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ABSTRACT

iii

The research involves a geophysical study in the Maremec River Valley in St. Louis 

County, Missouri. The geophysical methods described in this paper can provide a relatively 

quick, inexpensive, and accurate means in investigating the lithologic characteristics of the 

subsurface. Method selection is ultimately dependent of the type of investigation and site- 

specific characteristics. In this investigation, Electrical Resistivity Tomography (ERT) data 

and Mutli-Channel Analysis of Surface Waves (MASW) data were acquired to image the 

bedrock beneath the Maremec River to an approximate depth of 110 ft or an elevation of 

300 ft for a proposed wastewater tunnel. Two overlapping dipole-dipole arrays were used 

in a survey across the Maremec River to create a 1,670 ft ERT traverse. The ERT data were 

then processed to create a 2-D pseudo-section. Multiple MASW surveys were acquired on 

both sides of the river along the ERT traverse. The MASW data were processed and six 

shear wave velocity profiles were created. Two borings were logged on both sides of the 

river near the ERT traverse using material collected from a split-spoon sampler. The data 

from these geophysical tools were then compared and correlated with the boring data. The 

depth to bedrock was interpreted to be from 30 ft -  80 ft. The processed MASW data 

correlated fairly well with the interpreted top-of-rock with 0 ft -  15 ft. Based on the 

resistivity data, the bedrock can be characterized as fairly weathered beneath ERT stations 

600 to 1600. A potential karst feature is present after station 1400 which extends below 

300 ft elevation. From ERT stations 100 to 600, the bedrock is considered competent and

less weathered.
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1. INTRODUCTION

In Missouri, bedrock is mainly comprised of Pennsylvanian, Mississippian, 

Ordovician, and Cambrian age strata. Bedrock depth typically can vary across the state 

from 0 to over 200 ft. Over the last 20 years, geophysical investigations using the Electrical 

Resistivity Tomography (ERT) and Multi-Channel Analysis of Surface Waves (MASW) 

tools have become more commonly used to investigate the subsurface and bedrock. This 

is due to the fact that geophysical methods such as the ERT and MASW can be very 

effective when enhanced by ground truth. These data can be acquired at a relatively low 

cost when compared to other subsurface investigative techniques. These geophysical 

techniques can be used to image bedrock for a variety of different subsurface investigations 

including imaging karst features, fracture zones, locating tunnels, groundwater flow, and 

mineral exploration.

In this paper, a case study is discussed, description of the regional geology is given, 

and the concepts behind each method used are explained in detail. The ERT and MASW 

methods were used primarily to image the bedrock to a depth of at least 110 ft or an 

elevation of 300 ft; determine the elevation of the top of bedrock; determine the soil 

thickness in the Maremec River Valley; and characterize the subsurface soil and rock 

quality. The ERT data were acquired to an approximate depth of 150 ft. and the MASW 

data were acquired to an approximate depth of 100 ft. The ERT and MASW data were 

compared and constrained with multiple borehole data.
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2. PURPOSE AND SCOPE OF STUDY

The primary goal of the geophysical study was to determine if a site in the Meramec 

River Valley in southeast St. Louis County was a suitable location for a proposed 

wastewater tunnel. This was accomplished by collecting, processing, and interpreting 

Electrical Resistivity Tomography (ERT) data and Multichannel Analysis of Surface 

Waves (MASW) data with the aid of boreholes. These data were used to effectively 

determine the variable depth to bedrock and characterize the soil and bedrock lithology as 

well as identify any anomalous zones. The interpreted depth to the top-of-rock generated 

by ERT and MASW methods will be compared with borehole data from multiple sources.
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3. REGIONAL GEOLOGY

According to the Missouri Department of Natural Resources (MDNR), Missouri’s 

landscape consists of five geologic provinces: Dissected Till Plains, Osage Plains, Salem 

Plateau, Springfield Plateau, and Mississippi Alluvial Plains as shown in Figure 3.1 this 

section briefly describes the regional geology of St. Louis County. It is beyond the scope 

of this section to discuss all the geologic provinces, structural, and stratigraphic settings in 

Missouri in much detail.

The bedrock of the Dissected Till Plains province is primarily Pennsylvanian age 

except along the eastern edge of Missouri which is Mississippian age (Figure 3.2). This 

portion extends through almost half of the St. Louis area and covers most of St. Louis 

County. The southernmost extent of the Pleistocene glaciation extends across Missouri 

along the Missouri River and through the northern half of St. Louis County.

The majority of the river valleys in this region are comprised of Holocene age 

alluvium consisting of gravel, sand, and silt. The valley soil and can range from 0 to 215 

feet thick (Harrison, 1997). The surficial material of the St. Louis County, (MDNR 

Surficial Materials of Missouri, 2002) is comprised of residuum consisting of clays and 

gravels from cherty limestone and can range from 0 to 50 feet thick.

The Salem Plateau is mainly covered by residuum from cherty dolomite and 

sandstone comprised of clay, silt, sand, gravel, and boulders. The thickness of the residuum 

in this province can vary from less than 10 ft up to 200 ft in some areas. Mississippian-age 

limestone of the Salem, Warsaw, and Keokuk-Burlington formations form the bedrock 

surface in the St. Louis County area which overlie the Ordovician and Cambrian strata
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(Figure 3.3). Even though these same Mississippian age formations are found in the 

Springfield Plateau, it is still considered part of the Salem Plateau by MDNR. Silurian and 

Devonian age strata are not present.

In east-central Missouri, the Warsaw formation is the lowest member of the 

Meramecian series and conformably overlies the Burlington-Keokuk formations (Figure 

3.4). The Warsaw composition varies from coarse crystalline limestone to dolomitic and 

very shaly, limestone and a thickness range from 80 to 100 feet. The underlying 

Burlington-Keokuk, Fern Glenn, and Chouteau group formations form the Osagean series. 

The Burlington-Keokuk limestone are comprised of light grey-bluish grey, coarse 

crystalline limestone with abundant chert beds. The thickness of these formations ranges 

from 70 to 100 feet and 50 to 100 feet and is considered fairly uniform. Although the 

Burlington and Keokuk are separate formations, they are often lumped together because 

the boundary between the two can be very difficult to identify (Howe, 1961).

Ordovician and Cambrian rocks are primarily dolomite and sandstone. The 

Ordovician bedrock (Figure 3.3) that makes up much of the Salem Plateau consists of the 

Maquoketa Group, the Cape and Kimmswick limestone, the Decorah and Plattin Groups, 

Joachim dolomite, St. Peter sandstone, Smithville dolomite, Powell dolomite, Cotter 

dolomite, Jefferson City dolomite, Roubidoux Formation, and the Gasconade dolomite.
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Figure 3.1. Geologic provinces of Missouri. Site location (red circle) and geologic 
provinces of Missouri (MDNR, 2018).

Figure 3.2. Generalized geologic map of Missouri. Site location and bedrock geology of
Missouri (MDNR, 2014).
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Figure 3.3. The stratigraphic column of Missouri. The red line marks the formations that 
form the bedrock in the study area (mofossils.com).
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Figure 3.4. Stratigraphic column of the Mississippian System. Mississippian System 
stratigraphic column for east central Missouri (Howe, 1961).
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4. OTHER INVESTIGATION METHODS

Common methods for investigating soil and bedrock include borings such as 

coring, augering, and excavation. Coring involves a hollow drill bit that is designed to cut 

through soil and rock and collect a sample inside the drill stem. Augers can be used in 

unconsolidated material to collect similar data. Augers feed material up to the surface of 

the borehole where samples and observations can be noted. Augers can be solid or hollow 

stem sampling. Hollow stem augers collect a disturbed boring sample inside the stem while 

bringing auger cuttings to the surface. Solid stem augers do not recover boring samples, 

but the cuttings are recorded. Excavation usually involves creating test pits and trenches to 

observe the subsurface. These methods can provide great information about the soil and 

bedrock characteristics in a specific location. These methods are necessary today for 

drilling wells and characterizing the subsurface for potential building sites. However, these 

methods are very expensive, labor intensive, and time consuming as well as destructive. 

