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Abstract
Drainage tiles were used to drain wetlands in the midwestern United States to convert them into
farmlands. With decades of farm operations, utility maps showing tiles’ locations are now mostly
innaccurate or simply do not exist. However, knowledge of the location of tile networks is needed to
effectively restore these farmlands to their original wetlands conditions. With many �elds spanning
several hectares, e�ciently locating drainage tiles at large farm�elds can be problematic. Drainage tiles
create variations in soil physical properties including moisture content, surface temperature and dielectric
permeativity within and around the pipes which can be sensed by geophysical methods. Our study
assesses the application of electromagnetic radiation via visible and thermal infrared imaging using an
unmanned aerial vehicle and ground penetrating radar (GPR) to locate drainage tiles at large farm�eld
scale. The study was conducted at the Sandhill Crane wetland, a 1.1 km2 old agricultural �eld located in
Swanton, Ohio. A UAV equiped with visible and thermal infrared cameras acquired imagery on a regular
grid and about 100 GPR lines were measured using a 250 MHz radar system. Both visible and thermal
infrared images identi�ed the drainage tiles and their orientations. GPR pro�les reveal the drainage tiles
mostly in a parallel East-West direction. By using a UTV to pull the GPR system, we e�ciently collected
data along long pro�les covering the entire site. The delineated tile network will improve management of
the anthropogenically altered hydrology at the site as it is being restored into its original wetland
conditions.

Introduction
Drainage tiles have been extensively used in what was historically known as the Great Black Swamp in
the Midwestern region of the United States since the late 1800s to drain excess water and lower the water
table for settlement and related activities including farming (Andreas and Knoop, 1992; Kaatz, 1955).
Detailed utility maps showing the location and depths of these tiles are in most cases missing due to
poor land or farm management practices. In the absence of such maps, locating these drainage tiles by
traditional probing using �exible metal rod and excavations are tedious and destructive (Ruark et al.,
2009). The use of non-invasive techniques including vegetation analysis (Tlapáková et al., 2015), aerial
photographs, remote sensing (Williamson et al., 2019) and geophysical methods such as ground
penetrating radar (Allred et al., 2004; Chow and Rees, 1989; Koganti et al., 2020) if applicable, provide a
more e�cient approach for locating the tiles. This study further evaluates the use of both unmanned
aerial vehicle (UAV)-based visible and thermal infrared imaging and land-based ground penetrating radar
for locating drainage tiles and mapping their network at a large �eld scale within the Oak Openings
Region of Northwestern Ohio.

Historically, Northwestern Ohio and part of Michigan and Indiana constituted a vast wetland refered to as
the “Black Swamp” with its low lying lands partially or entirely covered with water in the winter and spring
(Kaatz, 1955). This once vast wetland area has been largely drained to accommodate human settlements
and farmlands leaving behind less than 5 % of the earlier wetland area (Lenhart and Lenhart, 2014). In
particular, the narrow region west of Toledo, Ohio which extends to the west of Michigan named the Oak
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Openings Region (OOR) provide a typical hydrological scenario requiring extensive drainage in order to
farm its land (Shade and Valkenburg, 1975). The unique shallow stratigraphy of the Oak Openings
Region of Northwestern Ohio consisting of medium to coarse grained sand underlain by low permeability,
clay-rich glacial-lacustrine sediments and glacial till (Shade and Valkenburg, 1975) result in poorly
drained saturated �elds. These �elds were extensively drained using drainage tiles to allow the cultivation
of crops. Converting these wetland areas to farmlands relied on easily available technology for installing
agricultural drainage tiles used to manage the excess water on the �eld (Gedlinske, 2014).

