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ABSTRACT

Dye tracer and time-lapse ground-penetrating radar (GPR) were used to image
preferential flow paths in the shallow, unsaturated zone on hillslopes in two adjacent
watersheds within the Susquehanna-Shale Hills Critical Zone Observatory (CZ0). At
each site we injected about 50 L of water mixed with brilliant blue dye (4 g/L) into a
trench cut perpendicular to the slope (~1.0 m long by ~0.20 m wide by ~0.20 m deep) to
create a line of infiltration. GPR (800 MHz antennae with constant offset) was used to
monitor the movement of the dye tracer downslope ona 1.0 m x 2.0 m grid with a 0.05 m
line spacing. The site was then excavated and the stained pathways photographed to
document the dye movement. We saw a considerable difference in the pattern of shallow
preferential flow between the two sites despite similar soil characteristics and slope
position. Both sites showed dye penetrating down to saprolite (~0.40 m); however, lateral
flow migration between the two sites was different. At the Missed Grouse field site, the
lateral migration was ~0.55 m as an evenly dispersed plume, but at distance of 0.70 m a
finger of dye was observed. At the Shale Hills field site, the total lateral flow was ~0.40
m, dye was barely visible until the excavation reached ~0.10 m, and there was more
evidence of distinct fingering in the vertical direction. Based on laboratory and field
experiments as well as processing of the radargrams, the following conclusions were
drawn: 1) time-lapse GPR successfully delineated the extent of lateral flow, but the GPR
resolution was insufficient to detect small fingers of dye; 2) there was not a distinct GPR
reflection at the regolith-saprock boundary, but this interface could be estimated from the

extent of signal attenuation, 3) the preliminary soil moisture conditions may explain
ii



differences in the extent of infiltration at the two sites; 4) rapid infiltration into the
underlying saprock limited the extent of shallow lateral flow at both sites and can be seen
using the mass balance calculation and the lateral extent of dye within the radargrams;

and 5) variations in flow patterns were observed between sites with similar settings at

Susquehanna-Shale Hills CZO.
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CHAPTER |

INTRODUCTION

Hillslopes are a fundamental component of the hydrologic landscape; however,
the mechanisms of overland flow, infiltration, root zone flow, and groundwater flow are
not well understood (Graham, Woods, & McDonnell, 2010). In recent years, field studies
at the Susquehanna-Shale Hills Critical Zone Observatory (CZ0O) have suggested that
several shallow hydrologic flow mechanisms, as well as shallow bedrock
microtopography, may control the hillslope threshold response during a rainfall event
(Lin, 2010). The objective of the current study, performed at the Susquehanna-Shale Hills
CZO, was to (1) investigate differences in vertical and lateral preferential flow paths in
the unsaturated zone between the two adjacent watersheds and (2) evaluate the viability
of GPR in conjunction with dye tracer surveys as a non-invasive approach to monitoring

the movement of water in the shallow unsaturated zone,

1.1 Site Overview

The 164 km?, forested Shaver Creek watershed is located in northern Huntingdon
County, 24 km south-southwest of State College, PA (Figure 1-1). The Shale Hills and
Missed Grouse watersheds are encompassed by the Shaver Creek Watershed and located
within the Northern Appalachian Ridges and Valleys Major Land Resource Area
(MLRA 147) (White, 2005).

The USDA-Forest Service established the Shale Hills watershed unit in 1961 as a

long-term forest research site. This 7.9 ha watershed is known as the Susquehanna Shale
1
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Hills Critical Zone Observatory (SSHQ), and is one of several CZOs funded by the
National Science Foundation (NSF). The critical zone extends from the top of the
vegetation to soil and groundwater; this upper layer of earth has many interacting
physical, biological, and chemical processes. Until recently, research at the SSHO has
focused primarily on this single watershed, but has since expanded to include proximal
field sites referred to as “satellite stations,” such as the Missed Grouse (48.2 ha)
watershed.

The two field sites examined in this study are located less than 600 m apart within
a similar geological setting. The Weikert, Berks, and Ernest soil series are found within
the Missed Grouse and Shale Hills watersheds (Figure 1-1). The Weikert and Berks soils
are predominant, and both soils are classified as loamy-skeletal, mixed, active, mesic
Typic Dystrudepts which formed by the weathering of shale (Doolittle et al., 2012). The
Weikert soil, which is the primary soil series that underlies the two watersheds, has a
profile thickness ranging from 0.20-0.50 m, is well drained, and is located
physiographically along the backslope. The Weikert soil contains clay and fragmented,
weathered shale. The clay is predominantly composed of illite and vermiculated chlorite
that is weathering into vermiculite, hydroxyl-interlayer vermiculite, and kaolinite (Jin et
al., 2010).

The two watersheds overlie the Silurian Rose Hill Formation, which is comprised
of hematite- and magnetite-bearing sediments that were deposited in marine or brackish-
water environments (Folk, 1960). Exposures of the Rose Hill Formation are highly
weathered and saprolite has formed between the soil and bedrock layer. The Rose Hill

Formation regionally consists of sequences of olive-colored shale, grey siltstones, and red
3



hematite sandstone; locally, the Rose Hill Formation is present as shale at both field sites.
The shale is primarily composed of illite (58 wt.%), quartz (30 wt.%), vermiculated
chlorite (11 wt.%), and trace amounts of feldspar (plagioclase and K-feldspar), anatase
(Ti0,), Fe-oxides (magnetite and hematite) and zircon (Jin et al., 2010). The bedrock is
highly fractured and consists of folded and faulted layers oriented NE-SW (N54°E), with
dip angles ranging from 25° to 76° to the NW (Jin et al., 2010).

Over the years, the term bedrock at the Shale Hills CZO has been loosely defined
to encompass a highly fractured and weathered zone (White, 2005, Folk, 1960).
Although, recent studies have subdivided the weathered bedrock into different categories:
“bedrock™, “saprock”, and “regolith” (Jin et al., 2011). The term “bedrock” refers to
unfractured and chemically unaltered parent material that is intact and in-place; to collect
bedrock samples (found at a depth of 27 m at the northern ridge top), a diamond bit drill -
must be used. The term “saprock™ at the Shale Hills CZO, has a different meaning
compared to other researchers (Graham et al. 2010). It refers to rock that has been
somewhat fractured and significantly altered, but still requires drilling to sample,
although a pick can be used to remove samples from the top of this layer. The term
regolith is used to characterize rock that has been disaggregated and highly altered; to
collect rock samples within this layer, a hand auger can be used (Jin et al., 2011).
Therefore, bedrock is considered intact and unaltered; “saprock™ has been altered by
weathering and is somewhat fractured but the original structure is preserved; regolith is
rock that has been highly altered and is translocated within this layer. Finally, the term
regolith-saprock interface will be used throughout this thesis to relate the depth to which

each field site was excavated.



The similar physiographic positions, soil types, and geological conditions made it

favorable to conduct comparison tracer tests at the Missed Grouse and Shale Hills sites.

1.2 Hydrologic Flow Mechanisms

Preferential flow is a general term that refers to water flowing along preferred
pathways at an accelerated speed through a portion of porous medium, sometimes
bypassing a fraction of the matrix. It is not uncommon for multiple mechanisms for
preferential flow paths to coexist (Table 1-1 and Figure 1-2) (Tindall et al., 1999).

Lin, (2010) listed the fifteen most commonly reported non-uniform flow
mechanisms that exist in a range of soils and which are common in a forested catchment.
Of the fifteen preferential flow mechanisms, subsurface macropore flow, subsurface
lateral flow at the A-B horizon interface, and soil-bedrock interface flow were the three
most commonly observed along the hillslope at the Susquehanna-Shale Hills Critical
Zone Observatory (CZO) (Lin, 2010; Lin et al., 2006).

Macropore flow is the most commeon type of preferential flow and leads to rapid
transport of water to deep subsoil layers (Lin, 2010; Petersen et al., 2001). Macropores
are defined as openings greater than 0.075 mm and are formed as a result of roots and
animals creating distinct vertical and lateral pathways through the soil. Once water flows
through these features during a rain event, the soil texture, structure, and the organic
content are further changed (Lin, 2010). Fine root channels can be intertwined with
earthworm channels, which further increase preferential flow (Petersen et al., 2001).

Subsurface lateral flow along the A-B horizon interface is another type of

preferential flow path observed at the Shale Hills CZO. The A-B horizon interface is



Table 1-1

The main types of preferential flow paths that could exise ar the Shale Hills CZ0. The type of preferential flow and their

descriptions have been modified from (Lin, 2010).

water quality changed

Flow
Type of Location af
r‘:ll'lrmlhl :::-"mu ::::d“ ?‘L‘Tm Muin features and mechanisms Common sccurrence conditions illr;ftm
saluraiion)
Civerlamd Soil surfsce Lateral Saturated RuncofT on soil surface caised by I arid and semi-arid regions Hortoa | 159405
flow of sealing. crusting, hydrophobicity, | where rainfall intensity is high and Hewlett and
unsaiursied | infliration excess, or saturation and soil infbration i reduced Hibsbert (1967)
CRCEEE because of surface sealing of
pavement; in humed or semi-
humid regions where surface has
been compacted, crusted, nearly-
saturated, or a subsurface
restricting laver exists; more
commanly seem in sloping
Inivdscapes, riparinn zones, and
valley boitoms
Return flow | Sodil surface | Lateral Saturated Re-surfaced mnoff after water Mostly seem in ioeslope of steep | Whipkey (1965)
or infiltrates soil on an upslope hillslopes or areas close to siream | and Dunne et al
unsaturated | portion of a hillslope and exfiltrates | channels {1975)
at the surface after flowing laterally
through subsurince
Diepression- | Soil surface | Vertical Saturated | Water accumulation at local Commonly seem in areas with Muosley (1979)
focused flow topograply lows undulating topography, especially
after large precipitation or
significant snowmeli
[ Saemflow- Soil surface Vertical or | Unssiuraied | Water ow theough plant stems of | Commonly seem im areas covered | Levia nnd Fros
induced fow lateral tree trunks that reaches ihe litter or | by tress or other vegetation afier | (3003 and Li et
mineral sail surface, often with significant precipifation events al, { 2009
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pockets of organic of loose soils,
wavy soil horizon boundary,
localized subsoil hydrophohicity,
rosck fragrmenis, and microbial
activilaes #le.

1 fon Flow
of Flow sifulion Example case
E'T; ial Bow of faw direction | (sall Mauin features and mechankms Comman sceurrence conditions studies
BOCHPTERGE
saturation)
-ﬁuwg,h[all- Soil surface | Vestical Unsaturated | Water passing through plant Comasonly seem in areas cover Burch et al
induced flow or lsteral canopy without inlerception and with plants, cspecially afier trees | (198%), Levia
directly reaches soil surfsce {no amd crops develop their fdl and Frost
waler quality changed ) or through | canopy {2043 )
plant interception and then reaches
el surface as drips from leaves or
braches {usually with water quality
changed)
Macropore flow | Soil surface | Vertical | Saturated or | Gravity-dominated flow through Oceurs commonly in diverse soils | MelDonnell
or or lateral | unsatwrated | various macropores {generally with plant growth and bomowing | (1990), Lin el
suhsuriace =075 mim in diameter ), cither animal activities, as well as in al. {1994G)
surface-comnected or not, such as struciured soils or seils with
rool chanmels, worm holes, animal | cracks or fissures (such as that in
borrows, fissures, pore space shrink-swell clay soils}
between soil aggregates or between
living rosils or rock Tragnients with
surrounding soil matrix
Hydrophobicity- | Sodl surface | Vertical | Unsaturated | Sodl hydrophobicity induced Commonly seem in forest floors. | Burch @t al
induced flow or o lateral differential infiltration or localized | and grasslands during dry seasons | (1989), Kitsema
subsurface surface nunofl or after fire etal. (1993)
Heterogeneity- Soil surface | Vertical | Satwrated or | Noo-uniform flow related to soal Occurs where hetevogeneity exists | Flithler ot al.
induced flow oF or lateral | unsafurated | heterogencity caused by factors in a soil profile given right flow {1996} amd Lin
subsurface other than those identified in other | condition and #hau
preferential Aow types, such as {NHIE)
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Lacation Flaw
Type of Flaw siluslion . Comimn occurrence Example case
prreferential fow ::::w direction | {oil MinEu fertures and wwechanias camlitions studies
safuration)
Pipe flow Subsurface | Mostly Maostly Special type of concentrated Dceurs mostly in forested Lichida et al
lateral saturaded macrogare flow with large and headwater catchments or (2002, 2005 )
mowe continuous pores (called grasslamds with borrowing
pipes, often =1 cm in diameter ), animal activities
which are created by large decaved
free roots, large animal borrows,
chemical dissolutions, or internal
Erosion,
Film flow Subsurface | Veriical | Unsatursted | Special case of macropore fow Cheours where macropores or Ciermann et al
{rivubet flow} or |asteral where water flows down the wall | small fissures (mesopores) are (2007)
of macropores in thin film (instead | wetied up under unsaturaled
of filling up the emtire macropore condition
space )
Mat flow (litle | Subsurface | Lateral Saturated or | Flow through the interface between | Occurs in forest floors, McDonnell et al.
flw) unsaturated | O and A horizons (ie., af the base | especially during spowmelts or | (1991}
of forew linle layer or within} large storms or when soil 15
frozen or very wet
Finger flow Subsurface | Vertical | Unsaturated | Infiltrating front becomes unstable | Oiccurs mostly in coarse sandy Ritscmnet al.
{unstable Aow) and hreaks into namow, quickly soils {19493
moving ““fingers”™ of flow becanse
of two meobile phases, al fine-over-
coarse layers, water repellency, or
air enlrapment
Funnel flow ESubsurface | Lateral Saturated or | Sloping layer of lower Decurs in soils with clay or other | Kung ( 1991)
and unsafurated | permeability benses divent types of lenses in sandy soils
viertical unsaturated flow over the lavers
and concentrate the flow as it
funnels between or through the

layers
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Type of

preferential Bow

Location
of fow
OCCUrTEnce

direction

situation
(sl
saluration)

Main features and mechanisms

Common securrence

conditions

Example case
studies

Throughflow
(subsurface
stormiflow)

Subsurface

Latcral

Saturabed or
umsaturated

Water=restricling layer couses
Eaveral waler movement

diwnslope, often with perched
water table

Oceurs in soils with water-
resmicting subsurface horizons
or features (such as fragipan,
duripan, glacic layer, permafros,
onstein, petrocalcic, petrogypsic,
placic, and other soil horizons
with clay sccumulation leading
o mipuitard or aguichede), most
commonky seem in upland
tefrains, especially in humid
environiment &nd stecp lerrain
with conductive soils or soils
with water- restricting layer
undermeath

Whipkey (1963)
aiwd Dumne et ol
{1975}

Soil-beedrock
interface fAow

lateral

Flow af soil-bedrock interfaces

Mearly impermeable bedrocks or
siratified or dense geological
materials (C or R horizons) with
a hydrologically-restrictive
tayer, beading o perched water
tahle and lateral water
mvernerl

Freer et al.
{2002, Ciraham
= al, (2010)
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Figure |-2. Landscape-scale preferential flow. (Source: Lin, 2010)
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composed of contrasting soil structures, densities, and hydraulic conductivities, which
provides a mechanism for lateral flow at this interface (Lin et al., 2006).

Soil-bedrock interface flow occurs once the water reaches the less permeable
bedrock and flows laterally along the bedrock surface. When lateral flow pools along
topographic lows along the bedrock then overflows, this is known as the “fill-and-spill”
model (Graham et al., 2010). This interface is another example of connected pore space.
However, depending on the density of fractures, lithology, and orientation of the bedding,
vertical flow into the bedrock reduces or eliminates soil-bedrock interface flow (Tromp-
van Meerveld et al., 2007).

In addition to the three common preferential flow paths at the Shale Hills CZO,
finger flow can occur within the subsurface of a forested catchment. Fingering occurs

when a front of water becomes unstable and separates into small pathways (Lin, 2010).

1.3 Dye tracer, Dye Application and Excavation

To date, studies using dye tracers and excavation to expose the dye—stained soil
have provided the best method for identifying preferential flow in the soil and along the
soil-bedrock interface. The use of dye is valuable because it provides direct visual
evidence of preferential flow paths (Petersen et al., 2001). For example, Lin (2010) used
dye to link worm burrows to preferential flow paths (Figure 1-3).

Criteria for the selection and use of dye tracers in the field have been developed
from several studies. The dye must be: (1) mobile and stain the soil, (2) visible against
the background soil color, and (3) nontoxic (Flury & Fliihler, 1991). The dye must move

with the flow of water, but a fraction of the dye needs to adsorb to stain the soil. Soils
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Figure 1-3. Subsurface preferential flow paths stained by food
grade Brilliant Blue dye and exposed by excavation. {Source:
Lin, 20100



with a high clay or organic carbon content will immobilize the dye, so it is important to
know the type of soil for the dye to remain mobile and only partially adsorb. Numerous
studies recommend a food grade dye, pigment Brilliant Blue FCF, as a tracer dye
{Anderson et al., 2009; Flury & Fliihler, 1991; Graham et al., 2010; Petersen et al., 2001;
Sheng et al., 2009; Wang & Zhang, 2011). Flury and Fliihler (1991) state that Brilliant
Blue dye meets the necessary criteria. The dye is distinctly visible against the soil and it
has a low toxicity and sorption.

Once the Brilliant Blue dye is released into the soil, preferential flow paths are
typically observed by excavating the field site. This method is effective in determining
the connectivity between each preferential flow feature, but is labor intensive and

destroys the soil structure (Anderson et al., 2009).

