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ABSTRACT 

Temporal and spatial variability makes locating zones of seepage difficult using traditional point 

measurements. The goal of this project was to employ 2D electrical resistivity, 3D electrical 

resistivity, and time-lapse resistivity to improve our understanding of how small-scale 

heterogeneity controls seepage.  We collected underwater electrical resistivity data along the 

southwest shore of Mirror Lake, NH, as part of a multi-year assessment of the utility of 

geophysics for mapping groundwater seepage beneath lakes.  We found that resistivity could 

predict out-seepage. A line collected perpendicular-to-shore along the lake bottom starting 27-

m off shore and continuing 27-m on shore (1-m electrode spacing) showed the water table 

dipping away from the lake, the steep gradient indicative of high out-seepage in this area.  

Resistivity could also broadly delineate high-seepage zones. An 80-m line collected parallel to 

shore using 0.5-m electrode spacing was compared with measurements collected the previous 

year using 1-m electrode spacing.  Both data sets show the transition from high-seepage glacial 

outwash to low-seepage glacial till, demonstrating reproducibility. However, even the finer 0.5-

m electrode spacing was insufficient to resolve the heterogeneity well enough to predict 

seepage variability within each zone.  In two sections along this 80-m line, one over glacial 

outwash, the other over till, we collected 14 parallel lines of resistivity, 13.5-m long and spaced 

1-m apart to form a 13.5 x 13-m data grid. These lines were inverted using two methods:  1) 

individually using a 2-D inversion program and then interpolated to create a 3-D volume and 2) 

they were jointly inverted to create a 3-D volume. Examination of resistivity slices through these 

volumes highlights the heterogeneity of both these materials, suggesting groundwater flow 

takes indirect flow paths. However, only when there was a strong contrast in resistivities (the till 

section) could a possible groundwater flow path be identified. Time-lapse resistivity was used to 

determine the effect of the top layer of fine sediments.  A 13.5-m long time-lapse resistivity 
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survey was completed in the glacial till using 0.5-m electrode spacing showed that disturbing 

only a few millimeters of surficial sediments produced up to a 6% change in resistivity.  This 

change was accompanied by changes in seepage, indicating that the fine layer of sediments is a 

major control on seepage patterns.  This project showed that combining several electrical 

resistivity methods provides a better understanding of subsurface heterogeneity and aids in the 

placement of point measurements.  However, in such heterogeneous material the goal of 

predicting seepage variation still remains difficult.   
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Chapter 1: Introduction 

1.1. Background on Lake Characteristics Using Geophysics 

This project was part of on-going research in the application of electrical resistivity 

tomography to characterize subsurface heterogeneity that may influence seepage and the 

groundwater-surface water interface.  Groundwater-surface water interaction has become 

increasingly important due to the rise of contaminant spills, new infrastructure, and increasing 

populations near watersheds and has been the subject of numerous investigations in recent 

years (Schneider et al., 2005; Sophocleous, 2002; Winter 2000; Rosenberry, 1999; Cherkauer 

and Carlson, 1997).  Common themes from the literature include managing the watershed 

(Winter et al., 2003), delineating contaminants (Sophocleous, 2002; Cherkauer, 1991), 

determining flow direction and velocity (Rosenberry, 1999), mapping saltwater intrusion 

(Adepelumi et al., 2009), and mapping fluid infiltration through the vadose and hyporheic zone 

(Webb et al., 2008; Ryan and Boufadel, 2006).  Geologic heterogeneity and hydraulic gradient 

are believed to be key factors controlling seepage rates (Rosenberry, 2005; Winter, 2003).  Lakes 

are both discharge and recharge points for groundwater (Winter, 1985); therefore a 

contaminated lake may affect the chemistry of the groundwater or vice-versa.   

The interaction of surface water and groundwater is complicated.  Seepage typically 

occurs within the first 1 or 2-m from shore and simple models based on homogeneous sediment 

predict that the seepage rates decrease exponentially away from shore (Winter, 1983; McBride 

and Pfannkuch, 1975).  However, field studies and models incorporating more heterogeneous 

geology have shown seepage modeled and measured at distances of up to 100m offshore 

(Mikochik, 2008; Schneider et al., 2005).    Mikochik (2008) found that thinning of the lake 

sediments, fracture zones more conductive than the lake sediments, and breaks of slope in the 

lake bed all produced non-exponential seepage patterns.  Geologic heterogeneity can also cause 
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flow rates to vary by orders of magnitude over just a few meters along the shoreline.  Seepage 

rates can be affected by climate (Sophocleous, 2002), landscape and topography (Winter, 1995), 

and man-made structures (Rosenberry, 1999).  The groundwater-surface water interface is also 

bidirectional; lakes can recharge groundwater (out-seepage) or groundwater can discharge into 

lakes (in-seepage).   

The aforementioned studies relied on traditional point measurements such as the 

seepage meters described by Rosenberry (2005) and Lee (1977), flow analysis by dye tracing 

(Kalbus et al., 2006), piezometers (Simpkins, 2006), lysimeters (Webb et al., 2008), and multi 

level well arrays (Dean et al., 1999).  These methods are limited in spatial extent and time 

consuming, some taking months to complete (Schneider et al., 2005, Rosenberry, 1999) and 

some requiring specialized equipment to install (Dean et al., 1999).   Because seepage meters 

and other point measurements have these limitations and because we know that seepage can 

vary over short distances, techniques to screen larger areas to optimize seepage meter 

placement are needed.  This led to the investigation of non-intrusive geophysical techniques for 

finding seepage locations.   

  Electrical resistivity is sensitive to several factors including porosity, pore fluid 

resistivity, and saturation (Archie, 1942).  Tayler and Cherkauer (1984) used electrical resistivity 

to look for seepage zones by mapping transmissivity changes along the shore of Lake Michigan. 

Their work demonstrated that 1) lake bottom sediment resistivity can be measured from the 

surface of the lake and 2) large areas can be surveyed quicker than with traditional land-based 

methods.  Their work was hindered by the available technology.  Only 1-dimensional resistivity 

processing was possible, creating possible errors in the analysis as resistivity data had to be 

interpolated.  Their work was conducted before the introduction of Global Positioning Systems 

(GPS), resulting in inexact position locations.  Finally, their data recording systems were analog, 
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so trying to synchronize the resistivity data with the recorded positions was difficult.  Heaney 

(2006) built on this work using modern technology.  Computers and the technology associated 

with resistivity and geophysical techniques have advanced considerably in recent years.  Modern 

computers can rapidly invert the datasets, inversion algorithms are readily available, data is 

digitally recorded, and GPS provides accurate positioning of equipment.  Consequently 2D 

resistivity is widely used and is relatively cheap, rapid and non-invasive (Chambers et al., 2002) 

and its use can significantly reduce the required number of ground truth measurements. 

 Heaney (2006) performed an electrical resistivity study of seepage at Lake Lacawac, 

Pennsylvania, with the goal of characterizing zones of discharge and recharge. Heaney (2006) 

collected towed resistivity surveys around the lake and lake bottom resistivity surveys 

perpendicular to the shore.  Towed electrical resistivity surveys are completed by attaching a 

floating electrode cable to a small boat propelled by a trolling motor.  The towed resistivity 

surveys showed lithology changes around the perimeter of the lake and identified zones of clay, 

sandstone bedrock, and benthic sediments.  The stationary resistivity surveys were consistent 

with towed resistivity surveys and also identified possible groundwater flowpaths through a 

transmissive sand layer that extended from shore.  The conclusion was that there appeared to 

be a correlation between seepage rates and where the layers of sandy sediments pinched out 

off shore.  Pinchout of the sandy sediment layer was found to focus groundwater discharge 

before the pinchout.  However, the confidence in these findings was limited because of the low 

rates of seepage at Lake Lacawac.  A seepage rate of at least 0.50 cm/day is needed to ensure 

reproducible measurements, and the largest seepage rate Heaney recorded at Lake Lacawac 

was 0.19 cm/day.  This is within the range of experimental error; therefore, while the findings 

were promising, the link between resistivity measurements and seepage was not conclusively 

demonstrated.   
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   Mirror Lake (Figure 1.1) is well-characterized and known to have high seepage rates, in 

excess of -250 cm/day.  Located the White Mountains of New Hampshire, Mirror Lake was 

glacially formed and encompasses an area of about 0.15 km2 situated at the eastern end of the 

Hubbard Brook Valley.   It is a long-term study site for the USGS and was ideal for this project 

because of its small size and well-described geology and hydrology (Ellefsen et al., 2002; 

Rosenberry and Winter, 1993).  The lake has a maximum depth of 11 meters, an elevation of 

213-m, a catchment of approximately 0.85 km2

  

, and experiences average annual precipitation of 

1200 mm and average annual evaporation of 500 mm. (Rosenberry and Winter, 1993).  

Rosenberry (2005) published detailed lake seepage information, reporting seepage rates well in 

excess of 1 cm/day for large sections of the shoreline, more than large enough to be 

reproducibly measured. 
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Figure 1.1:  Location of Mirror Lake, NH.  Three inlet streams (west, northwest, and northeast) 
feed the lake and one dammed outlet stream (southwest) drains to the Hubbard Brook and 
ultimately the Pemigewasset River.  (From Rosenberry et al., 1999). 
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 Bedrock beneath Mirror Lake is crystalline and fractured, and consists of various igneous 

intrusives, mainly granite, the Devonian-aged Kinsman quartz monzonite and the schist and 

slate of the Littleton Formation (Winter, 1985; Harte, 1997).  Overlaying the bedrock is a layer of 

glacial drift that varies in thicknesses from almost zero at the center of the lake to over 30 

meters at the lake’s edge. Composition of the drift ranges from silt to silty sand to sand and 

gravel with pockets of boulders and cobbles.  Over much of the center of the lake bed is a layer 

organic sediment known as gyttja which reaches thicknesses of approximately 1 to 2-m near the 

center of the lake (Mitchell et al., 2008; Mitchell, 2008; Winter et al., 2003; Winter, 2000; 

Rosenberry and Winter, 1993).    Because the bedrock beneath Mirror Lake is fractured, fracture 

flow dominates the regional groundwater system (Winter et al., 2003; Ellefsen et al., 2002).  

However, Rosenberry and Winter (1993) found that water from fractured bedrock is not a 

significant component of the water budget of Mirror Lake, instead the ground-water system 

associated with Mirror Lake drains mainly through unconsolidated sediments overlying the 

bedrock.   

  The terrain is described as mostly steeply sloping with ridges and rocky sections, with a 

maximum relief of 246 meters (Rosenberry and Winter, 1993). Three small inlet streams feed 

Mirror Lake from the west, northwest, and northeast.  The lake discharges to the south by a 

dammed outlet stream.  Water from the lake feeds the eastern edge of the larger Hubbard 

Brook catchment, which eventually flows into the Pemigewasset River.     

Data included in this paper were collected along the southwest shore of the lake.  Most 

of this area is underlain by glacial till with the notable exception of an outwash deposit of coarse 

sand and gravel (Figure 1.2).  Previous work by Rosenberry and Winter (1993) has shown the 

southwest shore to be a region of very high seepage.  The hydraulic conductivity of this sand 

and gravel deposit measures 10-3 m/sec, which is approximately 1000 times that of the 



7 
 

surrounding glacial till. (Harte, 1997).  The sand and gravel unit is a major sink for the lake water 

to enter the groundwater system and seepage rates of up to 300 cm/day have been recorded 

(Mitchell et al., 2008; Rosenberry and Winter, 1993).  It is these high rates of seepage and 

variations in lithology that were the target of our seepage measurements and resistivity surveys. 

The seepage rates at Mirror Lake are significantly higher than those found at Lake 

Lacawac, allowing for a valuable comparison with geophysical measurements. Mitchell et al. 

(2008) applied the same methodology as Heaney (2007) to Mirror Lake, which is known to have 

high rates of seepage; the highest they measured was -282 cm/day.  Towed electrical resistivity 

surveys were found to be a rapid way to locate large areas of possible seepage so that the more 

time-consuming stationary resistivity surveys could be used to delineate local areas of seepage.  

The southwest shore was found to have an area of high seepage (Figure 1.4).  Stationary 

electrical resistivity surveys using a 1-m electrode spacing and seepage measurements in this 

region mapped an area of likely seepage within the first one or two meters from shore (Mitchell 

et al., 2008).  The resistivity profiles were in general agreement with the seepage rates recorded 

along the southwest shore.  It was found the high seepage corresponded to intermediate and 

low resistivities and low seepage corresponded to high resistivity values (Figure 1.4).   The 

correlation can be explained by the fact that the sand and gravel is higher porosity, which in this 

case correlates with higher permeability (demonstrated by permeameter measurements) and 

the till has a low porosity and was less permeable.  However, the seepage rates did vary within 

each zone and the resistivity survey could not predict the fine scale seepage variability within 

each zone.   
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Figure 1.2:  Black arrows indicate approximate direction of groundwater flow (Rosenberry, 
2005). Seepage rates are highest along the southwest shore, where the results of core 
analyses, slug and modeling tests suggest the presence of a deposit of well-sorted sand and 
gravel. From Scheutz, 2002. 
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Figure 1.3:  Stationary resistivity surveys completed by Mitchell, (2008) along the southwest 
shore of Mirror Lake.   The bold black line from A to A’ is the resistivity profile that was used 
for comparison in this study.  The red lines were other resistivity surveys that were conducted 
from Mitchell (2008).  Modified from Mitchell (2008).   
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Figure 1.4:  A) Locations of seepage meters with corresponding seepage rates.  The seepage 
rates were used in guiding resistivity surveys.  The sand and gravel had high rates of seepage.  
The glacial till had low seepage except for the anomalous seepage rate recorded at 90 m.  The 
dashed black line indicates the transition from the glacial till (NW) to the sand and gravel 
outwash (SE) Seepage rates from the southwest shore shown as a bar chart.  After Mitchell 
(2008). 
 