Difficult terrain can also create issues. Because of this, borings cannot be done everywhere. 

Instead, geophysical techniques can be used to correlate data between boreholes. The 

borehole data is often used as an important aid to enhance geophysical data and to help 

confirm interpretations.

Geophysical techniques for investigation bedrock can include gravimetry, 

electromagnetics, ground penetrating radar (GPR), seismic refraction/reflection, electrical 

resistivity, and multi-channel analysis of surface waves (MASW). Gravimetry can be very 

difficult to acquire and process without have extensive knowledge of the parameters and 

can be very erroneous. Electromagnetics (TDEM/FDEM) can be very useful for mapping
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bedrock and soil depth but are site dependent and cannot measure the strength of the 

soil/rock materials (Anderson, 2017). GPR is commonly used for imaging the subsurface 

for a variety of investigations. However, the main pitfall with using GPR is that it cannot 

penetrate through soil containing abundant clay minerals. Clay is abundant in the surficial 

materials of Missouri. Since the electrical resistivity and MASW methods can perform very 

well in clay rich environments with good lateral and vertical resolution and given the 

survey location, these methods were chosen for the study.
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5. RESEARCH METHODOLOGY

The following is a detailed explanation and illustration of the methods used in this 

study. Research was conducted using Electrical Resistivity Tomography (ERT) and Multi

Channel Analysis of Surface Waves (MASW). Explanations include the concept or theory 

behind these geophysical tools; the data acquisition and processing; and the interpretation 

of data. Echo Sounding and Side Scan Sonar data were collected across the marine portion 

of the study area to assist with the processing and interpretation of the ERT data and not 

discussed in detail.

5.1. ELECTRICAL RESISTIVITY TOMOGRAPHY (ERT)

Electrical Resistivity Tomography (ERT) can be used in many different 

applications which include mapping variable depth to bedrock, locating voids (caves, 

tunnels, abandoned mines, etc.), mapping sand and gravel lenses, and mapping 

contaminants. Resistivity surveying techniques include vertical electric sounding, 

profiling, and a combination of profiling and sounding (tomography). These techniques are 

performed by using a pre-determined array of electrodes. There are several standard array 

types that have been developed. The basic function of all these techniques is to measure 

the spatial variations in potential differences as a result of an induced current. These 

potential differences are used to determine the resistivity. The resistivity distributions 

across the survey can then be displayed to create an image or pseudo-section (Figure 5.1). 

The resistivity image can be interpreted to create a geologic model. These data when 

supplemented with external constraints such as borings or ground truth, help refine and
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characterize the subsurface, both soil and bedrock. This is possible because soil and rock 

materials exhibit different resistivity variations caused by the differences in mineral 

content, water content and saturation, porosity, and permeability (Loke, 1999).

Figure 5.1. Example pseudo-section. Example of a typical 2-D pseudo-section of the area.
Nwokebuihe, S. C. (2014).

5.1.1. Geology and Resistivity. According to Loke (1996-2016) and Robinson 

and Coruh (1988) the conduction of current through the ground can come in three different 

forms. Two of which primarily occur as either electronic or Ohmic conduction, or 

electrolytic conduction. The third is dielectric conduction. Electronic conduction is the 

current flow through materials such as native metals. The current travels using free 

electrons which move through the metals crystalline structure. Electrolytic conduction is 

one that occurs from the presence of dissolved ions in the pore water or groundwater. This 

type is the most common. Dielectric conduction involves cyclical shifting of ions in a 

crystalline structure that is an insulator. This type is looked at as alternating current. No 

current flow actually takes place.
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5.1.2. Concept of Electrical Resistivity. A simple definition of resistance (R) is 

the opposition to the flow of current through a material. Resistance is measured in ohms. 

One ohm is equal to the resistance between two points when a constant electromotive force 

(EMF; measured in voltage (V)) applied between two points produces a current of one 

ampere (amp (I)). The induced current (measured in amps) is driven by an EMF that creates 

a potential difference caused by the resistance (R) between the two terminals or electrodes 

(Van Valkenburgh, Nooger, and Neville, 1992). Because of the potential differences 

between the electrodes, the current is compelled to flow along paths from the source to the 

sink (Robinson and Coruh, 1988). The voltage is the measure of the potential differences 

created from the current flow between the electrodes. This concept of resistance (R) can be 

applied to the earth subsurface. The earth is the resistor component of the circuit. Ohm’s 

Law controls the flow of electrical currents through the subsurface and it is limited to 

current flow below a saturation level (Robinson and Coruh, 1988). This basic law of 

physics is used in all electrical resistivity surveying (Loke, 1996-2016). Ohm’s law can be 

represented by the following equation:

V = IR (1)

where V = Voltage, I = Induced Current, and R = Resistance.

To understand the application of electrical resistivity in geology, consider Figure

5.2. The resistance (Q) in a cylinder of any material, such as soil or rock, can be expressed 

as the resistance between the opposite faces of the cylinder (Keary and Brooks, 1991). 

Using a cylinder of soil/rock material as the resistor in the circuit and applying a known 

voltage and current across the cylinder
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Figure 5.2. Cylinder circuit and Ohm’s Law (Khanacademy.org, 2020).

Ohm’s Law can be rewritten from equation 1 as:

R = p *L/A (2)

where R, is the resistance;

p represents the resistivity of a homogeneous soil/rock material;

L is the length of the cylinder;

and A is the cross-sectional area of the cylinder.

These parameters control the overall resistance (R). R is inversely proportional to 

the cross-sectional area (A), so increasing/decreasing A will decrease/increase R. 

Transposing parameters, equation 2 can be rewritten as:

p = R * A/L (3)

The concentration of current passing through the cross-sectional area of the resistor 

is known as the current density (g) and can be defined by the following equation (Robinson 

and Coruh, 1988):

g = I/A (4)
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The resistivity (p) is inversely proportional to the length of the cylinder (L). The 

resistivity of a material (p) is an intrinsic characteristic which defines how readily a 

material will transmit a current. Therefore, p is dependent on the molecular composition 

and dimensions of the materials (Khanacademy.org, 2020). In a homogenous material, p 

is constant regardless of where the source and sink electrodes are placed. However, in 

reality, the subsurface is heterogeneous and the materials present beneath the surface are 

often not known for certain. Because of this, apparent resistivity (pa) is used to represent a 

weighted average of the resistivity in the heterogeneous subsurface (Robinson and Coruh, 

1988). The apparent resistivity can be determined from the following equation:

pa = kV/I (5)

where k represents the geometric factor for the desired array configuration and it is different 

for each array and determined by both electrode spacing and surface location. The 

geometric factor will be discussed in more detail.

5.1.3. Theory of Resistivity and the Subsurface. Much of the concepts and 

theories discussed in this section are material covered in Basic Exploration Geophysics by 

Edwin S. Robinson and Cahit Coruh, 1988. To explain this theory, two electrodes are 

current electrodes that represent the source (source electrodes) and the other two are 

voltmeter electrodes (sink electrodes) that represent the current sink (Figure 5.3). Current 

flow travels along paths through the ground in all directions via the source electrode. To 

determine the directions of the paths, the effects of both the source and sink are considered 

(Robinson and Coruh, 1988). It is assumed that the ground has a constant resistivity. 

Because the current is confined to the subsurface, this creates a hemispherical half-space
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made up of current flow lines and equipotential surfaces (Figure 5.4). This hemisphere can 

be called a resistor.

