continue to grow from dissolution.

As water dissolves the bedrock along fractures and bedding planes, the small voids that
allow for the flow of slightly acidic water slowly increase in dimension over time (Palmer,
1991). When one of these subsurface voids grows large enough and breaches the surface a cave
is formed. As the permeability of the subsurface increases and the voids in the subsurface grow,
the flow through the void can be described as an underground river. This helps increase the size
of voids and the rate of dissolution as water easily enters and then subsequently exits the
subsurface. Places where water is able to enter the voids in the subsurface often begin to form
cone-shaped depressions that are visible on the surface. These cones are places where water
could not flow over the surface terrain, yet no standing water is present. When this occurs, a

sinkhole is formed. (Figure 1) (Qiu et al., 2018) These sinkholes often form slowly as the



overlying debris and soil channel the water to be drained into the void, slowly expanding its
parameters (Berglund et al., 2014). Sinkholes can also appear suddenly when collapse occurs in
the subsurface caused by the roof of a void in the subsurface falling in on itself. Streams can
enter the subsurface through these and other entry points, and then exit the subsurface where they
will continue as surface flow. These places where streams re-emerge at the surface are known as

springs. (Palmer, 1991).

S0IL e
INSOLUBLE ROCK

LIMESTOMNE

EPIKARST

SINKHOLE

Figure 1. Evolution of a typical sinkhole in a karst environment. (Palmer, 1991)

The karst features that form in southwest Missouri forms for three specific reasons. First,
the subsurface is soluble. This is because the geology predominant in this area consists mostly of
Mississippian aged limestones and dolomites. This carbonate lithology dissolves readily when
exposed to rain and ground water that is slightly acidic due to mixing with CO,. Secondly, acidic
water frequently comes into contact with the bedrock. Rainwater becomes acidic due to
absorption of CO> as it travels through the air during rainfall as well as when it percolates

through the soil as it travels to the bedrock. The climate in southwest Missouri is that of a



temperate continental environment. Its precipitation seasonality is less pronounced than the
northern part of the state due to subtropical airmasses throughout the year (Decker, 2022). This
causes the subsurface to receive rainwater recharge year-round. Lastly, the acidic rainwater is
able to enter and exit the soluble subsurface through the fractures and bedding planes in the
subsurface. It is important that the water is able to enter and subsequently exit the bedrock. If the
water is only able to come into contact with the soluble rocks from the surface then it will only
be able to erode from the top down and karst features will have difficulty forming. Water is also
only able to dissolve minor amounts of carbonate rock before it becomes saturated (Figure 2), so
drainage is of vital importance to the continued dissolution of the subsurface karst features.

(White, 2002).
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How ground water flows through a karst environment is one of the more difficult aspects
to investigate in studying a karst environment. This is due to the fact that the majority of the
factors that influence this flow are not observable from the surface. The layers in the bedrock can
cause the water to flow horizontally through the subsurface when it would normally flow
vertically. Likewise vertical fractures can cause water to flow vertically when it would normally
trend horizontally. This is because fractures and bedding planes become the areas of least
resistance to flow in the bedrock. While one of these areas of least resistance may be the
dominate factor in determining the formation of voids in the subsurface, often it is a combination
of these factors working together at different angles and orientations that cause the subsurface
voids to acquire their specific shapes.

Sinkholes, especially collapse sinkholes can be extremely hazardous to human
infrastructure. Slowly forming sinkholes can interfere with the stability of a building and roads.
While large sinkholes formed from collapse are capable of destroying entire buildings in an
instant (Gouzie and Pendergrass, 2009). Construction over these karst areas normally involve
investigation into the existing karst features that could pose a potential future threat. Since voids
in the subsurface that collapse can be the cause of these potentially dangerous sinkholes that
form, an understanding of how these voids form and evolve is essential to the safe existence of
society in karst areas.

Cave formation in karst follows the trends of the surrounding subsurface features, but an
accurate prediction model of a specific cave’s recharge and formation pattern does not exist
(Figure 3). This is due to the uniqueness of each karst system and the unpredictability of the
fractures and bedding planes in a specific area that facilitate the unpredictable formation of a

cave (Palmer, 1991). So, while trends in known caves and karst features can aid in the discovery



of new subsurface voids, actual detection methods need to be employed to determine the
existence of said voids. Even the exact location of previously known voids can change or

become lost due to the sudden collapse of cave roofs, requiring redetection.
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Figure 3. Summary of cave patterns and the relationship they have to recharge and porosity.
These are general reprisentations of cave types. Real world caves are a combination of one or
more of the above patterns. Modified from Palmer (1991).

In karst areas, one of the largest challenges to research and planning is the uniqueness of
each area. No two karst regions are exactly alike and the factors that determine the growth of
karst features can vary drastically within the same region (Berglund, 2012). One of the goals of
this thesis is to help compare the logistics and usefulness of geophysical methods to investigate

karst. As well as testing the ability of these techniques to detect large and small subsurface voids

within the same karst area. In this study, the electrical resistivity method will be used.