1.4 Ground-Penetrating Radar Techniques

A noninvasive alternative to excavation is to use ground-penetrating radar (GPR)
to observe preferential flow paths and map bedrock topography. For the past 20 years,
GPR has offered a noninvasive approach to characterizing and imaging shallow soils and
bedrock properties. The technology has been successfully used to map soil stratigraphy,
depth to bedrock, water depths in lakes and rivers, and water table depths without
disturbing the soil structure (Davis and Annan, 1989). The use of GPR provides high-
resolution data and detailed mapping for any given study area (Figure 1-4).

Only a few studies to date have been conducted using GPR to identify soil
moisture content and preferential flow paths. Holden et al. (2002) were the first to use

GPR to identify soil pipes in a blanket peat. They were able to verify pipes using 100 and
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Figure 1-4. A radargram cross-section through granitic bedrock, which is overlaid by acolian
deposits of water-saturated fine-grained sand. The reflections within the fine-grained sand are caused
by changes in soil type due o the change in the dielectric properties of the material. The grain size
distribution of the soil was silt and clay bands which cause weaker reflections of the radar signal.
(Source: Davis and Annan, 1989)



200 MHz antennas, but they could not identify such structures smaller than 0.09 m in
diameter that were observed in the excavation. The soil pipes were well defined as were
the topography and soil stratigraphy. However, there was no evidence in the GPR data to
suggest connectivity between the soil pipe networks.

Huisman et al., (2003), published a comprehensive review of methods to measure
soil water content using GPR, including: the single reflected wave velocity (standard
reflection profiling), ground wave velocity, and surface reflection coefficient. Huisman’s
review of the three GPR methods included an overview of the basic principles,
representative data, and the pros and cons of each method. The comprehensive review
also discussed the considerations when using a GPR unit in certain types of soils. These
considerations include: (1) the texture and electrical conductivity of the soil that will be
surveyed, which can vary considerably depending on the material present, and the
dielectric constant of the material, which controls GPR response; (2) antenna frequency,
which determines the minimum resolvable layer thickness, and (3) radar signal
attenuation, which limits the depth of penetration.

The reflection wave velocity measured using constant-offset GPR was the first
method discussed for measuring soil water content. In this method, the GPR has a fixed
separation between the transmitter and receiver, maintaining a constant offset as the GPR
is moved along the ground surface. The GPR pulse emitted into the subsurface will be
partially reflected when a contrast in soil properties is present. Because GPR emits a
pulse in all directions, the corresponding signal reflected by an anomaly (pipe, plume of
water, etc.) is detected before the GPR is directly over the anomaly source. The anomaly

will plot on the radargram as a hyperbola centered on the location of the anomaly. To
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obtain the best results when using this method, sufficient signal penetration, enough
subsurface dielectric contrast to produce a clear GPR reflection, and a reflector at a
known depth are all necessary. The GPR must be able to detect a change in dielectric
properties between wet and dry materials. This method identifies the changes in the
arrival time of reflections from a layer at a known depth caused by moisture changes
above the layer.

Ground wave GPR measures moisture content using the energy that travels from
the transmitter to the receiver along the ground surface. In this method, the transmitter
and receiver must be placed along the ground surface for the receiver to detect the ground
wave signal. The transmitter and receiver antennas are separated by a varying distance, a
method referred to as a bistatic system (Huisman et. al., 2003). Increasing this separation
increases the difference in arrival times between the signal traveling through the air and
the ground, preventing the air and ground waves from interfering with one another
(Huisman et. al., 2003). The ground wave’s arrival time is delayed in wetter soils due to
an increase in the dielectric constant, which is inversely proportional to ground wave
velocity.,

The surface reflection method measures near surface soil water content by
mounting the GPR antennas above the ground. The soil moisture properties can be
calculated from the reflection coefficient of the air-soil interface (Huisman et al., 2003).
In the decade since the publication of the Huisman et al. paper, the surface reflection
approach to measuring soil moisture has advanced to include full-waveform inversion of
stepped frequency data to infer shallow unsaturated hydraulic properties (Jadoon et al.,

2012). In the Jadoon et al., (2012) study, GPR and time domain reflectometry (TDR)
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were used to estimate changes in the soil hydraulic parameters for 20 days. Artificial
infiltration was not applied because the study was conducted to monitor natural
precipitation events using off-ground GPR and TDR (Jadoon et al., 2012). The GPR
antenna was situated 1.10 m above the ground and the soil surface was fully exposed to
evaporation and precipitation. Low frequency (225-800 MHz) antennas were selected to
avoid the effect of surface roughness on the energy reflected back to the antenna. The
TDR probes were placed horizontally in a trench at depths of 0.08, 0.15, 0.20, and 0.30
m. The probes were placed in the ground to monitor the lateral and vertical soil water
content dynamics. The authors concluded that shallow (~0.30 m) subsurface hydraulic
properties and water dynamics could be monitored noninvasively by using off-ground

GPR.

1.5 Previous Studies at Shale Hills CZO

GPR has been used previously in a number of studies at the Shale Hills Critical
Zone Observatory to study unsaturated flow in the shallow subsurface. Doolittle et al.
(2012) used time-lapse GPR, which compared radar data collected before and after an
infiltration event to track water movement. A 1.5 m by 2 m grid was constructed on the
south-facing side of the slope where Weikert soils were dominant. The GPR traverses
were 1.5 m long and were spaced equally at 0.10 m intervals (Lin, 2012). A 1 m long by
0.10 m deep trench was excavated 0.20 m upslope from the grid to induce artificial
infiltration. After infiltration was induced, the grid was traversed six times by GPR.

Line 1 was the closest to the infiltration trench and was the most affected by water
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infiltration. Time-lapse GPR captured lateral flow through the Weikert soils and along
the surfaces of the fractured shale bedrock; time-lapse GPR did not capture vertical flow.

Another artificial infiltration experiment was conducted at the Shale Hills Critical
Zone Observatory in July 2012 (Lichtner et al., 2012). In addition to repeating the time-
lapse GPR method used by Lin (2012), two additional geophysical methods, surface
reflection GPR and ground wave GPR, were also tested. Each method was run before,
during, and after the infiliration period to identify changes in soil moisture.

The overall results of using surface reflection methods in the July, 2012 study
indicated that volumetric water content ranged from 50% to completely saturated
(Lichtner et al., 2012; Lichtner, 2012). The greatest amplitude change occurred near the
trench. However, the surface reflection GPR. method could only detect moisture in the top
few centimeters of the soil profile (Lichtner, 2012). Therefore, the artificially infiltrated
water could have penetrated deeper within the subsurface and would not have been
detected by surface reflection GPR.

Time-lapse GPR was also conducted as part of the July, 2012 study. A total of
eight surveys were completed. The results from the GPR survey revealed areas where the
water flowed in the shallow Weikert soil, which was determined by the reflection
amplitudes increasing due to increasing water content. Furthermore, the results showed a
rapid infiltration rate (~3 L/min) within the shallow Weikert soil, based on the known
value of water injected into the ground and the time it took for the water to infiltrate the
trench. The presence of a well-defined amplitude anomaly suggested that macropores

might be present at this site.

18



Finally, ground wave GPR was used as a part of the July, 2012 study. This
method was tested with two, 2 m long, 2D profiles spaced 0.02 m apart (Lichtner, 2012).
To ground truth the GPR method, POGO moisture probe data were collected every
0.20 m along the profile and infiltration test data were collected. Two infiltration tests
were conducted and the probe data were collected after the second test. The purpose of
the second test was to identify changes in the ground wave arrival times and to
understand the relationships between the soil water content and travel times (Lichtner,
2012). Time-lapse GPR showed an increase in water content directly after water
infiltrated through the soil.

The three geophysical approaches explored in this study furthered the
understanding of lateral flow and the rapid rate of infiltration within the shallow
subsurface of the soil though observing variations in amplitude reflection and travel
times, which indicate that changes in the soil moisture content occurred. These studies
led us to believe that a dye tracer test and GPR could be used to image preferential flow
paths in the unsaturated zone at the Shale Hill CZO; in addition, it was hypothesized that
shallow vadose zone flow at the Shale Hills CZO behaves according to the “fill and spill

model” of Graham et al., (2010).
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CHAPTER 2

METHODS

Dye tracer and GPR were used to image preferential flow paths in the unsaturated
zone on hillslopes in two adjacent watersheds (Shale Hills and Missed Grouse) within the
SSHO. Various geophysical methods have been applied at the SSHO, but this is the first
study to compare the use of dye to trace preferential flow paths within the unsaturated

zone in conjunction with GPR to image preferential flow paths and to map bedrock

topography.

2.1 Preliminary Laboratory Tests

Before the field tracer tests were conducted, samples of Weikert soil were
collected from below the O horizon at the Shale Hills field site and sent to Temple
University to conduct preliminary laboratory tests to confirm that: (1) the dye stained the
soil, (2) the dye was mobile, and (3) the dye was visible against the background soil
color,

Column experiments were performed on two 0.30 m long x 0.03 m diameter,
clear, plastic columns that were packed with dry Weikert soil. A syringe was used to
inject 60 ml of tap water mixed with Brilliant Blue dye (C37H34N>Na;OsS3) into the first
Weikert soil column; the concentration of the Brilliant Blue dye was 4 g/L. Both the dye
and water traveled 0.13 m into the column. Upon injecting 60 ml of water, the pressure

between the column and syringe decreased, which resulted in the dye front withdrawing
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from a maximum distance of 0.13 m away from the injection point to 0.125 m. However,
the water remained at 0.13 m. (Figure 2-1 A and C).

The dye traveled through the column but did not stain the soil at the furthest
extent of travel as evidenced by the dye and water separation after the injection.
However, the dye was visible against the background soil color. (Figure 2-1 A and C). In
the second experiment the Weikert soil column was pre-wetted with 60 ml of tap water,
which only saturated the top 0.15 m of the soil column. Following the pre-wetting of the
soil, 60 ml of tap water and Brilliant Blue dye at a concentration of 4 g/L was injected
into the column. Pre-wetting the soil column prevented separation of the dye and water
from each other as well as from the soil (Figure 2-1 B and D). Based on the results of the
second soil column experiment, soils at the field sites were wetted prior to injecting the
dye. An additional experiment was conducted in the laboratory after the field tracer test
verified that the dye also visibly stained darker material sampled from the O horizon

(Figure 2-2).

2.2 Field Experiment

2.2.1 Site Selection

After selecting comparable watersheds, specific field sites were then selected in
areas of similar terrain within each watershed. Sites were sclected based on similar
hillslope orientation (south-facing), slope position (backslope), low tree density, and
similar soil and bedrock conditions to the preliminary work of Lin and Lichtner

(Lichtner, 2012; Lichtner et al., 2012; Lin, 2012).
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Figure 2-1. Photographs of
column experiment, A.
Shows the dve
withdrawing from the
water line. The dye did not
stain the soil since the dve
and water line are
separated. This can be
seen in figure C, where the
soil was removed from the
column and placed in a
petri dish. The dye did not
stain the soil because the
dve and water separated
from the soil. B.
Represents pre-wetting of
the soil, which allowed the
dye to stain the soil. This
can be seen in Figure D,
where the soil was
removed from the column
and placed into a petri
dish. The dye did stain the
soil.
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Figure 2-2. Photograph of dve stained soil. The O-horizon is visibly stained when
wetted with the dye solution.
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A steep slope was chosen to observe lateral flow in the shallow subsurface, as
opposed to focused accumulation or vertical infiltration and flow through the saprock.
The steep slope was chosen based on a cross-section of each field site. Based on the
physiographic position, both sites were located on Weikert soils, consistent with Lichtner
et al. (2012) (Figure 2-3). Areas with low tree densities were selected to ensure sufficient
space (3 m x 3 m minimum) for maneuvering the GPR, and to provide adequate space for

a grid (1 m x 2 m) and two trenches (~1 m x ~0.3 m) upslope and downslope from the
grid.

2.2.2 Site Preparation

Four pieces of lumber were used to mark the GPR perimeter. Two pieces of
lumber ~ 2 m in length were oriented parallel with the slope, and the other two pieces of
lumber of a length of ~ 3.5 m were oriented perpendicular to the slope (Figure 2-4). The
~3.5 m long board that was located on the upslope side of the grid was used as a guide
when pulling the GPR antennae across the grid. Each survey was composed of 21
transect lines, and each transect line was 2 m long and spaced 0.05 m downslope from the
previous line. Once the wooden grid was in place, leaf litter was removed from within
the gridded area, which enabled the GPR antenna to slide easily across the grid.

Two trenches were excavated at both field sites; the upslope trench (injection
trench) was used to conduct infiltration and the downslope trench was used to observe
whether water from the upslope trench flowed through the gridded area. At both field

sites, the length and width of the injection trench were similar, but the depth of the
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Figure 2-3. Elevation profiles are of the Missed Grouse and Shale Hills field sites. Both
field sites are marked by a colored dot showing site location along the backslope.




Infiliration Trench

il * ?
GPFR Transect

Figure 2-4.Photograph of the survey grid. The photograph is taken from the downslope side.
Leaf liter was removed to facilitate the GPR survey,

26



injection trench and distance from the survey grid to the injection trench varied. At
Missed Grouse, the injection trench (1.15 m x 0.20 m x 0.18 m) was dug 0.20 m upslope

from the GPR grid. At Shale Hills, the injection trench (1.15 m x 0.20 m x 0.20 m) was
dug 0.30 m upslope from the GPR grid. The downslope trenches were located 0.75 m

downslope from the grid; both downslope trenches were 1.0 m x .27 m x 0.20 m.
2.2.3 Water and Brilliant Blue Dye Infiltration Experiments

Infiltration experiments were conducted at both field sites by positioning a 1.15 m
long PVC pipe inside of the injection trench. The pipe had a slit cut lengthwise and a cap
was placed at each end. The edge of the lengthwise slit served as a point of constant head
during the two infiltration experiments (Figure 2-5). The lengthwise slit was tilted

slightly downslope to ensure the water would evenly spill over into the injection trench
(Figure 2-5).

Two infiltration experiments were conducted at both sites based on the need for
pre-wetting the soils. In the first infiltration experiment, 53 L of tap water was pumped
into the PVC pipe, and in the second infiltration experiment, 53 L of creck water and
Brilliant Blue dye at a concentration of 4 g/L were pumped into the pipe. The tap water
used in the first experiment was obtained from Penn State and water used in the second
experiment was obtained from a creek located ~100 m downslope from each field site.
The fluid conductivity of dye solution was (1.5 to 3 mS/cm) in contrast to the tap water
(0.6 mS/cm), but the radar response is far more affected by moisture content than a small

change in salinity.
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Figure 2-5. A. PVC pipe tightly placed inside the upslope
trench. Water was manually pumped through the hose and
into the PVC pipe. B. Brilliant Blue dye mixed with water
was manually pumped through the grey hose and into the
PVC pipe. The slit is facing downslope to allow water to
evenly infiltrate. The edge of the lengthwise slit is used 1
ensure the dye solution is maintained at a constant head.
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2.2.4 GPR and Transects

A geophysical survey was completed before water was injected into the trench
(background survey) and after each infiltration experiment (post-water and post-dye).
The purpose of completing the background survey at both field sites was to identify the
depth to saprock within the radargrams, and to compare with post-water and post-dye
radargrams to detect changes in moisture content created by the injections. At the Missed
Grouse and Shale Hills field sites, MALA GPR 800 MHz shielded antenna was used for
the surveys. The selected radar acquisition parameters are seen in Table (Tab1e2.2-1).
Three GPR surveys were completed at the Missed Grouse site and six were completed at
the Shale Hills site. The 800 MHz shielded antenna was pulled along the ground surface
by hand and guided along the ~3.5 m long board. Each survey was composed of 21

transect lines, and each transect was 2 m in length and spaced 0.05 m apart (Figure 2-6}.

215 o
The first GPR transect line at each field site was recorded 0.20 m downslope from the
BI0 o

injection trench at Missed Grouse and 040 m downslope from the injection trench at
Shale Hills. Each measurement was relative to the injection trench based on the center of

the antennas position with respect to the ~3.5 m long board.