To determine any potential difference, it is assumed that the earth subsurface and 

the hemisphere half space are uniform and homogenous. The resistivity is uniform and 

current flows in all directions away from the source uniformly (Figure 5.4). The current 

flow lines as shown in Figure 5.4 (b) and (c), converge on the sink electrode. When source 

and sink are sufficiently separated, current flow lines near the source travel outward equally 

in all directions. Near the sink, current flow lines converge equally from all directions if 

the resistivity of the media is uniform. Perpendicular to the current flow lines are 

equipotential surfaces on which the potential is constant everywhere (Robinson and Coruh, 

1988). Assume the resistance encountered by the current flow has traveled a distance (D) 

from the source. Current flow radiates out in all directions and through the hemispherical 

half space. When the current leaves this space, it travels across the area of 2nD2 which 

represents the surface of the hemisphere. From equation 2, R can be expressed by the 

product of p and D that the current travels divided by the area 2nD2across which it must 

flow (Robinson and Coruh, 1988):

pD
2 nD2 (6)

which equates to:

R =  — f1 )2-rc VD/ (7)

The resulting change in potential from the current flow through the hemisphere can be 

determined from equation 1:

V =  I R  =
(8)
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Equation 8 is the difference between the electric potential V0 at the source and the 

electric potential VD at any point in the subsurface at distance D from the source electrode. 

The hemisphere surface of radius D contains all points at this distance. This means that the 

electric potential related to current flow from the source is the same anywhere on that 

surface (Robinson and Coruh, 1988). Such a surface is called an equipotential surface. The 

potential for the sink is denoted as — V0 since current flows converge on the sink. The 

current that travels to the sink encounters resistance that can be in analyzed in terms of that 

hemispherical space that it flows through. All the points at a distance D from the sink, in 

which the current flows from, are compelled to travel through the hemispherical space that 

is the same as the space around the source with an equal radius. The resistance of the 

hemispherical space at the sink can be defined as:

—V = IR =  £ G )  =  V„ — Vo (9)

This equation can be used to determine the potential difference sink potential (- V0) 

and the potential for all points at distance D (VD) (Robinson and Coruh, 1988). V can be 

found at any point in the subsurface by adding both inputs from source and sink together 

to form the following equation:

V =  ^ ( ± — 1 )InXD-i D2J (10)

D1 is the distance to the source electrode

D2 is the distance to the sink electrode

This can be further explained with Figure 5.3. In Figure 5.3 (b), an array with 

electrodes A(source), M and N (voltmeter), B(sink) is shown. M can be at a distance D 1

from the source and D2 from the sink and N can be at a distance D3 from the source and D4
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from the sink. The potential measured at M and N can be determined by substituting Di 

and D2 and D3 and D4 in equation 10 to find Vm and Vn (Robinson and Coruh, 1988). This 

is the determination of apparent resistivity. The potential difference measured by M and N 

is expressed:

VMN= VM -  V„ = £ ( £ -  £ -  £ )

Rearrange for p:

p = 2n v- m ( ± -  ± -  ± +  ± Y 1 = vJ ™ k 
r  1 \ d1 d2 d3 d4J i

where k is the geometric factor and is expressed as:

k = 2n a  —  _1______1 ^  _ 1 _

D i  D2 D 3 D4

(11)

= Pa (12)

(13)

Equation 10 can be used to determine points of equal potential that make up the 

equipotential surface. Current flow lines are always perpendicular when they intersect the 

equipotential surface as shown in Figure 5.3 and Figure 5.5. To understand how resistivity 

can be determined across different media, it is important to how current density changes 

across different media boundaries. The current density describes how the charges that make 

the current are spaced apart as it moves through a medium (Robinson and Coruh, 1988). 

Consider equation 2 and equation 4. Equation 4 can be transposed to:

/ =

Equation 2 and 4 can be substituted into equation 1 to represent current density

where:

pL
V = A =  ^PL
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This can be expressed in terms of p:

i*= ik  ( 14)

In Figure 5.5, current flow lines intersect the equipotential surfaces at a number of 

points a-g. Between each surface, there are segments of current that denote intervals of 

equal change in V. The length of these segments is proportional to the spacing of charges 

that comprise the current. The lengths of these intervals increase as depth increases or as 

the distance from the source and sink electrode increases (Robinson and Coruh, 1988). The 

soil/rock material density can be expressed by equation 14 where L is the length of the 

interval between each point. The density can be determined for each interval. As p 

increases, the spacing between the charges that makes up the current decreases. As p 

decreases, this spacing increases. p decreases as the distance increases from the source and 

sink electrodes. This is because the lengths of each path segment increase while there are 

no corresponding changes in potential The current density and potentials are different 

across the equipotential surfaces (Keary and Brooks, 1991).

Figure 5.6 illustrates that where there are different media interfaces with contrasting 

resistivity, such as stratagraphic boundaries, current flow is preferentially channeled into 

the less resistive media. The current density is highest in the media with lowest resistivity. 

In situations where strata have horizontal interfaces, the current flow is symmetrical. In 

situations where there is a vertical interface for instance, a boundary between tilted 

stratigraphy, fault, or dike, current flow density will be highest in the lowest resistivity 

media and current flow will be asymmetrical.



Figure 5.3. Current flow lines and equipotential surfaces. Figure (a) Current or source electrode and figure (b) a simple four 
electrode array with current source (A and B) and current sink (M and N). These figures illustrate current flow lines and

equipotential surfaces with a general array in a homogeneous subsurface.

19
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Figure 5.4. Illustration of uniform equipotential surface with current flow lines in all 
directions (a) and 2-D cross-sections of the hemispherical surfaces at the source (b) and

sink (c) electrodes (Lowrie, 1997).
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Figure 5.5. Illustration of the change of equal potentials along a current flow line from
source/sink (Robinson and Coruh, 1988).
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Figure 5.6. Illustrates current flow lines across interfaces with different resistivity (pi, P2)
(Robinson and Coruh, 1988).
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5.1.4. ERT Data Acquisition. The process of setting up an ERT survey and 

acquiring data is relatively straight forward. ERT data can be acquired several different 

ways and depending on the type of investigation may be more advantageous to use one of 

a variety of electrode array configurations (Figure 5.8). Currently, 2-D and 3-D surveys are 

more common over the traditional 1-D surveys. 2-D/3-D surveys produce more reliable 

data because they take into effect lateral variations and provide better resolution and can 

be performed at relatively low cost. However, array setup can be more time consuming. 

An ERT survey is usually powered using one or two 12 volt batteries to supply power to 

the resistivity meter and current to the ground. The resistivity meter commonly used is the 

automated multi-channel AGI SuperSting R8 unit (Figure 5.7). This unit connects to the 

switch box and multi-core, active and passive electrode cables and is capable of connecting 

up to 65,000 interconnected electrodes for one survey. The electrode cables are coupled to 

metal stakes, usually with rubber bands, which are hammered into the ground. Site 

conditions may require the addition of water around the metal stakes where the soil is dry 

or has a high permeability. The electrode cables are arranged along a pre-determined linear 

traverse and are spaced apart at pre-determined intervals. A pair of electrodes serves as a 

source and another pair for the sink. A laptop can be used to download the data or upload 

additional information from the SuperSting R8 unit.
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Figure 5.7. The SuperSting R8 unit (right) with 12 volt battery (left) and switchbox
(middle) (Ganesh, 2009).

5.1.5. The Dipole-Dipole Array. The dipole-dipole array is one of the most 

commonly used array types and was used for this study. This array setup is illustrated in 

Figure 5.8 (e) along with its corresponding geometric constant k. The dipole-dipole array 

is often used in bedrock studies for imaging karst features, tunnels, and other voids? 

because it can provide data with good lateral and vertical resolution (Coskun, 2012). This 

array is also ideal for mapping bedrock with more pronounced vertical changes and features

rather than thin horizontal features.
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The depth of investigation is controlled by the terms a and n in the geometric factor 

k (Loke, 1999). The typical depth of investigation for the dipole-dipole array is about one 

fifth or 20% of the total array length. Another characteristic this array offers is the low 

E.M. coupling between the current and potential circuits (Loke, 1999). With the dipole- 

dipole array, the pa values are calculated for all the possible electrode pair combinations 

and all possible n values. A pseudo-section is then created by plotting all pa values. The pa 

values are plotted as a function of midpoint and n. Figures 5.9 and 5.10 illustrate this. Other 

arrays such as the Wenner and Schlumberger array are better for seeing vertical changes 

(Loke, 1996-2016).
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Figure 5.8. Different types of array configurations (Loke, 1999-2016).
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Figure 5.9. Illustration of 2-D Dipole-Dipole array pseudo-section plot.