The objectives of this research project are to:

o Investigate karst features using electrical resistivity methods

e Explore usefulness of electrical resistivity to determine karst features

e Determine if voids of different sizes in the subsurface can be detected using
geophysical methods

e Determine if detected voids are connected to and contribute to the main cave
system

e Create a new model of the cave system that incorporates these new voids and
summarize local karst characteristics within the study area



STUDY AREA

The study area is in Stone County, Missouri, on the southern edge of the Ozark dome
(Figure 4). The cave exists in the Pierson Formation, a Mississippian aged limestone of
southwest Missouri. The cave is a former show cave with a storied history that the current owner
would like to keep private. As such no further description of physical location of the study area

will be given other than its general location in southwest Missouri.
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Cave Geology

The cave (Figure 5) being studied is currently closed to the public and gated off. Small
parts of the cave have been paved and otherwise modified for human exploration. The cave itself
is a solutional cave that follows fracture trends in the subsurface and takes up roughly 150m by
150m in the subsurface. The general shape of the cave is characterized by several large open
chambers ranging from roughly 10m?®to 30m® connected by smaller conduits that have a few
meters of clearance or less and can be several meters in length. Many of the main large chambers
(Figures 6 and 7) have floors covered in debris ranging from small pebble sizes up to large
boulders several meters across (Beard, 2019). The entrance to many of the smaller passages have
been obscured by large boulders that were once a part of the cave’s ceiling (Figures 8 and 9).
The cave was last open to the public in the mid-1900s. The current owner is interested in
determining if any other voids in the subsurface could be excavated to in order to increase the

dimensions of the current known cave.

Topography

The study area (Figure 10) is a roughly a 0.6 by 0.6 km square area in the northern portion of
Stone County. Elevation trends from 410m in the northwest to 350m in the southeast portions of
the area. The highest elevation is 412m above sea level near the center of the study area and the
lowest elevation is 350m above sea level in the stream valley that the cave spring empties into in
the southwest corner of the study area. A large cliff (Figure 11) that is roughly 30m in relief
extends from east to west in the southern portion of the study area. This cliff contains the main
entrance into the cave. Above the cliff, near the center of the study area, there are two large
sinkholes that are easily seen on the surface. The larger of the two (Figure 12) is situated in line

with the cave entrance and is 90m north of the cliff face. The smaller of the two sinkholes



(Figure 13) is offset to the northwest from the larger sinkhole by 15m and is 30m to the north
from it. The cones the sinkholes form over roughly a 15m by 15m and 10m by 10m area

respectively.

Matpsd with plae foble-alicade 994 Gom
By G Kinggaidrer, K. Tromaor, GO
O Messy, MMcClurs, Mark Youngk

STN=-002

OLD SPANISH CAVE
STONE COUNTY, MISSOURI

Figure 5. Map of the cave being studied with name and identifying notations redacted. Obtained
from cave owner via written correspondence.



Figure 6. Large chamber in the northern section of the cave.
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Figure 7. Large chamber in the eastern portion of the cave.
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Figure 8. Breakdown within cave that nearly blocks passage entrance.
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Figure 9. Large debris blocks in the large chamber of the cave. The main block shown is
approximately 6 meters tall.
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Figure 10. Hillshade of the greater study area with yellow outline of cave map from Figure 5.
Red triangles represent locations of small cave openings on the property. The green dots are the
locations of sinkhole cones visible on the surface. The green square is the main cave entrance.
The yellow stars are cave openings of interest. The brown lightning bolt is a powerline tower.
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Figure 11. Main entrance of the cave that is in the large cliff face.
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Figure 12. Large sinkhole above cave.
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Figure 13. Small sinkhole above cave.
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Geology

The geology and stratigraphy (Figure 14) of the Stone County cave area has the Pierson
formation (Figure 15) as the main rock type. The Pierson Limestone is a crinoidal packstone to
wackestone. Chert nodules left from the eroded Reed Spring Formation cover the Pierson
formation in the study area. There are also small patches of soil and exposed epi-karst. The
Pierson is nearly horizontally oriented with a slight tilt of less than 1 degree to the southwest and
is up to 21m thick in the study area. Beneath the Pierson Formation is the Northview Formation
(Figure 16). The Northview Formation is a confining layer in southwest Missouri. The
Northview Formation is a gray-green siltstone and shale formation. The Northview Formation
ranges from a few feet thick to non-existent in the study area. The known cave passages sit atop
the Northview Formation and cut down through it in places. The formation below the Northview
Formation and last karst bearing formation in the study area is the Compton formation. The
Compton Formation (Figure 17) is another crinoid packstone to wackestone. The Compton
Formation is up to 20 meters thick in the study area, where the bottom can be seen. The Compton
Formation is underlain by the last relevant formation in the study area, the Bachelor Formation
(Figure 18). The Bachelor Formation is a sandstone and shale. The Bachelor Formation acts as a
confining unit hampering the formation of karst below its location. The Pierson and Compton
Formations are both highly susceptible to karst development and contain many caves, and
sinkholes. The Pierson Formation is not the only rock unit to outcrop in the study area, though it
is the dominant. The large cliff face containing the main cave entrance provides an outcrop

showing all the above units displayed openly and in order (Thompson, 1986).
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Figure 15. A hand sample of the Pierson Formation.
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Figure 16. A hand sample of the Northview formation.
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Figure 17. Hand sample of the Compton formation.

22



Figure 18. Hand sample of the Bachelor Formation.

The rock units in southwest Missouri are all nearly horizontal with a general regional
northwest to southwest dip of less than 1 degree. The small amount of structural deformation
within the rock layers can be seen as northwest to southeast trending faults and fractures (Figure
19). The age of this faulting is uncertain, but the consensus associates the faults with the
Ouachita Orogeny from the Pennsylvanian time period (Evans et el., 2011). The passages in the

known cave from the study area generally follow this same northwest to southeast trend. With
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parallel connecting passages forming mostly along the bedding plane between the Pierson and

Compton where the Northview is not present.

Figure 19. Major fault trends of southwest Missouri.

