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ABSTRACT 

            Valley Creek, an urbanized stream in Southeastern Pennsylvania, has undergone changes 

typical of streams in urbanized areas, such as bank erosion, channel redirection, and habitat 

disruption.  One area of disruption that has been little studied is the hyporheic zone, the top layer 

of the streambed where stream water exchanges with subsurface water and chemical 

transformations occur.  The hyporheic zone of an 18 m reach of Valley Creek in Ecology Park 

was characterized using a tracer test coupled with a hydrogeophysical survey.  Nested wells 

screened at depths of 20, 35, 50, and 65 cm were placed at four locations along the center of the 

stream to monitor the passage of the salt tracer through the hyporheic zone.  Results from well 

sampling were compared with time-lapse Electrical Resistivity Tomography (ERT) monitoring 

of the stream tracer.  The streambed was also characterized using temperature probes to calculate 

the stream water-groundwater flux and freeze core samples to characterize heterogeneities in 

streambed sediment.  Models were created using MODFLOW, MATLAB, and EARTH 

IMAGER 2-D to understand differences between Ecology Park and Crabby Creek, a tributary 

within the Valley Creek watershed, where similar studies were performed in 2009 and 2010.   

           Hyporheic exchange and ERT applicability differed between the two study sites.  At 

Ecology Park, tracer was detected only in the 20 cm wells at nests 2 and 4 during the injection 

period.  Noise in the falling limbs of the tracer test breakthrough curves made it difficult to 

determine whether tracer lingered in the hyporheic zone using well data.  ERT surveys were 

unable to detect tracer lingering after the injection period.  At Crabby Creek, tracer was present 

in all shallow wells, and lingering tracer was detected in the hyporheic zone using ERT during 

the post-injection period. 
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ERT surveys at Ecology Park were less effective than at Crabby Creek for two reasons:  

the presence of groundwater discharge (which inhibited hyporheic exchange) and increased 

stream water depth at Ecology Park.  Temperature modeling of heat flux data revealed 

groundwater discharge at three locations.  MODFLOW models predicted that this discharge 

would diminish the length and residence time of subsurface flow paths.  Groundwater discharge 

likely increased along the contact between the hydraulically conductive Elbrook Formation and 

the less conductive Ledger Formation.  Models created with MATLAB and Earth-Imager 2-D 

showed ERT sensitivity to tracer in the hyporheic zone depended on stream thickness.  With 

increased water depth, more current propagated through the stream, which reduced sensitivity to 

changes in the hyporheic zone.  A sensitivity analysis showed that the resistivity change in the 

hyporheic zone at Ecology Park (average water depth 0.36 m) would have to exceed 30% to be 

detectable, which was greater than the induced change during the tracer test.  Deeper water also 

amplified the confounding effect of changes in the background conductivity of the stream water, 

though time-lapse ERT detected no lingering tracer even after correcting for this drift. 

 Studies performed at Crabby Creek were able to map lingering tracer in the hyporheic 

zone because the site had a thin water layer (0.1 m), a large percentage increase of conductivity 

during the tracer test, and no groundwater discharge.  Conversely, at Ecology Park groundwater 

discharge inhibited hyporheic exchange, and imaging sensitivity was reduced by the thicker 

water layer, demonstrating the limitations of ERT for hyporheic zone characterization.  The 

modified inversion routines used here demonstrated that, with accurate stream conductivity and 

depth measurements, ERT can be used in some streams as a method for hyporheic 

characterization by incorporating site-specific conditions. 
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CHAPTER 1 

INTRODUCTION 

1.1 Urban Hydrology 

In the study of stream ecosystems and dynamics, the effects of urbanization on stream 

quality are important to hydrologists, ecologists, and water quality managers.  Urban streams are 

at risk of sudden chemical, biological, hydrologic, and physical changes that disturb the stream 

ecosystem.  In the United States, seventy-five percent of the population lives in urban areas (US 

Census Bureau, 2001), making the health and well-being of the streams tantamount to the health 

and well-being of the United States population. 