The material composition of drainange tiles, their structure and installation techniques have evolved over
the years. Earlier tiles were either made of clay, wood, or concrete with a diameter of approximately 15 cm
and approximately 30 cm long (Beauchamp, 1987). The tiles were typically placed end-to-end following a
linear path in about 75–150 cm deep trenches either dug manually or by a trenching machine towed by a
horse (Allred et al., 2005; Gedlinske, 2014; Yannopoulos et al., 2020). Since the 1960’s, clay, wooden and
concrete tiles have been replaced by corrugated plastic tubings (CPT) which are made of high-density
polyethylene and perforated to allow for in�lteration. These modern tiles are installed at depths ranging
from 90 cm to 150 cm with spacing ranging from 10 m to 25 m depending on site conditions including
soil type, slopes, surface conditions, and crops. Modern machines are able to complete the process of
trenching, installation, and back�lling simultaneous allowing for easy installation. This has contributed to
the intensive use of drainage tiles in the Midwestern United States (Allred et al., 2005; Yannopoulos et al.,
2020).

While population growth, urbanization, and the need to increase food production made the use of
drainage tiles very popular within Northwestern Ohio, it also resulted in the disappearance of wetlands
within the region (Abella et al., 2001; Higgins, 2003; Kaatz, 1955). However, the recent desire to address
lake eutrophication producing harmful algae blooms and the need to protect endeagered species within
the Oak Opening regions has increased awareness for restoring lands within Northwest Ohio to their
original wetland state. Most of the land being restored are old farm �elds with a history of intense
drainage using arti�cial agricultural drainage tile, and excessive runoff from these �elds are identi�ed as
an important source of nutrient loading, speci�cally nitrogen and phosphorus associated with Harmful
Algal Blooms (HABs) (Moore, 2016; Smith et al., 2015). Unfortunately, in most instances, the location and
or depths of these drainage tiles are not well documented. Restoring old farmlands back to wetland
conditions will require knowledge of the tile locations to allow decommissioning the tiles which involes
blocking the tile outlets and sometimes digging them out. In cases involving blocking the tile outlet to
retain water within the site, knowledge of the tile network is still necessary to manage potential
hydrological hazards such as �ooding and blow-out (Cooley and Herron, 2015; Easton et al., 2016).
Hence, the need for an e�cient approach for locating drainage tiles mostly at such farm �eld scale.

Drainage tiles can be located manually within a farm �eld using a traditional handheld probing rod (Allred
et al., 2005) consisting of an approximately 0.8 cm stainless steel rod with a rounded, welded tip to help
prevent puncturing the tile. Using the handheld probe rod is very tedious and unrealistic for large �eld
scale application. Analysis of spatial distribution of vegetation cover (e.g. cover crops) could give
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overview of the tile network (Tlapáková et al., 2015). However, the high variability in other properties and
processes controlling the spatial and temporal distribution of vegetation cover such as soil moisture,
nutrient content, and evapotranspiration limit reliance on this approach (Naz et al., 2009). Geophysical
methods including ground penetrating radar, magnetometry, aerial photographs, satellite-based, and other
remote sensing teniques provide a non-invasive approach for locating drainage tiles and delineating their
network (Allred et al., 2004; Rogers et al., 2005).

Aerial imagery using different wavelengths of re�ected and emmitted electromagnetic energy including
visible-color, near infrared and thermal infrared has been explored for mapping drainage tiles’ locations
(Abdel-Hady et al., 1970; Allred et al., 2020; Kratt et al., 2020; Williamson et al., 2019; Woo et al., 2019).
Using these images relies on the contrast in re�ection or emission of electromagnecitc energy between
soils overlying the drainage tiles and the soils between them.

Field aerial imaging including visible, infrared, thermal and multispectral imaging for mapping drainage
tiles’ location and network can be done using traditional satellite platforms and aircrafts (Abdel-Hady et
al., 1970; Gökkaya et al., 2017; Naz et al., 2009; Verma et al., 1996). Earlier studies have however shown
that for the method to be effective, data acquisition should be preferably done around 2–3 days after a
rain event with 1–2 cm of precipitation (Allred et al., 2020; Kratt et al., 2020). Scheduling a conventional
aircraft targeting such favourable �eld conditions are challenging as airplanes may not be easily
available under short notices (Allred et al., 2018; Allred et al., 2020). Recent studies have focused on using
unmanned aerial vehicles (UAV) equipped with multiple cameras which provides the desired �exibility for
acquiring these aerial images (Allred et al., 2020; Kratt et al., 2020; Williamson et al., 2019). Validatory
studies mostly in the OOR are missing giving the dependence of these techniques on the spatial and
temporally varing properties such as soil type, water content, and vegetation (Naz et al., 2009).