Figure 5.10. Building a pseudo-section (Loke, 1999).

5.1.6. ERT Data Processing. ERT data are processed using the Res2DInv 

inversion software. The “stg” file that contains the raw data is converted into a “ .dat” or 

data file where topographic points are added. The points are determined from distance and 

elevation data collected along the ERT traverse. The software reads the data file with set 

inversion parameters. Before the inversion process is carried out, the software prepares all 

the pa values in a profile display where data points are inspected and any erroneous data
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points are removed. Bad data can be caused by several different factors from poor coupling 

of electrodes to the metal stakes to poor conduction caused by the lack of moisture in the 

ground. After erroneous data is removed, the inversion process is performed. The objective 

of the inversion process is to create a true resistivity profile by minimizing, as much as 

possible, the root-mean-squared value (RMS) or difference between the calculated and 

measured pa. According to Loke (1999), the relationship between pa and true resistivity is 

very complex and because of this, inversion must be carried out by computer program. 

This process requires multiple iterations to be carried out in order to create the best model 

with the lowest RMS to create a true resistivity profile (Loke, 1999). This is the iteration 

error.

Figure 5.11. Apparent resistivity profile with bad data points (marked with red circles) 
which need to be removed before the inversion process (Loke, 1999).
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5.1.7. Interpretation. In interpretation of the ERT data, known resistivity values 

of materials are used as shown in Figure 5.12. Interpretation can be extremely accurate 

when enhanced with ground truth (such as borehole data). Additional factors that can affect 

resistivity of soil/rock material are temperature, rock type and texture, jointing/fracturing, 

clay mineralization, and groundwater. Competent, intact rock will have higher resistivity 

values than highly weathered and fractured rock which can contain more clays and water. 

Soils with clays, especially moist clay, increase conductivity and will cause much lower 

values. Clay alteration, dissolution, faulting, and water intrusion also lower resistivity. 

Faulting and dissolution create conduits for fluid flow that can be replaced with clay 

minerals from weathering. Induration, precipitation, and metamorphism will also increase 

resistivity. Figure 5.12 shows a range of resistivity values for common rock types in the 

study area such as limestone, dolomite, sandstone, and shale. These four rock types can 

vary from 10 (wet) to 104 (dry) ohm meters. Clays can range from 1 to 100 ohm meters 

while alluvium can range from 10 to 1,000 ohm meters. According to Telford (1990), sand 

can vary from 1 (wet) to 10,000 (dry) ohm meters and gravels can vary from 100 to 104 

ohm meters. In Figure 5.01, the contrast between the boundary and more conductive soil 

and more resistive bedrock is easy to see. Resistivity values jump from about 80 ohm 

meters to 250 ohm meters in this area. Based on previous studies in Missouri, the typical 

measured values for moist clays are less than 100 ohm meters; moist soils and heavily 

fractured limestone rock can range between 100 -  400 ohm meters. Moist soils and bedrock 

is typically around 125-200 ohm meters. Rock that is mostly intact is greater than 400 ohm 

meters. This is all dependent on degree of water saturation, porosity, and thickness 

(Muchaidze, 2008) (Nwokebuihe, 2013).
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Figure 5.12. Ranges of resistivity for some rocks and minerals 
Loke (1996-2016).

5.2. MULTI-CHANNEL ANALYSIS OF SURFACE WAVES (MASW)

Multi-Channel Analysis of Surface Waves (MASW) is a geophysical tool 

developed by the Kansas Geological Survey that has become commonly employed over 

the last thirty years. The reason for this is because this tool measures seismic surface waves 

or ground roll, more specifically, fundamental mode Rayleigh waves. In the past, these 

waves were only considered as noise and disregarded because techniques to analyze 

surface wave data had not been developed. Currently, this tool can be used to detect 

bedrock surfaces, shallow tunnels, abandoned mines, and fracture systems at relatively low
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cost (Miller et. al., 1997). MASW surveying is relatively easy and much less time 

consuming and destructive when compared to other methods such as drilling. A MASW 

survey can be performed with just two people. Equipment setup, data acquisition, and 

processing can all be done in about 30 minutes depending on site conditions and data 

quality. MASW also can work well in acoustically noisy environments. It is not as effective 

in areas where bedrock depth is highly variable. This geophysical technique can collect 

active and passive data from a source when using an array of geophones to measure wave 

travel times and magnitudes. Once the data is collected, it is processed and interpreted 

using the output 1-D shear wave velocity profile. The shear wave velocity is used to 

determine the stiffness or rigidity of soil and rock. Interpretations can be very accurate with 

ground truth constraints such as boreholes. Conventional refraction and reflection seismic 

surveys collect signals with frequencies greater than 50 Hz at great depth where MASW 

collects surface waves with frequencies of 30 Hz or less at a shallower depth (Park et. al., 

2007).

5.2.1. Wave Types. Surface waves, like body waves, are generated anytime an 

acoustic source is created in or on the surface. This source could be from a sledgehammer, 

explosive, traveling cars, distal earthquakes, etc. These sources produce acoustic energy or 

strain energy that is propagated through the particles of the surface. This acoustic energy 

consists of body waves and surface waves. Body waves consist of compressional waves 

(p-wave) and shear waves (s-wave). P-waves propagate by compressional and dilational 

strains and S-waves propagate from perpendicular strain (Figure 5.13) (Thitimakorn and 

Anderson, 2005). The P-wave is governed by the bulk modulus (K), shear modulus (p), 

and density of a material. The S-wave is governed by only the shear modulus and material
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density. Body waves travel faster than surface waves and are measured in reflection and 

refraction surveys.

compressi ons
P-waves

u n d is tu rbe d  m e d iu m

a = [(K + 4fi/3)/p]

P  =  [ f t p ]

where:

a = P-wave velocityS-waves
p = S-wave velocity

K = bulk modulus

u = shear modulus

p = density

Figure 5.13. Propagation of P-wave and S-wave motion and velocity equations 
(Thitimakorn and Anderson, 2005).

Surface waves consist of Rayleigh waves and Love waves. Surface waves are 

horizontally traveling plane waves confined to the shallow subsurface (Park et. al., 2002). 

O f these two waves, the Love wave is the most destructive when produced from 

earthquakes because they rupture the ground surface. Love waves are typically not 

recorded in most seismic surveys. This is due to the horizontal, side to side motion that 

characterize them. Rayleigh waves are characterized as having horizontal and vertical 

particle motion. The maximum particle motion or amplitude of Rayleigh waves is achieved 

at the air-ground interface (Anderson, 2017). Rayleigh waves propagate away from the 

source in a retrograde or clockwise motion as shown in Figure 5.14. This retrograde motion
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is maintained near the surface, however, as depth increases, the motion becomes 

increasingly prograded (clockwise) (Alsulaimani, 2017). The depth of Rayleigh wave 

particle motion is a function of the source magnitude and frequency. Larger sources create 

a larger range of frequencies and larger wavelengths with lower frequencies. Lower 

frequency particle motion reaches greater depth while higher frequency motion is limited 

to a shallower depth (Anderson, 2017). Different frequency Rayleigh waves propagate at 

different velocities, that is, they are dispersive in a heterogeneous environment (Figure 

5.15). In heterogeneous media, S-wave and P-wave velocities vary with depth 

(Thitimakorn and Anderson, 2005). For Rayleigh waves, higher frequencies will have 

lower phase velocities and lower frequencies will have higher phase velocities. The 

velocity of these waves is a function of the engineering properties of the media 

(Thitimakorn and Anderson, 2005). Velocity versus frequency data can be converted to 

depth versus S-wave velocity (Anderson, 2017).