Hydrologically, an urban stream is one whose watershed has at least 10% impermeable 

surface cover (ISC) (Klein, 1979).  ISC can increase runoff and decrease both infiltration and 

evapotranspiration in urbanized catchments (Figure 1.1).  As the ISC increases to 10-20%, runoff 

increases twofold; 35-50% ISC increases runoff threefold; and 75-100% ISC increases runoff 

more than fivefold over forested catchments (Paul and Meyer, 2001; Arnold and Gibbons, 1996) 

Some stresses of urbanization are immediately apparent, such as bank erosion which can alter 

stream morphology and ruin fragile ecosystems, but others have lingering biochemical effects 

which will not be seen at the stream surface.  Urban streams are not closed systems; they interact 

with groundwater and allow for the transport of contaminants to occur over a much greater area 

and impact far more people than those in direct contact with the stream itself.  Chapter 109 of the 

PA Drinking Water Regulations states that a contaminant is any physical, chemical, biological or 

radiological substance or matter in the water that may be harmful to human, animal, plant or 

aquatic life. (Pennsylvania Code, 2009).   
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Figure 1.1: Effects of increasing impervious surface cover on runoff.  From Klein, 1979.  
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1.2 Quantifying Hyporheic Exchange 

Hyporheic flow is also an important factor in tracking and treating contaminants in urban 

streams.  The hyporheic zone is the area where stream water and aquifer water interact (Figure 

1.2).  In this zone, pore water in stream sediments is continuously exchanged with surface water 

from the overlying stream, leading to many chemical reactions and nutrient exchange that are 

vital both to the stream ecosystem and human health (Alley et al., 2002).   

Although interaction of the aquifer with stream water is difficult to quantify (Boano et al., 

2008), there are many factors studied to understand hyporheic flow.  Morphologic features of the 

streambed can impact hyporheic exchange. Head pressure differentials that occur within pool-

riffle stream morphology (Tonina and Buffington, 2007; Salehin et al., 2004; Gooseff et al., 

2006), as well as those caused by both anthropogenic and natural dams and steps, (Fanelli and 

Lautz, 2008; Sawyer, 2011) lead to advective forces that can drive hyporheic exchange.  Another 

challenge faced by hydrologists is determining how heterogeneities in the stream bed can impact 

the amount and location of hyporheic exchange; these variations have been studied in both 

models and natural streams  (Cardenas and Wilson, 2004; Salehin et al., 2004; Ryan and 

Boufadel, 2006). 

 Hyporheic exchange occurs along the width, breadth, and length of the stream in the x, y, 

and z directions.  Hyporheic exchange consists of streamwater recharging the groundwater, and 

discharging back into the stream, exchanging nutrients and chemical components in the process.  

Hyporheic exchange refers to groundwater that has moved both into and out of the stream.  If the 

water only moves out of the stream, it is a losing stream.  If the water only moves into the 

stream, it is a gaining stream.  This one-directional  
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Figure 1.2: Illustration of hyporheic zone.  In the hyporheic zone, water from the stream flows in 

and out of the subsurface and mixes with groundwater from the aquifer system.  From Alley et 

al., 2002. 
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flow is referred to as the regional groundwater flow, i.e., groundwater discharge and stream 

recharge. 

Many previous studies have been performed using tracer tests within streams to calculate 

stream and hyporheic storage (e.g. Ryan and Packman, 2006; Classens and Tague, 2009; 

D’Angelo, 1993; Wondzell, 2006; Runkel, 1988).   These studies were based on introducing a 

solute into a stream at a known concentration.  The concentration of a tracer is observed through 

time as it increases, plateaus, and decreases in a pattern known as a breakthrough curve (BTC).  

The equations governing the BTC are shown below (equation 1.1, Harvey and Wagner, 2000); 

  

  
  

 

 

  

  
 

 

 

 

  
    

  

  
  

  
  

 
                  

           

  

  
  

  

 
            

   (1.1) 

Where t and x are time and direction along the stream; C is concentration in the stream, Cs is 

concentration in the storage zone, and CL is the concentration in the groundwater (mg L
-1

); Q is 

the in-stream flow rate (m
3
s

-1
); qL is the lateral inflow rate (per length, m

3
s

-1
 m

-1
) (D is the 

longitudinal dispersion coefficient in the stream (m
2
s

-1
); A is the stream area, and As is the 

storage zone cross sectional areas (m
2
); α is the storage exchange coefficient (s

-1
), and ∆and ∆s 

are first-order rate constants (s
-1

) describing reactive processes occurring in streamflow or in the 

storage zone, respectively.  When using a conservative tracer such as salt, ∆and ∆s would be zero, 

and thus removed from the equation. 