While remote sensing techniques have been useful in locating drainage tiles and mapping their network,
they are limited in depth estimates of individual tiles and their success rate have also varied with �eld site
conditions (Woo et al., 2019). Hence, the need to keep exploring the use of conventional ground-based
geophysical techniques including magnetic gradiometry (Allred et al., 2004; Rogers et al., 2005) and
ground penetrating radar (Chow and Rees, 1989). Ground penetrating radar (GPR) has been widely used
to successfully locate drainage tiles and map their network relying on the contrast in the dielectric
properties of the soil around the tile and that of the air, water or a combination of both within the tiles
(Allred et al., 2005; Allred et al., 2004; Allred, 2013; Koganti et al., 2020; Wai-Lok Lai et al., 2018). Detecting
drainange tiles using GPR is possible in a wide variety of soil types and properties with reported
applications in �ne and coarse loamy glacial till, sandy glacio�uvial and clayey glaciomarine sediments
(Allred et al., 2004; Chow and Rees, 1989). Chow and Rees (1989) demonstrated a near 100 % success
rate in using GPR to delineate clay and plastic drainage tiles in soils developed in a glacio-�uvial
deposits. Applications in about 14 test plots in southwestern, central and northwestern Ohio have also
been reported with success rate ranging from 50–100 % (Allred et al., 2004). The success rate depends
on soil types, conditions and GPR antenna frequencies and con�gurations (Allred et al., 2005). While
most of these studies where at small scale test sites, Allred et al. (2018) highlighted the need and
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presented a feasibility study accessing the practicality of using GPR to delineate drainage tiles at large
�eld scale. They emphasized the need for integrating the GPR system with a differential global
positioning system to map tile network at such large �eld scale.

Drainage tile detection research using non-invasive geophysical methods has shown variable
effectiveness at �eld scale with the effectiveness depending on site speci�c conditions such as soil type,
vegetation cover, and water saturation (Jazayeri et al., 2018). An average success rate of 72 % has been
reported within Northwest Ohio with a 50–50 chance reported in one of the studies (Allred et al., 2005).
This shows the need for more case application studies. Also, no study or application have been reported
within the Oak Openings Region of Ohio using geophysical techniques to locate drainange tile within its
farm�elds. With the current effort to restore multiple farm�elds to their natural wetland conditions within
th region, there is a need for validating the applicability of non-invasive geophysical methods for locating
and mapping drainage tile networks within the region. This study investigates the use of visible and
thermal infrared imaging as well as the use of ground penetrating radar for locating drainage tiles within
the Oak Openings Region of Ohio with the aim of developing a detection method framework that is
applicable at large �eld scale. The use of UAV equipped with different cameras as well as mapping from
a GPR system equipped with a real time kinematic (RTK) GPS system allows a large scale spatial
coverage to be assessed. Practical aspects including suitable GPR frequencies and transect spacing are
also assessed in this study.

Study Site
This study was conducted at the Sandhill Crane wetland restoration project site of The Nature
Conservancy (TNC) located at Angola Road in Swanton, Ohio (Fig. 1). The site was previously an
agricultural �eld with an approximate area of 1.1 km2 (0.75 km x 1.4 km) and is currently being restored
to a wet prarie (wetland) habitat. It has a relatively �at topography with elevation slope less than 2 % and
lower depressions at its western, eastern and north central segments. The site sits in the Oak Openings
Region (OOR) in Northwestern Ohio, an important wet prairie ecosystem characterized by poorly drained
shallow sandy soils underlain by glacial till (Shade and Valkenburg, 1975; Wijayarathne and
Gomezdelcampo, 2019). The subsurface at the site is characterized by �ne to medium grained sand from
the top to depths of 3–5 m with high organic content at its top 0.35 m mostly in the eastern and western
�ank which are inundated during the spring (Becker et al., 2020). The sand at the site is part of the
reworked sands deposited along the edges of ancient Lake Wane, Warren and Lundy by Lake Michigan
long shore currents (Brewer and Vankat, 2004; Wijayarathne and Gomezdelcampo, 2019). Based on
interpreted electrical resistivity data acquired as part of an ongoing study (Becker et al., 2020), the sands
are underlain by glacial-lacustrine sediments and glacial till (with resistivity ranging from 40 to 120 Ωm),
which extends down to depth of 20 m and are followed by the bedrock (with resistivity ranging from from
120 to 250 Ωm). The top sandy sediments are saturated with an average water table at a depth of 70 cm
which varies seasonally.
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Methods
For this study, we utilized an unmaaned aerial vehicle (UAV) platform for both the visible and thermal
infrared imaging while ground penetrating radar (GPR) measurements were conducted with GPR
antennas mounted on a cart to ease data acquisition. We also towed the GPR system behind a utility
terrain vehicle to enable us cover our large farm �eld scale site.