Focus Areas

Within the larger study area four main areas of focus were selected (Figure 20) based on
their likelihood to contain possible unmapped voids that could potentially be associated with the
current known cave. These sites were selected based on accessibility, information obtained using
GIS data, information obtained during a field expedition to the site, and information gathered

from the owner of the property containing the cave.
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Figure 20. The greater study area with the four smaller focus areas highlighted. Area 1 is
highlighted in yellow. Area 2 is highlighted in red. Area 3 is highlighted in orange. Area 4 is
highlighted in blue. The yellow outline is the cave map from Figure 5. Red triangles represent
locations of small cave openings on the property. The green dots are the locations of sinkhole
cones visible on the surface. The green square is the main cave entrance. The yellow stars are
cave openings of interest. The brown lightning bolt is a powerline tower.
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Area 1 — Known Cave under large and small Sinkholes. The first and most likely of
the areas to return good usable data is the area directly above the known cave. This site was
selected to give a baseline reading to use as a metric for all of the other areas. Both large
sinkholes above the cave and the presence of the known cave may return results usable as a
metric for the investigation in the surrounding areas. All other data collected will be compared
with the data from this central site to help verify the obtained results.

Area 2 — Long Crawl Cave Connection. The first and least likely of the four to connect
to the known cave is also the furthest from the cave. The study area is located near a highway
that splits the property belonging to the cave’s owner. The larger property as a whole contains
more than one known cave. One of these caves is a long straight southwest to northeast trending
cave that follows the bedding plane between the top of the Northview Formation and the bottom
of the Pierson Formation. The trend of the long crawls nearly 200m passage lines up with the
main chamber of the study cave. There is a story obtained by the owner of a neighbor crawling
through long crawl cave and emerging in the study cave over 50 years ago. The long crawl’s
location being 1km away does however make this connection unlikely.

Area 3 — Area East of Main Cave Chamber and Large Sinkhole. The second of the
four locations chosen for this study is the area west of the large sinkhole associated with a debris
cone in the main chamber of the cave. The area to the east can be split into two smaller
subsections. The northern half being associated with the majority of the knob containing the
known cave. The knob created by three drainage valleys is larger than the study area, but the
highpoint and center of the knob is located just to the northeast of the large sinkhole on the
surface. This leaves a large area in the subsurface of karst susceptible rock that may contain

voids that could possibly be connected with the main cave. The area to the southeast of the large
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sinkhole on this knob is punctuated by a spring that comes out of the cliffside in the drainage
valley. This spring runs slowly year-round and may be associated with an underground stream
within the known cave that disappears flowing to the southeast within the cave. A void
connecting this spring and the known cave is possible.

Area 4 — Small Sinkhole Northwest of Main Cave Chamber. The third location was
selected because the entrance to the northernmost chamber in the cave is nearly blocked by a
debris cone possibly associated with the smaller of the two large sinkholes located above the
cave. Though the passage is accessible north of the debris cone, access to a possible western
chamber may be blocked. The debris cone is not yet confirmed to be associated with the smaller
sinkhole. Confirmation of this connection and identification of possible voids beyond the current

confines of the cave seem likely at this location.
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METHODS

Geospatial Information Systems (GIS)

GIS Data Collection. The Missouri Spatial Data Information Service (MSDIS) was used
to obtain the majority of the data. The data sets include hillshades and elevation models,
topographic information of the study area, stream locations, sinkhole locations, spring locations,
fault and fracture locations, roads and highway information, and geopolitical boundaries.
Satellite imagery of the study area was obtained from Google Earth. Geospatial field data
collected from a Reach RS2 GNSS Receiver (Figure 21) and a Topcon Gps (Figure 22). To

gather the absolute elevation and terrain data.

RE

Figure 21. Reach RS2 GNSS Receiver
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Figure 22. Topcon GPS

GIS Data Implementation. ArcGIS 10 and Google Earth were used for geospatial
analysis and map production. These applications were used to better correlate the visible surface
features with the known and unknown subsurface features identified using various geophysical
methods. GIS data allowed the location of geophysical surveys to be planned and executed more
efficiently. Contouring of geophysical point data allowed for the production of spatial
geophysical maps.

GIS Applications in Karst. GIS data have been used to great success in all areas of
geology, including karst geology. GIS data are useful for locating and correlating karst features
visible on the surface. Studies into karst have partly been to help better understand the

development and prediction of hazards associated with karst such as sinkholes (Gao, 2008).
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Ground water studies also show the correlation between disappearing streams and springs with
possible underground streams. From this, it could be inferred that areas of mapped sinkholes and

springs may be associated with unmapped voids in the subsurface (Florea, 2005).

Electrical Resistivity

ER Theory. The electrical resistivity (ER) method is an active geophysical method used
to detect near surface features (Loke, 2020). The method uses Ohm’s Law where the current (/)
in amps, flowing between two points is equal to the potential difference (V) in volts, divided by

the resistance (R) (Figure 23).

Figure 23. Illustration of Ohm’s law where R is the resistivity, I is the current, and V is volts.

Electrical resistance (R) is a function of length (L) of material, resistivity (p) in ohms per
length, and cross-sectional area (4) of a given material the current is flowing through (Figure

24).
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A

Figure 24. Illustration of resistivity (p) of a material, where A is the area, I is the current, V is the

voltage potential, and L is the length of a material.

When these equations are combined, the resistivity (p) of a material can be calculated.
Knowing the current (/), the voltage potential (V), the area (4), and length (L) of a material, a

current is flowing through, the resistivity of the material can be found.
P=

If an electrical current flows from one electrode to another electrode in a straight line, this

equation would fully apply to electrical resistivity survey. When flowing within a homogeneous

material, electrical current flows out in all directions as a hemisphere in the Earth. (Figure 25).
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---------- Equipotential lines
—®»— Current flow-lines

Figure 25. 3D illustration of electrical current flow lines and equipotential fields 3D block.