Low Seepage Glacial 
Till 

High Seepage Sand 
and Gravel 
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1.2. Project Purpose and Hypothesis 

 There are three hypotheses as to why seepage varies on a small scale within both the till 

and the outwash zones, but was not explained by the resistivity data.  The first is that the 

electrode spacing used in Mitchell et al. (2008) was not small enough and therefore did not 

provide sufficient resolution to image small-scale heterogeneity.  The second is that the flow 

paths are three dimensional and sinuous and may not show up in 2D resistivity profiles because 

seepage is not confined to the plane of the image.  The third is that seepage variability could be 

caused by disturbance of the thin veneer of fine sediments at the sediment-water interface and 

is difficult to see with standard resistivity equipment.  The goal of this project was to test these 

hypotheses to further investigations into resistivity as a tool for seepage characterization started 

by Mitchell et al., (2008), Heaney, (2007), and Taylor and Cherkauer, (1984). 

Mitchell et al. (2008) completed a parallel-to-shore resistivity survey along the 

southwest shore using an electrode spacing of 1-m.  The data from this survey showed a 

correlation between resistivity and zones of low seepage and high seepage and the transition 

between the two.  However, the resistivity data did not explain variations in seepage within 

each zone.  To test the hypothesis that the 1-m electrode spacing had insufficient resolution, we 

used an electrode spacing of 0.5-m, which doubles the resolution at the cost of reduced depth 

of penetration.   

To test the second hypothesis that small-scale variations in seepage were missed 

because the previous study relied on 2D resistivity imaging we used 3D resistivity to see if it 

could provide the detail to locate these heterogeneities.  Only recently has 3D resistivity 

emerged as a suitable tool for environmental geophysics.  The inversion codes for 3D data are 

complex and limited in number, while the computations may take hours or even days for large 

datasets.  However, research into 3D resistivity is advancing and in many cases can be more 
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useful and accurate than 2D resistivity.  Gharibi and Bentley, (2005) showed 3D resistivity 

accurately mapped zones of elevated ammonium that were not accurately portrayed in the 2D 

surveys.  Chambers et al. (2002) found that 3D resistivity identified known buried targets.  

Mansoor and Slater (2007) used time lapse electrical resistivity to monitor groundwater-surface 

water interaction in a wetland.  Kaufmann and Deceuster (2007) described a 3D cross-diagonal 

resistivity survey that mapped a plume of light nonaqueous phase liquids.  Vanneste et al. 

(2008) found that pseudo 3D resistivity, in which parallel 2D lines are stacked side by side and 

then resistivities in between are interpolated, accurately identified a buried fault and was nearly 

as quick as a standard 2D survey.  Despite its potential advantages, 3D resistivity surveys remain 

far less common than 2D because data acquisition takes far longer.  In this study, rather than 

collect 3D data along the entire southwest shore, 3D data were collected at two locations: one 

in the zone of generally high seepage, the other in the zone of low seepage.   

Finally, to test the third hypothesis that the thin veneer of fine sediments resting on the 

lakebed may play a significant role in controlling seepage, we used time-lapse resistivity to track 

percent changes in resistivity from a background survey to determine how much of an effect 

disturbing this sediment has on the subsurface resistivity distribution.  This layer of sediment is 

typically composed of fine organic materials and is usually is very thin, sometimes only a few 

millimeters (Rosenberry et al., 2009).  Because of the fineness of the sediment, the permeability 

is reduced and therefore reduces seepage.  However, this layer is easily disturbed because it is 

so thin and hence just walking on it may move it enough to change seepage rates.   

This project utilized 2D resistivity, 3D electrical resistivity, and time-lapse resistivity to 

improve our understanding of how small-scale heterogeneity controls seepage.  The study site 

for this work was the southwest shore of Mirror Lake, NH, where high seepage rates are known 

to occur and extensive geologic and hydrologic data are available from previous studies. 
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Chapter 2:  Methods 

2.1. Electrical Current Flow and Geology 

 Electrical resistivity is a geophysical technique that injects current into the ground via 

two current electrodes and determines the resistivities by measuring the voltage gradient across 

two potential electrodes.  Resistivity variation in the subsurface is dependent on the lithology, 

porosity, saturation, pore fluid conductivity, and clay content.  Most materials have resistivity 

values that can vary by orders of magnitude.  For instance, granite has resistivity values ranging 

from 102 Ω-m to 106 Ω-m, sandstone has values that range from 1 Ω-m to 108 Ω-m, and sand has 

values ranging from 1 Ω-m to 103

where ρ is bulk resistivity, ρ

 Ω-m (Reynolds, 1997).  Because rocks and minerals are 

typically resistors, current flow in the subsurface is generally electrolytic and the current 

injected into the ground is conducted by ions in the groundwater that fills the interconnected 

pores between the rocks and sediment (Reynolds, 1997).  Resistivity varies as a function of 

Archie’s Law (Archie, 1942), which is given by: 

𝜌𝜌 = 𝜌𝜌0𝑎𝑎𝑎𝑎−𝑚𝑚𝑠𝑠−𝑛𝑛                                                                        2.1 

0

 

 is pore fluid resistivity, s is saturation, φ is porosity, and a, m, and n 

are empirical constants where 0.5 ≤ a ≤ 2.5, 1.3 ≤ m ≤ 2.5, and n ≈ 2.  In this study, saturation is 

100% because the sediment is under the lake and pore fluid resistivity is assumed to be constant 

because the lake water is seeping into the groundwater at the study site.    Archie’s law assumes 

that conduction is predominantly via the ions in the pores, not surface conductivity, which is 

true of clay-free sediments (Bolieve et al., 2007).  Porosity is therefore the main control on the 

bulk resistivity of the sediment and is assumed to be a large control on the rate of seepage. 
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2.2. Theory of Resistivity 

The empirical relationship between the resistance (R) of a resistor in a simple series 

circuit, the current passing through the resistor (I), and the change in potential (∆V) is given by 

Ohm’s Law: 

∆𝑽𝑽 = 𝑹𝑹× 𝑰𝑰                                                                                2.2                                                

A simple series circuit consisting of a battery and a resistor (Figure 2.1a) demonstrates this 

relationship.    Assume that, instead of flowing through a wire, the current now flows through a 

rectangular parallelepiped with an area (A) and length (L).  Then the relationship that defines 

the resistance (R) as a function of this geometry is: 

𝑅𝑅 =
𝜌𝜌× 𝐿𝐿
𝐴𝐴

                                                                                 2.3 

Substituting equation (2.3) into equation (2.2) and solving for ρ yields: 

𝜌𝜌 =
∆𝑉𝑉𝐴𝐴
𝐼𝐼𝐿𝐿

                                                                                   2.4 

This shows that resistivity is affected by the length (L) and the cross-sectional area (A) of the 

parallelepiped and reflects the ease with which the current can flow through a medium.   

 For a point current source on the surface of a homogeneous, isotropic material current 

will flow radially across a hemispherical shell with an area of 𝐴𝐴 = 2𝜋𝜋𝑟𝑟2 (Figure 2.1b).  If we 

substitute the surface area of the hemisphere into equation (3.4), the potential between two 

hemispheres that are a distance (Δr) apart is given by: 

∆𝑉𝑉 = −
𝜌𝜌𝐼𝐼∆𝑟𝑟
2𝜋𝜋𝑟𝑟2                                                                                  2.5 
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Figure 2.1: a) simple circuit, with current flowing through a wire and a resistor.  b) Current 
radiating from a point current source at the surface of a homogeneous and isotropic medium.   
 
  

a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

r+∆r 

r 
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If we take the limit as Δr becomes infinitesimal and integrate equation (2.5) with respect to r, 

then: 

�𝑑𝑑𝑉𝑉 = −
𝜌𝜌𝐼𝐼
2𝜋𝜋

�
1
𝑟𝑟2 𝑑𝑑𝑟𝑟                                                                     2.6 

and 

𝑉𝑉𝑟𝑟 =
𝜌𝜌𝐼𝐼

2𝜋𝜋𝑟𝑟
                                                                                  2.7 

where Vr

 When a current sink is added at a finite distance from the source, then the potential at 

any point P that is a distance r

 is the potential in the subsurface at a distance r from the current source.  Hence, for 

any point on a hemisphere with radius r, the potential difference between this point and the 

source is the same.  This surface has a constant potential and is known as an equipotential 

surface.   

1  from the source and a distance r2

This equation can be used to calculate the potentials at any point in the substance.  When 

another electrode pair is added to the ground, the common electrode configuration of an 

electrical resistivity survey is presented.  Two of these electrodes are used to inject current into 

the ground and two are used to measure the potential difference between the electrodes.  

Figure 2.2b shows the generalized resistivity survey array.   

 (Figure 2.2a) from the sink is 

the sum of the potential inputs from the source and sink (Reynolds, 1997).  Equation (2.7) then 

becomes: 

𝑉𝑉𝑃𝑃 =
𝜌𝜌𝐼𝐼
2𝜋𝜋

�
1
𝑟𝑟1
−

1
𝑟𝑟2
�                                                                             2.8 
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Figure 2.2:  a) Current lines (red) and equipotential surfaces (blue) produced by the source and 
sink electrodes on the surface of a homogeneous and isotropic material.  b) Generalized 
model of a four electrode resistivity setup.  Electrodes A and B are current electrodes and 
electrodes M and N are potential electrodes.   
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Electrodes A and B are current electrodes and electrodes M and N are potential electrodes.  

From Equation 2.8 and Figure 2.2b, it follows that the potential at M is: 

𝑉𝑉𝑀𝑀 =
𝜌𝜌𝐼𝐼
2𝜋𝜋

�
1
𝐴𝐴𝑀𝑀

−
1
𝑀𝑀𝑀𝑀

�                                                                      2.9 

and the potential at N is: 

𝑉𝑉𝑁𝑁 =
𝜌𝜌𝐼𝐼
2𝜋𝜋

�
1
𝐴𝐴𝑁𝑁

−
1
𝑁𝑁𝑀𝑀

�                                                                     2.10 

To measure the potential difference (Reynolds, 1997) equations (2.9) and (2.10) are subtracted 

to yield: 

𝜌𝜌 =
2𝜋𝜋(𝑉𝑉𝑀𝑀 −𝑉𝑉𝑁𝑁)

𝐼𝐼
��

1
𝐴𝐴𝑀𝑀

−
1
𝑀𝑀𝑀𝑀

� − �
1
𝐴𝐴𝑁𝑁

−
1
𝑁𝑁𝑀𝑀

��
−1

                                             2.11 

 The assumption that the earth is homogeneous yields a constant resistivity value 

regardless of where the electrodes are placed.  In reality, resistivity surveys are done in 

heterogeneous media, and the assumption that the resistivity is constant breaks down.  Then 

resistivities calculated using equation 2.11 from data measured in the field are known as 

apparent resistivities (ρa

 where K is a geometric factor dependant on the configuration of the electrode array: 

𝐾𝐾 = 2𝜋𝜋 �
1
𝐴𝐴𝑀𝑀

−
1
𝑀𝑀𝑀𝑀

−
1
𝐴𝐴𝑁𝑁

+
1
𝑁𝑁𝑀𝑀

�
−1

                                                          2.13 

).  The apparent resistivity can be expressed as: 

𝜌𝜌𝑎𝑎 =
𝐾𝐾(𝑉𝑉𝑀𝑀 − 𝑉𝑉𝑁𝑁)

𝐼𝐼
                                                                          2.12 

Converting apparent resistivities into true subsurface resistivities requires fitting a model to the 

data through an inversion process described later in this chapter. 
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2.3. Electrode Arrays 

 For the current to be introduced to the ground, electrodes are positioned such that one 

pair will inject current and one pair will measure the voltage.  The pattern in which these 

electrodes are placed is known as the electrode array.  Several electrode arrays are commonly 

used for electrical resistivity including the Wenner, Schlumberger, and dipole-dipole arrays (see 

Reynolds, 1997 for a discussion of the array types).  For example, the dipole-dipole array 

positions the current electrodes on one end and the potential electrodes on the other (Figure 

2.3).  For this study, the dipole-dipole array was used for all surveys as it is very efficient to use 

with a multi-electrode system.   It is also useful for mapping shallow lateral variation (Peake, 

2005).  For depths deeper than approximately 1/3 of the array length, the current penetration is 

insufficient to retrieve reasonable data (Reynolds, 1997).  For this study, the maximum sounding 

depth was about 3-m. 