A Distance Measuring Wheel was calibrated before the GPR surveys were
completed. The 800 MHz shielded antenna was pulled along the ground surface and
guided along a meter tape using a calibrated distance of 2 m. The Distance Measuring
Wheel was used to encode the horizontal position of each radar trace automatically as the

antennae were moved along each radar transect line.
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Table 2-1

GPR data acquisition paramelers

Data Acquisition Parameters

Missed Grouse and Shale Hills

Number of Traces: | ~ 200
Trace Spacing: 0.1 m,
{Section length= ~2 m)
Samples per Trace: | 400
0.1164 ns;
Sample Intervalk: | oo indow = 46.434 ns)
Antenna: | MALA 800 MHz
Antenna Offset: | 0.14 m
Distance Measuring Wheel: | 150 mm
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Figure 2-6. MALA ground-penetrating radar 800 MHz Shielded antenna is pulled across the
surface of the ground and guided along the ~3.5 m long board that was located on the
downslope side of the 800 MHz Shielded antenna. Each survey consisted of 21 parallel transect
lines spaced 0.05 m apan.
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In addition to wheel calibrations, the velocity of the radar waves through the soil
was measured in the field. The velocity was measured in three steps: (1) a metal stake
was driven horizontally into the excavated cross section face at a depth of 0.30 m; (2) the
800 MHz shielded antenna was pulled along the ground’s surface and guided along the
~3.5 m long board that was located at Line 17 of the GPR survey; and (3) the raw
radargram was analyzed using MatGPR to measure the velocity by fitting the diffraction
hyperbola to obtain the average velocity of the entire soil layer. (Figure 2-7 and Figure 2-
8)

A background pre-injection GPR survey, post-water GPR survey and a post-dye
GPR survey were conducted at both sites; each survey took ~15 minutes to complete.
The post-water and post-dye infiltration GPR surveys were conducted directly after 53 L
of water, or water plus Brilliant Blue dye, had infiltrated the injection trench. At the
Missed Grouse field site, each type of survey was completed once. However, at the Shale
Hills field site, each survey was repeated. The background survey was repeated to ensure
the measurements were reproducible, and the post-water and post-dye GPR surveys were
repeated to observe changes in soil moisture conditions. The replicate surveys were

conducted approximately 15 minutes after the initial survey.
2.2.5 Total Station and Tile Probe

The total station was used to measure the surface topography of the gridded area
at the Missed Grouse Field Site. The same ~3.5 m long board that was located on the
upslope side of the grid also acted as a guide for the total station reflector (Figure 2-9). A

total of 21 elevation transect lines were created. Each transect line was 2 m in length and
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Figure 2-7. Metal stake inserted at a measured depth below ground and used o
measure the velocity of the radar wave through the soil.
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Figure 2-8. The radargram represents Line 17 of the GPR survey conducted at Missed
Grouse. Diffraction hvperbola fitted to measure velocity at the measured depth from
the field. The measured velocity was 0.0768 m/s. The diffraction hyperbola fitted in
the above figure was used to convert time to depth in subsequent figures. Vertical

exaggeration is 1.5,



Figure 2-9. A. The total station used at the ficld site. B. Reflector has
been placed on the ground, rather than on a pole. The total station grid
was 2 m long by 1 m wide; measurements were collected along the 2
m long board at 10 ¢m intervals.
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measurements were taken at 0.10 m increments along the line. The data were processed
in MATLARB to plot the surface elevations with respect to the total station.

At Shale Hills, a tile probe was used to determine the thickness of the regolith at
locations within the study area following collection of the GPR data. The tile probe was
pushed into the ground to refusal depth every 0.10 m along Line 21 of the GPR transect
line. Tile probe measurements were taken at Missed Grouse but the data collected was

limited (only four measurements).

2.2.6 Excavation

Soils were excavated to expose and document preferential flow paths, and to
provide ground truth to verify the applicability of GPR for mapping preferential flow
paths. The excavations were dug manually downslope of the injection trench by the use
of a trowel, pickax, and a shovel over a period of two days at each field site, resulting in a
0.60 m x 2 m x 0.25 m pit at Missed Grouse and a 0.40 m x 2 m x 0.38 m pit at Shale
Hills. Each pit was positioned far enough away from the upslope injection trench to
preserve the stability of the excavation wall and prevent accidental dye movement. The
excavated pit was positioned 0.10 m downslope from the injection trench at Missed
Grouse and 0.20 m at Shale Hills.

To document the vertical and lateral change in preferential flow paths, the soil
was excavated in a series of layers. Photographs were taken at the Missed Grouse field
site to document the exposed dye pattern at depths of 0.02 m, 0.04 m, 0.08 m, 0.12 m,
0.14 m, 0.21 m, and 0.25 m At the Shale Hills field site, the soil was removed and

photographs were taken at depths of 0.05 m, 0.08 m, 0.25 m, and 0.38 m. An umbrella
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was used to provide even shading for photographs. Excavation ceased in the downslope
direction once the dye no longer stained the soil and bedrock (Figure 2-10). The final
excavation depth was different at the two field sites; the Missed Grouse pit was 0.25 m
deep and the Shale Hills pit was 0.38 m deep. At Missed Grouse, the excavated pit was
selectively deeper near the injection trench to view the vertical extent of the dye;

therefore the total depth of the selected area was 0.80 m.

2.3 GPR Background and Analysis

2.3.1 Background Information on GPR

Three important aspects of GPR include: (1) soil properties, particularly the
relative dielectric constant, which determines reflection strength; (2) antenna frequency,
which determines how thin a layer can be resolved, and (3) radar signal attenuation,
which limits the depth of penetration. The relative dielectric constant (g;) controls the
velocity of the radio waves through a given medium (Vm), as well as the reflection
coefficient (R) at the boundary between media. From the reflection coefficient, the
change in moisture within the soil can be observed in the radargrams by comparing the
post-water and post-dye radargrams to the background radargrams. The dielectric
constant (&) ranges from 1 in air to 81 in water, and most geologic materials have a
dielectric constant between 3 and 30. Equation 1 expresses the relationship between the
speed of light in free space (¢} and the relative dielectric constant (&) to determine radar

velocity in low-loss materials.

Vm =— Equation 1
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Figure 2-10. The image above shows the excavated soil pit. the dye stained face and
the saprock surface. The scale bar is 1.20 m long and each color represents 0.30 m.
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As the dielectric constant increases, the radio wave velocity (m/ns) decreases
(Figure 2-11). The reflection coefficient (R) is determined by the contrast in radar
velocities between two materials. V; refers to the velocity in layer 1 and V; is the velocity

in layer 2.

V-V, :
R= Vl_-!-V_z Equation 2
1 2

Thus, the radar reflection at the boundary between materials depends on the
contrast in dielectric constants,

R = (m'\fe_l)

= me Equation 3

where ¢, refers to the dielectric constant in layer 1 and ¢; is the dielectric constant in layer
2. Topp et al. (1980) found an empirical relationship between volumetric water content

(0) and the relative dielectric constant:

9 = —5.3x1072 + 2.92x1072¢ - 55x107*e? + 4.3x107%¢*  Equation 4

The shape, size, and sorting of the grains in the material have a large effect on the
electrical and dielectric behavior because the amount of moisture in the soil/rock depends
on the porosity. Moisture in most rocks is present either in the pore space, as is the case
with sandstone, or is confined within the mineral lattice, such as clays with a low porosity
(Reynolds, 2011). Consequently, the lateral movement of water under the GPR
measurement grid can be expected to alter the strength of reflections seen as differences
in the radargrams before and after injection.

The second important aspect of GPR is resolution, which is determined by the
center frequency and bandwidth of the radar pulse (Huisman et al., 2003). The GPR

system must be able to distinguish two reflected pulses close in time to resolve a thin
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layer (Davis & Annan, 1989). By changing the frequency, the resolution will change; as
the frequency increases, the pulses become narrower and the resolution increases.
Resolution is also affected by radar pulse width; for GPR to identify an object, the object
must be of a size similar to or greater than the radius of the radar pulse (Fresnel zone),
which increases with distance due to geometric spreading. The First Fresnel zone (Figure

2-12) is mathematically defined by:

r (i—;) (%)E Equation 5
where X is wavelength of the incident radar pulse at the propagation speed in the material,
and z is the depth to the reflecting surface (Reynolds, 2011).

The third important aspect of GPR is attenuation. Increased penetration depth can
be obtained with lower-frequency radio waves, but this decreases the resolution of the
radar reflection (Holden et al., 2002). A good first estimate of the depth for any GPR
survey is given by the skin depth, the depth at which the wave amplitude has decreased in
amplitude to 1/e (or 1/2.71828) of its original amplitude (Reynolds, 2011). Skin depth is

defined mathematically as

1
3= (—2— * Equation 6

wo
where 8 is the skin depth (in meters), © is angular frequency, o is the conductivity at the
given frequency (S/m), and p is the magnetic permittivity. Therefore, the depth of
penetration is not only dependent on frequency, but also on the properties of the material
through which the radio waves travel. In dry sand and gravel, high frequency antennas

can attain penetration depths up to several meters, whereas clays decrease the penetration
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Figure 2-12. The First Fresnel zone refers to the diameter of the radar signal pulse as a
function of wavelength and depth. Targets with a cross-sectional area smaller than the
First Fresnel zone will blur together on the radargram. (Source: Reynolds, 2011)
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depth (Huisman et al., 2003). Clay minerals possess a surface charge which causes them
to be conductive with minimal moisture, and which will cause attenuation and loss of
resolution. The depth of penetration and attenuation are dependent on the clay content
_ and the degree of moisture. Based on these three GPR properties, a relatively high-
frequency antenna (800 MHz) was selected to study the unsaturated zone at both field
sites given the need for high resolution to look for preferential flow paths over a required
penetration of less than a meter in depth.

2.3.2 GPR Analysis

GPR analysis requires two stages: data-processing and interpretation (Figure 2-
13). Data processing refers to both onsite processing and refined processing in the office.
Onsite processing is commonly automated and entails editing, filtering, signal gains and
data display (Reynolds, 2011). Some interpretations can be made with basic processing in
the field, however post-processing is essential for the most accurate interpretations. |

MatGPR (Tzanis, 2010) was used to post-process the radargrams, which enabled
the changes in the soil moisture and the bedrock interface to be identified. To process the
background, post-water, and post-dye GPR surveys, scripts were created using
MATLAB. These scripts (Appendix A) were used to automate the data processing (Table
2-2) by applying the identical steps to each of the radar profile lines.
The saprock and infiltration post-processing steps 1-4 were the same for both field sites;
post-processing steps 5-8 were different for the two field sites as well as for the saprock
and infiltration radargrams (Table 2-2). The first processing step was to “dewow” the
data. The dewow filter removed the low-frequency noise (high amplitude) created by the

proximity of the transmitter and receiver in the GPR antenna. The second
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Figure 2-13. GPR data processing workflow (Reynolds, 2011). The information in bold
pertain to the main post-processing steps.
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Table 2-2

Qutline of GPR processing steps

Missed Grouse Shale Hills
Step
# " .
Saprock Processing Steps Infiltration Processing Steps Saprock Processing Steps Inﬁltratlgrgcﬁ;ocessmg

1 | Dewow'ed

2 | Adjust Signal Position (3.375ns)

3 j Removed Global Background

4 | Low-Pass Frequency Filtered at 160G MHz

5 Low-Pass Wavenumber filter | Trimmed Time Window Hilbert Transform- Trimmed Time Window
{cut-off number =20.0734) [ (last 31.189 ns}) Instantaneous amplitude (last 31.189 ns)

6 Hilbert Transform- Applied gain Time to Depth Conversion Applied gain
Instantaneous amplitude g(ty= 0.05803*t"2 {(V=10.075 m/ns) g(t)= 0.05803*t"2

7 Time to Depth Conversion Low-Pass Wavenumber filter | Depth to Saprock Calculation ggﬁi;gﬁp th
(V=0.075 m/ns) (cut-off number = 20.0734) J (Amplitude cut-off = 150) (V=0.075 m/ns)

p Depth to Saprock Calculation | Time to Depth Conversion

(Amplitude cut-off = 90)

(V=10.075 m/ns)

Note bolded cells refer to the extra step applied to the processing of Missed Grouse radargrams.
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step was to adjust the signal position, which controlled the vertical position of the surface
reflection. To determine surface arrival time, the first break in the curve is identified; this
is where the vertical line becomes a curve in the trace. The third step was to remove the
global background. This filter removed an average of all of the traces from the data to
mute the horizontal banding in the radargram created by the direct transmission of the
pulse between the transmitter and the receiver through the air and the ground surface. A
low-pass filter was the fourth step; this filter allowed low frequencies to be passed
through, but would attenuate frequencies higher than the cut-off frequency. In this study,
a cut-off frequency of 1600 MHz was used, twice the center frequency of the antennae.

The Hilbert Transform filter was an additional step to aid in determining the
thickness of the regolith. This filter calculated the instantaneous amplitude time series.
Areas within the radargram that had the strongest radar signal were enhanced by the
Hilbert Transform filter, making it easier determine the depth at which signal attenuation
increased sharply as the radar pulse entered the saprock.

The Wavenumber Filter was an additional processing step applied to the Missed
Grouse radargrams. At this site the GPR antenna was dragged too quickly along the
ground, which caused small time offsets between the traces in each radargram. This filter
was not applied to the Shale Hill radargrams because the GPR antenna was slowly pulled
along the ground and caused the trace-to-trace changes within the radargram to be
smooth. The Wavenumber filter operates as a spatial filter; this filter smoothed the
changes between the traces within the Missed Grouse radargrams. However, the Missed

Grouse radargrams were truncated at .45 m depth due to noise below that depth for this

survey.




Two additional post-processing steps were applied to the Infiltration radargrams:
trimming the time window and applying signal gain. Trimming the time window
removed the late portion of the record where the noise exceeded the signal. The cut-off
time was determined based on the attenuation of the signal within the radargram. The
signal gain was applied after the time window was trimmed. This gain function boosts the
signal as a function of depth to compensate for attenuation within the radargrams.

The next step was to measure the velocity within the radargram. The first two
parts of measuring the velocity were completed in the field and are discussed in Section
2.2.4, and involved collected a radar line over a metal stake buried at a known depth. The
third part was completed using MatGPR. The shape of the hyperbola in the radargram
created by diffraction of the radar wave by the buried stake is a function of the velocity of
the soil and the burial depth. Therefore, fitting a hyperbola to a target at a known depth
can determine the average velocity of the material above. The time to depth conversion
was the next processing step applied. This process, which assumes a uniform or layered
velocity structure, converts the travel time vs. distance to depth vs. distance. This allows
the reader to identify objects at depth rather than a two-way travel time.

The depth to saprock calculation was the last step for post-processing the saprock
radargrams. Because the less weathered rock attenuates the signal far more strongly than
the soil layer, the bottom of the regolith was chosen as the depth where the signal within

each trace rapidly decreases (attenuates).
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2.4 Estimation of Depth to Saprock based on Tile Probe Data and GPR

The purpose of identifying the depth to saprock was to verify whether GPR offers
a noninvasive approach to characterizing and imaging shallow soil and saprock properties
at the two study sites. In addition, a tile probe was used to identify the depth to saprock at
Shale Hills. The tile probe data were first collected in the field, and then MATGPR was
used to plot the data within Line 21 of the radargram. The purpose of plotting the tile
probe data first was to use it as a reference to determine the amplitude threshold for the
saprock boundary produced by the GPR.

An amplitude threshold of 5.5% was chosen for each field site based on a
dramatic change in the strength of the radargram and fit to the tile probe data. Equation 7

was used to calculate the depth to saprock (Figure 2-14).

%Max = (%‘-) X 100% Equation 7

where %Max refers to the chosen Amplitude threshold, M, refers to the maximum
amplitude produced within the individual trace, and B, refers to the radar amplitude at the
regolith-saprock boundary. This calculation was repeated for each trace in every
radargram of the background GPR survey. The result was a dense array of saprock depths
over the 1 m x 2 m survey grid. A fifth order 2D-polynomial surface was fit to these data

to create a smoothed representation of the saprock surface.
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2.5 Soil Characterization

2.5.1 Hydrophobicity Measurements on Soil Cores

A hydrophobicity test was conducted in the laboratory and in the field at each site.
Hydrophobicity is tested by adding water with a 1 ml pipette to the soil samples and
observing the water drop penetration time (WDPT). In general, soil is considered to be
water repellenthydrophobic if the WDPT exceeds 5 s. Dekker and Jungerius (2009)
created a quantitative classification of the persistence of soil water repellency. Class 0 is
wettable, non-water repellent (infiltration within 5 s). Class 1 is slightly water repellent
(5-60 s). Class 2 is strongly water repellent (60600 s). Class 3 is severely water
repellent (600-3600 s); and extremely water repellent (>1 h) soil is further subdivided
into Class 4 (1-3 h), Class 5 (3—6 h), and Class 6 (>6 h).

Core samples were collected from the Missed Grouse field site and the Shale Hills
field site to determine hydrophobicity. Each core sample was collected 0.20 m upslope
from the infiltrometer locations (Figure 2-15). All core samples were collected in a clear,
plastic column to a depth of 0.10 m and were collected three days after 39.2 mm of rain
had fallen. In the cases where soil contained abundant rock fragments, only 0.02 m of soil
was recovered in the plastic column; more soil (up to 0.12 m) was recovered in soils
where rock fragments were rare or absent.

Once the soil cores were brought back to the laboratory, they were emptied into
individual soil core lids, which kept the samples roughly intact because each lid
contained a distinct soil depth interval at the same diameter as the core (Figure 2-16). The
hydrophobicity test was conducted in the laboratory five days after the samples were

collected. Once the soil samples were extracted, water was dripped onto each soil sample
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GPR Survey, Infiltrometer Soil Profile, and Hydrophobicity Locations at the Missed Grouse
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Dimensions of Soil Profile:
Length: 0.65 m Width: 0.80 m Depth: 0.25m
Point 1 is located in the middle of all infiltrometer samples and K is located 2 m downslope of the survey grid.
Points E and F are 0.5 m to the right of Missed Grouse survey grid.
Soil Core samples were taken 0.20 m upslope from locations: E, F, G, and K.
Note: The locations of the core samples are not to scale on the figure. Soil profile not drawn to scale.

Figure 2-15. Map of where infiltrometer and hydrophobicity tests were performed and soil core samples were collected for Missed
Grouse, 51



GPR Survey, Infiltrometer Soil Profile, and Hydrophobicity Locations at the Shale Hills
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Figure 2-15. Map of where infiltrometer and hydrophobicity tests were performed and soil core samples were collected for Shale

Hills.
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Figure 2-16. Photograph of Weikert soil repelling the water {hydrophobic).

53



using a syringe. The drops of water were timed by a stopwatch to measure the infiltration
rate using the classification of Dekker and Jungerius (2009).

For the field hydrophobicity test, one soil core sample was collected 0.01 m
upslope from each soil profile, which permitted identification of distinct soil horizons
within the excavated area. This allowed obstacles, such as rocks to be avoided when
inserting the plastic core. The hydrophobicity test was conducted at the field site and
samples were collected two days after 0.6 mm of rain had fallen. Once the soil samples
were extracted, 1 ml of water was dripped onto each soil sample. The drops were timed
and the same classification was used.