Whenever an ER survey is undertaken, electrical current always flows from one current
electrode to a second. This produces electrical equipotential lines in the subsurface. These lines
can be measured on the surface using two or more potential electrodes. If electrical current
passes through a highly resistive body, this produces a drop in measured voltage potential at
these surface potential electrodes. A low resistivity body results in the opposite effect (Figure
26).

In this equation, the terms A and | are defined by the shape and size of the hemisphere.
This is determined by the spacing of the current electrodes placed in the ground. As well as the
point in the sphere at which the potential is measured using the potential electrodes. A geometric
factor (K) is then substituted in place of length (L) and cross-sectional area (A) to calculate

resistivity (p) for any given electrode configuration.
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&

Figure 26. Cross-section illustrations of how a low resistivity (left) or high resistivity (right)
subsurface body would result in different measured voltage potential drops at the surface. I-
current, V-voltage potential.

p = RK

Geometric factors are defined for a number of arrays which allows for a simple
substitution into the above equation. For this study, electrical resistivity surveys are performed

using the geometric factor (K) for the Schlumberger array and the dipole-dipole array.

p. = nn(n+1)(n+2)a %

The Schlumberger array utilizes four electrodes placed with a common midpoint. The

two outer electrodes are A and B while the two inner electrodes are M and N. Electrodes A and
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B are the current electrodes, while electrodes M and N are the potential electrodes. During a
survey the two current electrodes are moved outward from the center point while the two
potential electrodes remain stationary. This is continued until the observed voltage between M
and N becomes too small, at which point the potential electrodes are moved outward to a new
spacing.

The dipole-dipole array has a pair of current electrodes labeled A and B. The array
potential electrodes pair are labeled M and N. The apparent resistivity or weighted average of the
resistivities under the four electrodes is obtained midway between the two pairs. The depth of the
apparent resistivity reading is equal to half the distance between the two dipoles.

ER Applications in Karst. ER surveys have been used in a number of situations and
have been proven reliable even in underwater investigations (Dahlin and Loke, 2018; Loke,
2020). ER surveys are one of the most reliable and widely used forms of karst geophysical
investigation used (Roth et al., 2002; Zhou et al., 2000). It has been verified that multi-electrode
resistivity surveys are reliable to determine depth to bedrock in thinly mantled karst (Roth et al.,
2002; Zhou et al., 2000). What was once a time and labor-intensive surveying method has been
simplified due to recent advances in both data acquisition and processing. One dimensional
surveys requiring manual calculation and master curve matching have been replaced by
multielectrode 2D and 3D profiles. Portable field computers can now perform fast and
sophisticated inversions on the fly. Electrical resistivity surveys are particularly good at detecting
the features and subsurface changes associated with all types of karst (Torrese, 2020). Clay-filled
fractures in limestone are detectable as low resistivity targets, while caves can be seen as high
resistivity targets (Zhou et al., 2002). The resistivity change from an air or water filled passage

next to a solid limestone block show up particularly well in surveys. The locations of each line in
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this study were chosen to give the best coverage of the known cave passages as well as to avoid
surface features unfavorable to electrical resistivity line placement. Electrical resistivity
anomalies of fractures related to sinkholes can show up as low resistivities if the fractures are
acting as hydraulic conductivity conduits (Ahmed and Carpenter, 2003). Air-filled cavities can
show up in a survey with electrical resistivity reading in the tens of thousands while the
surrounding solid subsurface can be anywhere between a few ohm-ms when wet up to the high
hundreds to low thousands. Electric resistivity has been proven to be useful in detecting these
high electrical resistivity anomalies (Peterson and Berg, 2001; Kaufmann et al., 2011; Land,
2011). ER is also useful in finding low electrical resistivity anomalies like ground water (Ezma
et al., 2020). All electrical resistivity readings in karst environments are relative and the values
measured in the same subsurface can change drastically from day to day and season to season
depending on weather and subsurface conditions. Apparent electrical resistivity highs and lows
are still reliable but specific values should be considered less important than relative high and
low values.

ER Instrumentation. ER surveys were performed using the GF Instruments ARES
Automatic Resistivity System (Figure 27) and the Supersting R8 (Figure 28). The ARES system
uses a battery-powered computer, 8 multi-electrode cables, and 64 steel electrodes. The ARES
computer is a programmable switch-box which automatically performs electrical resistivity
surveys. The user must select a geometric array which includes electrode spacing and number of
electrodes. The 8 multi-electrode cables each have 8 electrodes connected in sequence. These
cables connect end to end to one another to create one long survey cable with 64 electrodes. This

long cable is then connected to the ARES computer. Each electrode on the cable is fastened to
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the steel stakes using rubber rings. The electrodes are inserted into the ground and must be solid

and deep enough to provide a good electrical contact with the earth.

W 174

o

s \W% V

Figure 27. ARES system set up in the field
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Figure 28. Supersting R8 set up in the field.

The Supersting R8 is an electrical resistivity system that consists of 4 smart cables with
14 electrode connections each, a gas generator powered computer, two power adapting boxes,
one cable switch-box, and 56 steel electrodes with spring connectors. The smart cables and their
corresponding electrodes are pre-fabricated with the exact electrode number in the sequence

being predetermined. Electrode one must always be electrode one, electrode two must always be
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electrode two, and so on and so forth. The smart cables connect end-to-end with the middle two
cables connecting to the switch box in the middle of the line. Each electrode is connected to the
smart cables using the spring connectors attached to each steel rod. The electrodes are inserted
into the ground solid enough and deep enough to provide a good electrical connection with the
earth. The user selects a pre-programmed array configuration on the Supersting R8 and the
computer automatically performs the survey.