 The type of array and spacing between current electrodes also affects the depth of 

penetration of the survey.  Increasing the spacing between current electrodes will allow the 

current to penetrate deeper into the subsurface and the potentials will be affected by deeper 

subsurface resistivities.  Decreasing the spacing between current electrodes will force more 

current to take shallower flow paths and the potentials will be affected by shallow resistivities.  

Increasing or decreasing the electrode spacing to gather information about depth is known as 

known as vertical sounding.  By keeping a constant electrode spacing and moving the electrodes 

along a line, information can be gathered about resistivities a fixed depth.  This is known as 

electrical resistivity profiling.  When both sounding and profiling are used in tandem, we get 

resistivity measurements over a large error and at multiple depths, thus creating a 2D section or 

tomogram (Figure 2.4).   
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   Using only four electrodes for resistivity surveys is time consuming because each 

individual electrode has to be moved for every measurement.  Modern resistivity surveys use 

multi-electrode systems in which the electrodes are attached to a multi-core cable and have a 

fixed spacing.  Measurements are taken sequentially using different sets of four electrodes 

controlled by a switchbox to combine the vertical sounding and horizontal profiling.  
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Figure 2.3:  Dipole-dipole array.  Electrodes A and B are current electrodes and M and N are 
potential electrodes.  In this array, the current electrodes are placed at one end and the 
potentials placed at the other.   
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Figure 2.4:  The building of an electrical resistivity tomogram using a multi electrode cable.  
The sequence will begin with the electrodes 1, 2, 3, and 4 at the location shown.  As the 
spacing between the electrodes is small the potential electrodes will measure apparent 
resistivities at a shallow depth.  The electrodes will then be moved to various places along the 
line and at varying spaces collecting data points both horizontally and vertically.  The further 
the potential electrodes are from each other the deeper the measurement will be.  This is 
illustrated on the right, where the A, B, M, N electrodes are spaced further apart, resulting in a 
deeper sounding.  The dots are where the apparent resistivity measurements are taken.  
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2.4. Inversion 

Apparent resistivity data collected as 2D cross-sections can be contoured to produce a 

pseudo-cross section or “pseudosection”.  This type of plot is not a true cross-section of 

subsurface resistivity because the values plotted are not true resistivities.  Apparent resistivities 

must be converted into true resistivities to be interpreted geologically.  Software packages 

Earthimager 2D® and RESINV3D were used for this task.  The process of converting the data into 

true resistivities is known as data inversion.   

Inversion minimizes the difference between the modeled and measured apparent 

resistivities by iteratively solving a forward model.  For each iteration, the subsurface 

distribution of electrical resistivity is changed so that the error between the modeled and 

measured apparent resistivities is reduced. If a region has a good fit, it is kept, and otherwise it 

is adjusted to obtain a lower error.  The Root Mean Squared (RMS) error between the calculated 

resistivities and apparent resistivities is used to assess the calculated model.  The smaller this 

value, the better the model predicts the observed data (AGI, 2009).  Initially, the RMS value will 

be high.  As the inversion process shapes the zones of resistivity, the RMS will decrease.  

Eventually, the RMS will decrease by small amounts and this is when the inversion will be 

stopped.  Figure 2.5 shows a synthetic example of the inversion process.  Figure 2.5a shows an 

synthetic model earth with a homogeneous background of 100 ohm-m and 1000 ohm-m 

rectangular block extending from 6-m to 8.25-m at a depth of approximately 1-m.  Figure 2.5b 

shows the first step of the inversion process, starting with a homogeneous earth as the initial 

model but the model yields a high RMS.  Figure 2.5c shows the second iteration of the process.  

Earthimager has started to refine the model and the RMS has decreased.  Figure 2.5d shows the 

final iteration, and Earthimager has refined the model to a point that yields a low RMS.  Figure 

2.5e shows the measured pseudosection simulating the results of the resistivity survey 
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conducted over the model earth.    Figure 2.5f shows the calculated apparent resistivity 

pseudosection for the final iteration shown in (d).  If there is a good fit, the apparent resistivities 

in Figure 2.5f will match the apparent resistivity pseudosection in Figure 2.5e.  At a certain point, 

further model iteration results in only a small decrease in RMS, and this may be the result of the 

software over-refining the model to fit small data variations due to noise rather than recreating 

the subsurface. 

One way to determine noise levels is by making reciprocal measurements.  In theory, if 

current electrodes A and B and potential electrodes M and N are reversed and another 

measurement is made, we should get the same answer.  This is known as a reciprocal 

measurement and is the best way to find the value for RMS cut off.  If we do not get the same 

answer, it is caused by geologic noise across the electrode pairs.  The difference between these 

two surveys provides a value for the noise level and we can stop the inversion once the 

difference between model runs reaches this value.  Unfortunately, this method doubles survey 

times because it is essentially performing two surveys.   

Another way noise levels are determined is by repeat measurements.  Repeat 

measurements are part of the survey routine and are always calculated.  The error is calculated 

by measuring the resistivity between the A and B electrode, reversing the polarity between the 

A and B electrodes, measuring a new resistivity and then averaging the two resistivities 

together.   

In our field work, we estimated the noise levels by repeat measurements during the 

survey and doing reciprocal measurements during the initial survey at each location.  We use 

this as a guide for stopping the inversion.  Given the data quality from the surveys at Mirror Lake 

we found that 5% is a reasonable RMS value.  
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Figure 2.5:  a)  A 1000 ohm-m rectangular block in a 100 ohm-m homogeneous synthetic 
model earth.  This is the starting model.  b)  The first step of the inversion process.  
Earthimager assumes a homogeneous model, but the RMS error is high.  Note the scale 
change in resistivity. c)  The second iteration.  Earthimager has refined the model, but there is 
still error.  d)  The final iteration.  Earthimager has refined the model to the point where there 
is little error between the inversion and the synthetic earth model from (a).  e)  The measured 
pseudosection for (a).  f) The calculated apparent resistivity pseudosections for the final 
iteration.     
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A limitation of the inversion process is smoothing of the model.  The solution to the 

inverse problem is non-unique, meaning that are many possible solutions to fit the observed 

data.  To restrict the range of possible solutions, the inversion routine starts by assuming a 

homogeneous earth and changes the model incrementally from homogeneous until it fits the 

data.    The result is a model that minimizes abrupt changes in resistivity, and this tends to blur 

the image because abrupt transitions turn into gradational transitions and essentially create a 

“bull’s-eye” pattern for an object (Figure 2.5d), so one must be careful interpreting objects.   

For the Mirror Lake resistivity data to be inverted, several preparatory steps had to be 

completed.  For the 2D data, the water depth at each electrode had to be manually inputed into 

a text file with an extension (.uwt) that Earthimager recognizes.  This underwater terrain file is 

used during the inversion to constrain the water layer.  If this step is not completed, the 

software will assume that the electrodes were located on the surface of the water and will treat 

the water as a conductive top layer that is part of the subsurface.   

For the 3D data, RESINV3D (Loke, 2004) was used because the water layer cannot 

currently be used in the inversion process by the Earthimager software program.  Because the 

RESINV3D software is not integrated with the SuperSting R8/IP system, several steps had to be 

completed to convert the data into the proper format before the inversion could be run.  First, 

raw data from the sting had to be converted into a file format recognized by RESINV3D.  This 

was done with a script written in the Python programming language.  The next step was to add 

the underwater topography directly into the data file.  Once the data were inverted, the result 

had to be modified so that it could be viewed in Mayavi, which is a graphics and volume 

rendering program.  This software yields a cleaner and smoother image than does RESINV3D 

and it is more-user friendly, allowing slices in any orientation as well as isocontours.  

Preparation for viewing the inversion results in Mayavi also required using Matlab to grid the 
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data into a uniform 3D mesh as RESINV3D uses an uneven grid spacing.  Finally, a Python script 

was used to convert the gridded Matlab data into the format used by Mayavi (.vtr).  Matlab and 

Python scripts are shown in Appendix A. 

2.5. Equipment 

Electrical resistivity tomography involves the introduction of electrical current into the 

subsurface by means of electrodes attached to the ground.  The measurements are taken by a 

resistivity meter.  The resistivity system used for this study was the AGI SuperSting R8/IP (Figure 

2.6).  It is an 8-channel earth resistivity meter with an internal switchbox system that can take 

up to 8 measurements at one time.  It is usually powered by a single 12 volt deep-cycle battery 

but two can be used for larger projects.  Connected to the switchbox is an insulated and 

waterproof multi-core cable with 28 electrodes.  When used on dry land, each electrode has to 

be attached to a stainless steel stake pushed into the ground to ensure electrical contact with 

the subsurface.  When the electrodes are positioned beneath the surface of the water, no stakes 

are needed as water conducts the electricity into the subsurface.  The setup for a dipole-dipole 

array with the multi-core cable and SuperSting R8/IP is shown in Figure 2.3.   
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Figure 2.6:  a)  The AGI Supersting® resistivity meter (yellow) set up in the field along with a 
12-volt deep cycle battery in white plastic box.  b)  The multi-core cable (black wire) resting on 
the lakebed.  The metallic bands are the electrodes. 
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2.6. Field Methods 

   Only a small part of Mirror Lake rests directly on bedrock, so our measurements were 

primarily concerned with the resistivity of the unconsolidated drift deposits (Mitchell et al., 

2008; Rosenberry and Winter, 1993).  The techniques used for data collection expand on the 

methodology of Mitchell et al., (2008).  The study area on the southwest shore was 

approximately 120 m long and the arbitrary starting point of the study (0-m) was a concrete 

monument with a plaque that was located at the edge of the beach on the southwest shore 

near the boat ramp.  Pin flags were then placed approximately 2-m from shore at 5-m 

increments along the entire length of the southwest shore (Figure 2.7).  Four electrical resistivity 

surveys were conducted as part of this study (Figure 2.8).  The first was a perpendicular-to-shore 

2D resistivity line crossing the 43-meter mark.  This line started on land and continued into the 

lake.  The second was an 84-meter long parallel-to-shore 2D resistivity line that started at the 

20-meter mark and continued to the 104-meter mark using the coordinates established by 

Mitchell et al., (2008).  The third was a 3D survey centered over the sand and gravel deposit on 

the southwest shore where high seepage rates were found (-282 cm/day being the highest 

value).  The fourth was a 3D survey centered on an anomalously high-seepage area in the till, 

with a maximum value of -62 cm/day.  

Resistivity data were collected by stretching a 28 electrode, 27-meter cable, or a 28 

electrode, 13.5-meter cable along either the lake bottom or the land surface.  This study used 

2D, 2D time lapse, and 3D resistivity for data analysis.  Each type of survey required a different 

field procedure.   
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Figure 2.7:  The coordinate system used for the field work on the southwest shore (red box) of 
Mirror Lake.  The 0-m mark is an arbitrary point starting from a concrete monument with a 
plaque near a boat ramp on the beach.  Pin flags were then placed every 5-m and ended at the 
125-m mark, just past the area of field work.  The dashed black line is the transition from 
glacial till (NW) to sand and gravel outwash (SE). 
 

 
 
 
 
 

 

0-m 

120-m 

Beach 

Mirror Lake 

Mirror Lake 

Till 

Sand and Gravel 



31 
 

 
 
Figure 2.8:  Locations of the electrical resistivity surveys on the southwest shore (red box) of 
Mirror Lake.  The green grid is the 3D survey in the till; the blue grid is the 3D survey in the 
sand and gravel, the purple line is the perpendicular-shore survey, and the red line is the 
parallel-to-shore survey. 
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The 2D resistivity surveys were measured either parallel or perpendicular to shore.  In 

both cases, the survey line was longer than the length of the multi-core cable.  This necessitated 

collecting data in sections, moving the cable along the survey line to complete the entire survey.    

Each time the cable was moved to overlap half of the previous line.  This overlap is done to 

ensure we did not lose data with depth (Figure 2.4) and to estimate error.  If these data points 

were not within the specified error range (chosen by the user), they were removed, otherwise 

they were averaged.   

2.6.1. 2D Resistivity 

For the parallel-to-shore survey, the 13.5-m long cable with 0.5 m electrode spacing was 

used.  It was moved in 7 m increments a total of 11 times to span a total distance of 104 m.  To 

expedite the process, a piece of rope was cut to 7 m and a stake placed at the end of the cable.  

The rope was then hooked onto the stake and pulled taut.  The cable could then be moved 7 m 

and the next set of measurements made.  In some places the shoreline was not straight, and 

several wooden stakes were placed next to the cable so when it was moved it kept the same 

shape and the electrodes occupied the same locations.  Because the water was shallow close to 

shore, a meter stick was used to measure the electrode depth.   

For the perpendicular-to-shore survey, the 27-m long cable with 1 m electrode spacing 

was used.  It was moved in 14 m increments a total of 3 times to span a total distance of 56 m.  