Visible and Thermal Infrared Imaging

Remote sensing techniques using electromagnetic (EM) radiation with wavelengths within the visible and
infrared spectrum have been used to locate subsurface drainage pipes (Allred et al., 2020; Kratt et al.,
2020; Naz et al., 2009). Visible light imaging involves the use of cameras capable of sensing EM
radiation with wavelengths ranging from 400 nm to 700 nm visible to the human eye. Contrast between
water content in soil above a drainage pipe and that between the pipes results in variability of re�ectance
in the visible light region. Increase in the re�ected light produces a lighter shaded linear surface feature
characteristic of a drainage pipe (Allred et al., 2020). Thermal infrared imaging on the other hand involves
sensing EM radiation within the short wave infrared spectrum ranging from 900 nm to 14,000 nm. Based
on the differences between the speci�c heat capacity of water and soil materials and as a result, thermal
inirtia, the soil above a drainage pipe also show temperature contrast compared to its surrounding due to
differences in water content. This creates a contrast in the thermal radiation between the soil above the
drainage pipe compared to its surrounding following the Stefan-Boltzmann and Kirchhoff’s laws (Allred et
al., 2020; Woo et al., 2019). This contrast can be observed in a thermal infrared image and provide insight
to the location and network of drainage pipes. Both visible and infrared imaging can be conducted using
aerial platforms including unmanned aerial vehicle with the advantage of large spatial coverage within a
short time.

For this study, we utilized a visible color camera and a FLIR Vue Pro thermal imager mounted on a DJI
Phantom 3 Pro UAV. The FLIR Vue Pro imager has a 640 ⋅ 480 sensor array, with a 13 mm optic, giving a
25 degree �eld of view (FOV) recording thermal imagery at 30 Hz. The Phantom 3 Pro has a 4000 ⋅ 3000
Red, Green and Blue (RGB) visible light camera with a 20 mm lens, giving a 94 degree FOV. Flights were
conducted under Federal Aviation Administration regulations - FAA part 107 rules. The �ights were
conducted between May and June, 2020 on a regular grid at 50 or 100 feet above groud level, based on
local airspace restrictions from the Toledo Express airport control. RGB imagery was processed in Agisoft
Metashape to generate a composite orthomosaic of the �eld sections �own. Thermal imagery was
referenced against the RGB orthomosaic.
GPR Data Acquisition and Processing

GPR is a well-established geophysical technique and has been used to locate utilities (Lester and Bernold,
2007; Metwaly, 2015; Wai-Lok Lai et al., 2018) within the shallow subsurface including agricultural tile
drainage (Allred et al., 2005; Allred et al., 2004; Allred, 2013; Chow and Rees, 1989). The technique involve
the emission of electromagnetic (radar) pulses by a transmitting antenna which are re�ected, scattered
and attenuated depending on the subsurface properties including its dielectric permittivity and
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conductivity as the radar pulses travel through it (Chow and Rees, 1989; Jazayeri et al., 2018). Refelected
radar signals eventually travel to the surface where they are recorded by a receiving antenna to produce a
signal trace which re�ects changes in the wave amplitude and energy with time (Allred et al., 2005). A
buried cylindrical pipe such as a drainage tile generates a characteristic diffraction hyperbola due to its
shape, the spherical nature ot the wave front and contrast between the dielectric properties of the air and
or water inside the pipe and that of the sorrounding soil (Allred et al., 2005; Chow and Rees, 1989;
Jazayeri et al., 2018). The diffraction hyperbolas of pipes in GPR pro�les are clearly distinctive such that
they can be displayed and interpreted in real time making GPR a widely used technique for real time
location of subsurface utilities.