ER Data Collection. Once a survey is programmed and started both the ARES and
Supersting R8 units systematically select current and potential electrode pairs to create a
pseudosection of electrical resistivity points (Figure 29). This electrical resistivity data are stored
in each computer’s memory to be downloaded and processed by a computer in the lab. More
than one survey can be conducted per trip on each system. Multiple surveys can be stored from
multiple trips and saved indefinitely to be processed at a later date. With the ARES system a
Schlumberger electrical resistivity survey will take about one and a half hours to complete using
a 1-meter spacing and 64 electrodes and will collect around 990 data points. The Supersting R8
system will take around an hour to complete a dipole-dipole electrical resistivity survey using 1-
meter spacing and 56 electrodes and will collect around 700 data points.

For this study, the typical configuration with both the ARES and Supersting R8 was to
use all available electrodes. The spacing of each survey’s electrode setup was heavily dependent
on terrain. Typically, the spacing used was between 1 and 5 meters. A wider electrode spacing
results in greater depth in the surveys observation, but with lower resolution. The Schlumberger
and the dipole-dipole array were used for this thesis. The study area is in the woods away from
roads and other forms of interference. The Schlumberger array was always used with the ARES

system and the dipole-dipole system was always used with the Supersting R8. This decision was
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Figure 29. Data point distribution in a psuedosection from Schlumberger electrical resistivity
array. Circled data point is a result of the illustrated current (I) and potential (V) electrode
positions.

based simply on the best average survey times of each system. The ARES was programmed to
take measurements four times for each point and average the results. The Supersting R8 was
programmed to do two surveys for each line, one in the forward direction and one in the reverse
direction.

The topography of the study area had a significant influence on the surveys. Generally,
all the electrodes in a given line were not within the same elevation range of +/- %2 of a meter.
This means topography needed to be collected. An elevation was measured every ten meters
along a line using a Reach RS2 GNSS Receiver (Figure 21).

Geospatial information for each survey was also collected using a GPS BLACK* device.
Location of survey line endpoints, and any relevant features were all recorded typically with an
accuracy of 0.5m.

ER Data Processing. Data from each survey was downloaded to a PC using GF
Instruments software and converted into a format readable by AGI EarthImager 2D software.

Electrical resistivity profiles were uploaded into AGI EarthImager 2D to view raw data and
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perform a 2D inversion based on software by Loke (1999). The terrain files were included in the
model. The software automatically removed anomalies like singular electrical resistivity spikes.
For each set of survey data an inversion algorithm is run to produce an inverted electrical
resistivity model from the measured apparent electrical resistivity pseudosection. This inversion
was ran multiple times using robust inversion methods to determine which features of the model

were required by the data.
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RESULTS

Area 1 - Known Cave Under Large and Small Sinkholes
Area 1: Electrical Resistivity (ER). The ER surveys were performed to test the ability
of ER to detect the known cave passages and to get a baseline reading to use in the discovery of

new cave passages in the surrounding subsurface. Four west to east trending electrical resistivity

lines were taken using the Schlumberger array (Figure 30).

Figure 30. Hillshade showing the location of the four east to west trending lines 1 through 4 from
area 1. Line 1 is the most southern line while line 4 is the most northern. The yellow outline is
the cave map from Figure 5. Red triangles represent locations of small cave openings on the
property. The green dots are the locations of sinkhole cones visible on the surface. The green
square is the main cave entrance. The yellow stars are cave openings of interest.
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Line 1 trends from east to west on the southern rim of the large sinkhole that is directly
above the main cave chamber. The survey was conducted using the ARES system with an
electrode spacing of 3m. The high electrical resistivity region (A) (1000 to 10000 ohm-m) that
extends from the surface to the bottom of the profile corresponds to the location of the known
cave and the sinkhole in the main chamber. The low electrical resistivity areas (B) (186 to 49.3
ohm-m) represent water saturated subsurface soil and rock (Figure 31).

Line 2 follows the same west to east trend but is situated on the northern rim of the large
sinkhole above the known cave’s main chamber. The high electrical resistivity region (A) (1000
to 2472 ohm-m) the extends the full length of the profile from 15m to beyond 29.6m in depth
corresponds to the expected location of the known cave chambers in the subsurface. The low
electrical resistivity regions (B) (230 to 105 ohm-m) near the surface correspond to water
saturated subsurface rocks and soil (Figure 32).

Line 3 trends from southwest to northeast and is situated near the midway point between
the large and small sinkhole above the known cave location. The high electrical resistivity region
(A) (1811 to 4956 ohm-m) that extends the length of the line from 20m to 29.8m in depth
corresponds to the expected location of known cave passages in the subsurface. The low
electrical resistivity regions (B) (242 to 88 ohm-m) represent water saturated subsurface rocks
and soil (Figure 33).

Line 4 trends from the southwest to the northeast on the southern rim of the small
sinkhole above the known cave. The two high electrical resistivity regions (A and B) (1735 to
4728 ohm-m) on either end of the profile correspond to two known chambers in the subsurface.
This was slightly unexpected as the known cave map does not show the cave extending around

the sinkhole location. This leaves an opportunity for lines to be taken around the sink hole to
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confirm the new extent of the known cave or to discover possible unmapped cave passages. The

relative low electrical resistivity values (1700 to 637 ohm-m) between the two highs corresponds
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Figure 31. Measured apparent electrical resistivity, calculated electrical resistivity, and final
electrical resistivity model for line 1 in area 1. A-the known cave, B-water saturated subsurface.
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to the breakdown and debris (C) within the known cave passage. The low electrical resistivity
areas (234 to 86 Ohm-m) represent water saturated subsurface rocks and soil (Figure 34).