One person stood on shore with one end of the cable and resistivity meter while another in a 

boat took the other end of the cable and slowly towed it into the lake.  When the cable was 

taut, it was released and left to settle on the bottom.  In shallow water, a meter stick was used 

to measure the electrode depth beneath the water.  In deeper water, depths were measured by 

a 3-m long PVC pipe marked with 5-cm increments.  For the portion of the survey on land, 

stainless steel stakes were hammered into the ground and the electrodes attached using rubber 

bands.  The stakes were watered to improve the electrical contact with the soil. 
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Time-lapse resistivity data were collected to see how moving the electrodes or 

disturbing the surficial sediments affected a resistivity profile.  The data were collected in the 

glacial till from the 84-m to 97.5-m mark 2-m from shore using the 0.5-m spacing electrode 

cable (Figure 2.8).  The cable was placed on the lake bed and a survey was done for a 

background check.  A second survey was then performed without disturbing the sediment or the 

cable to check reproducibility.  Then the cable was picked up, placed in the same spot, and 

another survey made.  The cable was then moved and the area sediments disturbed by two 

people walking over the area.  Then the cable was put back in the original location and another 

survey performed.  Finally, the sediment was allowed to settle for an hour without disturbing 

the cable, and the final survey was done. 

2.6.2 Time Lapse 2D Resistivity 

 There are two possible ways to produce a 3D resistivity tomograph.  These are a "true 

3D survey and "pseudo" 3D survey.  In a “true” 3D survey, the electrodes are either placed in a 

rectangular pattern (Figure 2.9a) or as a series of parallel 2D lines (Figure 2.9c).  If placed in a 

rectangular pattern, the potentials will measure in the x direction, y direction, and diagonally, 

thereby the current passes through every space in the grid (Figure 2.9b).  This is time consuming 

and requires a very long multi-core cable.  For example, the 28 meter cable would only cover a 

grid of 5-m by 5-m. The survey time can be decreased if instead of using the setup illustrated in 

Figure 2.9a, we combine parallel 2D lines because potentials are only measured in the y-

direction (Figure 2.9d), and all 28 electrodes can be used for each segment.  However, this 

approach only collects data for current flowing parallel to the lines.  The data are then jointly 

inverted by the software to produce a 3D image using either Earthimager 3D or ResInv 3D.   

2.6.3 3D Resistivity 

 The “pseudo” 3D method uses a series of parallel 2D lines as described above, inverts 

the 2D sections individually as 2D resistivity sections, which are then stacked side by side, and 
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the values between the lines are found by interpolation (Chambers et al., 2002).  This method is 

less computationally demanding than a full 3D inversion (Gharibi and Bentley, 2005; Chambers 

et al., 2002), but a limitation is that each 2D section could have been affected by objects not 

directly underneath the line.  An object that appears on the inverted 2D section may be several 

meters to the right or left of the line.  This is known as “sideswipe” and occurs because even 

though the inversion results are constrained to a 2D plane, the current actually travels outside 

the plane of the electrodes.  This pseudo3d method was also tested in this study since it makes 

use of the same data collected for the true 3D inversions.     
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Figure 2.9:  Plan view of possible layouts for a 3D survey.  a)  Setup for a “true” 3D survey with 
a single cable deployed in a rectangular pattern.  b)  In this case, potential electrodes will 
measure in the x, y, and diagonal directions obtaining a complete set of data.  c)  Setup for a 
true 3D survey using a single cable that it is moved in increments.   d)  The potential electrodes 
only measure in the y direction (along the cable), so there are a limited number of electrode 
pairs which reduces the total dataset.  Figure c) also is the same setup that is used for the 
“pseudo” 3D.  However, for the “pseudo” 3D, each individual line is inverted as a 2D section, 
and the resistivities in between interpolated. 
 

 

 

 

 

 

 

 

 

d) c) 

b) a) 



36 
 

 For 3D data collection, the 13.5-m cable was set up parallel-to-shore and then moved 

out in one meter intervals to build a rectangular grid.  The move-out interval was twice the 

electrode spacing, which provides sufficient resolution and faster acquisition than if the move-

out interval was the same as the electrode spacing (Yang, 2005).  The 3D survey was completed 

offshore with the electrodes on the lakebed, creating several difficulties in laying out the grid as 

a square.  The first was the uneven surface of the lakebed.  The second was that the electrodes 

further from shore were in water several meters deep, making adjustment of the cables difficult 

even with a diver.  These problems were resolved by using several brightly colored ropes pre-cut 

to allow construction of a square grid without relying on underwater surveyor measurements.  

The electrode cable is 13.5-m long, so three ropes were cut to that length and two were marked 

with one meter increments.  Then the diagonal of that square was calculated (19-m) and cut so 

that a square corner could be formed.  First, one 13.5-m rope was placed parallel to shore and 

the endpoints marked with wooden stakes to create a reference point and indicate the 

placement of the first resistivity line (Figure 2.10a).  Then one marked 13.5-m rope was hooked 

on to one stake and run perpendicular to shore while the diagonal rope was hooked to the other 

stake.  The two ropes were then pulled taught and their ends brought together, and a square 

corner was produced (Figure 2.10b).  This was repeated on the opposite side creating a 13.5-m 

square grid with 1-m markings on each side (Figure 2.10c).  The electrode cable was then placed 

parallel to shore across the grid at a mark, a survey completed, and the cable moved to the next 

set of markings.  Water depths were measured using a 3-m long PVC pipe marked in 5-cm 

increments in deeper water and a meter stick closer to shore.  These 2D parallel resistivity lines 

were then combined to create a 3D dataset.  
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Figure 2.10:  a) A 13.5-m section of rope is pulled taut and a stake (red dot) is attached to each 
end.  Next the pink rope with markings every meter is attached to the left stake and pulled 
into the lake.  The green diagonal rope is attached to the left stake and the ends brought 
together.  b) Step b is repeated for the right side.  c) Finally, the two pink ropes with 1 meter 
marks on them are parallel to each and exactly 13.5 m apart.  The electrode cable can then 
moved into the lake at 1-m increments. 
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Seepage meters (Figure 2.11) were deployed at 21 locations based on resistivity profile 

results and seepage information already gathered by Mitchell et al. (2008) and Rosenberry 

(2005).  No seepage meters were installed from the 0 to 30-m mark or from the 100 to 130-m 

mark because seepage measurements made in 2007 showed very low seepage (less than -5.65 

cm/day) at these locations (Table 3.1) and there were no measurements from the 65 m to 75 m 

marks because of debris on the shoreline.  At each meter, at least three seepage measurements 

were made and the average was used as the final seepage rate at each location.   Because part 

of this study was to determine whether the surficial layer of fine sediments affect seepage, 

several meters were removed, the sediment disturbed, and the meter placed back in the same 

location, and new measurements recorded. 

2.6.4. Seepage Meters 

The seepage meters were constructed and deployed in the manner described by Lee 

(1977) as modified by Rosenberry (2005) and Heaney et al. (2006).  In this system, 55-gallon 

plastic drums are cut in half to produce two seepage meters.  The open end of the meter is then 

pushed slowly into the sediment so as to disturb natural seepage as little as possible, while 

sealing off a known area.  Attached to a hole in the drum is a short section of garden hose with a 

plastic bag partially filled with a predetermined amount of water is attached to the other end.  

The bag is housed inside a plastic tub to protect it from waves and wind.  If groundwater is 

seeping into the lake, the flow is then captured by the meter and channeled through the hose 

and into the bag.  If lake water is seeping into the groundwater, then water is drawn from the 

bag.  After a set amount of time, the bag is removed and then weighed.  If the volume of water 

in the bag has increased, then groundwater is seeping into the lake (inseepage). If the volume 

has decreased, then lake water is seeping into the groundwater (outseepage). The difference 

between the starting weight and the end weight is then divided by the time and the meter area 
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to yield a seepage rate in cm/day.  This method allowed precise measurements of seepage for 

comparison with resistivity data. 
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Figure 2.11:  Seepage meter setup in the lakebed with attached hose and bag, protected by 
plastic box. 
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2.7. Methods Summary 

 Three resistivity surveys were conducted at Mirror Lake.  Mitchell et al. (2008) found 

that 2D resistivity with 1-m electrode spacing defined a broad zone of high seepage and the 

transition to a zone of low or no seepage, but that the same resistivity line did not explain the 

variations within the zones.  For this project, a 104-m long 2D line was collected parallel to shore 

for comparison with work done by Mitchell et al. (2008) to determine whether tighter 0.5-m 

electrode spacing could explain these variations.  Two 3D surveys were also completed to see if 

3D resistivity could define the variations within the zones of seepage and reveal the torturous 

flow paths that were not detected in the 2D studies.  Time lapse surveys were conducted before 

and after disturbing lakebed sediments along a 13.5-m long section underlain by till.  Finally, a 

2D line perpendicular to shore survey was surveyed to see if the bedrock could be delineated 

and to determine if resistivity could be used to find the gradient of the water table, i.e. the 

transition between the saturated zone and the unsaturated zone.  The gradient of the water 

table can be used to determine whether there is in-seepage or out-seepage. 
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Chapter 3: Results and Discussion 

3.1. Characterization of Seepage Direction 

 A two dimensional resistivity survey on land was used to characterize sediments and the 

water table perpendicular to shore.  These data provide additional information about the 

seepage gradient to determine whether there was in-seepage or out-seepage.  Figure 3.1 shows 

the perpendicular-to-shore line at the 43-m mark.  The transect starts 27-m inland and 

continues 27-m off shore with a 1-m electrode spacing.  Depth to water (DTW) was measured at 

two wells on shore located at a distance of 10 m (Well 1) and 24 m (Well 2) from the start of the 

line (Figure 3.2).  Well 1 had a DTW of 1.5 m and Well 2 had a DTW of 1.0 m.  The resistivity and 

DTW data show the water table dipping down away from the lake, the unsaturated zone 

appearing as a region of high resistivity (red) and the saturated zone appearing as a region of 

lower resistivity (yellow/green).  The saturated subsurface sediments here have intermediate 

resistivity values ranging from 700 ohm-m to 1000 ohm-m, so they are likely part of the sand 

and gravel outwash.  The entire region is covered with topsoil.  The unsaturated zone appears as 

small wedge because the water table dips steeply, which is indicative of the out-seepage.  This 

transition from resistivity 3000 ohm-m to 1000 ohm-m matches the water table from the wells 

closely, the deeper well about 1-m off and the shallow well about 0.5 m off.  Mismatch is due to 

the error that is inherent in the inversion and the smoothing that occurs during the inversion.  

The gradient of the water table (0.07) sloping away from the lake is consistent with the out-

seepage in this area.  This suggests that resistivity can be used to determine whether there is 

out-seepage or in-seepage at a given shore location prior to any seepage measurements.  If the 

gradient is sloping away from the lake, as is the case here, there should be out-seepage.  If the 

gradient is sloping towards the lake, there should be in-seepage. 
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Figure 3.1:  Resistivity data collected perpendicular to the SE shore.  The vertical black lines 
are the locations of Well 1 (10-m mark) and Well 2 (24-m mark) and indicate depth to water.  
The black dots are the electrodes, spaced 1-m apart.  The figure shows the transition between 
the saturated (green) and unsaturated (red) zones, i.e. the gradient of the water table.  If it is 
sloping towards the lake, there will be in-seepage.  If it is sloping away from the lake (as is the 
case here), there will be out-seepage. 
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3.2. Seepage Patterns and Resistivity Resolution 

 Seepage values for this study (2008) and from the previous year (2007) are shown in 

Figure 3.2a.  In both high and low seepage areas, however, the seepage values varied over 

distances of a few meters, indicating considerable heterogeneity within each zone.  As with the 

2007 study, the highest rates of seepage in 2008 were in the sand and gravel outwash, between 

35 m and 60 m.   The peak from 2008 was -251.95 cm/day at the 42-m mark, a shift of 8-m from 

the peak of -281.81 cm/day at the 50-m mark in 2007. The lowest rate was -19.67 cm/day at the 

60-m mark, a shift of 1-m from the low of -26.54 cm/day at the 61-m mark in 2007.  The 

majority of the other locations had flow rates of at least 100 cm/day, which is also comparable 

to 2007 (Figure 3.2a, Table 3.1).  In the transition zone from 60-m to 80-m, only one seepage 

measurement was completed in 2008 because of shoreline restrictions and because we 

concerned with the regions directly inside the sand and gravel and the till.  The measurement 

completed in 2008 was at 65-m, and the seepage rate decreased from -75.89 cm/day in 2007 to 

-6.24 cm/day in 2008.  In the till, between 80 m and 100 m, the seepage rates were very low, 

again matching seepage patterns from last year.  The exception in the till was the anomalously 

high seepage rate at the 90 m mark, which persisted both years.  This location had a seepage 

rate of -61.78 cm/day in 2007 and a high of -36.13 in 2008.  Note that this value is still 

significantly lower than most of the seepage rates in the sand and gravel outwash.   