For this study, we utilized the Sensors and Software, Inc. (Mississauga, ON, Canada) PulseEkko systems
which are bistatic radar systems with the transmitter and receiver separated into different units. We �rst
tested systems with antenna frequencies of 50, 100, 200 and 250 MHz in a rough sweep of the site to
acess which is suitable for locating the drainange tile network. We later utilized the 250 MHz antenna
with a �xed transmitter and receiver antenna separation of 0.4 m for surveying the entire site. We towed
the GPR system consisting of the antennas and a DVL 500 data logger behind a utility terrain vehicle to
allow us cover the entire site of approximately 1.1 km2. We also utlilized 2 units of an Emlid Reach RS2
differential GPS system (Emlid Ltd, Hong Kong.) for a real time kinematic (RTK) positioning with one
positioned at a �xed base while the other was attached to the GPR system as a rover. We acquired GPR
transects in both the North – South and the East – West directions (Fig. 2) to better capture potential tiles
running in different directions. We maintained a spacing of 20 m between transects in the North-South
direction and 25 m for transects in the East – West direction. We collected common-offset measurements
with a spacing of 0.05 m, activated by an odometer wheel attached to a towing cart with an acquisition
time window of 100 ns. To reduce ambient electromagnetic noise and improve signal to noise ratio, we
collected 4 stacks per sample and towed the GPR system at an average speed of 6.5 kilometers per hour
following recommendations by Allred et al. (2005). A major challenge in using GPR to locate drainage
tiles at a large �eld scale is the choice of an appropriate transect spacing to adequately delineate the tile
network. For this study, we assess the impact of transect spacings on resolving the tile nework by
conducting different small suveys within the �eld with transect spacing of 2.5, 5, 10 and 20 m.

All GPR data were processed using the Sensors & Software Inc.’s EKKO_Project software following
standard GPR processing for subsurface utility identi�cation (Annan, 2009; Jazayeri et al., 2018). We
applied a time-zero correction and then ‘dewowed’ the signals with a high-pass �lter to remove low-
frequency noise caused by inductive coupling effects or dynamic range limitations of the antennas
(Annan, 2009; Malenda et al., 2019). We applied a Spherical Exponential Calibrated Compensation (SEC
2) time gain to all transects’ signals to compensate for signal losses due to spherical spreading and
ohmic losses caused by soil conductivity. We set the signal attenuation at 8 dB/m to increase gains for
deeper signals while start and maximum gains were set at 4.5 and 1000 respectively. To estimate the
depth of the tiles, we utlize the velocity caliberation approach following the hyperbola �tting technique
(Dou et al., 2017; Sagnard and Tarel, 2016) implemented in the Ekko_Project version 5 software.
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After applying the outlined processing steps to the GPR datasets, we interpreted each pro�le for the
presence of a characteristic hyperbola indicating possible drainage tile. We picked the peak of each
hyperbola to represent the center of the drainage tile assuming that the GPR system crossed the tile
perpendicularly. By plotting the center of each hyperbola on a map we were able to delineate the drainage
tile network.

Results
Visible light images (Fig. 3a) obtained for our study site show color patches with contrasting light and
dark colors stripes re�ective of variation in soil condition and vegetation. The light colored, close stripes
linear features are related to tillage lines while the dark green green parallel linear features with a near
uniform spacing were interpreted as drainage tiles. The dark green parallel linear features were also
observable to the naked eye in the �eld as stripes with more greenish (healthy) cover crops preferentially
lined along a straight path. When traced (Fig. 3b), these parallel linear features shows a consistent
spacing of about 15 m which is typical of spacing between drainage tiles in the �eld in the region
(Gedlinske, 2014). The identi�ed stripes (interpreted as drainage tiles) are discontinuous in some area or
at least di�cult to identify.