2.5.2 Soil Profile

One soil profile at each field site was exposed using hand tools to determine
differences in soil and saprock types. Each soil profile was excavated to the depth of the
pit excavated after the tracer experiment. A 0.65 m x 0.80 m x 0.25 m pit was excavated
to the left of the Missed Grouse field site (direction looking upslope). At the Shale Hills
field site, 2 0.30 m x 0.40 m x 0.39 m pit was created to the right of the injection trench.
At both field sites, the downslope facing wall of the new pit was used as the soil profile.
Each soil horizon was identified based on changes observed in soil color and grain size
distribution. Fracture density and the strike and dip along the bedding planes were
measured to determine differences between sites. A Munsell soil color book was used to
identify the soil color. Further grain-size analyses were completed in the laboratory
(Section 2.5.3) (Munsell, 2000). Soil samples were collected from each horizon. Most
soil samples were 0.05 m x 0.05 m x 0.05 m. For thinner horizons the width and length

were 0.10 m, and the thickness of the soil sample was dependent on the thickness of the
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soil horizon. Soil horizons greater than 0.05 m thick were divided into 0.05 m increments
to observe any change in grain size distribution with depth.

2.5.3 Grain Size Distribution

A grain size analysis of each soil horizon was conducted to determine the gravel,
sand, silt, and clay content of each soil. Soil samples from each horizon were placed in a
200 ml cup and into a kiln to dry for 24 hr at 38°C. The cups were weighed twice, once
before the soil was placed into the cup, and then after the soil was completely dry. The
weight difference between the cup and the cup of soil was then calculated to determine
the mass of the soil. The soil was then wet-sieved using 2.83 mm (> pebble), 2.00 mm
(granular to very coarse sand), 0.15 mm (very fine sand to coarse sand), 0.0625 mm {very
find sand to coarse silt), 0.01 mm (very fine silt), 0.006 mm (very fine silt), and 0.003
(clay). Three samples were manually wet-sieved (Missed Grouse C horizon and the Shale
Hills B and C horizons) and four samples were wet-sieved using an H-4326 Humboldt
motorized sieve shaker (Missed Grouse A, B, and B/C soil sample horizons and the Shale
Hills A horizon). Both methods yielded similar grain-size distributions, indicating that
either method could be used for this study.

Once the soil was sieved, the remaining sediment in the sieves was then placed in
a plastic dish and dried in a kiln for 24 hrs at 38°C. Each dish was weighed before the
soil was placed into the dish and then after the soil was completely dry. The difference
was then calculated to record the mass of the sieved soil. Equation 8 explains how the
mass of each sieved sample (S) and the total mass of the sample collected from that

horizon (H) determines the mass percent of sieved soil (m%).
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m%b = (% ) x 100% Equation 8
Once m% was calculated for each soil horizon, the distribution of grains sizes were then
truncated to show the distribution of the smaller grain sizes (clay to sand). Equation 9
explains how the coarse grains of soil (grains larger than pebbles) were removed from the
total mass of the sample collected from that horizon to provide a modified mass (Hr) to
determine the truncated mass percent of sieved soil (my%), which is the fraction of the

soil with grain size ranging from clay to pebbles.
mr% = (HiT) x 100% Equation 9

Once the mass percent of all the sieved soil was calculated, the accuracy of soil sieved
method was determined by calculating the percent error (pe) from the mass of each soil

horizon (Sy ) and the sieved proportion of each horizon (Hg).
pe = (_m;;_—s_;zgx 100% Equation 10
H

2.5.4 Infiltrometer

An IN2-W Turf Tec infiltrometer with an inner ring diameter of 0.06 m and an
outer diameter of 0.11 m was used at both the Missed Grouse and Shale Hills field sites
to compare infiltration rates (Figure 2-17 A). The upslope brim of the infiltrometer was
flush with the surface and leaves and other organic material were placed around the
downslope wall of the infiltrometer to prevent leakage. (Figure 2-17 B and C). Seven
infiltrometer readings were recorded at each site. The downslope infiltrometer
measurements were collected first to avoid upslope infiltrometer experiments interfering

with the downslope infiltrometer recordings. Water was added following the
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Figure 2-17. A. Infiltrometer
was placed on the right side
of the survey grid, facing
upslope, to study infiltration
rates. B. Infiltrometer placed
along the surface of the
hillslope; the brim of the
infiltrometer on the upslope
side is snug to the ground.
C. Since the infiltrometer is
positioned along the hillslope,
the brim of the downslope
facing side of the
infiltrometer is 0.04 m above
ground.




manufacturer’s recommended guidelines (Turf-Tec, 2014). The experiment began once
the inner and outer rings were full of water, and the infiltrometer float indicator was at 2
mm (Figure 2-18).

At each field site, steady state and transient techniques were applied to measure
infiltration rates. Both methods were applied at depths of 0 m, 0.10 m and 0.20 m. The
steady state method measured the infiltration rates at the end of fifteen-minutes and the
transient method recorded infiliration rates at every minute until the infiltration rate was
steady for at least 3 minutes.

During the steady state measurement water was continuously added to the
infiltrometer whenever the float indicator dropped below 98 mm. The time and the
amount of water were recorded with each refill. At the end of the first fifteen minutes, the
infiltrometer was removed and reinserted into the ground at a depth of 0.10 m; the
procedure of adding water and recording the time was repeated. Depending on the soil
structure, the infiltrometer was either inserted into the ground at 0.10 m or relocated. At
some locations, infiltrometer data could not be obtained from 0.10 m and 0.20 m because
the soil was too rocky to place the infiltrometer at those depths. Four out of fourteen
infiltrometer surveys were conducted at a depth of 0.20 m; the rest of the infiltrometer
surveys were relocated because the ground contained too many rock fragments for the
infiltrometer to be inserted to a depth of 0.20 m.

The same procedure applied for inserting the infiltrometer to the three different
depths for the transient method. However, the rate of infiltration and the time were

recorded every minute until the infiltration rates began to taper off.
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Figure 2-18. The scale on the
infiltrometer was used to mark
water level. The screw rises or
lowers based on the water level
that is in the infiltrometer.
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2.6 Summary

The combination of laboratory experiments and fieldwork were designed to test
the utility of GPR for monitoring shallow preferential water movement. It was concluded
that pre-wetting the soil allowed the dye to sorb to the soil. Excavating the GPR surveyed
area at both field sites provided ground-truth to compare with the soil moisture plumes
and depth to saprock calculated from the GPR data. By creating a soil profile, the grain

size distribution within each soil horizon was identified, as well as the type of soil and

saprock.
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CHAPTER 3

RESULTS

The objectives of the work performed at Missed Grouse and Shale Hills were: (1)
to investigate whether or not there are differences between vertical and lateral preferential
flow paths in the unsaturated zone between the two adjacent watersheds and (2} to
evaluate the viability of GPR in conjunction with dye tracer surveys as a non-invasive

approach for monitoring the preferential flow of water in the shallow unsaturated zone.

3.1 Field Experiment

3.1.1 Water and Brilliant Blue Dye Infiltration Rate of the Injection Trench

The rates of infiltration into the injection trench differed at the two field sites. At
the Missed Grouse field site it took 24 minutes to inject 53 L of water into the injection
trench during the first release, and 60 minutes for the water and dye mixture to infiltrate
the injection trench during the second release. The second release was performed 30
minutes after the end of the first injection. At the Shale Hills site, it took 12 minutes for
the first release of 53 L of water to infiltrate the injection trench and 30 minutes for the
water and dye mixture to infiltrate the injection trench during the second release. The
second release was preformed 30 minutes after the end of the first injection. Overall, it
took longer for the fluids to infiltrate the injection trench at Missed Grouse than at Shale

Hills.
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3.1.2 Excavation of the Pit and Preferential Flow Paths

3.1.2.1 Missed Grouse

At the Missed Grouse site dye was visible in the O horizon starting at a depth of
0.02 m, and in the first 0.01 m of the A horizon. In a shallow upper layer, excavation
exposed four plumes of dye ~0.10 m downslope of the injection trench, and between
~0.90-1.80 m along the direction of the GPR survey line starting at a depth of 0.02 m
(Figure 3-1). The excavated area at this depth was 0.60 m x 2.00 m. In relation to the
survey line, one large finger, possibly flow following a macropore, (~0.30 m x ~0.30 m)
was located between ~0.90-1.20 m, two small fingers (~0.10 m x ~0.10 m) were located
between ~1.20-1.50 m, and one medium size finger (~0.20 m x ~0.20 m) was located
between ~1.50-1.80 m. Finer diameter roots (0.005 m or less) were observed at this
depth. In addition, the bark of all the finer roots, within the O and A horizons, was
stained by the dye. In the depth interval 0.02-0.08 m, the four fingers coalesced to form
one large plume. This plume spanned a width between ~0.90-1.80 m in the direction of
the survey line. At a depth of 0.08 m, one large root measuring 0.04 m diameter was
exposed in the center of this layer. The dye stained the bark of the root, as well as the
inside of the root (Figure 3-2).

Between 0.08 m-0.25 m below ground, both sides of the plume narrowed as a
function of increasing depth and distance from the injection trench (Figure 3-3). The dye
plume travelled a total distance of ~0.55 m downslope from the injection trench but a
finger of dye in the center travelled 0.70 m downslope (Figure 3-4). The dye traveled
more than 0.80 m vertically; however, the exact distance was not measured because at

this depth further manual excavation of saprock was not feasible (Figure 3-5). On the
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Figure 3-1. Four plumes of dye observed at the Missed Grouse field site. The
plumes of dye were located 0.25 m topographically downslope from the
trench starting 0.02 m below the ground surface. The yellow stick is 1 m long.
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Figure 3-2, At the Missed Grouse field site, the dye stained the inside of the roots, not
just the bark. This root was found 0.08 m below ground.



Figure 3-3. Photograph of the dye pattern (plume) at the Missed Grouse field gite.
Gireen line marks the base of trench cross section,
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Figure 3-4. Photograph of a side view of the dye pattern at the Missed Grouse field
site. The black arrow point to the finger of dye extending downslope 0.70 m,



=

Figure 3-3. The soil and saprolite were removed to a depth of 0.80 m at the Missed
Grouse field site.
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downslope end of the excavation, the plume was concentrated toward the center of the
excavated area (0.60 m x 2 m x 0.25 m). The dye stained the surface of the bedding
planes (220/60°), which trended 65° off strike from the injection trench (285°).

3.1.2.2 Shale Hills

At the Shale Hills field site, the soil was removed in increments similar to the
Missed Grouse site to observe the extent of the dye in the vertical and lateral direction.
Dye was not visible in the O or A horizons (total of 0.05 m thick); one small finger of dye
(0.02 m x 0.02 m) was observed in the center of the excavated area (0.30 mx 2 m x 0.05
m) (Figure 3-6). At a depth of 0.07-0.08 m, a separate finger of dye was located in the
center part of the excavated area, centered on a root that had a diameter of 0.02 m (Figure
3-7). Deeper excavation showed the dye was no longer centered on this root. However,
near the center of the excavation pit, two large fingers of dye (~0.15 m x ~0.12 m) were
exposed ~0.15 m apart and located at 0.08 m to 0.25 m below ground that started at the
base of several roots (Figure 3-8). Furthermore, the two largest roots were located above
the two largest plumes. One root had a diameter of 0.01 m and the other root had a
diameter of 0.005 m. Finer roots (diameter < 0.005 m) were located above the right
(looking upslope) finger of dye. Saprolite bedding planes were observed below the roots,
and the dye stained the surface of the bedding planes (236/48°). The bedding planes were
oriented 33° off strike from the injection trench (269°).

At a depth of 0.25 m, a total of five distinct fingers of dye were observed at the
Shale Hills field site, showing a continuation of the previous fingers, as well as the three
adjacent fingers. The previous two fingers were to the right (looking upslope) of the other

three fingers of dye, and extended in the vertical and lateral direction (Figure 3-9). The
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10 cm

Figure 3-6, Photographs of roots at the Shale Hills field site. A. Fingering observed at a depth of 0.05 m and located in the center of
the excavated area. B, Zoomed in view of fingering at a scale of 0.05 m. H0



Figure 3-7. A. At the Shale Hills Field Site, a
plume of dye was centered along the root at a
depth of 0.08 m. B. Zoomed in view of the dye
plume. Jacob Staff was used as a scale: each bar
is 0.3 m.
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Figure 3-8. Two fingers of dye located in the center area of the excavated pit at Shale Hills. The two plumes were located at a depth
interval of 0.08-0.25 m.
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Figure 3-9. Fingering was observed at Shale Hills and the dominant preferential flow path was along the saprolite fractures.
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left three fingers (~0.10 m x ~<0.15 m) were each visible along the saprolite fractures,
but spaced <0.01 m. At the base of the excavation pit, the widths of the five distinct
fingers of dye increased. From the injection trench to the end of the dye stained area, the
extent of lateral flow was ~0.40 m (Figure 3-9). The dye traveled more than 0.38 m in the
vertical direction. The exact distance was not measured because at this depth manual
excavation of saprock was not feasible (Figure 3-9). The total excavated area was 0.38 m
x 1. 0mx0.38 m.

3.1.2.3 Comparison of dye observations at the two field sites

A considerable difference in the pattern of shallow preferential flow between the
two sites was noted, despite their similar positions on the slope. Both sites showed dye
penetrating down to saprock; however, lateral flow migration at the two sites was
different. At Missed Grouse, the lateral extent of the dye was ~0.55 m and fairly evenly
dispersed as a plume, but a finger of dye in the center travelled 0.70 m downslope. At
Shale Hills, the lateral extent of the dye was ~0.40 m and barely visible until the
excavation reached a depth of ~0.10 m. Furthermore, there was more evidence of distinct

fingering at Shale Hills.

3.2 GPR Analysis

GPR was used in two adjacent watersheds within the SSHO on hilislope settings to
image preferential flow paths in the unsaturated zone. The alternating red and blue
banding indicates the polarity (positive or negative) of the reflections. In the post-
injection radargrams, soil moisture changes are indicated by a change in amplitude of the

reflection. The change can be either an increase (darker coloring) or decrease (faded
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coloring) because shifting moisture patterns can enhance the contrast in one location and
decrease it in another. In total, three GPR surveys were completed at the Missed Grouse
field site and six were completed at the Shale Hills field site. The GPR surveys consisted
of conducting a background GPR survey, a post-water GPR survey, and a post-dye GPR
survey at each site, with duplicates at the Shale Hills field site.

3.2.1 Missed Grouse Radargrams

The results of the three surveys revealed small trace-to-trace time shifts within the
Missed Grouse radargrams, which made it difficult to identify the slight change in the
reflection of the radar signal (radargrams look jagged without Wavenumber filter).
Therefore, a Wavenumber filter was applied across the traces within the radargram
(Figure 3-10). Furthermore, a change in the reflection of the radar signal was evident
within the post-water and post-dye radargrams relative to the signals observed in the
background radargrams (Figure 3-11).

The lateral extent of the dye front that was observed in the excavation (Figure 3-3)
was also identified within the radargrams. However, the preferential flow finger (located
0.70 m downslope from the injection trench) was not observed in the radargrams (Figure
3-12). In the lateral direction, a change in reflection of the radar signal was observed in
Lines 1-10. Line 10, which is located 0.55 m down-gradient of the injection trench,
corresponds to the termination distance of the dye that was observed in the tracer test
(Figure 3-13); after Line 10, there was no change in reflection of the radar signal (Figure
3-14). Any changes in Line 11 and beyond are no larger than the noise in the filtered
radargrams. The comparison of the post-water to post-dye radargrams to background

radargrams (Lines 1-16) can be referenced in Appendix B.
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Figure 3-10. Each radargram represents Line | at Missed Grouse. A. The wavenumber
filter was not applied to this radargram. B. Wavenumber filter was applied. which
smoothed out the trace-to-trace time shifis. Note: Vertical exaggeration = 2 and
radargrams truncated at 0.45 m depth due to noise below that depth within this survey.
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Figure 3-11. Comparison of the post-water, post-dye and background radargrams

collected at Line 1 (0.10 m down slepe from the trench at Missed Grouse) shows a
change in the reflection of the radar signal. The change can be observed at depths

0.10-0.30 m and distances of ~0.40-1.5 m (marked by dashed lines). Note: Vertical

exaggeration = 2; depth computed assuming velocity = 0.075 m/ns.
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Figure 3-12. Comparison of the post-water, post-dye and background radargrams
collected at Line 13 {0.70 m down slope from the wrench at Missed Grouse) shows no

change in the reflection of the radar signal. No evidence of finger. Note: Vertical
exaggeration = 2; depth computed assuming velocity = 0.075 m/ns.