 The change in seepage from 2007 to 2008 indicates that something has changed 

between the two years.  The fine layer of surficial sediments is believed to be the major cause of 

this and likely affected seepage rates from 2007 because no care was taken to not disturb the 

sediment during seepage measurements or geophysical surveys.  This fine layer likely would 

have been redistributed during the course of the year by storms and swimmers.   
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 Seepage measurements from 2008 also indicate that seepage can change considerably 

over a short period of time (hours), implying that changes in seepage are not always a slow 

yearly process, but may change whenever the surface of the lake bed is disturbed.  This was 

seen several at several locations in the field.  After an initial round of seepage measurements, 

meters at 35, 40, 42, 50, 80, 85, 88, 90, and 95-m were pulled out of the ground, the fine surface 

sediments disturbed by trampling, and the meters reinstalled.  In almost every case, the seepage 

rates after disturbance were higher (Table 3.2).  We believe this is because the meters were 

installed before the fine sediments had time to settle.  The largest difference was at the 40-m 

mark, where the post-disturbance seepage rate was 7.7 times greater than the pre-disturbance 

measurement.  The only meter that had a lower flow rate post-disturbance was the at the 88-m 

mark, where seepage decreased by half (Table 3.2).  The lower post-disturbance seepage at this 

location was attributed to widespread bed disturbance focusing seepage in different locations 

(Rosenberry et al, submitted).    It is obvious that the surficial sediment is easily disturbed 

because of the large cloud of sediment in suspension just after walking on the bed.  It is believed 

that the sediment acts like a sink strainer clogged with particles, causing the sink to drain more 

slowly.  The water flows freely once past the strainer, but the clog slows the water considerably 

until that point.  Once the layer of fines is disturbed (or strainer unclogged), water can flow into 

the subsurface without obstruction.  One could surmise that, because this sediment layer is so 

thin, that it would always be washed away by waves and currents, thereby never clogging the 

pathway of the lake water.  However, Mirror Lake is shielded from the weather and the water 

remains calm at most times.  Therefore the fines that collect on the surface of the lakebed tend 

to remain and are only disturbed by swimmers and storms.  The southwest shore is also an area 

of out-seepage, so water seeping from the lake pushes the fine sediments against the lakebed, 

effectively holding them in place.  Seepage rate variations from disturbance of fine sediments at 
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the water-sediment interface are discussed in further detail by (Rosenberry et al., submitted).  

The difficulty is determining what causes the small scale variability within each zone and 

whether the yearly changes in seepage occur slowly over the entire year or if they happen 

quickly (daily or even hourly).  Geophysics was used to explore whether the variations were 

caused by changes in the subsurface lithology or by disturbance of the thin veneer of fine 

sediments resting on the lakebed. 

 Mitchell et al. (2008) showed two dimensional resistivity could be used to broadly 

delineate the high and low-seepage zones.  Figure 3.2 shows two 80-m parallel-to-shore lines 

and the corresponding seepage data from both 2007 and 2008.  Resistivity data collected during 

2008 using a 0.5-m electrode spacing were compared with data collected in 2007 by Mitchell et 

al. (2008) using a 1-m electrode spacing.  In the absence of clay or organic matter, porosity, 

saturation, and fluid conductivity are the three main factors controlling resistivity.  Of these 

three factors, variations in resistivity for this line are best explained by heterogeneous porosity 

because the lake sediments are fully saturated and this is an out-seepage zone, so pore fluid 

conductivity should match that of the lake water. 

 In this study, the resistivity line collected by Mitchell et al. (2008) was repeated using a  

0.5-m electrode spacing because it has finer resolution.  As was explained in Chapter 2.3, using 

tighter electrode spacing with the same number of electrodes reduces depth of penetration, so 

the trade-off here is that the depth of the resistivity profile was cut in half.  Even with less depth 

penetration, both data sets show the transition from high-seepage glacial outwash to low 

seepage glacial till, demonstrating reproducibility.   The top 2.9 m of the line collected in 2007 

(Figure 3.2b) agrees with the line collected in 2008 (Figure 3.2c) in the extent and depth of the 

high resistivity (1500-3000 ohm-m) zone and the intermediate resistivity zone (800-1500 ohm-

m).  The high resistivity zone extends from 68 m to the end of the line, and in both lines is 
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deepest between 84 and 88 m, with a depth of about 3 m.  The intermediate resistivity zone 

extends from the beginning of the line to the 68 m mark and is most prominent between 36 m 

and 52 m.   

 Unfortunately, despite the fact that the two surveys were reproducible, the finer 0.5-m 

electrode spacing was still insufficient to resolve the heterogeneity well enough to predict 

seepage variability within each zone.  For instance, at the 90 m mark there was a zone of higher 

seepage where there was consistently high resistivity.  In theory, one could go to even smaller 

electrode spacing, but this poses several problems.  The first is that the cable length will become 

prohibitively short which will increase the survey time.  For instance, a 10-cm electrode spacing 

would only allow a cable length of 2.7 meters (the SuperSting used for this work currently is only 

capable of using a max of 28 electrodes).  The second is that the depth of penetration would 

become very small, approximately 0.5-m using the 10-cm electrode spacing.  The third is that 

when the electrode size is approximately 10% of the electrode spacing, the electrodes cease to 

act as point sources, violating the assumptions implicit in the resistivity inversion algorithms.   

 The fact that 2D resistivity could not delineate temporal or spatial seepage variations 

within each zone points to 1) flow paths that are not confined to a two dimensional plane and 2) 

disturbance of the thin veneer of fine surficial sediments at the sediment-water interface 

causing significant changes in seepage rates.  Features such as the anomalously high seepage in 

the glacial till may have three dimensional flows because there was no indication of an apparent 

heterogeneity in the 2D profiles.  Presumably, these three dimensional flow paths have not 

changed from 2007 to 2008 because, as the resistivity data show, lithology did not vary on an 

annual basis.  However, the seepage rates at this location did change from 2007 to 2008 (Table 

3.1).  Temporal variations were probably caused by disturbance of the thin veneer of sediments 

on the surface of the lakebed.   In such heterogeneous materials a combination of both 3D and 
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time-lapse resistivity may be necessary to explain the temporal and spatial variations in seepage 

rates caused by sub surface heterogeneity and fine surficial sediments.  The following sections 

present the results from the analysis of the time-lapse and 3D Resistivity. 
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Table 3.1:  Comparison of seepage 
measurements from the 2007 and 2008 
field seasons.  The general trend of high 
seepage in the sand and gravel and low 
seepage in the till remains, but 
measurements from the same locations 
vary from one year to the next. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Meter (m)
2007 

(cm/day)
2008 

(cm/day)
8 0.00 N/A
13 -0.56 N/A
18 -1.73 N/A
23 -3.70 N/A
28 -5.65 N/A
33 -16.95 N/A
34 -6.84 N/A
35 N/A -29.29
38 -124.77 N/A
40 N/A -27.28
41 -151.34 N/A
42 N/A -251.95
43 -168.49 N/A
44 -161.38 N/A
45 N/A -134.02
47 -261.54 N/A

47.5 N/A -50.84
50 -281.81 -54.04
52 -156.70 -177.69
54 N/A N/A
55 -65.84 -20.16
60 -57.01 -19.67
61 -26.54 N/A
65 -75.89 -6.24
70 -13.21 N/A
74 -46.57 N/A
80 -2.60 -2.58
85 0.00 -18.26
88 N/A -31.04
90 -61.78 -36.13
92 -8.32 -1.81
95 N/A -5.67

100 -3.47 N/A
111 -1.39 N/A
120 -1.39 N/A
130 0 N/A
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Table 3.2:  Seepage rates from 2008 showing pre-disturbance and post-disturbance seepage 
measurements.  The seepage rates were the average of at least 2 measurements (n) taken at 
the same location. With the exception of the 88-m mark, all seepage rates increased post-
disturbance. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Meter
Average 
(cm/day)

StDev 
(cm/day) n

Average 
(cm/day)

StDev 
(cm/day) n

35 -29.3 1.1 3 -75.5 2.9 3
40 -25.9 3.1 3 -199.5 2.5 2
50 -54 0.2 3 -60.5 2.1 4
80 -2.6 1 3 -15.4 1.8 5
85 -18.3 0.1 3 -26.9 2.7 4
88 -31.2 1.4 3 -15.7 3 9
90 -35.9 1.7 6 -36.4 2.1 4
95 -5.8 0.2 3 -6.8 0.2 3

Pre-Disturbance Post-Disturbance
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Figure 3.2:  Parallel to shore lines: a) combined seepage data from 2007 and 2008.   
b) Resistivity data from 2007 with 1-m electrode spacing.  This resistivity section shows the 
transition between the high seepage outwash on the left and the low seepage till on the right, 
but it does not explain local variations of seepage rates within the two zones.  c) Resistivity 
data from 2008 with 0.5-m electrode spacing.  The section shows the same zones and 
transition, but the tighter electrode spacing still does delineate local variations of seepage 
rates. 
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3.3. 3D Resistivity Depth Slice Results 

 Two 3D surveys along with seepage measurements were completed at the south west 

shore (Figure 2.4), one in the till and one in the sand and gravel.  The goal of the 3D resistivity 

surveys was to identify paths that do not lie on the vertical plane of the 2D resistivity survey 

discussed in Section 3.2.  Note the maximum seepage value in sand and gravel was -238 cm/day 

but only -36 cm/day in the till.  The results for this section are being presented as a series of 

depth slices through the 3D volume, which was created by either interpolating between 

individual 2D inversions (“pseudo 3D”) or combining the 2D lines and inverting a full 3D 

inversion (“true 3D”).   

 Figure 3.3 shows slices at a constant depth of 0.7-m through the “pseudo 3D” and “true 

3D” inversion volumes with the corresponding seepage measurements from 2008 in the 

generally high-seepage sand and gravel outwash.  The black circles represent the locations of 

the seepage meters, located 2-m from shore.  The 3D resistivity survey started at the shoreline 

and extended 13-m into the lake.  Figure 3.3a shows seepage measurements from 2008 in the 

sand and gravel.  Figure 3.3b shows the “pseudo 3D” slice and Figure 3.3c shows the “true 3D” 

slice.  The color contours were picked to match the other resistivity sections presented in this 

thesis.  In these figures, there are mostly intermediate value resistivities with no obvious 

correlation between seepage and resistivity values near the seepage line.  There is 

heterogeneity shown in the resistivity slice but there is no drop in resistivity near the 42 or 52 m 

mark where seepage was higher in 2008.  Neither was there a low resistivity zone near the 2007 

high seepage point of 47 m.  The lack of lower resistivity pathways (i.e., dropping to around 

1000 ohm-m indicating an increase in porosity) across the zone make it difficult to pinpoint 

locations where there is higher porosity/permeability material.  This indicates that even with 

“true” 3D, variations in high seepage areas can still not be pinpointed.  Other depth slices are 
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not shown because all show the same lack of resistivity pathways indicating lower porosity near 

seepage zones.   

 Figure 3.4 shows slices at a constant depth of 0.7-m through the “pseudo 3D” and “true 

3D” inversion volumes with the corresponding seepage measurements from 2008 in the low-

seepage glacial till.  The black circles represent the locations of the seepage meters.  The survey 

started at 1 m from the shoreline and extended 14-m into the lake.  (The survey was not started 

at the shoreline because the shoreline had a sharp bend at this point and it was difficult to keep 

the electrode cable straight.)  The target of this survey was the spike in seepage at the 90-m 

mark.  This spike may be caused by an indirect heterogeneous path with higher porosity than 

the surrounding till, identified in the 3D survey because it expands away from the 2D line.  

Figure 3.4a shows the corresponding 2008 seepage measurements. Figure 3.4b shows the 

“pseudo 3D” slice.  The color contours were picked to match the other resistivity sections 

presented in this thesis.  Figure 3.4c shows the “true 3D” slice.  The color contours for this figure 

are different than the others used in the thesis and range from 200 ohm-m to 2000 ohm-m.  

This contour range provided better contrast between the higher resistivity till and the lower 

resistivity heterogeneity.  I explored other color scales for all of the plots, and they all exhibit the 

features I wish to show, however, the color scales chosen highlight them the best.  Both the 

“pseudo 3D” and the “true 3D” show a zone of lower intermediate resistivity between the 88 

and 90-m marks, which is coincident with the seepage values.  This low resistivity persisted 

throughout the different depths and indicates higher porosity.  This example indicates that it is 

possible to delineate 3D heterogeneity if the background resistivity is relatively uniform and 

there is heterogeneity with a strong contrast. In the till, the small peaks in seepage are located 

in a general area of low seepage and high resistivity making the intermediate resistivities caused 

by higher porosity materials more apparent.  
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 The Z-slices of the 3D resistivity showed that we can only delineate 3D flow if there is an 

isolated contrast in resistivities in the subsurface.  If we look at this data as a volume using 

isocontours, the heterogeneities become clearer, as will be discussed in the next section.   
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Figure 3.3:  Horizontal resistivity slices in the sand and gravel at a depth of 0.5-m with 
corresponding seepage values.  The black dots are seepage meter locations.   A)  Seepage data 
from 2008.  B)  Z-Slice using “pseudo” 3D data  C)  Z-Slice using “true” 3D data.   
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Figure 3.4:  Horizontal resistivity slices in the glacial till at a depth of 0.7-m with corresponding 
seepage values.  The black dots are seepage meter locations.   A)  Seepage data from 200 B)  Z-
Slice using “pseudo” 3D data.  C)  Z-Slice using “true” 3D data.  To make the zone of lower 
resistivity more apparent, the color scale has been changed and the contours now range from 
200 to 2000 ohm-m. 
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3.4. 3D Visualization Using Isocontours 

 When we employ 3D visualization, we are able to see more clearly the heterogeneities, 

especially in the till.  Using isocontours shows the subsurface in the form of a 3D volume.  The 

following figures showing the full 3D volume make use of the “true 3D” inversion data. 