Thermal infrared images of the study site are shown in Fig. 4 with closely spaced red, yellow and blue
color stripes with dull color stripes cutting across them. In the color table used in these images, brighter
colors in the false color thermal infrared images are indicative of warmer areas while dull or darker colors
are indicative of cooler areas. Drainage tiles due to their water content are cooler and are expressed as
dull color linear structure in the infrared image (Fig. 4). Figure 4 (left image) show two linear dull color
parallel feature with one of them imaged at a high resolution (Fig. 4 right) interpreted as drainage tiles.

Representative gpr pro�les from transects both in the N-S and E-W directions are shown in Fig. 5.
Concave upward hyperbolas are observed in each of the pro�le at an approximate depth of 1.0m. The
hyperbolas interpreted as the top center point across a drainage tile (when crossed perpendicularly) are in
most cases spaced evenly at an approximate distance of 15 m. All GPR pro�les (sixty-six in the N-S
direction and thirty-one in the E-W) were carefully analyzed and the position of all hyperbolas highlighted
with their coordinates and depths. We exported these details to a google earth map (Fig. 6) to show the
location where the GPR system crossed possible drainage tiles with blue dots for pro�les in the N-S
direction and pink for pro�les in the E-W direction (Fig. 6). Although hyperbolas in GPR pro�les could also
result from other subsurface objects e.g. pebble with contrasting dielectric permeativity, similar
hyperbolas allinging along a trend in parallel pro�les are interpreted as a linear feature which in this case
would represent a drainage tile. We joined similar hyperbolas with yellow lines (Fig. 7) for pro�les running
N-S and orange lines (Fig. 7) for pro�les running E-W to obtain the position and network of drainage tiles
in the �eld.

Discussion
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The delineated drainage tiles at the study site follows a parallel pattern with a spacing between tiles of 15
m (Fig. 7). Tiles alligned in the E-W direction are present in the Eastern, Western and North Central portion
of the site corresponding to areas observed to be �ooded in the spring. The tiles in these regions were
likely installed and connected to pumps located both at the eastern and western segments to drained
these section of the �eld during �ooding to allow farming activities (oral communication with
neighboring farmers at the site). Transects acquired in the E-W direction at the Eastern half of the site
also show tiles aligned North – South close to the center and at the upper right of the site (Fig. 7). These
tile lines are likely feeder lines connected to the tile lines aligned East – West. Our study shows that for
�eld sites with no prior knowledge of the tile network, acquiring the GPR transects in both North – South
and East – West directions is more appropriate. This though increases the �eld efforts, ensures that the
tile network is captured appropriately. Delineated drainage tile lines shown in Fig. 7 show discontinuities
which are areas where no hyperbola was observed in the GPR pro�le or they were di�cult to be identi�ed.
This could be due to broken tiles or low contrast in dielectric properties between the tile and surrounding
soil. The tiles are expected to have been installed following a near straight path.

Generally the visible and thermal infrared images captures the location and trend of the drainage tiles
with the thermal infrared images providing clearer contrast related to the tiles. However, discontinuities in
the identi�ed tile lines were noted more in the visible images compared to the thermal infrared. Factors
including vaying soil water, vegetation, ambient temperature, and evapotranspiration in�uence the
re�ectance and radiation of electromagnetic wave hence affect measurements (Allred et al., 2018; Allred
et al., 2020; Kratt et al., 2020). Despite these limitation, both visible and thermal infrared imaging
su�ciently imaged the tiles at our test site. The possibility to mount these cameras simultaneously on a
UAV allow for fast acquisition of multiple data sets. However, because registering and mosaicing thermal
images is more time consuming and problematic than processing visible images, and the precise
locations from thermal imagery are not as reliable as the other methods, signi�cant post proceesing
effort would be needed to extract and align acquired thermal images. While each of these techniques can
be used independently we recommend combining them to improve results and maximize data value.
Compared to the GPR technique, the UAV based visible and infrared imaging allows for coverying large
scale �eld sites within a short time. However, GPR technique provide a highly accurate location of the tiles
both horizontally and vertically (Figs. 5, 7 and 8) allowing a good estimation of the depth at which the
tiles are buried. While UAV based methods possess clear advantage over land based geophysical method
in terms of data acquisition time, for open �elds (e.g. during post havest seasons), towing the GPR with a
UTV at a speed of approximately 6.5 Km/h signi�cantly reduced data acquisition time.