The electrical resistivity profiles obtained in this area successfully served their purpose.
The surveys confirmed the viability of using ER exploration in this specific type of southwest
Missouri karst. The surveys confirmed the location of known subsurface voids and the values
obtained will be used as relative base values for exploration in the unknown areas surrounding

the cave.

Area 2 — Long Crawl Cave

Area 2: Electrical Resistivity (ER). The electrical resistivity surveys conducted here
were performed to see if a connection between the study area and the long crawl cave across the
local highway 1 kilometer away could be found. The area selected to be tested was chosen
because it lays directly between the main chamber of the cave and the direction the long crawl
cave trends. The area is also easy to access as it is along the sides of a local road. Both caves lay
at an elevation of about 350m above sea level so two electrical resistivity lines (Figure 35) long
enough to record data at that depth were taken. Both lines in this area were taken with the ARES
system using the Schlumberger array.
Line 5 is located on the east side of the road and trends from south to north. The line was
conducted with an electrode spacing of 3m. The line shows a trend from a low (B) (63 ohm-m)
electrical resistivity to a high (A) (1014 ohm-m) electrical resistivity that is mostly uniform over
the length of the line. This trend seems to not suggest the presence of a void and rather a

relatively homogenous subsurface that decreases in conductivity with depth. The line was taken
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during the dry season and the relative high electrical resistivity reading at the bottom is due to

dry solid subsurface conducting electricity less readily than subsurface that is saturated (Figure
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Figure 34. Measured apparent electrical resistivity, calculated electrical resistivity, and final
electrical resistivity model for line 4 in area 1. Circled A-the known cave, B-water saturated
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Figure 35. Hillshade showing the location of electrical resistivity lines 5 and 6 in red. The yellow
outline is the cave map from Figure 5. Red triangles represent locations of small cave openings
on the property. The green dots are the locations of sinkhole cones visible on the surface. The
green square is the main cave entrance. The yellow stars are cave openings of interest. The
brown lightning bolt is a powerline tower.
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Figure 36. Measured apparent electrical resistivity, calculated electrical resistivity, and final

49



Line 6 in this area is located on the west side of the road and trends from south to north.
The line was taken with a 3 m electrode spacing. The line shows a trend from a low (B) (67 ohm-
m) electrical resistivity to a high (A) (917 ohm-m) electrical resistivity that is mostly uniform
over the length of the line. This trend seems to not suggest the presence of a void and rather a
relatively homogenous subsurface that decreases in conductivity with depth. The line was taken
during the dry season and the relative high electrical resistivity reading at the bottom is due to
dry solid subsurface conducting electricity less readily than subsurface that is saturated (Figure
37).

The models in this area cannot conclusively say if a subsurface void exists that connects
the long crawl cave to the main cave. More data is needed to say this for certain. However, for
this study the data were deemed enough to decide that other areas should become the focus for

further electrical resistivity profiles.

Area 3 — East of Main Cave and Large Sinkhole

Area 3: Electrical Resistivity (ER). The electrical resistivity surveys at this location
were performed to try to detect possible undiscovered voids in the subsurface directly to the east
of the known cave. Any voids detected in this area would be close enough to the known cave that
a connection between the two would be likely. The electrical resistivity lines in this area were
taken with both the ARES unit using the Schlumberger array and the Supersting R8 using the
dipole-dipole array. This location was selected because a spring to the southeast of the known
cave has water that flows out of it that could possibly be from a stream that runs through the

known cave. The lines taken here had to be moved further north than originally wanted because
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of the cliff to the south of the cave. The slope to the cliffs edge proved to be steeper than the

known cave and spring (Figure 38).

Depth (m) Depth (m) Depth (m)
W = WK = Wb =
N=l D k=l k=l < N N1 00 O O S =1 O O o
- - - - o Do 2 - = 2 o o
L 1 1 1 1 1 1 1

81
81

uonHag ANMATISISI PAOYIOAUT

9€
9¢

TOT)RIN]

23

s
uo1asopnas| Aansisay uaaeddy pajemoe)

uonaasopnasd Anansisay uateddy panseajyy

SWI €

L
L

2%TL8

T
06

ZLine 6

801
801

9¢1

w ¢ = Fuordg oponaalT 9.0
9¢1

!
24!

w1
w091

081

w-wgo
e
W=y
o
w0

1
TET
347
9¥8

Figure 37. Measured apparent electrical resistivity, calculated electrical resistivity, and final
electrical resistivity model for line 6 in area 2. A-drier subsurface, B-more saturated subsurface.
expected and the lines were unable to be placed far enough south to detect connections between
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Figure 38. Map showing the location of study area 3. Lines shown are lines 7-11 from left to
right. The yellow outline is the cave map from Figure 5. Red triangle represent location of small
cave opening on the property. The green dots are the locations of sinkhole cones visible on the
surface. The green square is the main cave entrance. The yellow stars are cave openings of
interest.

Line 7 was collected using the ARES unit with an electrode spacing of 2 m. The line is
east of the large sinkhole and trends from north to south. The high (5,000 to 28,989 Ohm-m)
electrical resistivity region (A) is consistent with the expected readings of an undetected void in

the subsurface for this area. The region is at an elevation (380m to 360m) that is consistent with

the depth of the known cave passages (Figure 39).
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Figure 39. Measured apparent electrical resistivity, calculated electrical resistivity, and final

electrical resistivity model for line 7 in area 3. Circled A-subsurface void.




Line 8 was collected using the ARES unit with an electrode spacing of 2 m. The line is
east of line 7 and trends from north to south. The high (4,000 to 77,369 ohm-m) electrical
resistivity region (A) is consistent with the expected readings of an undetected void in the
subsurface for this area. The region is at an elevation (376m to 360m) that is consistent with the
depth of the known cave passages (Figure 40).