Figure 5.14. Illustrates the propagation of Rayleigh wave motion through the surface with
respect to time. (Anderson, 2017).
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Figure 5.15. Illustration of dispersive components of different frequencies versus velocity
(Billington et. al., 2007).

To determine the Rayleigh wave phase velocity, it is assumed that the ground is 

comprised of a uniform half-space in elastic medium. Because the medium is homogenous, 

it is non-dispersive and phase velocities are constant. Rayleigh wave velocities are much 

more dependent on S-wave velocities than those of P-waves, that is, Rayleigh wave 

velocities are much more sensitive to S-wave variations than P-wave variations. Surface 

wave velocity varies from about 87% to 96% of the S-wave velocity (Billington et. al., 

2007). Rayleigh wave phase velocities can be determined using the equation (Anderson, 

2017):

V $ -  +  +  (15)

where:

VR = Rayleigh wave velocity 

P = shear wave velocity 

a  = compressional wave velocity
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Since Vr is much more sensitive to P, S-wave velocities are relatively easy to 

extract. Vr is much more comparable to S-wave velocity. S-wave velocity is a function of 

the shear modulus and material density. The higher a materials shear modulus, the higher 

Vs becomes. The shear modulus represents the material strength or rigidity. Vs can be 

found by the following equation:

Vs = (16)

where:

Vs is the S-wave velocity; 

p is the material density; 

p is the shear modulus

The shear modulus of a material can be expressed in equation:

Shearina Stress x
p = ------------------- -Shear Strain tan 0 (17)

In a uniform half-space, Vr and Vs are can be related by the equation:

P = V- f  (18)

where C is a constant that represents Poisson’s ratio (Vp/Vs) for a material. In nearly all 

situations the variation of C lies somewhere in the range of 0.874 to 0.955. Ultimately, it 

depends on the site characteristics (Anderson, 2017). A accurate assumption for Vr is 

expressed in equation 18:

*  0.9VS (19)

In heterogeneous media, Vs is averaged under the entire array and subdivided for 

each layer. A ten layer model is generated using the average Vs subdivided into each layer.
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The average V s  is found by the equation (Anderson, 2017):

Avg Vs = E ”=i di /Y i= i^ L (20)vSi

5.2.2. Data Acquisition MASW data are acquired similarly to other seismic 

surveys. MASW data can be acquired as passive or active. Passive data does not depend 

on an active source. Passive data is produced from ambient noise such as road traffic, distal 

earthquakes, etc. Active data is collected using an impact source, an array of geophones, 

and a seismograph. An impact source can be a sledgehammer on an aluminum plate, cable 

drop using cranes, explosives, etc. The geophones are the receivers that measure the 

propagating Rayleigh waves which are recorded by the seismograph. The receiver number 

is the channel number. MASW survey equipment and setup, as shown in Figure 5.16 and 

Figure 5.17 consists of sledgehammer and plate source with an array of geophones and a 

seismograph. The seismograph is controlled using a laptop and powered by 12V battery. 

During a survey, the geophones (receivers) are connected to the cable and coupled to the 

ground. The laptop operator arms a switch that is placed at the base of the plate. When the 

hammer hits the aluminum plate, the switch activates the Seistronix RAS-24 seismograph 

and the wave arrival times are recorded. The output data is referred to as a shot gather or 

record. Multiple shot gathers are usually obtained at each location for stacking.

5.2.3. Field Configuration and Parameters. MASW array configuration is 

dependent on the site-specific geologic conditions such as soil type, depth, and type of 

investigation. Different soil/rock types have different shear moduli and therefore different 

V s . Unlike intact rock or dry compact soils, highly fractured rock and under-densified soils 

will have a lower shear modulus and therefore lower V s . Under-densified soils such those

with large amounts of dry, loose sand and gravel can cause problems with generating
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acoustic energy due to signal attenuation. The loose soil can act as a muffler to the source 

(Anderson, 2017). The acquired data is used to characterize the soil and bedrock. These 

parameters have been debated over recent years and studies are still being conducted to 

determine what the optimal parameters truly are for recording fundamental mode waves.

For a typical MASW survey (Figure 5.17), 24 geophones recording 4.5 Hz  are used 

with a source offset (xi). No less than 8 geophones should be used (Anderson, 2017). The 

4.5 Hz  geophones are vertically polarized and cannot record love waves which are 

horizontally polarized. Any frequencies lower than 4.5 Hz  are filtered out and not recorded. 

Frequencies up to around 150 Hz  can be recorded. The geophone spacing (dx) is related to 

the shortest wavelength (Zm i n ) and shallowest resolvable depth (Zm i n ) (Park and Adkins- 

Heljeson, 2006):

dx -  Zm i n -  Zm i n  (21)

The geophone spacing is typically 2.5 ft or 5 ft intervals. Decreasing the spacing 

will render higher resolution at shallower depth. Increasing distance will increase depth, 

but decrease resolution. A rule of thumb for geophone spacing is that the spacing is 

determined by the smallest layer that can be resolved. An example would be if the 

geophone spacing is 5 ft, then the smallest layer that can be resolved is about 5 ft. The 

maximum obtainable depth of investigation is about 100 ft to 115ft depending on site 

characteristics (Anderson, 2017). It has normally been considered that the total geophone 

array length (D) is directly related to the longest wavelength (Zm a x ) that can be analyzed 

and determines the maximum depth of investigation (Zm a x ). Zm a x  is mostly limited by the 

source since it is the controlling factor (Park and Adkins-Heljeson, 2006). Therefore:

D -  Zmax-  Zmax (22)
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The offset (xi) is the distance between the source and geophone. Park and Adkins- 

Heljeson (2006) suggest an offset value of about 20% - 25% of D. According to Park et. 

al. (2002), for most common soils, the optimal offset is important for recording 

fundamental mode Rayleigh waves in the frequency range of 5 H z  -  50 Hz  and phase 

velocities of 50 m/sec -  1,000 m/sec. Having an optimal offset distance will help avoid 

interference from near- field and far-field effects. A longer offset distance xi and D will 

increase the effects of higher modes and lower the signal to noise ratio (S/N) for 

fundamental modes. Higher mode surface waves dampen the fundamental mode waves as 

offset distance increases. These near-field and far-field effects are still not fully understood 

due to it being a multi-factored problem (Park and Carnevale, 2010). Park and Adkins- 

Heljeson (2006) suggests the values xi = 5 m, dx = 1 m, and D < 30 m to mitigate these 

effects and recommend a 1dx-12dx interval for source-geophone configuration movement. 

The interval of 4dx or close to it is commonly used with 24-channel array. The MASW 

technique has the most tolerance in the selection of optimum field parameters over all other 

methods because surface waves have the strongest signal to noise ratio (S/N) (Park et. al. 

2002).

The recording time or length is also an important parameter. Increasing the 

recording length too much can result in interference from ambient noise. Excessively 

decreasing the recording length can result in data dominated by higher mode surface body 

wave energy. Typically, the recording length is one second with a one millisecond 

sampling interval. Park and Adkins-Heljeson (2006) recommend a one millisecond interval 

with a two second total recording length., A longer recording time is best for V s  lower than

100 m/sec.
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Figure 5.16. Typical equipment used in MASW surveys. a) Trigger extension, b) RAS-24
Seismograph, c) 12V Battery, d) Trigger, E) Serial cable for laptop, f) Geophones, g)

Geophone connection cable, h) Sledgehammer and aluminum plate (Pires et. al., 2019).
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Ĝtoodonei)

5ortiWeHMWMfl ~ivrou1ef

no.tci* aw;

LMN
■Ml

MOMUdMibnil

On# n tt
OmRtrardy w nrw

Figure 5.17. A typical MASW survey setup with source, seismograph, and geophone
(Mohamed et. al, 2013).
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5.2.4. MASW Data Processing. After MASW data are acquired, it is then 

processed using the SurfSies software created by the Kansas Geological survey. The main 

processing steps consist of pre-processing of records, picking the dispersion curve, and 

generating a 1-D shear wave velocity profile. During pre-processing, multiple shot gathers 

from each location are stacked. Stacking is used to suppress ambient noise. The velocities 

are calculated from the slopes (A time/A distance) from the field records and later 

converted. After stacking, muting and filtering is applied to the field data to eliminate all 

other unnecessary data to focus the dispersion curve on surface waves. Adequate muting 

will eliminate refraction, reflection, and higher mode surface wave energy. Excessive 

muting can result in a poor-quality overtone image and therefore a poor dispersion curve. 