In using GPR to locate drainage tiles, the choice of antenna frequency is not trivial as this in combination
with soil properties and vegetation impact the resolution and ease of data acquisition. In this study, we
compared four different Sensors and Softwares, Inc.’s PulseEkko antennas with center frequencies of 50
MHz, 100 MHz, 200 MHz and 250 MHz. Both 250 MHz and 200 MHz antennas clearly captures the
hyperbolas representing the point where we crossed the drainage tile (Fig. 8). Although, the 250 MHz
antenna data show higher resolution, all tiles located by it where also resolvable by the 200 MHz antenna
in this study. The 100 MHz antenna also captured over 80 % of drainage tiles detected with the 250 MHz
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and 200 MHz antennas. While 60 % of the tiles located by the 250 MHz antenna are also identi�able in
the GPR pro�le acquired with the 50 MHz antenna, the hyperbolas appear blurred which would make
interpretations di�cult in areas with no prior information on the location of the tiles. Also, the 50 MHz,
100 MHz and 200 MHz PulseEkko GPR antennas are unshielded which makes it more challenging
(mostly the 50 MHz and 100 MHz antennas which are over 0.5 m long) to tow over vegetated �elds.
Based on resolution and ease of �eld measurement, we recommend using the 250 MHz shielded
antennas where possible for measurements within the OOR or areas with similar soil properties and
conditions. However, 200 MHz and 100 MHz antennas may be used but with caution during �eld data
acquisition and more attention to processing and interpretations.

The choice of spacing between �eld GPR transects was also assessed by comparing measurements
using spacing of 2.5, 5.0, 10.0, 20 m and 25 m at a small section of our �eld site. Measurements with
transects spacing of 10, 20 and 25 m su�ciently delineated the drainage tile network at our test site but
their amplitude maps show smearing effect due to the larger interpolation distance between lines. GPR
amplitude maps are used to show correlation in the 2D distribution of the amount of electromagnetic
radar energy re�ected back to the surface from a two − way travel time (Allred, 2013). GPR amplitude
maps are useful in con�rming the drainage tile network (Karásek and Nováková, 2020). In our study,
amplitudes maps generated from grid measurements using both 2.5 m and 5 m spacing between
transects in the x- and y-directions in a 100 m Χ 100 m domain at the eastern section of our site reveal the
tile network (Fig. 9). The stronger applitude represented by dark coloration are stronger refelected
energies (amplitudes). Grid with 5 m transects spacing su�ciently capture the tile network and is
recommended.

Results of this study validate earlier results showing the use of UAV mounted visible and thermal infrared
(Allred et al., 2020) and ground penetrating radar (Allred et al., 2004) for locating drainage tiles and
demonstrates that these techniques can be used within the Oak Openings Region. We however,
recommend further testing of the visible and themal infrared imaging under different seasons and soil
conditions including varying soil water content, vegetation cover and time of day.

The location and network of drainage tiles delineated in this study will guide current efforts to restore the
site from an old agricultural �eld to its original wetland (wet prairie) conditions. Figure 7 in a digitized
form will guide site managers in locating tile outlets for decommissioning (blocking to prevent out�ow).
The site’s drainage tile location map (Fig. 7) will also be useful in the future in locating individual tiles
should there be need to block such tiles due to potential blow-out resulting from blockage of tile outlets.
There is also the need to improve understanding of the site’s hydrology which has been largely altered by
the arti�cial tile drainage and intense farming. Results of this study also provides location and depth of
tiles that can be included in a groundwater �ow and transport model for predicting the hydrological
respose (including potential �ooding and �ow redistribution) due to drainage tiles decommissioning and
other restoration activities.
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Conclusions
Pre-restoration wetland characterization sometimes require knowing the locations and depths of drainage
tiles mostly where the restored site is an old agricultural �eld with a history of tile drainage as commonly
encountered in the Midwestern United States. When farm utility maps showing the tile locations are
missing as in most cases, locating these tiles manually is impracticable at farm �eld scale. Our study
show that combing remote sensing and ground based geophysical techniques provide an e�cient
framework for locating the tiles.