Line 9 was collected using the Supersting R8 unit with an electrode spacing of 3 m. The
line is in the middle of the other four lines, between the detected high resistivities and trends
from the north to the south. The high (2,800 to 8,906 ohm-m) electrical resistivity region (A) in
the left part of the line is consistent with the expected readings of an undetected void in the
subsurface for this area. The high (about 2,000 to 6,000 ohm-m) electrical resistivity region in
the right part of the line is consistent with the expected readings of an undetected void in the
subsurface for this area The high electrical resistivity is at an elevation (370m to 360m) that is
consistent with the depth of the known cave passages (Figure 41).

Line 10 was collected using the ARES unit with an electrode spacing of 2 m. The line is
east of line 2 and trends from north to south. The high (5,758 to 29,920 ohm-m) electrical
resistivity regions (A) in the right and left portions of the line is consistent with the expected
readings of an undetected void in the subsurface for this area. The regions are at an elevation
(375m to 360m) that is consistent with the depth of the known cave passages (Figure 42).

Line 11 was collected using the ARES unit with an electrode spacing of 2 m. The line is east of
line 3 and trends from north to south. The high (4,799 to 15,684 ohm-m) electrical resistivity
region (A) in the left part of the line is consistent with the expected readings of an undetected
void in the subsurface for this area. The high (about 2,000 to 5,000 ohm-m) electrical resistivity

region in the right part of the line is consistent with the expected readings of an undetected void
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in the subsurface for this area. The high resistivities are at an elevation (370m to 360m) that is

consistent with the depth of the known cave passages (Figure 43).
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Figure 40. Measured apparent electrical resistivity, calculated electrical resistivity, and final
electrical resistivity model for line 8 in area 3. Circled A-subsurface void.
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Figure 41. Measured apparent electrical resistivity, calculated electrical resistivity, and final

electrical resistivity model for line 11 in area 3. Circled A-subsurface void.
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Figure 42. Measured apparent electrical resistivity, calculated electrical resistivity, and final

electrical resistivity model for line 9 in area 3. Circled A-subsurface void.
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Figure 43. Measured apparent electrical resistivity, calculated electrical resistivity,

electrical resistivity model for line 10 in area 3. Circled A-subsurface void.
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The data collected seem to suggest the existence of a large void in the subsurface that lies
to the northeast of the large main cave chamber. The void appears to trend from the northwest to
the southeast and takes up much of the subsurface in the western part of the study area.
Excavation is required to confirm this conclusion and to find a possible connection between this

void and the known cave.

Area 4 — Small Sinkhole Northwest of Main Cave Chamber

Site 1: Electrical Resistivity (ER). The surveys at this location were performed to try to
detect possible undiscovered voids in the subsurface directly to the east of the known cave. Any
voids detected in this area would be close enough to the known cave that a connection between
the two would be likely. The electrical resistivity lines in this area were taken with both the
ARES unit using the Schlumberger array and the Supersting R8 using the dipole-dipole array.
This location was selected because the small sinkhole to the northeast of the main large sinkhole
corresponds with breakdown within the cave that covers a large portion of the inside of the cave.
This breakdown nearly obstructs entrance into a large portion of the cave to the north. It also
covers a large enough portion of the caves floor and wall to the east that it may be obstructing
entrance into a lost void in the subsurface (Figure 44).

Line 12 was collected with the ARES unit with an electrode spacing of 2 m. The line lays
on the eastern side of the small sinkhole and trends from the north to the south. The line contains
two high (up to 10277 ohm-m) electrical resistivity regions (A) at about 380m to 369m (Figure
45). This location is consistent with what would be expected from a void that is obstructed by the

breakdown debris within the cave associated with the small sinkhole (Figure 13).

59



Figure 44. Map showing the location of study area 4. Lines shown are lines 12-15 from left to
right. The yellow outline is the cave map from Figure 5. Red triangle represents location of small
cave opening on the property. The green dots are the locations of sinkhole cones visible on the
surface. The green square is the main cave entrance. The yellow stars are cave openings of
interest.

Line 13 was collected using the Supersting R8 with an electrode spacing of 3 m. It is
located 5 m to the west of line 12 and trends from the north to the south. The high (2,013 to
7,101 ohm-m) electrical resistivity region (A) in the right part of the line is consistent with the
expected readings of an undetected void in the subsurface for this area. The high electrical

resistivity area is at an elevation (370m to 360m) that is consistent with the depth of the known

cave passages (Figure 46).

60



Inverted Resistivity Scetion  Iteration=17 RMS=11.28% L2=127 Llectrode Spacing =2 m

o
—
0]
=)
..Ll
0 12 24 30 48 60 72 84 96 108 120 Ohm-m
OQ 4 s & .._. Y N 4 & ..r & —mmL
\m\., 6.0 747
= 120 A 360
Um. 18.0 A 173
241 e : 83
Measured Apparent Resistivity Pseudoseciion
0 12 24 36 48 60 72 84 96 108 120 Ohm-m
0.0 1554
W 6.0 - 747
£ 120 A 360
&
= 18.0 A 173
24.1 — S 83
Calculated Apparent Resistivity Pseudosection
Z 0 12 24 36 48 60 72 84 96 108 120 © Ohm-m
= 3923 - : ; L 10277
=
g 384.4 1701
£ 3764 281
L)
& 3685 46.6
360.6 7.9

Figure 45. Measured apparent electrical resistivity, calculated electrical resistivity, and final

electrical resistivity model for line 12 in area 4. Circled A-subsurface void.
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Figure 46. Measured apparent electrical resistivity, calculated electrical resistivity, and final

electrical resistivity model for line 12 in area 4. A-subsurface void.
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Line 14 is located further to the north along an access road to the study location. This line
was collected using the Supersting R8 with an electrode spacing of 5 m. This line was taken to
try to detect any voids in the subsurface that may extend out of the study area to the north. The
land north of the study area belongs to an unknown person and access to the land was not
obtained. The high (2,145 to 8,198 ohm-m) electrical resistivity region (A) in the center part of
the line is consistent with the expected readings of an undetected void in the subsurface for this
area. (Figure 47).