Background

T

-‘\F
-~ -
-

T

Bann Axly (ratarsg

78

0.075 m/ns,

2; depth computed assuming velocity

GPR survey at Missed Grouse. Comparisons of the post-water and post-dye radargrams to the

background radargram show a change in the reflection of the radar signal. Note: Vertical

exaggeration

Figure 3-13. Each radargram represents Line 10 (0.55 m down slope from the trench) of the
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Figure 3-14, Comparison of the post-water, post-dye and background radargrams

collected at Line 11 (0.60 m down slope from the trench at Missed Grouse)
change in the reflection of the radar signal. Note: Vertical exaggeration = 2; depth

computed assuming velocity



In the vertical direction, a change in reflection of the radar signal was identified at
a depth of 0.40 m within Lines 1-10 of the radargrams, which correlates to the vertical
extent of the dye that was observed in the excavation (Figure 3-15). No change in the
reflection of the radar signal was observed below this depth. Moreover, the dimensions of
the plume correlate well with the photographs of the excavation pit. The large dye plume
observed in the center of the excavation photographs could be identified in Line 1 of the
post-water and post-dye radargrams as a change in the reflection of the radar signal
(Figure 3-15). As observed in the excavation photographs, the dimensions of the plume
can be seen in Lines 1-10 of the radargrams; the plume narrowed with greater distance
from the injection trench.
3.2.2 Shale Hills Radargrams
Two background surveys were completed at the Shale Hills field site to ensure that
the measurements were reproducible. Results showed the reflection patterns and the
attention of the radar signal depth were nearly identical even in this heterogeneous soil
(Figure 3-16). As at the Missed Grouse field site, a change in reflection of the radar
signal was evident within the post-water and post-dye radargrams when compared to the
background survey (Figure 3-17 and Figure 3-18). A change in the reflection of the radar
signal was observed in Lines 1-5 in the post-water and post-dye radargrams. Line 5,
located ~0.40 m down-gradient of the injection trench, corresponds to the termination
distance of the dye observed in the tracer test (Figure 3-19); after Line 6, there was no
change in reflection of the radar signal above the trench depth (Figure 3-20). The
comparison of the post-water to post-dye radargrams to background radargrams (Lines 1-

12) can be referenced in Appendix B. In the vertical direction, a slight change in
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Figure 3-15. Comparison of the post-water and background radargrams collected at
Line 1 (0.10 m down slope from the trench at Missed Grouse) shows a change in the
reflection of the radar signal. This slight change within the post-water and post-dye
radargrams can be observed between depths (0.10-0.30 m) and distance (~0.40-1.5 m).
Note: Vertical exaggeration = 2; depth computed assuming velocity = 0,075 m/ns.
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Figure 3-17. Comparison of the post-water, post-dyve and background radargrams collected
at Line 1 (0.20 m down slope from the trench at Shale Hills) shows a change in the
reflection of the radar signal. Fingering can be identified with the post-water radargram.
Note: No vertical exaggeration; depth computed assuming velocity = 0.075 m/ns.
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Figure 3-19. Comparison of the post-water, post-dye and background radargrams
collected at Line 5 (0.40 m down slope from the trench at Shale Hills) shows a
0.10-0.30 m and distances of ~0.40-1.0 m. Note: Vertical exaggeration = 2; depth

slight change in the reflection of the radar signal. This can be observed at depths
computed assuming velocity = 0,075 m/ns.
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Figure 3-20. Comparison of the post-water, post-dye and background radargrams
collected at Line 6 (.45 m down slope from the trench at Shale Hills) shows no change

in the reflection of the radar signal above 0.45 m. Note: Vertical exaggeration = 2;
depth computed assuming velocity = 0.075 m/ns.
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reflection of the radar signal was identified at a depth of ~0.5 m beyond Lines 1-5 of the
radargrams; however, changes below 0.50 m depth are where the signal is weak and there
is no dye trace data, so they will not be interpreted.

The two large fingers of dye (~0.15 m x ~0.12 m) that were spaced ~0.15 m apart
and observed in the center of the excavation photographs were suggested by changes in
Line 1 of the post-water and post-dye radargrams. However, after Line 1, the two large
fingers were difficult to discern as separate features and almost resemble a single plume.
In Figure 3-17, the black arrow shown on Line 1 of the post-water radargram point to the
approximate locations of the two dye fingers as observed in each excavation. However,
the three smaller fingers (~0.10 m x ~<0.15 m), < 0.01 m spacing, that were to the left
(looking upslope) of the two large fingers were not identified as fingers in Line 1 of the
radargrams, but resembled a plume.

Results from both field sites indicate that the lateral extent of the preferential flow
paths observed in the excavation could be identified in the post-water and post-dye
radargrams. Moreover, the radargrams that were located down-gradient from the
excavated area (that is, beyond the lateral extent of dye trace) revealed no change in the
reflection of the radar signal.

However, certain features of the dye-stained area were more pronounced at one
site than the other. The size and shape of the dye stained area was much easier to identify
as a plume at Missed Grouse than as fingers of dye at Shale Hills. However, at Shale
Hills, the two large fingers of dye were identifiable within Line 1 of the radargrams, but
not in any lines after. In addition, the three small fingers were not identifiable as fingers,

but as a plume.
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Furthermore, small trace-to-trace time shifts within the unfiltered post-water and
post-dye radargrams made it difficult for the entire shape and size of the plume to be
recognized at Missed Grouse. The shape and size were identifiable in the radargrams, but
only when the wavernumber filtered was applied and with the aid of the excavation
photograph as ground truth.

3.2.3 Estimations of Saprock Depth based on Tile Probe and GPR

The purpose of identifying the depth to saprock with the tile probe was to verify
that GPR offers a noninvasive approach for characterizing and imaging shallow soil and
saprock properties at Missed Grouse and Shale Hills. The results show the depths
measured using the tile probe were irregular along the line (Figure 3-21). The average
depth to saprock from the recorded tile probe data was ~0.2-0.5 m at Shale Hills. An
amplitude threshold of 5.5% was chosen as the interpreted saprock boundary within the
radargram for Shale Hills (Figure 3-21). This amplitude is where the signal died off, and
resulted in a depth to saprock similar to the average tile probe value, but with lower
magnitude undulations (~0.25-0.4 m) (Figure 3-21). The undulations observed with the
tile probe did not match the undulations observed in the radar signal die off. The
threshold of 5.5% was also used to determine the saprock boundary at Missed Grouse
where only a few the tile probe measurements were made (Figure 3-22). This threshold
also leads to an undulating boundary between ~0.2 and 0.4 m, which is smaller than the
limited tile probe measurements at 0.4, 0.45, 0.5 and 0.8 m.

The radargram showed that the contact between the soil and saprock was irregular.
3-D plots were then created for both field sites to combine the saprock boundaries that

were found within all the radargrams. A 5™ degree polynomial curve was fit to the
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Figure 3-21. Each radargram represents Line 21 of the GPR survey at Shale Hills. The
Hilbert Transform Filter was applied to both radargrams. Figure B is a comparison of
tile probe “saprock™ measurements to “saprock”™ depths determined using the GPR.
The pink line represents the “saprock™ boundary produced by the Tile Probe. The
white line represents the depth to “saprock” that was identified based on the chosen
amplitude threshold of 5.5%. The 2-D radargram above shows variations in the depth
to “saprock” along Line 21 of the radargrams. No vertical exaggeration.
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Figure 3-22. Each radargram represents Line | of the GPR survey at Missed Grouse;
the Hilbert Transform Filter was applied to both radargrams. A. No thresholds were
added. B. The 2-D radargram above shows the undulating “saprock” surface along
Line 1 of the radargrams. The white line represents the “saprock™ boundary; this is
where the signal changed rapidly within each trace of the radargram. The chosen
amplitude threshold was 5.5%. a0



saprock picks, which showed the undulating saprock surface (Figure 3-23 and Figure 3-
24). The polynomial fit smoothed some of the irregularities in the saprock interface seen
in the individual 2D profiles.

The saprock boundary geometry was similar at both sites, with an undulating
saprock surface and nearly identical 3D-plots. The saprock boundaries identified by the
GPR at both field sites are interpretations made assuming that the radar signal died off
rapidly once it entered the shale saprock and that the threshold chosen by superimposing
the tile probe depths measured along Line 21 on the corresponding radargram can be
applied to the remaining radar lines at both sites. To test whether the geometry of the
saprock boundary determined from the radar data was sensitive to the chosen threshold, a
sensitivity analysis of different %Max values were preformed. The analysis indicated that
over the range of values tested, only a slight change (~ 0.01 m) in calculated depth was

observed and the position of the high and lows of the undulations remained unaltered.

3.3 Total Station Analysis

Based on the surface map created at the Missed Grouse field site, the slope of the
surface was ~15° (Figure 3-25). The model of the surface (compilation of data points
produced from the total station) shows varying areas of slight undulation; however, these
undulations are not visible in the photograph of the field site because the surface is nearly

smooth.
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Figure 3-23, The 3-D figure was produced by interpolating the depths caleulated from
ecach of the individual lines to identify the “saprock”™ boundary at the Missed Grouse
field site. The Amplitude Threshold for polynomial fit was 3.5 %.
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Figure 3-24. The 3-D figure was produced by interpolating the depths calculated from
each of the individual lines to identify the “saprock™ boundary at the Shale Hills ficld
site. The chosen Amplitude Threshold for polynomial fit was 3.5 %a.
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Figure 3-25. A. The above figure is a 3-dimensional surface elevation map of the Missed
Grouse field site. B. Photograph of the field site showing the steepness of the hillslope but
not the undulating features along the surface. 04



3.4 Soil Characterization

3.4.1 Soil Moisture Conditions Based on Precipitation Events

The Missed Grouse (June 13, 2013) initial soil moisture conditions were different
than at the Shale Hills field site (July 18, 2013). At the Missed Grouse site it had rained
off and on for 3 days before the infiltration experiment {a sum of 34 mm recorded at the
National Weather Service (NWS), Ramblewood, PA rain gauge) (Figure 3-26). At the
Shale Hills site, there was no recorded rain the previous 4 days. There was a 7 mm event
recorded at the Shale Hills rain gauge station 5 days prior. Two rain gauges are reported
because the local rain gauge was not operational around the time of the Missed Grouse
experiment. The NSW gauge (approximately 8 km away) and the local rain gauge
showed similar precipitation patterns when they were both working, as they were during
the Shale Hills experiment. Therefore, because it rained the day before the infiltration
experiment was conducted at the Missed Grouse field site, the ground would likely have
been wetter than it was before the injection at Shale Hills.

3.4.2 Hydrophobicity Measurements on Soil Cores

Several hydrophobicity tests were conducted in the laboratory and in the field.
The purpose of these experiments was to determine whether the soil was hydrophobic,
since water will infiltrate through the macropores in hydrophobic soils. The seven
quantitative classifications of the persistence of soil water repellency created by Dekker
and Jungerius (2009) were used to classify the different levels of hydrophobicity at both
field sites.

Only two samples showed hydrophobicity, with infiltration rates of a minute or

more. These two samples represent the O and A horizons at the Missed Grouse field
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Figure 3-26. Shale Hills and National Weather Service (NWS) rain gauge data. The
black arrows point to the days the Missed Grouse and Shale Hills data were collected.
Note the NWS data is record daily compared to Shale Hills which recorded hourly.
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site. The two shallow samples at Shale Hills were slightly hydrophobic, but infiltrated in
less than a minute (Table 3-1). The rest of the lab samples at both field sites showed rapid
infiltration (10 s or less). None of the field samples were hydrophobic because they
showed immediate infiltration.

3.4.3 Scil Profile

The Missed Grouse and Shale Hills soil profiles were examined to see whether
the two sites contained different soil types (Figure 3-27 and Figure 3-28). The O horizon
was uniformly 0.01 m thinner and contained more roots at the Missed Grouse site than at
the Shale Hills site. The A horizon at the Missed Grouse field site had finer roots and the
color of the soil horizon was brown (10YR 4/3) compared to the Shale Hills site, which
had coarser roots and a soil color of dark brown (10YR 3/3). The thickness of soil
horizons, structure, friability, plasticity, angularity of fragmented rocks, and the gradual
change between the A and Bw horizons were the same at both sites. At the Missed
Grouse site, the Bw horizon was uniformly 0.01 m thinner, the color of the s0il horizon
was yellowish brown (10YR 5/6), and the structure of the soil was granular compared to
the Shale Hills field site, which had a soil color of dark yellowish brown (10YR 4/4) and
blocky soil structure. The Bw horizon at sites, exhibited similar friability, plasticity, and
rock angularity. In addition, a gradual to wavy boundary (between Bw and B/C horizons
at Missed Grouse and Bw and C horizons at Shale Hills) change was observed at I;oth
sites.

Only the Missed Grouse site contained a B/C horizon, which was identified based

on the strong brown (7.5YR 5/6) soil color and the percentage of fragmented rocks
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Table 3-1

Table af Missed Grouse and Shale Hills hvdrophobicity test for each soil horizon.

Missed Grouse
Core Depth 2 Field
Neme tem) Time o L Motes
=1 min, 9-10 Brown color, organic material-
K 013 min, > 20 min Lo decomposing bark and leaves
F 1.5-2 21 mr::n] o8 Lab Tan color, crumble soil, granular
F 2.3.5 0s Lab Tan color, crumble sail, granular, some
reots
F 15.6 s Lab Black color, crumble, granulas, lots of
roots
o 0-1 <ls Field | See Missed Grouse soil profile description.
& 14 <ls Field | See Missed Grouse soil profile description.
& A-K <ls Field | See Missed Grouse soil profile description.
| 525 <ls Field | See Missed Grouse soil profile description.
& 25 <ls Field | See Missed Grouse soil profile description.
Shale Hills
Core Depih : Field
Mame e} e or Lab i
G 03 185 Lab Black ¢olor, organic material, lots of fine
fots
G 1.5.75 8.5s 50s, 21 Lab Dark brown color, no organic material.
' 5 Large fine roots (-2 -5 mm in diameter)
G 5.75-7.7% < |0s Lab Dark brown color, granular, fine roots.
G T.75-9.25 758 5% Lab Brown color, lack of roots
G 9.25-11 55 1s Lab | Brown color, granular, crumble, fine roos.
L 3 0-2 <is Field See Shale Hills soil profile description.
& 2.5 <15 Field See Shale Hills soil profile description.
L 5-10 <15 Field See Shale Hills soil profile description.
& | 10-38 <13 Field See soil profile description.

Nate the seven quantitative classificarions of the persistence of soll water repellency créated by
Dekber and Jungerius (2009) were used fo classify the different levels of Indrophabicity o bork field
sites. Several tamples abtain more than one recorded time beeause the water either infilirated faster
than we conld starl the siop watch or infilfrated too siowly.
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Saofl Profile Descripiion

g = O — | cen thick: mulch, very fine 10 medium

+ A =3 cm thick; brown (10YE 473K weak
fine g;n.l.ql.lﬂa.r structure: friakle, TI.II‘H-[iL"t_'l
aned nomplastic; fine 10 rooks -'-J-'[il‘pdf:‘.“d‘:rl.l
angular 1o subangular shale channers;
gradual 1 smoath boundary.

-

B, — 4 cm thick; yellowish brown (10 YR
E16Y; very fine granuler srsciure; Friable,
nonsicky and nonplastle: fine 1o medium
roods; S0 percent angulsr 1o subangulbar shale
charmers; pradual o wavy boundary.

* BMC= 1T cm thick; strong brown (7.5 YR
56} granubar structure; friable, nonsticky
and nonplastic; fine o course roeots; =70

percent anguler 1o subangular shale
chanmers; wavy boundary.

# = vellowish brown { 10 YR 36); massive
siracture; frinhle, nonsticky and nonplastic;
very fine roots; =M percenl angular to

subangular shale channer, wavy boundary.

Figure 3-27. Missed Grouse soil profile.
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Seil Prafile Description
o 1 = 2 em thick; mulch, very fine roos

* A= 3em thick; dark browm (10%R 3730
wieak fine granular stnaciure; friable,
ronsticky amd nonplastic; many mediem
b wery course mools; <30 pereem angular
to subangular shale chanmers; smooth

boundary.

# B~ 5 cm thick: dask vellowish brown
(10¥ R 445, weak fine blocky strsctune;
friable, ponsticky and nonplastic: fine 1o
madiuem poots; S0 percent angular 1o
subangular shale chanmers; gradisal 1o
wavy boundary,

= = 28 cm thick: dark yellowish brown
(10 YR 4% pranular structune; friable,
monstscky andd nonplastie; very fine moods;
=70 percent angular to subangular shale
channers; wavy boundary,

Figure 3-28&. Shale Hills soil profile.
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(75%). The fragmented rocks were chunks of weathered parent material were floating in
the above soil horizons.

The C horizon at the Missed Grouse site had a soil color of yellowish brown
(10YR 5/6) and a massive soil structure. At the Shale Hills, the color of the soil was dark
yellowish brown (10YR 4/6) and the structure of the soil was granular. Both sites
exhibited similar friability, plasticity, and rock angularity. In addition, a diffuse soil
boundary (at the base of the excavated pit) was observed at both sites.

3.4.4 Grain Size Distribution of Soil Profiles

The overall uncertainty of the grain size distribution of each soil profile was <1%
is based on equation 10 (before combining each sample of the C horizon into one mass
fraction) (Table 3-2). The Missed Grouse field site contained ~1.5% more clay and ~17%
more silt in the A and Bw horizons than at the Shale Hills field site (Figure 3-29). The
grain size distribution of the B/C horizon at Missed Grouse site was similar to the grain
size distribution of the C horizon at Shale Hills. The B/C horizon at Missed Grouse
contained ~2% more silt than the C horizon at Shale Hills. However, the C horizon at
Shale Hills contained <1% more clay than the B/C horizon at Missed Grouse. Both sites
contained nearly the same sand and pebble grain sizes when comparing the two horizons;
Shale Hills contained 3% more sand <1% more pebbles. Furthermore, the grain size
distributions of the Missed Grouse and Shale Hills C horizons were nearly identical;
within the C horizon the Missed Grouse site contained nearly the same amount of clay
and silt (<1%) and 1.5% fewer pebbles, but 2% more sand than at Shale Hills. Overall,

there was only a slight variation in grain sizes between the two sites.
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Table 3-2

Table of the percent error of mass fraction on each sample.