In this study, we used visible light and infrared imaging to locate drainage tiles and map their network
within the Oak Openings Region of Ohio. Mounting the appropriate cameras on a UAV platform allows for
fast data acquisition which can be used to cover large scale �eld site within a short duration. We observe
discontinuities in interpreted drainange tiles from both visible and thermal infrared images which can be
related to effect of varying moisture content and vegetation type. Targeting optimum �led conditions for
visible and thermal infrared imaging for locating drainage tiles to minimize these effects is a major
challenge and require further testing at sites with different soil, vegetation and hydrological properties.

Our study also shows ground penetrating radar to be a more effective geophysical technique for
obtaining details of drainage tiles’ location and depth mostly within the Oak Openings Region. This is in
line with other studies at sites with similar soil properties within the Midwestern United States (Allred et
al., 2005; Allred et al., 2004). However, for large �eld scale application, we recommend towing the GPR
behind a vehicle at a speed of about 7 Km/h to reduce �eld effors and data acquisition times. For large
�eld scale application as demonstrated in this study, a pro�le spacing of 20 m reveals tile location and
network reasonably with a trade off on amplitude maps which are useful for con�rming the tile network
at a high resolution. Where such is desired, a maximum pro�le spacing of 5 m is recommended.

This study generally shows that geophysical sensing using suites of electromagnetic radiation (visibe,
infrared and radio waves) provides non invasive approaches for locating drainage tiles in old farm�elds
within the OOR. With current wetland restoration efforts within Ohio aimed at reducing nutrient loads into
Lake Erie, there is need to locate drainage tiles within these old farm �eld and this study demonstrate the
application of geophysical techniques for such purpose. Delineated drainage tile network (Fig. 7) can be
incorporated into a �ow and transport model for the site and will be useful for predicting post-restoration
hydrological regimes.
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Figures

Figure 1

[a] Location of the study site within the Oak Openings region in Ohio, USA, [b] aerial photo of the site from
google earth (Google Earth, earth.google.com/web), and [c] photo of site in early spring with edges
�ooded. Modi�ed after (TNC, 2020).
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Figure 2

Study site with GPR transects both in the North – South direction and the East – West direction overlain
with a google map (Google Earth, earth.google.com/web) of the study site.
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Figure 3

[a] Section of visible image with dull color linear feature interpreted as drainage tile with a parallel
network [in 3 b]. The UAV used to aquire image the site is shown in [3c]

Figure 4
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A section of thermal infrared images of the study site with two identi�ed driange tile [left] and one of
them imaged at a higher resolution [right].

Figure 5

Selected GPR pro�les ing the [a] North – South Direction and [b] East – West Direction, showing
measured hyperbolas representing re�ection from a point source. Point on each hyperbola represent
centre point at which the transmitter and receivers cross the point object.
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Figure 6

Picked hyperbola center point for all GPR transects overlain on a google earth map of the site (Google
Earth, earth.google.com/web). Blue dots represent center of hyperbolas on North – South transect while
pink dots represents those for East – West transects.

Figure 7
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Interpreted drainage tile locations overlain on google earth map of the site (Google Earth,
earth.google.com/web). The lighter yellow lines indicate tiles in the E-W direction interpreted from the N-S
transects while the goldenrod/orange lines indicate tiles in the N-S direction interpreted from the E-W
transects.

Figure 8

Comparing different signals from different antenna frequencies with 200 mHz at the top, 100 mHz at the
middle and 50 mHz at the bottom. Red dash-line box drawn over hyperbolas for easy comparison

Figure 9



Page 22/22

GPR amplitude map of a 100 m × 100 m grid at the Eastern section of the site [a] Grid acquired with 5 m
spacing and [b] 2.5 m spacing.