 Figure 3.5 shows the isocontour visualization from the sand and gravel outwash and the 

corresponding seepage measurements.  There are a total of 8 contours ranging from 200 ohm-m 

to 3000 ohm-m using a 400 ohm-m contour interval.  Solid and dashed black lines were drawn 

on the figure to help illustrate that it is a volume and not a two dimensional plane.  The image is 

viewed as if standing at the shoreline looking out into the lake.  The image starts at the shoreline 

and extends 13-m offshore and reaches a depth of 3-m below the lakebed.  The figure shows 

once again that the sand and gravel outwash displays mostly intermediate value resistivities 

with no obvious correlation between seepage and resistivity values near the seepage line and 

does not explain the variability of the seepage values.  

 Figure 3.6a shows the isocontour visualization from the glacial till and the corresponding 

seepage measurements.  A total of 5 contours were chosen and all were equally spaced from 

200-3000 ohm-m using a 700 ohm-m contour interval.  In this figure, there is a small circular 

zone of lower resistivity (700 to 900 ohm-m) at the 90-m mark, indicating a higher porosity 

material at this location, which is collocated with the anomalously high seepage value in this 

area.  Figure 3.6b shows the same data from different viewing angles and with only 3 contours 

to make the anomaly easier to visualize.  The black arrow indicates the location of the anomaly.  

In this figure, the intermediate resistivity zone is at a depth of about 0.5 to 0.7 m and extends 

from 1 m offshore to 5 m offshore.  These figures suggest that a full 3D survey can delineate not 

only the location of the heterogeneity but also its shape as well, hence showing the flow path 

that seepage would follow.  The shape of the anomaly shown in Figure 3.6b (viewing the 
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resistivity section from the front) is that of a conduit, but the actual transmissive zone (Figure 

3.6c) is more irregular and branch-like.  Water will flow through this transmissive and as is seen 

in the figure, will most likely funnel towards the 90-m mark.  The anomaly corresponds with the 

measured seepage spike at 90-m and also shows the higher resistivity and therefore lowers 

porosity material near the surface to the sides of the 90-m mark.  Using the full 3D inversions 

shown as isocontours helped to show more clearly heterogeneity in the subsurface.  We can 

now clarify further by comparing all of the resistivity surveys.   
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Figure 3.5:  Isocontours of the true 3D survey in the sand and gravel and corresponding 
seepage measurements.  There is no discernable pattern of resistivities that would indicate 
why seepage rates are lower or higher in spots.  As seen in the 2D inversion, the whole section 
is rather uniform with intermediate resistivities throughout, suggesting that there may need 
to be a sharp contrast in geologic materials to explain localized seepage variations. 
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Figure 3.6:  a) The isocontour view of the glacial till, viewed from shore looking out into the 
lake.  The full 3D inversion shows an intermediate resistivity circular patch between the 88 
and 90- m mark.  This is indicative of a heterogeneous zone of seepage.  This is the only 
location in the  till that had reasonable seepage and the circular anomaly is coincident with 
low resistivity  zones shown in the plan view figures (Figure 3.3c and Figure 3.4c).  b)  The 
isocontour viewed at different angles to better show the anomaly.   Note there only 3 
contours for these figures.  The arrow indicates the location of the anomaly and the direction 
of seepage.  The x-direction is the electrode coordinates, the y-direction is the distance from 
shore, and the z-direction is depth. 
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3.5. Discussion and Comparison of the 3D Surveys 

 The main goal of the 3D surveys was to see out-of-plane flow that is not shown in the 2D 

surveys.  In the sand and gravel outwash there was no apparent difference.  However, in the 

glacial till there was a location where the 3D survey did portray a zone of geologic heterogeneity 

where there was measured seepage.   

 In the sand and gravel, there was variability in resistivities due to heterogeneity, which 

was also seen in the 2D sections.  There was no obvious path of seepage, mainly because the 

whole area has high seepage and contains materials that are of similar geology and resistivities.  

The variability in resistivities across the zone makes it difficult to pinpoint locations where there 

is higher porosity/permeability material.  Even though there is heterogeneity shown in the 

resistivity figures, the contrast is not strong enough to determine an obvious correspondence 

with seepage.  The patterns were similar between both the "pseudo" and "true" 3D slices and 

the isocontour volume and it does not appear to be advantageous to use one over the other in 

this case.  Also shown in these figures and in the perpendicular-to-shore plot is a small zone of 

high resistivity material close to the shore.  This is most likely caused by the many cobble sized 

rocks that were near shore.  Several of these rocks were removed during the installation of the 

seepage meters. 

 In the region of the till, the overall section is high resistivity due to the low porosity of 

the material.  However, there is one zone of lower resistivity in the section that is not obvious 

on the individual 2D sections, but shows up in both the “pseudo” and “true” 3D slices.  In the 

horizontal slices of the till, the low resistivity section of is seen at the 90-m mark where the 

anomalous high seepage area was found.  The till slices show this zone at a depth of 0.7-m, but 

is also seen at depths of 0.5-m and 0.6-m.  It extends offshore from about 1-m to 5-m.  On either 

side of this zone, there is higher resistivity material, coincident with the generally low seepage in 
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the area.  In the 3D isocontour plot this zone of lower resistivity is seen in the shape of a 

conduit.  At the 90 m on the isocontours section, the zone of low resistivity, high porosity 

material is clearly visible and extends from the surface 5 m into the lake to a depth of about 0.7 

m at the shoreline.  The zone has a resistivity between 700 ohm-m and 900 ohm-m and because 

we know the hydraulic gradient is sloping away from the lake this zone is a likely location of out-

seepage.   

 There are two key points to note for the 3D inversions.  The first is that the zone of 

lower resistivity in the till shows up on both 3D inversions, but not on the individual 2D sections.  

This implies that even the “pseudo” 3D (which is composed of interpolated 2D sections) may be 

more useful than 2D alone in predicting possible zones of seepage.  The second point is that the 

three dimensional pathways can only be seen when there is a strong contrast between the path 

and the surrounding material.  Because the path can be sinuous or it could be narrow in spots, 

there has to be a strong contrast to image it.  In the sand and gravel the varying resistivity values 

are seen across the entire section, following the general trend of the long parallel to shore 

resistivity line previously discussed.  The variation in resistivities across the zone and lack of 

contrasting high resistivity makes it difficult to pinpoint an exact seepage location where there 

are high seepage areas caused by higher porosity/permeability material.  But the survey over 

the till indicates that it is possible to delineate 3D heterogeneity if the background resistivity 

presents a stronger contrast to the transmissive material.  In the till, the small peaks in seepage 

are located in a general area of low seepage and high resistivity, making the intermediate 

resistivities more apparent. These results show that even 3D resistivity may only be useful in 

pinpointing seepage in zones where there is a seepage spike associated with an isolated 

heterogeneity.   
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3.6. Time Lapse Resistivity 

The final portion of this research was a test to determine whether time-lapse resistivity could 

detect changes in the thin top layer of very fine sediment.  Time lapse resistivity detects changes 

without the interference of subsurface geology by subtracting out the background and inverting 

the difference between the surveys.  The top layer of fine sediment is very thin and would 

normally be blurred during the inversion process.  Because the background geology, which has 

not been disturbed or changed, is subtracted out of the inversion, small disturbances in the fine 

top layer will be detectable (AGI, 2009).  This survey was completed in the glacial till at a 

distance of 2-m from shore using the 0.5-m electrode cable.   

 Presumably, not disturbing anything should show no changes from the initial survey.  

Step 1 was to show that this was the case.  Figure 3.7a shows that when neither the cable nor 

the sediment is disturbed, there is negligible change in the profile.  This indicates that there is 

excellent reproducibility in the measurements. Step 2 was to determine how much change is 

produced by only disturbing the cable.  Figure 3.7b shows that just picking up the electrode 

cable and then putting it back down produces a change of up to three percent, but only over a 

small portion of the profile.  Step 3 was to determine the effect of walking on and disturbing the 

sediment.  Figure 3.7c shows that picking up the cable and then trampling the sediment 

produces the largest change percentage percent change in resistivity, up to six percent.  It also 

affects the largest portion of the profile.  The final step was to determine if letting the area 

settle would reduce the percent change to the background values.  Figure 3.7d shows that the 

sediment did not return to its original pre-disturbance position.  Even after letting the area 

settle and remain undisturbed for two hours, there is still a large percentage change over the 

original sounding, again up to six percent.   
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 These results show that merely disturbing the thin top layer of sediment affects the 

resistivity of the sediment.  Because the subsurface was not disturbed, any changes shown in 

the time-lapse resistivity had to have been caused by the fine top layer of sediment being 

disturbed.  The 6% change in resistivities described may seem rather small, but because the 

resistivities are averaged and blurred over the entire subsurface, the top fine layer likely 

changed by much more than 6% because only disturbing a few millimeters of surficial sediment 

caused a 6% change over the entire section.   This indicates that the fine layer on the lakebed 

plays a large role in affecting the overall seepage of an area, and could explain the yearly and 

even daily variations in seepage rates.  This result was also observed in the post-disturbance 

seepage measurements, where seepage increased as much as 7.7 times the pre-disturbance 

seepage rate.  This sediment is typically composed of fine materials, which have a low 

porosity/permeability, low enough to reduce the seepage even though the layer is thin.  

Because it is thin, the top layer would be easily disturbed by waves, wind, storms, and trampling 

by researchers and swimmers. 
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Figure 3.7:  Time lapse resistivity sections showing percent change in resistivity.  This survey 
was completed in the till from 84-m to 97.5-m and at a distance of 2-m from shore.  a)  The 
cable and sediment have not been disturbed or moved and therefore there is 0% change in 
resistivity.  b)  The electrode cable was picked up and placed back on the surface of the 
lakebed in the same location.  Even this produces a small percent change in resistivity, up to 
3%, but only in limited locations.  c)  Kicking and trampling of the sediment surrounding the 
electrode cable produced the largest percent change, up to 6%, and covers a large portion of 
the section.  d)  The cable has remained undisturbed and the sediment allowed top settle for 
two hours.  The resistivity distribution does not return to its initial state and this could explain 
why seepage values vary yearly and even daily.  A change in the distribution of the surficial 
sediment can open or block new pathways for lake water to enter the groundwater. 
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Chapter 4: Conclusions 

 The goal of this project was to determine the effect of small scale heterogeneity on 

seepage at Mirror Lake following the work of Mitchell et al. (2008).  Because seepage varies 

both spatially and temporally, traditional point measurements such as seepage meters need to 

be deployed at many different locations, which is time consuming.  Therefore, there is interest 

in using geophysical methods to optimize the placements of such point measurements.  This 

project showed the effectiveness of using different resistivity methods in tandem to image 

geologic heterogeneity controlling seepage.  The study refined the techniques that were 

employed by Mitchell et al. (2008) and Heaney (2007), adding several new methods to delineate 

small scale heterogeneity and variability in seepage.  With the techniques from the previous 

studies and those presented in this thesis, we should now be able to come to an 

uncharacterized lake and determine 1) the changes in lithology around the lake, 2) whether 

there is potential for in-seepage or out-seepage at any given location based on the gradient of 

the water table, 3) three dimensional out of plane pathways if there is a resistivity contrast in 

materials, 4) in some conditions, whether anthropogenic disturbance of sediments has occurred 

during surveying. 