Missed Grouse

Missed

Shale Hills

Horizon (Not Grouse (Not (%]Liebﬁ':lj)
Combined) (Combined) Combined)
A 0.04% 0 0.09% 0
Bw 0.04% 0 -0.80% ¢
B/C1 0.32% - - -~
B/C2 0.44% - - -
B/C
(combined) 0.54% 0 - -
C - 0 - 0
Cl - - 0.03% -
C2 -- -- -0.14% -
C3 - - -0.16% -

Note: At Missed Grouse, B/C1 and B/C2 were combined to form C. At Shale
Hills C1-3 were combined to form C. Data not truncated,
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3.4.5 Saprock Characterization

The purpose of identifying the saprock, fracture orientation and fracture density
was to determine whether these features influenced preferential flow paths. Both field
sites are on the Rose Hill Formation and the saprock at the two sites have similar fracture
densities and orientations.

At the Missed Grouse site, the dominant set of fractures was 220/55° and the
secondary set of fractures was 320/70°. The fractures were oriented 65° off strike from
the injection trench, which was oriented 285°. At the Shale Hills site, the saprock had two
distinct fracture orientations; the dominant set of fractures was 236/55° and the secondary
set of fractures was 320/88°. The fractures were oriented 33° off strike from the injection
trench, which was oriented 269°.

The dominant fracture spacing was 0.01 m at the Missed Grouse field site and
0.04 m at the Shale Hills field site (Figure 3-30). The fracture spacing was measured
perpendicular to the trench cross-section and corrected for strike orientation. Some of the
photographs taken during the tracer test excavation (Shale Hills) showed finer fracture
spacing at shallower depths; so there is not a significant different in the fracture spacing.

The excavation showed dye along fracture planes at both sites. The Missed
Grouse site has fractures oriented closer to perpendicular to the trench face. This
orientation might enhance downslope movement of the tracer, and there was slightly
more lateral flow at Missed Grouse site. With the fractures oriented at a sharp angle to
the slope, fingering might have been more visible in this trench, but that was not the case.
Unlike the Missed Grouse field site, the dominant preferential flow path at Shale Hills

was more oblique to the trench and the hillslope (Figure 3-9). The stained flow pathways
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Figure 3-30. Photograph of excavated pit at the Missed Grouse (A) and Shale Hills (B),
showing the fracture density. The blue pins mark the base of each soil horizon; refer to
Figures 3-27 and 3-28 for labeled soil honzons. 105



seen in the excavation follow this fracture face and the dye seems to move at an angle to
the hillslope, which could lead to less downslope transport. Fingering was observed even
along the oblique angle of the fracture faces at the Shale Hills site. (Figure 3-9).

3.4.6 Infiltrometer

The purpose of conducting the infiltrometer experiment was to determine whether
the roots within the O and A horizons affected the infiltration rate of water; there were
more roots within the O and A horizon at Missed Grouse than at Shale Hills. At each
field site two different techniques were used to measure the infiltration rates: the steady
state and the transient method.

The transient and steady state methods produced similar results for ali three
depths at both field sites. Locations F, G, I, and K at Missed Grouse and F, I, and J at
Shale Hills all yielded similar infiltration rates; ranging from 6.4-11.3 mm/min (Figure 3-
31). At depths of 0.10 m and 0.20 m the rates of infiltration ranged from 0.4-5.8 mm/min
(Figure 3-32).

The results of the steady state method of infiltration rates were nearly the same for
both field sites. At the surface the rate of infiltration ranged from 3.0-6.7 mm/min.
(Figure 3-31). At a depth of 0.10 m the infiltration rates ranged from 8.3-16.6 mm/min,
and at 0.20 m the infiltration rates ranged from 5.0-6.7 mm/min.

The overall infiltrometer rates for the transient method at the surface were higher
compared to infiltrometer measurements at depths of 0.10 and 0.20 m. The steady state
infiltrations rates were higher at the 0.10 m depth compared to the surface and 0.20 m
depth recordings. Because roots were more prominent at shallower depths, it is likely that

they influenced the rate of infiltration at those depths.
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Figure 3-31. Graph of overlapping infiltration rates at Missed Grouse and Shale Hills field sites (at the
surface). Refer to Figure 2-15 A and B to see the map of the infilirometer locations.
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Figure 3-32. Graph of overlapping infiltration rates at Missed Grouse and Shale Hills field sites (0.10 and 0.20 m
below ground). Refer to Figure 2-15 A and B to see the map of the infiltrometer locations.
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3.5 Summary

There was a considerable difference in the pattern of shallow preferential flow
between the two sites despite their similar positions on the slope and similar soil profiles.
Both sites showed dye penetrating down to saprock. The dye extended vertically at
Missed Grouse more than 0.80 m and at Shale Hills more than 0.40 m. In both cases, the
maximum extent of the dve could not be measured because the saprock was too hard to
remove. Preliminary soil moisture conditions may have influenced the infiltration rate at
each field site. However, infiltrometer studies suggested similar infiltration rates at
saturation.

At the Missed Grouse site, the comparison of background GPR data with GPR
data collected after both the water and dye injections showed no discernible change in the
radargrams beyond a distance of ~0.55 m from the injection trench. This agrees well with
measurements of dye plume staining seen in the subsequent excavation that showed the
tracer moved laterally a maximum distance of ~0.55 m; however the finger of dye that
was located 0.70 m downslope of the trench was seen in the excavation photographs, but
not in the radargrams. At the Shale Hills site, the comparison of the background survey to
the post-water and post-dye survey showed no discernible change in the radargrams
beyond a distance of ~0.40 m from the injection trench. This agrees well with
measurements of dye staining seen in the subsequent excavation that showed the tracer
moved laterally a maximum distance of ~0.40 m. However, the overall configuration of
the dye plume at Missed Grouse was easier to distinguish than at Shale Hills. In the radar
data collected at Missed Grouse, the shape and size of the plume was distinguishable. At

Shale Hills the radar picked up the two large fingers of dye; however, the three small
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fingers of dye were not resolved as individual fingers, but appear as a single plume. The
fracture orientation with respect to the injection trench orientation was different at the
two sites, but that did not explain the fingering patterns.

In addition to the GPR data showing the extent of lateral flow and evidence of
plumes and large fingers, it was also used to map the saprock boundary after calibrating
to the tile probe data. The radargrams showed the contact between the regolith and

saprock was irregular.
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CHAPTER 4

DISCUSSION AND CONCLUSIONS

The first objective of this study was to test the viability of using GPR as a rapid,
non-destructive method for imaging shallow, preferential flow paths and saprock
topography in the unsaturated zone by comparing the interpretation of time-lapse GPR
data with the stained flow paths seen in excavation after dye fracer tests. The second
objective was to understand the factors controlling the differences in vertical and lateral
preferential flow paths in the unsaturated zone between two sites with similar slope

positions and soil properties located in adjacent watersheds.

4.1 GPR Detection of Vertical and Lateral Flow

4.1.1 Delineating the Flow Boundary

The assumption underlying the experiments was that GPR can be used to measure
the extent of lateral flow because the relative dielectric constant (g;) controls the velocity
of the radio waves through a given medium (V,), as well as the reflection coefficient (R)
at the boundary between media. The experiments showed that time-lapse GPR
successfully detected the extent of lateral flow at both field sites. The exact extent of
lateral flow was easier to identify at Shale Hills than at Missed Grouse. At Missed
Grouse, a change in reflection was observed in radargram Lines 1-9. At Shale Hills, a
change in reflection was observed in radargram Lines 1-5, but no change in reflection
was observed after these lines. These changes in reflection strength correlated well with

the extent of the dye-stained soil observed in excavations.
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There were two issues that made it difficult for time-lapse GPR to measure the
exact extent of lateral flow at Missed Grouse: filtering and soil moisture. Application of
the smoothing filter to the Missed Grouse radargrams was necessary because small trace-
to-trace time shifts degraded the image. These shifts were the result of dragging the GPR
antenna too fast along the surface of the ground and were avoided in the subsequent GPR
data collection at the Shale Hills site. The smoothing filter may have reduced the contrast
between the wet and dry material.

Second, the preliminary soil moisture conditions could have made it difficult to
detect the exact extent of lateral flow within the radargrams at Missed Grouse, At Missed
Grouse it had rained sporadically for 4 days before conducting the infiltration
experiment, compared to Shale Hills where it had not rained for five days prior. Because
the injected water was added to already moist soil, the dielectric contrast was reduced,
making it more difficult to detect the edge of the plume.

4.1.2 Resolving Flow Structure within the Plume

The resolution of the GPR was insufficient to detect the small fingers of dye that
were visible in the excavation photographs (Figure 3-17). At Missed Grouse, the shape
and size of the plume (~0.25 x ~1.0 m) was distinguishable, as well as the two large
fingers of dye (~0.15 m x ~0.12 m) identified in the field at Shale Hills. Both the
configuration of the plume and two large fingers were distinguishable within the Line 1
radargram, but after Line 1 the two large fingers were difficult to discern as separate
features. Furthermore, the three small fingers of dye (~0.10 m x ~<0.15 m) that were
spaced < 0.01 m apart at Shale Hills appeared as a single plume-like feature rather than as

fingers throughout all radargrams.
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Calculation of the First Fresnel zone (Equation 5), a measure of the radar beam
width as a function of depth, shows why the GPR resolution was insufficient to detect the
fingers of dye that were visible in the excavation photographs at Shale Hills. The First
Fresnel zone was calculated to be 0.11 m at each site; therefore, the dimensions (~0.10 m
x ~<0.15 m) and spacing (< 0.01 m) between the small fingers of dye at Shale Hills were
smaller than the First Fresnel zone, making it difficult for the GPR to identify a change in
dielectric property between the two materials. Therefore, the three small fingers of dye
were not resolved as fingers in the radargram, but appear lumped together as a plume-like
feature. Furthermore, the finger of dye centered 0.70 m downslope from the trench was
too thin (<0.10 m) to resolve and therefore was not identified. However, the plume and
two large fingers were identifiable within the Line 1 of the radargrams at Missed Grouse

because their dimensions and spacing were larger than the First Fresnel zone.

4.2 Detection of Saprock

The average depth to saprock from the tile probe data was ~0.2-0.5 m at Shale
Hills. Based on an Amplitude Threshold of 5.5%, the saprock boundary identified by the
GPR was slightly shallower, ~0.2-0.4 m and ~0-25-0.4 m, respectively at Missed Grouse
and Shale Hills, than the depth recorded by the tile probe. The amplitude threshold
closely matches the depth of each excavated site (Figure 3-21 and Figure 3-22), but
Missed Grouse amplitude threshold is slightly shallower than Shale Hills. Furthermore,
based on the results of Lichtner et al., (2012), it was hypothesized that shallow vadose
zone flow at the Shale Hill CZO could behave according to the "fill and spill" model of

Graham et al., (2010). The radargram analysis in this study suggested an irregular contact
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between the soil and saprock, which may correlate to the saprock fracture patterns
observed in the field.

The 20 measurements of depth to saprock made using the tile probe showed
considerable variability. It is likely that in some cases the tile probe encountered rock
fragments in the soil above the saprock surface, while in others the probe may have
penetrated into saprock fractures (Figure 4-1). As a result, the depth that the tile probe
reached was not always representative of the saprock surface.

Consequently, the boundary identified by the tile probe yields a saprock surface
with exaggerated variability, while analysis of GPR attenuation yields a smoother
interface but may on average be slightly too high or too low if the amplitude threshold

calibration is inaccurate.

4.3 Saprock Infiltration
Rapid saprock infiltration limited the extent of shallow lateral flow at both sites.
In the vertical direction the dye travelled more than 0.80 m at Missed Grouse and more
than 0.40 m at Shale Hills (Figure 4-2). In both cases, the maximum penetration depth of
the dye could not be verified because the saprock was too hard to remove. Once the
water/dye reached the saprock, the fractures acted as conduits.
The following mass balance calculation (Table 4-1) and model parameters show
how rapid saprock infiltration occurred at both field sites:
o The total injection volume of water and dye solution was 106 L. However,
the dye was injected in two 53 L experiments separated by a one hour gap

that would allow some infiltration to occur. A conservative value of 53 L
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was used to estimate whether the minimum amount of water injected into
the ground produced vertical flow.

The estimated depth to saprock was 0.60 m at Missed Grouse and ~0.40 m
at Shale Hills based on observation during excavation..

The model was calculated for three porosity values, 0.10, 0.25, and 0.45,
which covers the maximum possible range of values found in previous
studies at the SSHO (Jin et al., 2010, Jin et al., 2011, and Kuntz et al,,
201 1). Furthermore, the lower porosities are for saprock, and are not likely
to represent the soil that the tracer moved through.

The geometry of the dyed-stained volume at Missed Grouse was assumed
to be an isosceles triangular prism based on the dye configuration
observed in the field.

The geometry of the dye-stained area at Shale Hills was assumed to be a
rectangular prism, and further divided into two separate rectangular prisms
based on their size. The two large fingers were grouped together and the

three small fingers were grouped together.

For the range of porosities used in the mass balance calculation, the volume of soil

stained by the dye (0.01-0.03 m®) was smaller than the volume of injected (0.053 m’)

with the exception at Missed Grouse (Table 4-1). Therefore, water must have continued

to infiltrate into the saprock at 0.60 m and 0.40 m at Missed Grouse and Shale Hills,

respectively. Based on the model parameters: at Missed Grouse, 38 L of water would
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Figure 4-1. A. Photograph of excavated pit at Shale Hills; the soil contains many rock
fragments. B. The pink line represents the “saprock™ boundary produced by the tile
probe. The tile probe data have been overlain on the Hilbert Transform Filter

radargram for Line 21. 116



Table 4-1

Table of saprock infiltration calculation of the extent of the lateral flow based on the following porosities at both

field sites: .10, 0.25, 0.45.

I Liters Assuming the Dimension of the Volume Formula
Total amount of Fluid ) ey e
injected into the Injection 53 Missed Grouse: Isosceles .Tnangular V= 0.5*%(base*height})
Trench = Prism length
m®= 11000 Shale Hills: Rectangular Prism V= base*width*height

Depth for calculated injection (m)= (injected*porosity)(width * downslope distance)=bulk volume/area

Volume of Volume of
Survey Downslope | Height Do.wnslope Vol . water obs in . “:ater Depth for
Trench . distance 3, | Porosity . injected calculated
. . Width (m) | (m) (m”) dyed section | . c e e
Dimensions (m) 3 into trench | injection (m)
(m”) 3
(m’)

o 0.10 0.01 2.75
Misse 070 | 060 | 055 |oa2| 025 0.03 1.10
Grouse

0.45 0.05 0.61
Shale Hills-
Two Large | 025 0.30 0.40 0.10 0.01 0.053 1.95
Fingers
Shale Hills- 0.06 0.25 0.02 0.90
Three Small 0.50 0.15 0.40
Fingers 045 0.03 0.59
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Figure 4-2. A and B are block diagrams of various porosity values that could influence the vertical flow at both field
sites. A. Profile of Missed Grouse. B. Profile of Shale Hills. “Saprock™ is considered to be gradational ai both field
sites. The estimated depth 1o saprock is marked by the solid black line. The dashed line represents different depths to
which water would flow vertically based on the given porosity values; porosities ranged from 10-45% (unless noted
otherwise).
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have continued to infiltrate the saprock, using a porosity of 0.1, and 15 L for a porosity of
0.25; however, no water would continue to infiltrate the saprock with a porosity of 0.45.
At Shale Hills, 26-47 L of water could have continued to infiltrate the saprock based on
all modeled porosity values. The mass balance calculation strongly supported saprock
infiltration at both field sites because even with the minimum amount (53 L) of water
injected a high amount of saprock infiltration occurred. The only exception was for

Missed Grouse when the porosity of 0.45 was used.

4.4 Heterogeneity

It was observed that soil of similar sediment size and infiltration rates at both sites
exhibited different preferential flow patterns. Such differences can be attributed to
differences in the small-scale heterogeneities that occurred within each site: (1) the
Lichtner et al. (2012) study was conducted near the 2013 Shale Hills field site and
yielded different preferential flow patterns than at the 2013 Shale Hill study, (2) the depth
at which dye began to stain the soil at each of the 2013 study sites was different, and (3)
the vertical infiltration was apparently greater at the Shale Hills site than at the Missed
Grouse site; and (4) to the plume showed multiple fingers at Shale Hills but not at Missed
Grouse.

Previous studies conducted within 10 m of the 2013 Shale Hills field site yielded
results consistent with lateral flow during infiltration. The work of Lichtner et al. (2012)
suggested that lateral flow extended at least a meter downslope. However, this was not

the case at our Shale Hills field site; instead, there was more rapid vertical infiltration into
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the saprock. The fill and spill model did not predict the flow patterns observed at either
the Missed Grouse or the Shale Hills field site.

Furthermore, the shallowest observations of dye at each field site were recorded at
different depths. At Missed Grouse, dye was present within the first 0.02 m of soil, and at
Shale Hills the dye wasn't present until a depth of 0.07 m. The O and A horizon at
Missed Grouse contained more roots of smaller diameter compared to the Shale Hills site
(Bodner et al., 2014). This created more conduits for preferential flow in the shallow
horizons at Missed Grouse compared to Shale Hills.

Differences were also noted in soil profiles and orientation of the fractures
relative to the injection trench at the two sites. At Missed Grouse, the depth to C horizon
was greater and the soil color was lighter than at Shale Hills. Note only Missed Grouse
had a B/C horizon and this B/C horizon created greater depth to the C horizon. This B/C
horizon may have slightly extended lateral flow at Missed Grouse compared to Shale
Hills. Both sites had the same type of saprock; however, the fractures at Missed Grouse
closer to perpendicular to the trench than at Shale Hills, which may in part explain the

slightly greater lateral flow of the plume at Missed Grouse (Figure 3-30).

4.5 Conclusions

There are several explanations for the differences in vertical and lateral
preferential flow paths observed in the unsaturated zone between the two adjacent
watersheds. Based on the field observations and laboratory analysis, the field work at the

Missed Grouse and Shale Hills field sites showed that rapid saprock infiltration limited
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the extent of shallow lateral flow at both sites, and that the nature of the heterogeneity
differs between the two field sites.