After the pre-processing, a dispersion curve is extracted, and points are picked manually 

from the generated overtone image. The overtone image displays the intensity of the phase 

velocity versus frequency. The dispersion curve is the plot of the phase velocity versus 

frequency data. During this part of the processing, it is important to pick the highest 

velocity/lowest frequency fundamental mode data correctly to get the best results and least 

amount of error during inversion. The inversion process is performed to create a 1-D V s  

profile. The 1-D V s  profile represents the average V s  under the entire array. Layers 

subdivided and averaged using equation 20 and a 10-layer model is then produced. The 

amount of estimated error during the inversion is calculated as the root mean square error 

(RMS). An RMS of about 5 or lower is best. The idea is to keep it as low as possible.
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A B C
Figure 5.18. Main processing steps using SurfSeis software including: a) a shot gather, b) 

a picked dispersion curve, and c) 1-D Shear wave velocity profile (Anderson, 2017).

5.2.5. Interpretation. When interpreting MASW data, it is important to 

remember that the V s  data is averaged under the entire array (Anderson, 2017). It does not 

represent what is under each receiver. The 1-D shear wave velocity profile represents this 

average and is referenced at the midpoint of the geophone array. For a 24-channel array, 

the midpoint would be between receivers 12 and 13. Interpreting MASW data works best 

when the data can be enhanced with ground truth. Borehole data can help confirm bedrock 

depth and soil conditions when looking at the 1-D V s  profile. Site conditions such as 

irregular topography and sharp changes in the subsurface can make interpretation difficult. 

Figure 5.19 shows the National Earthquake Hazard Reduction Program (NEHRP) 

classification. This chart was designed to classify a site per the International Building Code 

based on the V s  of different materials present. Sites with weaker soils and fractured
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bedrock will have lower V s , and higher signal attenuation than sites with very stiff soils 

and hard, competent bedrock. Typical bedrock for Missouri is limestone and based on 

previous studies, V s  for limestone has been found to around 1,000 ft/sec for heavily 

weathered limestone to 1,200 ft/sec or greater for more competent limestone bedrock. 

Figure 5.19 classifies soft soil profiles at approximately 600 ft/sec or less; stiff soil profiles 

between 600 ft/sec to 1,200 ft/sec; and very dense soil and soft rock between 1,200 ft/sec 

to 2,500 ft/sec.
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Figure 5.19. National Earthquake Hazard Reduction Program (NEHRP) site
classification.
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6. CASE STUDY

A detailed discussion of the geophysical investigation is given in this section. It 

includes an overview of the study followed by a brief description of the study site, 

geophysical surveys, and interpretation of the survey results.

6.1. OVERVIEW

To mitigate sewage contamination during flooding, a small municipality has 

planned to establish a series of tunnels to connect wastewater to sewage plants. The tunnels 

would not only serve as reservoirs, but also as a means to discharge wastewater and sewage 

to and from neighboring facilities. These tunnels would help prevent sewage backup into 

nearby residences and businesses and prevent contamination of the Meramec River during 

periods of flooding. The goal of the investigation was to conduct geophysical surveys of 

the proposed tunnel locations to determine the depth to bedrock beneath the Meramec River 

and identify any anomalous zones below the 300 ft elevation mark that may need to be 

addressed.

In this investigation, land/marine ERT and MASW surveys were conducted along 

with echo-sounding (ES), side-scan sonar (SSS), and sub-bottom profiling (SBP). Multiple 

soil borings taken near the area were used for ground truth and used to aid in data 

interpretation.
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6.2. STUDY SITE

The study area is located in St. Louis County, Missouri in the Meramec River 

Valley. The proposed tunnel locations extended from west to east and crossed the river. 

Geophysical surveys were performed along a traverse near the proposed location. Multiple 

MASW surveys were performed along both riverbanks and an ERT survey was performed 

that spanned across the river (Figure 6.1). Boreholes for the project were acquired on both 

sides of the river prior to the geophysical investigation. These boreholes were used to 

provide ground truth for aid in interpretation. The soil at the site has been previously 

characterized as Holocene alluvium that can range in thickness from 0 to 215 ft that is 

underlain by the Warsaw Formation and Keokuk Limestone. A geologic map of this 

location from (Harrison, 1997) is shown in Figure 6.2. Three different formations are 

present in the immediate area: the Salem Formation (Ms), the Warsaw Formation (Mw), 

and the Keokuk and Burlington Limestones (Mkb). River fill materials consist of Holocene 

and Pleistocene age terrace deposits and Holocene age alluvium. Both are comprised of 

gravel, sand, silt, and clay.

Figure 6.1. Aerial photo of the site with ERT survey traverse, MASW locations,
and boreholes shown.
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Figure 6.2. Geologic map of bedrock in the St. Louis County area and site location (red
circle) (Harrison, 1997).

6.3. GEOPHYSICAL STUDY

The geophysical field portion of the study was conducted over a two day period on 

October 10th and 11th of 2016. Electrical Resistivity Tomography (ERT) and Multi

Channel Analysis of Surface Waves (MASW) methods were used. Echo Sounding (ES), 

Side-Scan Sonar (SSS), and Sub-Bottom Profiling (SBP) data were acquired. Two 

boreholes were installed prior to the study. Additional borehole data from past reports were 

also examined to possibly help constrain the geophysical data.

6.3.1. Borehole Data. Multiple borehole data have been acquired at the site and 

elsewhere in the nearby area. Borehole data from the MDNR database and multiple reports 

were examined to possibly further constrain the data to determine depth to bedrock. Soil 

samples from two boreholes installed using a split-spoon sampler were collected. One



45

borehole was installed on each side of the Maremec River. One sample log from borehole 

A was used in this investigation. MDNR well log data from 4 sites within one mile of the 

site were also examined as well as test borings from the MDNR WR30 report. Multiple 

test borings were made upstream and downstream in various locations and two cross

sections were created using the test boring data. The split-spoon sample locations, MDNR 

well logs, test boring logs found in report WR30, and cross-sections A-A’ and B-B’ from 

WR30 are shown in Figure 6.3. Borehole A is located about 100 ft southeast of ERT station 

505. The boring log is presented in Table 6.1.

Table 6.1. Borehole A.

Depth (ft) Soil Description
0-13 Very loose, brown, well graded fine sand; moist.
13-25 Medium dense, brown, poorly graded gravel with sand; moist.
25-33 Medium dense, brown, poorly graded gravel; wet.
33-38 Medium dense, brown, poorly graded sand with clay and gravel; wet.
38-43 Very stiff, red-brown, fat clay with gravel; moist.
43-48 Very stiff, brown, gravelly fat clay; moist.
48-51 Dense, gray, poorly graded gravel with clay; wet

51 Boring terminated

The test boring from MDNR WR30 (44-5-35bba) is located approximately 2,500 

ft upstream on the northeast side of the river valley and is the nearest well log to the study 

area. The surface elevation of the test boring site was 410 ft, very close to the elevations at 

the study site. Bedrock was encountered at 58 ft. The boring log for 44-5-35bba is presented 

in Table 6.2. Other nearby test borings from WR30 report very similar depths and were 

used to create cross-sections upstream and downstream of the study area.
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Table 6.2. Test boring 44-5-35bba.