 Heaney (2007) showed that towed resistivity survey quickly identified lithological 

changes around the perimeter of Lake Lacawac in Pennsylvania.  Mitchell et al. (2008) followed 

this work at Mirror Lake and again began with the towed electrical resistivity survey around the 

lake to quickly identify the general lithology.  The towed resistivity surveys showed that the 

southwest shore had intermediate resistivities associated with sand and gravel outwash likely to 

have high seepage.  The next step in the process was to use the perpendicular to shore 

resistivity surveys to determine seepage direction at a particular location.  This study 

demonstrated that a perpendicular-to-shore resistivity survey provides a quick method to 



67 
 

determine whether there is in-seepage or out-seepage at a given location by mapping the 

hydraulic gradient, although it does not give a value for seepage.  However, the method was 

only tested at one location because this was the only location at Mirror Lake that had inland 

wells suitable to confirm the geophysical data.  In this location, the gradient of the water table 

was very steep (0.07), which made the out-seepage apparent and easily identifiable.  In many 

cases, the gradient of the water table is shallow, and therefore may not be detectable by 

geophysical surveys because of the blurring caused by the inversion and loss of resolution with 

an increase in electrode spacing and at depths greater than 3 times the electrode spacing.   For 

the perpendicular-to-shore survey, the water table measured at the shallow existing well was 10 

cm off of the resistivity measured water table and the water table measured at the deep 

existing well was 15 cm off of the resistivity measured water table.  This indicates that if the 

gradient is less than 0.007 (a change in 10 cm water level over a distance of 14 m in this case), 

the resistivity inversion is within the range of experimental error, and one may not be able to 

conclusively demonstrate in-seepage or out-seepage at a given location.   

 Perpendicular-to-shore resistivity surveys should be followed by parallel-to-shore 

resistivity surveys, guided by the results of the towed array surveys, to identify broad zones of 

lithology such as the glacial till or sand and gravel outwash at Mirror Lake.  However, at Mirror 

Lake, the parallel-to-shore resistivity survey still could not map the small-scale heterogeneity 

that causes local variations in seepage.  Even using tighter electrode spacing, which provides 

better resolution, was not enough to pinpoint small-scale heterogeneity.  The other possibility is 

that there is out-of-plane flow that is too convoluted to be captured by 2D imaging. 

 The resistivity survey completed in 2008 did show patterns in resistivity are reproducible 

from year to year and with 1 m and 0.5 m cables.  However, seepage values in 2008 either 

increased or decreased by up to 5 times at every location that was measured, indicating that 
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there is probably another factor that causes small scale variations in seepage.  This factor is 

believed to be the distribution of fine sediments on the surface which controls local seepage 

variations, and is a layer too thin to be detected by a normal resistivity survey, 

   The parallel-to-shore surveys can then be followed by 3D resistivity to effectively zoom 

in on local points of subsurface heterogeneity to determine exactly where in the subsurface 

seepage is occurring and what type of flow path it is taking.  At Mirror Lake, the 3D surveys did 

prove useful, however there were also limitations.  In the sand and gravel outwash where the 

overall seepage was high, seepage variability probably is associated with heterogeneity that has 

a resistivity contrast too weak to map.  When there was a strong contrast between resistivity 

values in the subsurface, 3D resistivity was able to delineate the heterogeneity clearly.  This was 

seen in the glacial till where there was an area of lower resistivity within the typically high 

resistivity till.  The lower resistivity signifies higher porosity, and the location of the 

heterogeneity matched the anomalous spike in seepage.   

 The difference between using “true” and “pseudo” 3D depended on how the section 

was viewed, but there does not appear to be an advantage to choosing one over the other.  At 

Mirror Lake, there was minimal difference between the two, but it is easy to process the data 

both ways, so it is advisable to invert the data both ways.   A suggestion for the future would be 

to try using a cable spacing less than or equal to the electrode spacing.  The electrode spacing 

used for the 3D resistivity was 0.5-m and the cable spacing was 1-m.  A 1-m cable spacing was 

chosen because 1) we wanted to create a square survey area (14-m by 14-m) and using 0.5-m 

cable spacing would have required twice as many surveys, and hence twice as much time, which 

was limited during our field work and 2) a study published by Yang (2005) suggested that a cable 

spacing twice the electrode spacing provides sufficient resolution.  Because seepage typically 

occurs near the shoreline and work was mostly concerned with the first 2-m from shore, the 
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heterogeneity might have been delineated more clearly using a survey with 0.5-m cable spacing, 

and made the 3D survey cover an area 7-m by 14-m.  This would still take the same amount of 

time to complete and cover the near shore environment. 

 Finally, we can use time lapse resistivity to determine the effect of the top layer of fine 

sediments has on temporal variations in seepage because time-lapse resistivity subtracts out the 

background heterogeneity allowing us to see very fine changes.  At Mirror Lake, we found that 

the top layer of sediment played an important role in seepage patterns on the southwest shore.  

The majority of the southwest shore is covered with a fine layer of material at the water-

sediment interface.  Near shore, this layer is typically thinner than a few millimeters and is easily 

disturbed.  When this layer collects on the surface, it acts like a clog on the strainer of a drain 

and reduces the permeability at the sediment-water interface.  When this layer is disturbed by 

storms, swimmers, or anyone walking over the area, the seepage rates are affected.  This was 

seen with the variability of seepage measurements completed in 2007 and 2008.  While the 

overall pattern of high seepage in the sand and gravel and low seepage in the till remained, 

repeat measurements done in 2008 at the same or adjacent locations produced either an 

increase or decrease by up to 5 times at every location that was measured.  It was not obvious 

whether differences in the 2007 and 2008 seepage rates were caused by the top layer of fines or 

not, but because geophysical surveys proved that the lithology of the southwest shore had not 

changed, the top layer of sediment was most likely the cause. The effect of the layer of fines 

became more obvious when seepage meters were removed after the initial round of 

measurements, the sediment disturbed, and the meters reinstalled and new measurements 

taken.  This was done for eight seepage locations.  Seepage measurements increased at 7 out of 

the 8 locations.  This confirms the theory that the top layer of sediments lowers the 

permeability at the sediment-water and acts as a clog, lowering the seepage when it is settled.  
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It would be wise in the future to take care to not disturb the sediment when conducting seepage 

studies, whether using seepage meters or geophysics.   

 Time lapse resistivity proved useful in showing that the top layer produced large 

changes when disturbed, but there is more that can be done.  We only completed the survey at 

one location, so time-lapse resistivity should be tested at different locations around the lake to 

see if there are similar results.  Also, trying the method in different conditions, such as before 

and after storms, could help further the understanding of temporal changes in seepage 

patterns.  There are also limitations to using the time lapse resistivity.  As was shown in the 

results, picking up the resistivity cable produced measureable change in the section, even 

without disturbing the sediment.  This means that if we wanted to study storm effects for 

instance, it may be that the electrode cable would have to be left in place.  This puts the cable at 

risk of being damaged, stolen, or it may get disturbed just lying on the lakebed during the storm.  

It also means that doing a yearly study is probably not plausible because it would be nearly 

impossible to put the electrodes back in the same position.  The other limiting factor is the type 

of fine material that is resting on the surface.  In the case of Mirror Lake, the fine layer of 

sediments had low resistivity; therefore disturbance of even a thin layer significantly changed 

the overall resistivity.  The top disturbed layer must have a different resistivity than the bulk 

resistivity below in order to observe a contrast.  The exact contrast is not known but the thinner 

the layer the more contrast is needed.  Modeling or lab experiments could be used to determine 

observable contrasts.  Finally, fines are more likely to be a factor in out-seepage zones than in-

seepage zones where the upward flow would keep the fine sediments clear of discharge points.   

 These techniques, the towed resistivity array, perpendicular-to-shore resistivity survey, 

parallel-to-shore resistivity survey, 3D resistivity, and time-lapse resistivity, form the basis to 

come to an uncharacterized location and help guide the placement of seepage meters.  At 
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Mirror Lake, the towed electrical resistivity survey showed that the southwest shore had a zone 

of intermediate resistivity glacial outwash deposit that proves to be a zone of high seepage.  

Perpendicular-to-shore resistivity surveys showed the gradient of the southwest shore sloping 

away from the lake, indicating out-seepage.  Parallel-to-shore resistivity surveys showed the 

transition between the glacial till and sand and gravel outwash and that these zones correlated 

with seepage.  The 3D resistivity showed the more complex flow paths when there was a strong 

contrast in resistivities.  Time-lapse resistivity showed that the top fine layer of sediment can be 

disturbed by human activity such as walking on the lake bottom.  This layer is a major control on 

seepage, and disturbing this layer can affect seepage rates by up to seven times the pre-

disturbance rate.     

  In conclusion, this project showed the efficacy of using a series of electrical resistivity 

geophysical methods to image geologic heterogeneities that control seepage rates and to guide 

point measurement of seepage.  Although electrical resistivity could not map seepage directly, 

these techniques allowed us to identify changes in porosity and gradient along the southwest 

shore of Mirror Lake that likely control seepage rates and could aid in reducing the number of 

point sources measurements.   Perpendicular-to-shore surveys showing a steep gradient would 

be a good location for seepage meters because seepage rates here are likely to be high.  

Parallel-to-shore electrical resistivity was able to identify regions of intermediate resistivity 

(≈1500 ohm-m) that were associated high porosity and hence high seepage.  If these high 

porosity regions were isolated and there was a contrast in resistivities, 3D electrical resistivity 

was able to effectively zoom in and identify the shape and location of possible groundwater 

pathways.  Electrical resistivity can aid in the placement traditional point source measurements 

for initial characterization of geologic heterogeneities at a new location that can then be used to 

guide further study of groundwater-surface water interactions.  However, in some cases such as 
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the high seepage sand and gravel, numerous point measurements will still have to be conducted 

because electrical resistivity is not precise enough to aid in limiting the number of point 

measurements.   
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Appendix A 

This script takes the Earthimager 3D command file and reformats it so 
that it can be used with the Loke software. 
 
class Line: 
# Records for each supersting 2D file consist of: 
# Title 
# Title line with the number of records 
# Title line with the units of measurement 
# Array type (3) 
# Number of records 
# 0 
# 0 
# 0 
# ....This object will store a 2D line.... 
# NB: Use of the self mechanism avoids a Python Gotcha! 
    def __init__(self): 
        self.title = 'File line title' 
        self.nrec = 0 
        self.Ax = [] 
        self.Ay = [] 
        self.Az = [] 
        self.Bx = [] 
        self.By = [] 
        self.Bz = [] 
        self.Mx = [] 
        self.My = [] 
        self.Mz = [] 
        self.Nx = [] 
        self.Ny = [] 
        self.Nz = [] 
        self.rho = [] 
        self.date = [] 
        self.time = [] 
        self.VI = [] 
        self.err = [] 
        self.mA = [] 
        self.ID = [] 
#EndLineClass------------------------------------------------ 
 
# Read Command file 
import os 
import sys 
import math 
 
# Open the command file and parse it. 
# When we are through "filelist" will contain 
# a dictionary of filenames and line coords. 
filelist = {} 
f_cmd = open('list_A.txt','r') 
for i in f_cmd: 
    rec = i.split() 
    filelist[rec[0]] = rec[1:] 
f_cmd.close() 
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# The next step is to load each file into memory.  To do this I will 
# create a dictionary with an object to hold each line. 
MyLines = {} 
for i in filelist.keys(): 
    print i, filelist[i] 
    f_in = open(i,'r') 
    MyLines[i]=Line() 
    MyLines[i].title = f_in.readline().strip() 
    dummy = f_in.readline() 
    MyLines[i].nrec = dummy.split(':')[-1].strip()             # -1 
gets end of list 
    dummy = f_in.readline() 
    for j in range(int(MyLines[i].nrec)): 
        dummy = f_in.readline() 
        rec = dummy.split(',') 
        MyLines[i].date.append(rec[2].strip()) 
        MyLines[i].time.append(rec[3].strip()) 
        MyLines[i].VI.append(rec[4].strip()) 
        MyLines[i].err.append(rec[5].strip()) 
        MyLines[i].mA.append(rec[6].strip()) 
        MyLines[i].rho.append(rec[7].strip()) 
        MyLines[i].ID.append(rec[8].strip()) 
        MyLines[i].Ax.append(rec[9].strip()) 
        MyLines[i].Ay.append(rec[10].strip()) 
        MyLines[i].Az.append(rec[11].strip()) 
        MyLines[i].Bx.append(rec[12].strip()) 
        MyLines[i].By.append(rec[13].strip()) 
        MyLines[i].Bz.append(rec[14].strip()) 
        MyLines[i].Mx.append(rec[15].strip()) 
        MyLines[i].My.append(rec[16].strip()) 
        MyLines[i].Mz.append(rec[17].strip()) 
        MyLines[i].Nx.append(rec[18].strip()) 
        MyLines[i].Ny.append(rec[19].strip()) 
        MyLines[i].Nz.append(rec[20].strip()) 
    f_in.close() 
 
# Now the coordinates are wrong for the 3D file because they 
# assume that all the lines run in the X direction.  We use the 
# origin and orientation info from the command file to calculate 
# the correct coordinates. 
print "Calculating the coordinates", 
for i in filelist.keys(): 
    print ".", #Progress bar 
    for j in range(int(MyLines[i].nrec)): 
        Ax = float(MyLines[i].Ax[j]) 
        Bx = float(MyLines[i].Bx[j]) 
        Mx = float(MyLines[i].Mx[j]) 
        Nx = float(MyLines[i].Nx[j]) 
        Xorg = float(filelist[i][0]) 
        Yorg = float(filelist[i][1]) 
        Ang = float(filelist[i][2])*2.0*math.pi/360.0 
        MyLines[i].Ax[j] = Xorg + Ax * math.sin(Ang) 
        MyLines[i].Ay[j] = Yorg + Ax * math.cos(Ang) 
        MyLines[i].Bx[j] = Xorg + Bx * math.sin(Ang) 
        MyLines[i].By[j] = Yorg + Bx * math.cos(Ang)         
        MyLines[i].Mx[j] = Xorg + Mx * math.sin(Ang) 
        MyLines[i].My[j] = Yorg + Mx * math.cos(Ang) 
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        MyLines[i].Nx[j] = Xorg + Nx * math.sin(Ang) 
        MyLines[i].Ny[j] = Yorg + Nx * math.cos(Ang) 
         