GPR was able to Idetect the lateral extent of water and dye that was observed in
the excavations at each site, and the resolution of the GPR was sufficient to detect the
plume of dye at Missed Grouse and the two large fingers of dye in Line 1 of the
radargrams at Shale Hills. The penetration of the GPR was insufficient to detect the full
vertical extent of the dye migration, because the signal died off rapidly in the shale.
However, based on the similarity of the post-water and post-dye radargrams
(Appendix B), the water added during dye infiltration did not extent further laterally than
the initial water infiltration. Thus, there was evidence of vertical flow (saprock
infiltration) within the radargrams, since the second infiltration did not extend laterally.
The mass balance calculation also provided evidence for saprock infiltration.

The horizontal GPR resolution was insufficient to distinguish the three small
fingers of dye at Shale Hills. Because the spacing between the fingers of dye at Shale
Hills was smaller than the First Fresnel zone, the radius of the radar pulse was too wide to
detect dielectric changes on this scale. The utility of GPR for mapping the saprock
boundary at the Missed Grouse and Shale Hills field sites is limited because the saprock-
bedrock transition is gradational, so there is no strong reflection. Instead, the saprock
depth was calculated based on signal attenuation in the shale. The saprock contacts on the
radargrams were chosen based on the depth at which the radar signal died off quickly.
This assumes the attenuation properties of the overlying soil are homogeneous. The radar
signal threshold value was refined by fitting the depth determined by radar to the tile

probe data. This comparison was complicated by irregularities in the tile probe data
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created by float and fractures. The saprock boundary measured by the tile probe and
calculated from the GPR are both approximations to the true saprock depth at Missed
Grouse and Shale Hills.

For future studies, the following guidelines are recommended based on the work
completed at the Missed Grouse and Shale Hills field sites. Each tracer test should be
conducted at least five days after the last rain event to generate a sharper contrast
between the dielectric properties of the wet and dry soil. This contrast would improve the
GPR mapping of preferential flow paths within the soil, regolith, saprock, and bedrock.
The amount of water injected should take into account both the porosity of the soil and
the potential for vertical infiltration; 53 L of water was used and still had limited lateral
flow. However, it can be difficult to predict the potential for vertical infiltration.

In summary, the results at Missed Grouse and Shale Hills show that while the
time-lapse GPR can be used to measure the extent of lateral flow, the GPR resolution is
insufficient to detect fingers of dye that are smaller than the First Fresnel zone. The tile
probe and GPR can only approximately map the depth to the saprock layer. Preliminary
soil moisture conditions may have influenced the rate of infiltration within the injection
trench. Rapid infiltration of the tracer solution into the saprock limited the extent of
shallow lateral flow at both sites. Finally, variations in flow patterns were observed
within soil and saprock between sites with similar settings at Susquehanna-Shale Hills

CZO.
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APPENDICES
A-MATLAB SCRIPTS

Appendix A contains the m files that were used to create the Missed Grouse and Shale
Hills Saprock and Infiltration radargrams, as well as the surface elevation map at Missed
Grouse. Refer to Table 2-2 for the order of the processing steps. Changes are shown next
to each line if they were not used in the Shale Hill m files.

1. Saprock or Infiliration m File for Creating 2-Dimensional Radargrams
1.1 Load Background Lines
1.2 Load Line Files {Background, Post-water, Post-dye Radar Lines.)
1.3 Use Wavenumber Filter (Only for Missed Grouse Field Sie)
1.4 Run Saprock or Infiltration m File

. 3-Dimensional Saprock Surface
. Surface Elevation Map

Led B

. Saprock and Infiltration m Files for Creating 2-Dimensional Radargrams
I.1 Load Background Lines

S +he ml el e Rad = B g T i rmn Frem R

Humber of raiar reE (R H
nlines = 2lr
MGBkgndl = cell{l, nlines): MGBackgndl must be anged whén loadling

prama =

tilsera EpsE7 108\ Dosuneanea \MATLAR \Mi sapdCronee \ MG 1 30yvaTes tGPE_Datah '

Iaeare ar iCEAaY LiNe OaEE TILImE I
bkgndline = [&67:75 TT:87) s bkgndline must ba changed when loading
{3 F§ > " 1) - - AT [al k- e
1Ye Cadar
1y 3 : |
| Ttk g (o g e m
1 L 1 MAT . AT acCept 1 Halal
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name instead of acarcing & file browser. The cell arrays will have a
structure for =sch index, thus MGBkandl([3) will contaln the structure
for the third lins In the firsr Missed Grousse bBackgrouwnd survey. Hote
that cusly bracket refarence cell VW arrays. For exasple, the data
array in the second line of the first background survey can be copled
into a new varlable this way: data = MEBkgndl {2} . d;

A g A

for d=1l:nlines
fname = ["DAT 0' num2str(bkgndline(i}) ' Al.rd3'];
[DATA, HERDER] = readrd3 noul (pname, fname) ;
MGBkgndl{i} = DATAy

ahd

1.2 Load Line Files (Background, Post-water, Post-dye Radar Lines)

fanctlon [datastruct] = LeadMGLines (pname, prefiyx, suffix, linelisk]

f Thi=z m file loads & sat of Mala GFR lines in MatGPR format.
% LoadMGLines must be changed when loading a different ot of radar
lines (lL.= post-water and post—-dye radar lines].

i huthor: Lacey M. Pitman
i 2013 Septamber

Input FParameters:

phnamea is the path to the directory With the radar lines,

profix is the pare of the file name bafore the number.

suffix Ilas the pact of the flle pame after the mimbar lncluding the
file extanaion.,

1inelist s & wector santaining the line numbars.

g e

i Number of radar linesa per survay.
nlines = lengthi{linelist);

Loop through the flle array and read the data filles.

Copy the data from each file into the line with the corresponding.
name lge the modified version of resdrdl from MATGPR that asceprs A
path and flle name instesd &f starting a file browser.

A

for i=1:nlines
fname = [preflx num2stcilinelist(i}) suffix]:
line = ['lime* num2stri{linelist{ii} 1
[DATA, HEADER] = readrd3 noui (pname, fnama];
evali['dartascruct.® line '= QRTA'])a2

and

1.3 Use Wavenumber Filter (Only for Missed Grouse Field Site)

function [dkf, Ws] = MG Wavenumber{tt, d, dx, filtertype,
design opticn}
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This function is a modified version of the k filter.m file. Instead
of belng asked to set che xtr,ytr, Koutoff,and a, you must preset
them in this soripc. This m files smooths the data and is only used
for the Miased Grousza Saprock and Infiltration radargrams.

Hodifled Byt L. Pitman
Hodification date: February 18, 2014

=] Low-pass Filter

=2 High-pass fllrer

=3 Bapd=-pass fllter

=4 Band=-stop filter

design_ocptien: keyword determining how the filter will be designed.

= 'TESTTR" : [me a test line. Point and €lick on some
tast line, then define the sutoeff
wavaniuzber (5] uslng the spectsum of the
tast line as & template; also by pointing
and cllicking.

= "MEANTR' : Cospute the mean [(average] scanline, then
defins the cotoff wavenumber{s) by
pointing and clicking, using the  spectrum
of the mean line as template.

= 'TYPFEIN' : Enter pradsfined [ilter characteristics
through dialog boxans.

L MG_Wavenumber: Design and apply FIR frequency filters. This

L] routine la

L] (E_FILTER) axactly the sams as F FILTER, only that it gperates
L] lins=-wize lnaread of column-wise, thus filrering
L] wavenumbera instead of traces (time serles).

¥

L Usage : [dkEf, Ws] = M& Wavenumber(tt, d, di, Ldltestyps,

L] design_optlon)

El Inputs :

L] tt : Time co-ordinates

¥ d @ 2-D array of distance 8§ tige Input data ;

] dx : Trace spacing (constant along the scan line);

W [iltertype : flag determining tha type of the filter;

L ]

L]

L]

L]

L]

Sutpucs 3

dkf : 2-D array of Elltered data

Ws : The cutoff freguency (filtertype = 1 or 2}, ar, the
pass /stop bands (filtertype = 3 or 4).

fequires : fir fl.m, fir fZ.m and checkcomma.m

Auther ¢ Andreas Tzanls,

Departmant of Geophiaics,
OUniversity of Athans
atzanis@geol.uoa, g

Copyright {C) 2005, Andreas Tzanlas. Rll rights resarved.
This progeram is free software; wou can redistribute it and/of
moadl £y i under che cermo of the GNU General Public License as
published by the Free Software Foundation; either vecsion 2 of the
License; or {at your option) any later verslon.

A i i g i G e il

Thi=z program is discributed in the hope that it will be useful,
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bBut WITHOUT ANY WARRANTY: without even the implled warranty of
MERCHANTABILITY or FITHESS FOR A FARTICULAR PURPOSE. 5See the
GHU Gensral Public Licensas for morw details.

You should have recelved & copy of the GHND General Public Licensa
alang with this programy 1f not, write te the Fres Saftware
Feundatiaon, Imc., 675 Mass fAva, Cambridge, MR 02133, USA,

L. i A B B B

if filtertype < 1 | filtertype >4 | isstrifiltertypal,
erh = arrordlg{'Wrong filter type. Abortimg!*, '®_FILTER i ERROR');
uiwalt (ech):
retuIm
andy
bhh ns end mer is Samples par ascan and Mo traces respectively
[fis, ntr] = size(d]);
kn=l/{2%dx] ;
dk=kn/ [ [ntr) /213
k=di:dk:kn;
if atromp{design_option, 'TESTTR') || stromp{design_cption, "MEANTR'},
Lf stremp{design_cption, "TESTTR'},
ERARELAY Gét 3 scaniine trace to design filter
datafig = findobj("tag','datafigure'}y
Lf =ishandle (datatfig],
erh = errordlgl ¥ data flgure for the fllter design
anterface”, ..
'H_FIL'J'I?. : ERRDR):
uiwait {erh}
dikf = []¢
EaLULn
end

EHRERARERAR RN AR ENAEY ModiCliod FRAFEEFEEERFRAGRAEERAERHREERERERY

figureidatafig)

pause{0.5)

wrr= 1 0248: ik Modifisd (Bat paramater)
ytr= 0,3955; L% Modified (sat paramster)

smum = round( (yoe=tof{l) ) Fico{Z)=tT(l}]);
x = gdixnum,:):
X = x-meanix):

eleelf stromp(design_soptlion, "MEANTR'),
x = maan (d] s
xpum = {7
&nd
frxmffoix):
LENERRAY Dasign the filter om the Test spéctium
reply = "Ho'j
wWhile strcmpireply, 'Yos')~=1,
1f exiar('teranfig') & ilshandle (trapfig),
figure(tespfig)
else
traplig = Ligure|'nams', "Selact Cutolfl Wavenumbers',...
"‘numbartitle", "off") 7
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and

plot (k,abe{fex{l:ficor (nte/2)) ) ) Se&tlgca, "nextplot', "add' )
arla tight

xlabel { "Wavenumber {m~-1}");:

ylabel {['Amplitude spectrum of line ' numdstr(xnom} ]1):

if filtertype == 1,

Keutaff = 20,0734 ik Modifled j3et parametsar)
a = BE AT16; iR Modifled (set pAramaTar)
kcubtof£{1) = checkE (kocutoff(l],dk, kn};

Ha=kcutoff (1) /kns

tuel = [*Cutoff wavenumber = ° pumPstr{kcuccff,5) * m"-
*1%Ea
plaslf filrertyre == 2,
[kcutoff, a]=getpolnt{" m" (=1)", " "};
V[ Reutoff, a]=ginout [11:
keueaff (1] = checkf (kcutoff(1),.dk;kn);
Wa=kcutoff (1] /knz
txtld = [*Cutoff wavenumber = ' num?atr{kcucoff,5) ' =mt-
.-\.1-]=
elzsalf filtertype == 3 || filtecrtype == 4,
for i=1:2
[kcutoff,a]=garpaint (* =~ (=-1]","
"Yrv(keutoff jal=ginput (1) 7
kcutoff (1) = checkf{kcutoff{l) dk,knls
Wail) = kcutoffil)fkn;
ylimitc = getigea, "yiim"bi
plot ([koutofE (1) kéutoff{1l)], [O ylimie{2}], ":x'y ...
"linewidth",. 2}
if f==],
textl = ['k_1=' numdatr{kcutoff(l)},3} 17
taxk (keutoff(1),0,.9*ylimic (2),textl, 'fontsize”, 9,

trancwel”, "bald", "norlzontalal ' 'elght "}

and

{F fmm3,
texe? = ['k Z=' numdstrikcuteffi{l),3)] 1i
text (kcutoff{1),0.9%ylimit {2) cexe?, 'foncsiza’ 9,

*fontwel', 'bold', "hacizentalal', "1efk");
ond
drawnow
Bnd
pxtd = ['Cutoff wavenumbers @ ' Béxtl ' @%-"1 = ' bexgd
m*=~L"]
[ et

i Compute rthe filter ooefficlents
if Filtertype == 1,
b = £ir Fl({floocr{3*nce/d), Wals
eiseif filvertype == 2,
b= fir fl{floor{3*nkr/4),; Wa, 'hagh'li
elasif fllrertype ==3,
b= fir fl(flocr{3*nte/4}, Wel;
glsaif filtertype == 4,
b= fir fl(floox{3*ntr/4}, Ws, ‘stop' )i
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end
i Tesc tha

i i

Eilicer

if ~isemptyib), ¥ An error in FIR F1/2 produced an empty b

elae

and

end

[th,chb]=size(b);
if gl ~= 1,
b=k F =
end;:
b = [b zerceil,nte=lengthib)i];
H = Eftib);
ftxf = LLx.*H;
ftxf = ftxf.*conj(Hlr
figure(trspfig)r
cla
plotik,abs[fex(l:flooc(nte/2) ) ) /max (abs (Fex) ),
krabs (Fexf(i:floor (nee/2) ) ) /max (abs (FEX) ), ..
Krabs (H{lifloor(nte/Z))), "c'h;
xlabel [*Wavenumber [(m*="1]1"}):
ylabel ([ "Amplitude spectrum of line ' num2str {xnum]
ticlefomeli;
axis tight:
drawnow;
reply = questdlg{'"Is this O7 *};
if strcmp(reply, "Cancal " j==l,
deleteltrspfliag)l;
dkE=[]#
IELULn
and
{¥ strompi{reply, "Ho'),
cla
[hata

reply = "No':
cla

delere (trspflig);

and

Wish Filter inm the freguency domain twlce £o preserve phase
hw = helpdlgi'Processing... Flease walt ...')i

1vs

drawmow
H = fftibls
H = transpose(d) * ones(l, nsl; filter already in k-domalsn -

fey = ffcid®):

frx = fox,*Hr

fex = frx.*conl{H}:
dkE = paal (LECe(ftxi}s

fiicer forwards
filter backwsrds
invert to space domain

*Er R EE

dkE = dkE";

close (hw ;
FETLET

create Nkt ¥ ns Batrtii opEraAtar
tcansform dara to k-domain
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functlon fo = checkE (£1,dx,xmax]
1f abhg(FL] < abs (dx),
fa = dx;
elself aba(fl} > abs [xmax},
fo = xmax;
wlse
fo = fFij
and

1.4 Run Saprock or Infiltration m File.

W Thia m flle is set to identify 1} the depcth to the saprack layer

L and 2) the change in s0il mofsturs [Time-lapse GPR] within the

% radargram. A comment willl be glven within each line of the script if
§ it is used only for the identifying the dapth o the saprock layear %
or the change in so0ll molstore. If the line does Rot have oomment

¥ next to it stating what it aides in identifying, assume Lt fs gsed

i for both.

i Author: Lacey M. Fltman
i 2014 February

Matgpr b Buktomatically scarca the matgpr program in MATLAB

i Loads ENVAR in current folder.
load ("EHVAR .zmat']

Beads the dabta frem the Missed Groose (This can be changed for Shale
Hills data.] dye tracer test expariment.

Pathname must be ser correctly to run this scripr. The path needs to
be adited if the data is stored in a diffesent locatlon on yoor
cosputer., Hote that the slashes are ocpposlte foar a Mac va a PC.
prame = 'C:\Uszers)\cuedTi%8Documents \MATLAB\MGZ0L 3ITyvaTeatGPR_[atal';

- o a

% Create an arrvay of line numbers for each survey. The sef of Mala GFR
i lines that ara set in MatGPR farmat must be changed to the correct
% arrays are different.

bkgndline = [€7:75 T7:B7]+
pwlinel = [88:98]s % Post-water is only used for Time- lapse GPR.
pwlineZ = [100:107); V Post-water is only used for Time-lapse GPR. A
i second post-water ls shown here bacause the
i "place-holder™ has changed.
pdlips = [108:127]1: % Post—dye ia only used for Time—lapse GPH.

i Creates prefixes and suffix for each line that is- loaded.
prefix = 'DAT 00°;

prefixd = "OAT 0°;

saffix = ' Al,.rd3';

% Tha following loads the background, pest-water, and post-dye radar
i lines. "MG* must be changed if you afe procesaing the Shale Hills
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b data. Post-wataer and posc-dye [(pwl, pwZ and pdl are enaly used for
i Time-lapse GPFR. A second post-water 13 shown here because the

¥ "place-holdecr has changed.