Depth (ft) Soil Description
0-2 Clay, silty, dark brown
2-7 Clay, sandy, silty, dark brown
7-12 Medium sand, clayey, brown
12-17 Medium sand, silty, brown with gravel
17-22 Fine to medium sand, clayey with gravel
22-32 Medium sand, clayey with gravel
32-58 Medium to coarse sand, clayey, with much gravel

58 Terminated, bedrock

Figure 6.3. Aerial image of the study area showing approximate traverse, borehole, and
cross-section locations.
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Cross-sections B-B’ (upstream) and A-A’ (downstream) are shown in Figure 6.4. 

Cross-section B-B’ is approximately 6.8 miles upstream of the study area and cross-section 

A-A’ is approximately 6.4 miles downstream. The study area is about halfway between the 

two cross-sections. Solid vertical lines represent the various test borings made in the area 

of B-B’. The soil and bedrock are represented by the numbers 1-6 in these cross-sections. 

Clay (1), silt (2), sand (3), sand with some gravel (4), sand and gravel in equal amounts 

(5), and bedrock (6). The bedrock elevation in cross-section B-B’ ranges from 

approximately 346 ft to 380 ft beneath the alluvium. The test borings in B-B’ nearest the 

river show bedrock at 63 ft (left upstream side) and 58 ft (right upstream side). In cross

section A-A’, bedrock elevation ranges from approximately 323 ft to 358 ft beneath the 

alluvium. The test borings in A-A’ nearest the river show bedrock at 76 ft (left upstream 

side) and 75 ft (right upstream side). Prorating the lowest bedrock elevations in the cross

sections with the near equal distances from the study area, the bedrock elevation is 

estimated to be around 335 ft.

0 ft 2000 ft 4000 ft
I______I_____ I

Vertical Exaggeration x 40

Figure 6.4. Cross-sections A-A’ and B-B’ oriented looking upstream. Lithology and 
bedrock depth determined from multiple boreholes obtained throughout the Maremec

River Valley (MDNR WR30).
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MDNR well logs 3009, 3487, and 3517 were nearest to the study area and examined 

to help determine bedrock depth and lithology beneath the Maremec River. These well 

logs are shown in Figure 6.5, 6.6, and 6.7. Using the surface elevation at each well log 

location, the elevations of the formation top and bottom could be determined. The 

elevations of top and bottom of the Warsaw formation at well log 3517 is at 460 ft and 360 

ft. Well log 3487, the Warsaw formation top and bottom are at 440 ft and 365 ft. Well log 

3009, the Warsaw formation top and bottom are at 451 ft and 376 ft. Analyzing the data 

from the MDNR well logs and the test borings in the cross-sections from the WR30 report, 

it is likely that the bottom of the river channel is cut into the top of the Keokuk limestone.

Figure 6.5. MDNR well log 3009
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Figure 6.6. MDNR wel log 3487.

Figure 6.7. MDNR well log 3517
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6.3.2. ES, SSS, SBP Data. Prior to geophysical surveying, bathymetry data were 

collected on the Meramec River using a boat equipped with ES, SSS, and SBP equipment. 

These data were collected from an approximately 2,000 ft stretch of river—upstream, 

downstream, and over the traverse location The ES and SSS data were collected to 

determine the variable water depth and to image the river bottom. The SBP data were 

collected to determine the variable depth to bedrock. The ES and SSS provided good 

quality data that were clear and easy to interpret. The SBP provided poor quality data and 

the depth to bedrock was unidentifiable. These data were collected for several reasons: to 

identify any structures that could snag the electrode cable; as well as image any potential 

features of interest with respect to the proposed tunnel location; and to collect elevation 

points for the marine ERT portion for processing. No problematic features that could 

entangle the cable were present.

6.3.3. ERT Survey. ERT data were acquired along a near-linear traverse of 1,670 

ft that spanned across the river onto both banks (Figure 6.1). The data were acquired and 

processed as discussed in section 5 with an AGI SuperSting R8 multi-channel resistivity 

meter. The ideal electrode array for this project was pre-determined to be the dipole-dipole 

array. Because of site conditions, two dipole-dipole arrays were overlapped. Each array 

utilized a total of 112 electrodes consisting of 56 land electrodes and 56 marine electrodes. 

The electrodes were spaced at 10 ft intervals. The land electrodes were coupled to metal 

stakes using rubber bands and hammered into the ground. The marine electrodes did not 

require steaks. Instead, sandbags were fastened to the cable for added weight to ensure the 

cable would be held to the river bottom. An electric winch was used to keep the cable
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somewhat taut in the current. The ERT data were processed using the Res2DInv inversion 

software.

6.3.4. MASW Survey. MASW data were acquired along the ERT traverse at pre

determined locations on the both riverbanks as shown in Figure 6.1. MASW data were 

acquired at nine locations along the ERT traverse with one near borehole A. The arrays 

were orientated both northeast -  southwest and then southwest -  northeast with the 

exception of the one MASW survey near A which was oriented south -  north and north -  

south. Three shot-gathers were obtained for each record for vertical stacking. The MASW 

surveys were conducted using a 24-channel array with 4.5 H z  geophones spaced at 5 ft 

intervals. The source was a 12-lb sledgehammer and an aluminum plate. The source offset 

distance was at 25 ft. The data were processed as discussed earlier in section 5; using the 

SurfSeis 4 software to produce 1-D shear wave velocity profiles for each location. The 

stacked data were muted to eliminate noise and the dispersion curves were carefully picked. 

However, only six locations provided good quality data and therefore only six 1-D shear 

wave velocity profiles were used in this study. MASW traverses 1, 2, 3, 5, and 6 were 

centered at ERT stations 215, 315, 415, 1350, and 1425 respectively. Traverse 4 near 

borehole A is at station 505.

6.4. INTERPRETATION

In this section, interpretation of the ERT and MASW data will be discussed. ERT 

and MASW data will be compared.

6.4.1. ERT Interpretation. The ERT data were processed and the resulting 

minimal iteration error was 2.4. This means that the difference between the apparent
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resistivity and the true resistivity is low and the processed data correlates well with the 

measured field data. As discussed in section 5, moist soils and moist, weathered limestone 

rock can have a resistivity value range of about 100-400 ohm meters but is typically around 

125-200-ohm meters. Dry soils with no clay present can be much greater than 125-200- 

ohm meters. The resistivity will generally increase as the rock competency increases and 

the moisture content decreases. Porous, fractured rock containing water and piped clay can 

have resistivity values lower than 125-ohm meters (Anderson and Torgashov, 2017). The 

interpreted pseudo-section is shown in Figure 6.8.

The interpreted top-of-rock was superposed (black line) at ~200-ohm meters. This 

was based on the typical resistivity values for limestone, presence of wet clay/gravel, and 

because borehole B had split spoon refusal at 78 ft which falls on ~200-ohm meters. From 

the interpretation, depth to bedrock ranges from 10 ft (station 630) to 75 ft (station 1280). 

The soil is characterized mainly by resistivity values around 50 ohm meters and has values 

ranging from 10-200-ohm meters.

There are several interesting features in Figure 6.8. There appears to be a paleo- 

channel beneath station 1 and station 560. A lower resistivity zone of~250-ohm meters is 

in the bedrock below station 1050. This could be due to increased moisture content due to 

fractures, but it does not appear to be piped clay based on the resistivity values. The most 

interesting features are the two anomalies beneath station 1440. The high resistivity 

anomaly is characterized by values of 1,500 ohm meters. This higher value indicates that 

this feature is has a low moisture content and little to no clay and is likely gravels or fill 

material. The feature begins at station 1320 and continues to the end of the ERT traverse 

at station 1670. The reasoning for this interpretation is that this section of the ERT traverse
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ran along an older gravel/paved parking area. This area can be seen in Figure 6.1. Directly 

below this feature is a low resistivity anomaly located between station 1420 and station 

1550 that can be characterized by values of 50 ohm meters or less. Clay minerals are 

characterized by values of 100 ohm meters or less and could be the cause of this anomaly. 