# Now we have the data in a form where we can write out the 3D file. 
# We just need to calculate the total number of records. 
 
allrec = 0 
for i in filelist.keys(): 
    allrec += int(MyLines[i].nrec) 
 
#******************** 
# Output file format* 
#********************************************************** 
# Header Line 1 (includes type of survey)                  
# Header Line 2 (includes number of records) 
# Header Line 3 (units) 
# This is followed by nrec lines of data in the format: 
# measurement#,USER,date,time,V/I,error,current,rho,cmdfile, 
# Ax,Ay,Ax,Bx,By,Bz,Mx,My,Mz,Nx,Ny,Nz 
# ********************************************************* 
print 
print "Writing out the 3d file" 
# Note: "Advanced Geosciences" has to be in the header 
f_out = open('EIdata.stg','w') 
f_out.write('Advanced Geosciences, Inc. '+'All 2D lines lumped into a 
3D file. Type: 3D\n') 
f_out.write('Records: '+str(allrec)+'\n') 
f_out.write('Unit: meter\n') 
date = '2003-01-10' # These are dummy values 
time = '13:00:00' 
for i in filelist.keys(): 
    print ".", 
    for j in range(int(MyLines[i].nrec)): 
        f_out.write('%5d , USER , %s , %s,\ 
        %s , %s , \ 
        %s , %s , dummyfileid , \ 
        %5.3e , %5.3e , %s , \ 
        %5.3e , %5.3e , %s , \ 
        %5.3e , %5.3e , %s , \ 
        %5.3e , %5.3e , %s \n' %\ 
                    (j,MyLines[i].date[j],MyLines[i].time[j],\ 
                     MyLines[i].VI[j],MyLines[i].err[j],\ 
                     MyLines[i].mA[j],MyLines[i].rho[j],\ 
                     
MyLines[i].Ax[j],MyLines[i].Ay[j],MyLines[i].Az[j],\ 
                     
MyLines[i].Bx[j],MyLines[i].By[j],MyLines[i].Bz[j],\ 
                     
MyLines[i].Mx[j],MyLines[i].My[j],MyLines[i].Mz[j],\ 
                     
MyLines[i].Nx[j],MyLines[i].Ny[j],MyLines[i].Nz[j])) 
f_out.close() 
# Finished! 
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This script transforms the data into one that is recognizable by Mayavi 
 
from enthought.tvtk.api import tvtk 
from enthought.tvtk.api import write_data 
from numpy import* 
 
res3d = loadtxt("B.dat") 
data = zeros(res3d.shape[0]) 
n  =  0 
nx = 131 
ny = 136 
nz = 71 
dx = 0.1 
dy = 0.1 
dz = 0.1 
zmin = -7 
 
for k in range(nz): 
        for i in range(nx): 
            for j in range(ny): 
                ind = j + (i*ny) + (k*ny*nx) 
                data[n] = log10(res3d[ind,3]) 
                #data[n] = res3d[ind,3] 
                n = n + 1 
                 
 
r = tvtk.RectilinearGrid() 
r.point_data.scalars = data 
r.point_data.scalars.name = 'Resistivity' 
r.dimensions = (nx,ny,nz) 
a = zeros(nx) 
for i in range(nx): 
    a[i] = dx*i 
r.x_coordinates = a 
b = zeros(ny) 
for i in range(ny): 
    b[i] = dy*i 
r.y_coordinates = b 
c = zeros(nz) 
for i in range(nz): 
    c[i] = zmin + dz*i 
r.z_coordinates = c 
# r.z_coordinates = [-3.024,-2.5169,-2.076,-1.6926,-1.3592,-1.0693,-
0.8173,-0.6393,-0.5393,-0.3846,-0.2346,-0.1] 
write_data(r,'3D_B') 
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This puts the output data from Loke inversion into a square grid. 
 
[xi,yi,zi]=meshgrid(0:.1:13.5,0:.1:13,-7:.1:0); 
w = griddata3(X,Y,Z,Resistivity,xi,yi,zi); % grid the data 
ind = isnan(w);     % find the NaNs 
w(ind) = 330;       % or whatever is the water resistivity 
npts = length(xi(:)); 
wdata = zeros(npts,4);  % Put the data in columns 
wdata(:,1) = xi(:); 
wdata(:,2) = yi(:); 
wdata(:,3) = zi(:); 
wdata(:,4) = w(:); 
save wdata_smooth.dat wdata -ascii 
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This m file grids the data from the individual 2D inversions.  If one 
wants to use Mayavi to view the data, use the set of codes and 
uncomment them out. 
 
format long g 
 
load A1.dat; % load data into matrix   
load A2.dat; 
load A3.dat; 
load A4.dat; 
load A5.dat; 
load A6.dat; 
load A7.dat; 
load A8.dat; 
load A9.dat; 
load A10.dat; 
load A11.dat; 
load A12.dat; 
load A13.dat; 
load A14.dat; 
 
% ***** Set Data into variables ***** 
 
 
x1 = A1(:,1); % x-axis ... parallel to strike 
z1 = A1(:,2); % Depth ... evals are dependend on depth ... one depth 
per eval 
r1 = A1(:,3); % z-axis ... resistivity 
r1 = log10(r1); 
n1 = length(A1); 
y1 = zeros(1, n1)'; 
 
x2 = A2(:,1); % x-axis ... parallel to strike 
z2 = A2(:,2); % Depth ... evals are dependend on depth ... one depth 
per eval 
r2 = A2(:,3); % z-axis ... resistivity 
r2 = log10(r2); 
n2 = length(A2); 
y2 = zeros(1, n2)' + 1; 
 
x3 = A3(:,1); % x-axis ... parallel to strike 
z3 = A3(:,2); % Depth ... evals are dependend on depth ... one depth 
per eval 
r3 = A3(:,3); % z-axis ... resistivity 
r3 = log10(r3); 
n3 = length(A3); 
y3 = zeros(1, n3)' + 2; 
 
x4 = A4(:,1); % x-axis ... parallel to strike 
z4 = A4(:,2); % Depth ... evals are dependend on depth ... one depth 
per eval 
r4 = A4(:,3); % z-axis ... resistivity 
r4 = log10(r4); 
n4 = length(A4); 
y4 = zeros(1, n4)' + 3; 
 
x5 = A5(:,1); % x-axis ... parallel to strike 
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z5 = A5(:,2); % Depth ... evals are dependend on depth ... one depth 
per eval 
r5 = A5(:,3); % z-axis ... resistivity 
r5 = log10(r5); 
n5 = length(A5); 
y5 = zeros(1, n5)' + 4; 
 
x6 = A6(:,1); % x-axis ... parallel to strike 
z6 = A6(:,2); % Depth ... evals are dependend on depth ... one depth 
per eval 
r6 = A6(:,3); % z-axis ... resistivity 
r6 = log10(r6); 
n6 = length(A6); 
y6 = zeros(1, n6)' + 5; 
 
x7 = A7(:,1); % x-axis ... parallel to strike 
z7 = A7(:,2); % Depth ... evals are dependend on depth ... one depth 
per eval 
r7 = A7(:,3); % z-axis ... resistivity 
r7 = log10(r7); 
n7 = length(A7); 
y7 = zeros(1, n7)' + 6; 
 
x8 = A8(:,1); % x-axis ... parallel to strike 
z8 = A8(:,2); % Depth ... evals are dependend on depth ... one depth 
per eval 
r8 = A8(:,3); % z-axis ... resistivity 
r8 = log10(r8); 
n8 = length(A8); 
y8 = zeros(1, n8)' + 7; 
 
x9 = A9(:,1); % x-axis ... parallel to strike 
z9 = A9(:,2); % Depth ... evals are dependend on depth ... one depth 
per eval 
r9 = A9(:,3); % z-axis ... resistivity 
r9 = log10(r9); 
n9 = length(A9); 
y9 = zeros(1, n9)' + 8; 
 
x10 = A10(:,1); % x-axis ... parallel to strike 
z10 = A10(:,2); % Depth ... evals are dependend on depth ... one depth 
per eval 
r10 = A10(:,3); % z-axis ... resistivity 
r10 = log10(r10); 
n10 = length(A10); 
y10 = zeros(1, n10)' + 9; 
 
x11 = A11(:,1); % x-axis ... parallel to strike 
z11 = A11(:,2); % Depth ... evals are dependend on depth ... one depth 
per eval 
r11 = A11(:,3); % z-axis ... resistivity 
r11 = log10(r11); 
n11 = length(A11); 
y11 = zeros(1, n11)' + 10; 
 
x12 = A12(:,1); % x-axis ... parallel to strike 
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z12 = A12(:,2); % Depth ... evals are dependend on depth ... one depth 
per eval 
r12 = A12(:,3); % z-axis ... resistivity 
r12 = log10(r12); 
n12 = length(A12); 
y12 = zeros(1, n12)' + 11; 
 
x13 = A13(:,1); % x-axis ... parallel to strike 
z13 = A13(:,2); % Depth ... evals are dependend on depth ... one depth 
per eval 
r13 = A13(:,3); % z-axis ... resistivity 
r13 = log10(r13); 
n13 = length(A13); 
y13 = zeros(1, n13)' + 12; 
 
x14 = A14(:,1); % x-axis ... parallel to strike 
z14 = A14(:,2); % Depth ... evals are dependend on depth ... one depth 
per eval 
r14 = A14(:,3); % z-axis ... resistivity 
r14 = log10(r14); 
n14 = length(A14); 
y14 = zeros(1, n14)' + 13; 
 
x = [x1; x2; x3; x4; x5; x6; x7; x8; x9; x10; x11; x12; x13; x14]; 
y = [y1; y2; y3; y4; y5; y6; y7; y8; y9; y10; y11; y12; y13; y14]; 
z = [z1; z2; z3; z4; z5; z6; z7; z8; z9; z10; z11; z12; z13; z14]; 
r = [r1; r2; r3; r4; r5; r6; r7; r8; r9; r10; r11; r12; r13; r14]; 
 
xlo = min(x1(:)); 
xhi = max(x1(:)); 
zlo = min(z3(:)); 
zhi = max(z3(:)); 
gs = .1; 
 
[xi,yi,zi] = meshgrid(xlo:gs:xhi,  0:gs:13,  zlo:gs:zhi); 
w = griddata3(x,y,z,r,xi,yi,zi); 
 
% This portion takes the gridded data and places it in a four  
% column array and saves it as a dat file for later use in Mayavi. 
% If this is not needed, comment out the lines. 
 
ind = isnan(w);     % find the NaNs 
w(ind) = log10(330);       % or whatever is the water resistivity 
npts = length(xi(:)); 
wdata = zeros(npts,4);  % Put the data in columns 
wdata(:,1) = xi(:); 
wdata(:,2) = yi(:); 
wdata(:,3) = zi(:); 
wdata(:,4) = w(:); 
save Pseudo_3D_A.dat wdata -ascii 
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% These are the slice coordinates % 
% Comment these out if a particular dimension is not wanted % 
%for i = 1:5 
    z = -0.7; 
    %z = 0.0 - 0.1*i; 
    xslice = [];  
    yslice = [];  
    zslice = [z]; 
 
    % The slice functiom % 
    h=slice(xi,yi,zi,w,xslice,yslice,zslice); 
    set(h,'EdgeColor','none') 
    %colormap jet 
    v = [log10(200) log10(3000)]; 
    caxis('manual'); 
    caxis(v); 
    colorbar('vert') 
    az = 0; 
    el = 90; 
    view(az, el); 
    title('Horizontal Section of Till'); 
    xlabel('Distance (m)'); 
    ylabel('Distance from shore (m)'); 
    %zlabel('Depth (m)'); 
    axis([84 97.5 0 14]) 
    %pause 
 
%end 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



86 
 

% These are the slice coordinates % 
% Comment these out if a particular dimension is not wanted % 
for i = 0:13 
    x = 40 + i; 
    xslice = [x];  
    yslice = [];  
    zslice = []; 
 
    % The slice functiom % 
    h=slice(xi,yi,zi,w,xslice,yslice,zslice); 
    set(h,'EdgeColor','none') 
    %colormap jet 
    v = [log10(200) log10(3000)]; 
    caxis('manual'); 
    caxis(v); 
    colorbar('vert') 
    az = -90; 
    el = 0; 
    view(az, el); 
    title('X slices of data'); 
    xlabel('Electrode coordinate'); 
    ylabel('Distance from shore (m)'); 
    zlabel('Depth (m)'); 
    pause 
end 
 