 A salt injection that takes place in a hypothetical reach in which only mechanical 

advection controls flow would show an immediate spike in conductivity as the tracer was 
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observed, with a flat plateau during the duration of the injection, and an immediate return to 

background conditions after the injection passed (Figure 1.3, red line for adjective flow).  Real 

breakthrough curves do not follow such a pattern, and deviations from this pattern result from 

different parameters (Harvey and Wagner, 2000; Figure 1.3). Models that can be fit to 

breakthrough curves, such as OTIS, (One-Dimensional Transport with Inflow and Storage) have 

been used to describe storage areas in streams (Runkel, 1998; Claessens and Tague, 2009; Ryan 

and Packman, 2006). 

The OTIS model of calculating storage and exchange does not specify or quantify the 

difference between in-stream storage and hyporheic storage, nor does it specify any depth of 

exchange within the subsurface.  To monitor the hyporheic flow paths, tracer tests are used in 

conjunction with well data.  In a typical stream-tracer experiment, a nonreactive tracer such as 

chloride or bromide is injected into a stream and then monitored over time at points downstream 

(Harvey and Wagner, 2000).  This method works because the dissolved ions of the tracer will 

increase the conductivity in the water while they are present in the stream, and then decrease as 

dilute water from upstream washes the tracer away.  Ions that remain in the subsurface after the 

stream has returned to background provide the ability to monitor hyporheic exchange, by making 

the subsurface waters more conductive than stream water.  Well monitoring makes it possible to 

distinguish hyporheic exchange from surface water storage.  

Monitoring solute injection tests with wells alone has drawbacks.  Installation of extensive and 

invasive monitoring well networks provides point-verification of exchange, but ultimately 

provides sparse coverage and lacks representation of extensive spatial coverage of the solute 

transport processes (Ward et al., 2010).  Additionally, well installation and monitoring is 

expensive due to the time and manpower involved.  Wells are also limited by many other factors  
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Figure 1.3:  Breakthrough curve sensitivity to parameters such as stream storage and exchange.  

This figure shows a theoretical advective curve (red) and actual data from a tracer test.  While 

the advection curve has instantaneous rising and falling limbs, actual breakthrough curves slope 

and bend more due to dispersion, storage-zone exchange coefficient, stream cross sectional area 

of the stream, storage-zone cross sectional area, and groundwater in-flow.  After Harvey and 

Wagner, 2000. 
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that may interfere with results when out in the field, such as becoming clogged, leaking, or not 

being able to pull enough water for a sample. Furthermore, in some locations, stream bed 

material, such as cobbles, prevents well installation. 

Recent developments in electrical resistivity techniques (ERT) allow hydrologists to 

image the hyporheic zone (Toran et al., 2012) to supplement well data.   It is possible to measure 

the potential differences occurring in the substrate that are the response to an induced current 

(Anderson and Ismail, 2007), this was accomplished using a dipole-dipole array (Figure 1.4).  

Current is induced between a pair of electrodes which actively create an induced field.  The 

electric potential is measured by two voltmeter electrodes which are a known distance apart.  

Apparent resistivity of the subsurface at depth can then be calculated (Anderson and Ismail, 

2007).  The hydrologic significance of this that the ions introduced via a tracer test can be 

detected with such an array.  There are similarities between the hydraulic flow equation and the 

electrical flow equation.  In the hydraulic flow equation q is flow per unit area, k is hydraulic 

conductivity, ∆h is change in head, and ∆x is change in distance, (equation 1.2), where in the 

electrical flow equation, J is current per unit area, σ is electric conductivity, v is change in 

voltage, and ∆x is change in distance (equation 1.3) . 















x

h
kq   (1.2)                          














x

v
J       (1.3) 

   

 

Both solve for a current/unit area using a conductivity factor and a gradient differential; head 

difference and voltage difference.  In the electrical resistivity equation, the electric conductivity 

coefficient σ, is equal to the reciprocal of resistivity ρ (equation 1.4).  
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Figure 1.4: Illustration of the dipole-dipole array. Current (I) is induced between paired 

electrodes (A, B). The potential difference (ΔV) between paired voltmeter electrodes M and N is 

measured. Apparent resistivity (ρa) is then calculated based on I, ΔV, and electrode spacings (a, 

n). From Zonge, 2012. 
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Archie’s law further defines ρ, shown in equation 1.5, where ρ is resistivity, ρw is resistivity of 

the pore water, a, m, and n are constants within the media (because they are unchanging), 

altering degrees to which each variable is weighted, φ is porosity and s is the volume fraction of 

pores with water. 

      



1

     (1.4)    nm

w sa    (1.5)   

It is from these equations that the relationship between the conductivity of the water and the 

ability of the current to travel in the pore water is established.  The variation of current within the 

pore water will change the resistivity in the subsurface, and thus identifies where the ions of the 

tracer are being transported in the hyporheic zone. 