[MEDE1] = LoadMGLines{pname, preflx, suffix, bkgndiine);

[MGpwl] = LoadMGEWlLines|pname, prefix, suffix, pwlinel);

[MGpw2] = LoadMGPW2Llines (pname, prefix2, suffix, pwlinel):

[MGpdl] = LoadMGPDLines [prame, prefix2, suffix, pdiinel)s

I Before the processing function below can be called, the paramatercs
¥ Dor batch processing have ©o be set in matgpr. These parameters are
¥ stored in the ENVAR structure. This structure has beesn saved as a and
% .mat file will be locaded from this scripc. The fallowling processing
¥ steps are called For in ENVAR and can be seen ln Table 2-2¢

i STEP 1: Dewow®ad

& STEP Z: Adjust Signal Position (3.375ns)

% STEP 3: Removed Global Backgroand

b 5TEP 4: Low-Pass Freguency Filtersd at 1600 MH:

% 5TEP 5: Trimmed Time Window (last IL.1ED2 ns) {only for Tims-lapes

L] GPR]

i ETEP 6: Applied galin glt)= 0.05803*c"2 [enly for Time-lapse GPR]

¥ Load batch processing pArameters
fname = [pname 'EHVAR.zat']s
load{fname)

% The line number refers to the radargras that needs Lo analyied.

i Background data f= only used to identify saprock layer. “MG™ must

% be changed if you are processing the Shale Hills data. Post-water and
i\ post=dye (pWwi, pwi and pd} are only used for Time-lapas GPR. A aacond
§ post=water 13 shown hare because the "place-holder® hasx changed.

IPD = MGbkl.Linef7:

i IPD = MGpwl.Line33dr % Commented out when running background data.
i IPD = MGpw2.Linel04: & Commented out when running background data.
i IPD = MGpdl.Linellér % Commented cut when running background data.

Rups Bateh processing. “MGY moest be changed 1f you are pracessing the
Shale Hills data, Post-water and pest-dye [pwl, pwd and pd] are only
uged for Time-lapse GPR. A second post=water is shown here because
the “"place-holder” has changed.

OFD = Run_batch job(IPD):

[ MGbklout | = processMGlines (MGbkl):
[ Mepwlout | = processMGlines(MGpwl);
[ MGpwZout ] = processMclines (MGpwZ]:
[ MEpdlout ] = processMGlines{MGpdl) s

i\ Holds the processed data.
IPD=GPD}
keepprocdata (IPD, OFD) i

& STEP 7= only used for Missed Grouss data,
AREAARAERRARARNRRAR RN Wavenumher Fllrer ARRbRARaesReiiieueainiavass
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i This script smooths the daca and is oply caed for the Missed Grouse
V Saprock and Infiltration radargrams.

CFD = IFD;

[cPD.d, Wa] =
MG_Wavenumber (IPD.tt2w, IPD.4, IPD.dx, 1, ENVAR.Desiqn Fllrer);

i Holde the processed data.
IFD=0FDy
keepprocdata (IFD, OFD) ¢
hold on

W STET B
BRAGRAAGRGARVRARAERALALLY Hilbhare Transform URGRRERUNERARERABRERERERANY

Thizs sceipt uses the Hilbert Tramsform filter to enhance the signal
within the Missed Grouse radargrams to identify the saprock,
boundary which was measured from the refusal depth produced by the
Tile Probe at the Shale Hills fleld sits.

Ll S

[n%, ntr] = 8ize(IPD.d);
dinac = zeros(ns,nktr)
nei = I+*IPD.ns;
for i=linte,
tr = IPD.d{:,i}s
i Hilbert transform Equation SRRRRARRRRSERARAAARNNAN
ftr = FEtitr,ns3)i
h = zeroainsd,l):
if ned >0 66 2*Eixinal/2)==psl & aven
hifl na3f2+1]) = 1:
hi2:ns3f2) = 2;
elgeif neld > 0 ) & add
hil] = 17
hiZ2: (ns3+1) /2] = 2;
and
ht = {ffc(fee.*hi;
RN E R R AR R R AR
ht = Rt {lins,1):
i ipstantanegus applicude {(envelops)
dinst(:, L) = abalht):
end
OPD.d = dinsk:
wiewdata (OPD.%,0FD.tt2w,0FD. 4, "*outdata”, OPD.x1ah, 0FD. zlab) ;

% Holds the processed data.
IFD=0FD:
hold on

L STEP 8§

FERAEREAREAEEERERERLRYY Time to Depth Converzlan RERANERRERANERARRATAES
i This routine converts the time to depth.

i Drives the routine "ttoz.m™
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[0FD.z,0PD.n8,0PD.d2,0PD.d] = ctoz{IPD.ttdw, IPD.4,IPD.dE,V5.v1d, 0, 00;
CFD.zlab = "Depth (m)":

¥ Views the data.

viewdata {OPD.%, 0FD.2,0P0.d, '"outdats® ,OFD.xlab, 0PD.2lab)
kespprocdata|{IPD, OPD)

hold on

i STEP 10

EREAREAARERERRRARERYY Depth to Bedrock Calculatlon fRARERABASARARERRANG
i The script identifies the bedrock boundary within the radargrams and
i most be commented out if it i3 not identifying the depth to saprock

i layez.

depth = zeros[l,ntr]:

for 4 = 1l:ntE;
ipd = find (IPD.A (2,4} > 901} i Chosen threshald.
ind? = ind{end):
timeses = (IPD.tt2wiind2)).r 2z
depth (i)= timesec.* V5.wld{l)i
end

i Smooths the data.
am = smoath {depth)
sml = smoothi{zm);

am2 = smooth{sml]:
am3 = smooth{smd);
amd = amooth{sm3);

A figure (313
plot (IPD.x, smd, *.w')s

gepthl = zeros|l,ntc)s

for 4 = l:ntr:
ind = find (IPD.4 (:,4) > 4505 i Chosen threshold.
ind2 = ind{end); )
tipese: = (IPD.tt2wiind2))./ 2:
depthl (i)= timesec.* ¥W5.vld{l):

and

§ =Emooths the data.
amé = smooth{depthl) s
sm7 = smooth{smé);
sm3 = smooth[sm?);
am0 = smooth(omd)
gmld = smooth{sm%)r

% View the final versien of the radacgrams.
Eiguce (2)q

plot (IPD.%, smi0, '.y'):

hold on
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plot (Station,Tile Probe Depth Line 21, '-* m', 'LineWidth',2) %plot

% Tile Probe data over saprock boundary.

2. 3-Dimensional Saprock Surface

This m fiie creates a 3-D plot of the Saprock surface at the Missed
Grouse or Shale Hills field site.

G S

S

Author: Lacey M. Pitman
% 2014 May

% Loads the data and "SH” must be changed if lcading Missed Grouse
% data.
locad BedrockDataSH

% Mesh Grid to create 3-dimensional grid.
[x1 yl1] = meshgrid (0:0.01:1.99,0:0.05:1.00);

% Create surface of different threshclds, based on Amplitude threshold
% of 5%. Values must be changed for Missed Grouse field site.

BR150 = fit{ [x1l{:), vl(:)1, BedrockDepth3D150(:}, ’'polyb55']);
BR180 = fit{ [x1{(:), vl{:)], BedrockDepth3D180(:), 'pclyb5'};
BR210 = fit{ [x1i{:}, vl{:}], BedrockDepth3D210({:), 'pclybd5'};
BR240 = fit{ [x1l{:}, y1l{:}], BedrockDepth3D240(:), 'poly53'};
BRS00 = fit{ [x1(:}, v1{:}], BedrockDepth3D500{:}), 'poly55"};

% Plot the data to create the saprock boundary of different thresholds.
% Comment out the plots if you choose not to see a certain one.

figure (1}

plot (BR150)

held on

plot (BR180D)

hold on

plot (BR210}

hold on

plot (BRZ240)

hold on

plot (BR500Q)

% Label axis.

title{'Depth to Saprock Layer at Missed Grouse')}
xlabel {'Easting (m) "'}

ylabel ("Northing (m] ')

zlabel ('Scil Depth (m)')

set(gca, 'ZDir', 'reverse'}; % Reverse 2 axis,
zlim ([0,0.6]}; % Set minium z axis.

colorbar EastCOutsidet Create color bar.
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3. Surface Elevation Map

§ This scripc creates a 3=0 plor of che sucface topogoaphy at Missed
I Grouse fiald site.

% Script crested by Lacey M. Pltman.
§ 2014 April

¥ Load data.
load TotalStaticnbata

i Create X and ¥.
x = 0. 10:2.00;
yo= 0. 10:1.00;

£ = glevaticn:

& Mash Grid.
(=%l wl] = meshgrid (x,¥li
ixg;yg]l = meshgrid{0:.01:2.00,0:.05:1.00)1;

V Grid the dats.
vgBlevation = geiddata(=, y:2,%¥q:y9)7

i Flot 3=-0 graph and Contoulr map.
figure (1)

mesh(xq, yg, vqElevation);

held on

§ Crmata color map and celorbar.
cl = contourd(xl,yl,z,'B*)}
clabal (cl)

colormap copper

colorbar EastOutaside

% Lapkel axlis.

titla|"Surface Elevation of Missed Grouse Field Site']
slabel{*Eascing (m}"]

yiabel {*Norching [m}")

riahel {*Elevation [(mi')
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B. RADARGRAMS

Appendix B contains Lines 1-16 (B-1 to B-16), which shows the gradual decrease in the
amplitude changes with increasing distance from the injection trench at Missed Grouse.
In addition, Lines 1-12 (B-17 to B-28) show the gradual decrease in the amplitude
changes with increasing distance from the injection trench at Shale Hills. A table of the
extent of lateral flow at each field site is located before the first radar line of each field
site,
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Table B-1

Table of post-water and post dye
radargrams compared to background
radargrams that change with distance
at Grouse.

Table B-2

Table of post-water and post dye
radargrams comparisons that change with

distance at Grouse.

Line | Change between Distance (m)
# | Post-water and dye | from trench
| c 0.1
2 C 0.15
3 c 0.2
4 c 0.25
5 c 0.3
6 5¢ 0.35
7 sc 0.4
8 sC 0.45
9 SC 0.5
10 ne 0.55
11 ne 0.60

Line Distance (m
# Water | Dye from trelgch)
1 C c 0.1
2 c c 0.15
3 C ¢ 0.2
4 c c 0.25
5 c c 0.3
6 ¢ ¢ 0.35
7 c c 0.4
8 5C SC 0.45
9 sC c 0.5
10 SC sC 0.55
11 nc nc 0.6
12 nc ne 0.65
13 ne ne 0.7
14 nc ne 0.75
15 ne ne 0.8
16 ne ne 0.85

Note ¢ means change from
background radargram, sc means
slight change from background
radargram, and nc means no change
occurred in comparison fo previous
surveys. Radargrams truncated at
0.45 m depth due to noise below that
depth for this survey.

Note ¢ means change from background
radargram, sc means slight change from
background radargram, and nc means no
change occurred in comparison o previous
surveys. Radargrams truncated at 0.45 m
depth due to noise below that depth for this

survey.
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Figure B-1 Comparison of the post-water, post-dye and background radargrams

10 m down slope from the trench at Missed Grouse) shows a

change in the reflection of the radar signal. The change can be observed at depths

collected at Line 1 (0.

1.5 m {marked by dashed lines). Note: Vertical

0.10-0.30 m and distances of ~0.40-

1440

0.075 m/ns.

exaggeration = 2; depth computed assuming velocity
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r, post-dye and background radargrams

collected at Line 2 (.13 m down slope from the trench at Missed Grouse) shows a
change in the reflection of the radar signal. The change can be observed at depths
0.10-0.30 m and distances of ~0.40-1.5 m. Note: Vertical exaggeration = 2; depth

computed assuming velocity
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Figure B-4. Comparison of the post-water, post-dye and background radargrams

collected at Line 4 (0.25 m down slope from the trench at Missed Grouse) shows a

change in the reflection of the radar signal. The change can be observed at depths
0.10-0.30 m and distances of ~0.60-1.4 m. Note; Vertical exaggeration = 2; depth
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0.075 m/ns.

computed assuming velocity
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collected at Line 5 (0.30 m down slope

0.10-0.30 m and distances of ~0.70-1.4 m. Note: Vertical exaggeration = 2; depth

computed assuming velocity
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posi-dye and background radargrams

-

in the reflection of the radar signal. The change can be observed at depths

collected at Line 6 (0.35 m down slope from the trench at Missed Grouse) shows a
0.10-0.30 m and distances of ~0.80-1.3 m. Note; Vertical exaggeration = 2: depth

Figure B-6. Comparison of the post-water,
computed assuming velocity = 0L075 m/ns.

change
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Figure B-7. Comparison of the post-water, post-dve and background radargrams

collected at Line 7 (0.40 m down slope from the trench at Missed Grouse) shows a
change in the reflection of the radar signal. The change can be observed at depths

0.10-0.30 m and distances of~0.80-1,2 m. Note: Vertical exaggeration = 2; depth

computed assuming velocity = 0.075 m/ns.
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Figure B-8. Comparison of the post-water, post-dye and background radargrams collected
at Line 8 (0.45 m down slope from the trench at Missed Grouse) shows a slight change in

the reflection of the radar signal. The change can be observed at depths 0.10-0.30 m and
distance of ~0.90-1.1 m. Note: Vertical exaggeration = 2; depth computed assuming
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Figure B-9. Comparison of the post-water, post-dye and background radargrams

collected at Line 9 (0.50 m down slope from the trench at Missed Grouse) shows a
change in the reflection of the radar signal The change can be observed at depths

0.10-0.30 m and distances of ~0.90-1.1 m. Note: Vertical exaggeration = 2; depth

computed assuming velocity = 0.075 m/ns.
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Figure B-10. Comparison of the post-water, post-dye and background radargrams

collected at Line 10 {055 m down slope from the trench at Missed Grouse) shows a
change in the reflection of the radar signal. Note: Vertical exaggeration = 2; depth

computed assuming velocity = 0.075 m/ns.
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Figure B-11. Comparison of the post-water, post-dye and background radargrams

collected at Line 11 {0.60 m down slope from the trench at Missed Grouse) shows no
change in the reflection of the radar signal. Note: Vertical exaggeration = 2; depth

0.075 m/ns.

computed assuming velocity
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Figure B-12. Comparison of the post-water, post-dye and background radargrams

collected at Line 12 {0.65 m down slope from the trench at Missed Grouse) shows no
change in the reflection of the radar signal. Note: Vertical exaggeration

computed assuming velocity = 0,075 m/ns.

2; depth
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Figure B-13. Cn-ﬂq:nuimn of the post-water, post-dye and background radargrams

collected at Line 13 {(0.70 m down slope from the trench at Missed Grouse) shows no

change in the reflection of the radar signal. No evidence of finger. Note: Vertical

0.075 mins.

2; depth computed assuming velocity

exaggeration

152



S

1. ‘.l..i.
-.‘I.‘._. -f

1

- ..a.ﬁ._.—*.. H
SUE

L

2; depth
153

0.075 m/ns.

Figure B-14. Comparison of the post-water, post-dye and background radargrams
collected at Line 14 (0.75 m down slope from the trench at Missed Grouse) shows no

change in the reflection of the radar signal. Note: Vertical exaggeration

computed assuming velocity



Figure B-15. Comparison of the post-water, post-dye and background radargrams
collected at Line 15 (0.80 m down slope from the rench at Missed Grouse) shows no

change in the reflection of the radar signal. Note: Vertical exaggeration = 1; depth

computed assuming velocity = 0.075 m/ns,
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Figure B-16, Comparison of the post-water, post-dye and background radargrams
collected at Line 16 (0.85 m down slope from the trench at Missed Grouse) shows no
change in the reflection of the radar signal. Note: Vertical exaggeration = 2; depth

computed assuming velocity = 0.075 m/ns.
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Table B-3

Table of post-water and post dye radargrams compared to background
radargrams that change with distance at Shale Hills.

Line # Water Dye Distance {m) from trench
1 c ¢ 0.2
2 c ¢ 0.25
3 (& c 0.3
4 c ¢ 0.35
5 sC sC 0.4
6 ne nc* 0.45
7 sC c 0.5
8 ne ne 0.55
9 nc ne 0.6
10 nc nc (.65
11 nc nc 0.7
12 nc ne 0.75

Note ¢ means change from background radargram, sc means slight change from
background radargram, nc* means no change above 0.4 m depth (trench depthj,
and nc means no change occurred in comparison to previous surveys.

Table B-4
Table of post-water and post dye radargrams comparisons that change with
distance at Shale Hills.
Line # Change between Post- Distance (m) from trench
water and dye
1 C 0.2
2 c 0.25
3 ¢ 0.3
4 $C 0.35
5 nc* 0.4
6 nc* 0.45

Note c means change from background radargram, sc means slight change from
background radargram, nc* means no change above 0.4 m depth (trench depth),
and nc means no change occurred in comparison to previous surveys.
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collected at Line 1 (0.20 m down slope from the trench at Shale Hills) shows a change

in the reflection of the radar signal. Note: Vertical exaggeration

assuming velocity

Figure B
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Figure B-18. Comparison of the post-water, post-dye and background radargrams

collected at Line 2 (0.25 m down slope from the trench at Shale Hills) shows a change

i4
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2: depth computed

in the reflection of the radar signal. Note: Vertical exaggeration

assuming velocity = 0.075 m/ns.
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Figure B-19. Comparison of the post-water, post-dye and background radargrams

collected at Line 3 (0.30 m down slape from the trench at Shale Hills) shows a change
in the reflection of the radar signal. This can be observed at depths 0.10-0.30 m and

distances of ~0.40-1.4 m. Note: Vertical exaggeration

velocity = 0,075 m/ns.
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change in the reflection of the radar signal. This can be observed at depths 0.10-

collected at Line 4 (0.35 m down slope from the trench at Shale Hills) shows a
0.30 m and distances of ~0.40-1.40 m. Note: Vertical exaggeration

Figure B

0.075 m/ns.

computed assuming velocity