This feature could be formed from karst activity or part of a paleo-river channel. One 

interpretation of this feature is that it could be caused by a combination of increased water 

content and clay infilling or piping due to the limestone bedrock being intensely fractured 

and because the bedrock elevation is actually lower than 300 ft. Another possible 

interpretation of this feature is that the top of bedrock is at an elevation of about 335 ft. 

This would be consistent with the data from the WR30 report. However, this anomaly was 

not reliably imaged. It is possible that this feature was the result of an end of profile 

anomaly. According to Anderson and Torgashov 2017, end-of-profile anomalies 

commonly occur.

A B

High Resistivity NE
Anomaly \

Proposed Tunnel 
Elevation

Low Resistivity 
Anomaly

Figure 6.8. ERT pseudo-section with interpreted top-of-rock (black line), MASW profile
locations, and anomalies.
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6.4.2. MASW Interpretation. Six output 1-D shear wave profiles are shown in 

Figure 6.9, 6.10, 6.11, 6.12, 6.13, and 6.14 below. The interpreted depth to bedrock is noted 

in each profile with a red line where Rayleigh wave frequencies first reach 1,200 ft/sec. 

Based on the NEHRP classification discussed in section 5, the shear wave velocity of 

limestone bedrock in Missouri is typically around 1,200 ft/sec or greater and was the basis 

for interpreting the depth to bedrock. Shear wave velocity is dependent on the competency 

or rigidity of the bedrock as discussed earlier. Heavily weathered and fractured bedrock 

will have slower shear wave velocities than unfractured, competent bedrock. Shear wave 

velocities increase as the rigidity of the bedrock increases. The rigidity will generally 

increase with depth. The interpreted depth to bedrock ranges from 56 ft to 73 ft. The 

changes in the soil stiffness can be seen in each of the 1-D shear wave velocity profiles as 

depth increases and shear wave velocity increase to 1,200 ft/sec.

Figure 6.9. 1-D shear wave velocity profile at MASW traverse 1. Depth to bedrock is
interpreted to be at approximately 59 ft shown by the red line.
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V e lo c i t y

Figure 6.10. 1-D shear wave velocity profile at MASW traverse 2. Depth to bedrock is 
interpreted to be at approximately 69 ft shown by the red line.

V e lo c i t y
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Figure 6.12. 1-D shear wave velocity profile at MASW traverse 4. Depth to bedrock is 
interpreted to be at approximately 73 ft shown by the red line.

Figure 6.13. 1-D shear wave velocity profile at MASW traverse 5. Depth to bedrock is
interpreted to be at approximately 58 ft shown by the red line.
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Figure 6.14. 1-D shear wave velocity profile at MASW traverse 6. Depth to bedrock is 
interpreted to be at approximately 56 ft shown by the red line.

Figure 6.15 shows the combined interpreted ERT and MASW data along with the 

boreholes A and B. The solid black line along the 200-ohm meter contour marks the ERT 

top of rock. The MASW traverses 1-6 are shown by vertical solid black lines that show 

traverse location on along the ERT traverse. The interpreted MASW depth to bedrock is 

shown by the solid red lines. The locations of boreholes A and B are shown with a dashed 

black line and the depths of termination are shown with a dashed red line. It can be easily 

seen that MASW traverses 1, 2 and 4 correlate well and are less than 10 ft within the
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interpreted ERT top of bedrock. MASW traverse 3, 5, and 6 do not correlate as well and 

are within 15 ft or less of the ERT top of bedrock. MASW traverse 3 and borehole A 

terminate at 65 ft and 51 ft near the 50 ohm meter contour. Dense, gray, poorly graded 

gravel with clay was logged in borehole A just before termination. Traverse 3 and Borehole 

A are both within approximately 15 ft of the ERT determined top of bedrock. A dense 

gravel deposit could possibly be the cause for interpreted shallower depths while the 

presence of water and clay lowered the resistivity below 50 ohm meters. MASW traverses

5 and 6 terminate at 58 ft and 56 ft and are 15 ft and 20 ft from ERT determined top of 

bedrock and terminate within the 88 ohm meter - 125 ohm meter contours. These slightly 

larger resistivity values, 88 ohm meter - 125 ohm meter contours beneath ERT stations 

1220 and 1420 are likely caused by the high resistivity anomaly situated in relatively close 

proximity above the ERT top of bedrock. The soil is likely moist, medium dense, poorly 

graded gravel with sand as recorded in borehole A log. The data quality for traverses 5 and

6 was slightly lower than traverses 1-4 and more difficult to process. This could be one 

reason that shear wave velocities were shown to first exceed 1,200 ft/sec at a depth of 58 

ft and 56 ft. Another reason is that it could be a similar situation as with traverse 3 or, on 

the other hand, that bedrock is really 15 ft shallower than the interpreted depth beneath 

ERT stations 1330 and 1420. The high resistivity anomaly does appear to be shown in the 

1-D profile for traverse 6 at a depth of 14 ft to 30 ft which closely matches with the ERT 

image, however, this feature is not apparent in the 1-D profile for traverse 5. Whether or 

not the low resistivity anomaly is real or that the depth to bedrock does in fact extend to a 

depth below the 300 ft mark could not be determined. The 1-D shear wave velocity profile 

for traverse 6 did not show the bedrock to exceed a depth of 56 ft or an elevation 354 ft.
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Further investigation should be conducted to verify the existence and/or the extent of the 

low resistivity anomaly.

5 6

Meramec River ERT Profile (Combined 2  Profiles)

Model resistivity with topography 
Elev Iteration 7 Abs error= 2 4

3 4  A2

M OO
10.0 50,0 125 250 600 1500 3750 9000

Proposed Tunnel 
Elevation

Resistivity in ohm m
Horizontal scale is 10.50 pixels per unit spacing 
Vertical exaggeration in model section display = 3.00 
First electrode is located at -0 0  ft.
Last electrode is located at 1670.0 ft. Unit Electrode Spacing = 10.00 ft. 
Water surface elevation is 391.62 ft.
Water resistivity is 50.00 ohm m

Figure 6.15. Interpreted ERT pseudo-section with interpreted MASW data and boreholes
A and B.
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7. CONCLUSION AND RECOMMENDATIONS

The ERT and MASW data, along with the borehole data collected at the study site 

and surrounding area used as ground truth, helped to effectively image the subsurface and 

determine the variable depth and elevation of the bedrock. The average elevation of the 

bedrock is 335 ft and can be seen in the interpreted data. This is consistent with the depth 

determined using the cross-sectional data from the WR30 report. The bedrock in the 

Maremec River Valley, based on the determined depth/elevation from interpretation and 

available well logs, is likely the Keokuk limestone rather than the Warsaw formation. The 

results from of this study show that using ERT and MASW data combined with borehole 

control can be a very effective way to determine bedrock depth and lithology at a relatively 

low cost.

The subsurface is characterized by less resistive soils with moist, sand and gravel 

with clay less than 125 ohm meters. High and low resistivity anomalies were imaged in the 

soil and bedrock with resistivity values exceeding 1,500 ohm meters and values less than 

50 ohm meters. The subsurface was imaged to a depth of 150 ft and elevation of 270 ft, 30 

ft below the proposed tunnel elevation. The bedrock beneath the ERT traverse does not 

appear to contain any fractures or solution-widened joints where clay has been infilled or 

piped. The bedrock does appear to be competent beneath stations 115 -  600 based on the 

higher resistivity values. This could pose a problem for tunnel boring machine because the 

tunnel boring bits would have to be changed before and after encountering this area. 

However, the anomaly at the northeast end of the ERT profile indicates a potential karst
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feature that extends down into the bedrock below a depth of 300 ft and appears to have 

been infilled with materials containing clay.

Further investigation just upstream and downstream of the study area is 

recommended along with additional ERT and MASW surveying on the northeast side of 

the riverbank. Additional surveying could verify whether the low resistivity anomaly near 

ERT station 1440 is real and if the feature extends to a depth less than 300 ft. Surveying 

upstream and downstream of the study area could help determine the extent of the feature 

and whether or not it is present throughout the area and if it is an older river channel or the 

result of karst activity.
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