Line 15 is located west of line 12. This line was collected using the Supersting R8 with
an electrode spacing of 3 m. This line was taken to try to detect any voids in the subsurface that
may extend past the small sinkhole beyond line 12. The high (1,942 to 6,316 ohm-m) electrical
resistivity region (A) in the right part of the line is consistent with the expected readings of an
undetected void in the subsurface for this area. (Figure 48).

The data collected in this area seems to suggest the existence of a cave passage to the
west of the known cave. The entrance to this void space in the subsurface is hidden by
breakdown if it exists. Excavation is required to confirm or deny the existence of this void and its

possible connection to the known cave.
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Figure 47. Measured apparent electrical resistivity,

electrical resistivity model for line 12 in area 4. A-subsurface void.
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electrical resistivity model for line 12 in area 4. A-subsurface void.
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DISCUSSION

The trends of known karst features like fractures and sinkholes were successfully used as
an indicator for finding voids in the unexplored subsurface (Figure 49). Some of the most
promising data were collected in an area with few karst features to determine the extent of these
features. Electrical resistivity data have been examined and interpreted in order to make the most
accurate predictions possible for the locations of the new subsurface voids and sinkholes.

Some areas around the cave, like area 2 (Figure 35), had karst features that seemed
promising before electrical resistivity was utilized. The depth and subsurface trend of Long
Crawl Cave made it a promising candidate, but the investigation returned data and models
(Figures 35-37) that indicated no presence of a subsurface void of a reasonable size that would
connect Long Crawl Cave with Old Spanish Cave. Instead, the relatively high electrical
resistivity portions of the model (Figures 36 and 37) only indicated moisture changes in the
subsurface rather than structural changes.

Other areas, like area 4 (Figure 44) near the small sinkhole (Figure 13), had surface
features that alluded to the presence of a subsurface void and produced electrical resistivity
models that confirmed the presence of voids (Figures 45-48). The branches around both sides of
the mapped cave would lead one to believe that the cave continues past the sinkhole. The models
indicate two high electrical resistivity bodies that indicate the branches may continue past the
sinkhole but are being blocked by breakdown. The northern branch may also extend up beyond
the boundaries of the study area, but more data would be required to say for sure whether or not

the two voids connect.
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Figure 49. Map showing the known cave outlined in yellow. The yellow highlighted areas are the
interpreted locations of subsurface voids detected by electrical resistivity survey. The blue
highlighted areas represent places where connections between the known cave and the newly
detected cave passages may exist. The red circle is an area where more data is needed to
determine whether the northern most void connects to the rest of the cave system or not. The
yellow outline is the cave map from Figure 5. Red triangles represent locations of small cave
openings on the property. The green dots are the locations of sinkhole cones visible on the
surface. The green square is the main cave entrance. The yellow stars are cave openings of
interest.
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While using the known karst features to constrain the investigation is a helpful way to
search for subsurface voids, some subsurface features do not have a surficial presence. The
surface above area 3 (Figure 38) was devoid of the type of obvious features which would
indicate the presence of a large subsurface void. The electrical resistivity models (Figures 39-43)
indicated the best candidate for a subsurface void that could expand the dimensions of the known
cave. The highly electrical resistive area that appears to exist in this subsurface could be nearly
70 m long, up to 20 m wide, and within just a few meters of the known cave. If a void large
enough for a human to pass through exists in this short distance and is blocked due to large
breakdown, the large void could be excavated and explored. This would greatly increase the size
of the cave and add on the largest chamber to be discovered thus far. This map (Figure 49) shows
the possible extent of these new cave passages.

While southwest Missouri karst features do not necessarily directly correlate to karst
features in all karst environments, the data collected and examined in this study suggest that karst
exploration can be helped by using known features to determine the location of possible hidden
features. Methods such as electrical resistivity are extremely useful when it comes to
investigating karst subsurface. This method provides quantitative data rather than an estimation
of what is happening in the subsurface based on visible features. Electrical resistivity is also non-
invasive, easy to use, and is applicable to a variety of karst environments. This makes it an ideal

candidate for other studies involving sinkholes and cave formations.
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CONCLUSIONS

An electrical resistivity survey was conducted in southwest Missouri to determine the
extent of known cave passages and estimate where additional cave passages in the same area
around that known cave might exist. Fifteen two-dimensional profiles were collected using the
dipole-dipole and Schlumberger arrays with profile lengths between 112 and 280 meters. The
interpretation of the electrical resistivity data using robust inversion methods indicated that the
subsurface around a cave south of Springfield in southwest Missouri likely contains cave
passages currently cut off from the main body of the cave by breakdown. The new cave passages
are located to the west of the main cave just beyond breakdown associated with a sinkhole and
directly to the northeast of the main cave. These new passages are located within approximately
a meter of the known cave passages. These locations have been predicted and mapped for use by
the caves owner to excavate to the new passages so that the new and old passages can be
connected. Electrical resistivity geophysics allowed for an effective and noninvasive
investigation into the area around the cave. This method could easily be used to the advantage of
investigators in other sites in similar karst environments to discover and map the location of

potential features like caves and sinkholes.
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