Although the media is unchanging throughout a tracer test, it is important to understand 

the variations in the media, because it can affect hyporheic flow.  In order to characterize and 

compare streambeds beneath the surface the freeze core technique can be used (Zimmerman et 

al., 2005).  Freeze cores provide a method of extracting sediments from the subsurface which can 

later be examined by various means of grain size analysis and pore water chemistry observations.  

Frozen cores capture fine grained material in the subsurface and allow it to be bought to the 

stream surface, where a shovel sample or non-frozen core would lose the fine grained material to 

the stream.  The retrieved core sediment is then sieved and grain size distributions analyzed 

throughout the reach.  Urbanization has been known to increase the amount of fine grained 

sediments in stream beds, ultimately limiting hyporheic exchange (Ryan and Packman, 2006), 

which makes analysis of the fine grained material important in the study of urban streams.  

Heat can also be used as a tracer in stream studies to measure vertical flux of waters into 

or out of a streambed (Fanelli and Lautz, 2008; Silliman et al., 1995).  This vertical flux is 

groundwater discharge or stream recharge.  The properties of a streambed, such as porosity, bulk 
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specific heat, thermal conductivity, and the properties of the liquid flowing through it, can be 

modeled to calculate a vertical flux.  This is done by measuring stream temperatures at the 

streambed surface and comparing them to measurements taken in the streambed at a known 

depth.  The stream water will exhibit a diurnal signal over the course of several days, with 

temperatures increasing in the day and decreasing at the night.  The diurnal signal decreases with 

amplitude and the phase lags as it propagates to different depths within the subsurface, and is 

further altered by the subsurface properties discussed in section 2.3.2 (Figure 1.5).  The 

temperatures can be modeled to calculate the vertical flux.  

1.3 Site Description 

 The reach selected for study of hyporheic processes in an urban stream is an 18 meter 

reach at Ecology Park, located in Frazer PA (Figure 1.6).  This particular reach was 

reconstructed after 1990, in which the stream’s path was changed, and bank stabilizing boulders 

were added to reduce erosion and control the stream flow.  Ecology Park is located in the 

northeastern quadrant of Chester County, 25 miles from Philadelphia in an urban environment.   

Ecology Park is located within the Valley Creek watershed.  The study reach is in the 

headwaters of Valley Creek, shortly after the junction of the Bacton Hill, Planebrook, and 

Chester Valley Tributaries.  The reach is near the contact between the Cambrian Elbrook 

Limestone and the Ledger Dolomite (Figure 1.7).  The Elbrook Formation is a siliceous 

limestone with interlayered beds of dolomite, and is moderately resistant to weathering (Sloto, 

1990).  The Ledger Dolomite is coarsely crystalline and partly siliceous (Sloto, 1990).  The mean 

specific capacity in the Elbrook Formation is 0.36 (L/min)/m, and in the Ledger Dolomite the 

mean specific capacity is 17.35 (L/min)/m. Specific capacity measures pumping rate per meter of 

open interval at steady state within a well. 
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Figure 1.5: Model of propagation of diurnal temperature signal through the subsurface.  This 

figure shows the dissipation of a diurnal signal with increasing depth.  The solid line captures the 

diurnal signal at 2 cm, the dashed line at 5 cm, the ‘o’ line at 10 cm, and the ‘x’ line at 25 cm.  

As depth increases, amplitude of the diurnal signal decreases, and the lag time of the diurnal 

signal increases as well, as evident in the shifting of the peaks.  From Silliman et al., 1995. 
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Figure 1.6: Location of Ecology Park in Chester County, Pennsylvania.  Aerial photos from Bing 

Maps. 
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Figure 1.7: Map of underlying geology of Ecology Park.  The red circle encompasses the 

location of Ecology Park. Note it is located near a fault (Grey line) between the Ledger (Cl, light 

green) and Elbrook (Ce, burnt orange) Formations.  Basemap from Chester County Geographical 

Information Systems (2001). 
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1.4 Previous Work 

 In 2009 and 2010, a resistivity coupled tracer test was performed at Crabby Creek, 

another urban stream within the Valley Creek watershed (Fang, 2010; Hughes, 2011). Crabby 

Creek is a reconstructed stream, averaging a depth of 10 cm within the 13.5 m study site, which 

flow across the Conestoga Limestone.  The purpose of these studies was to determine if changes 

in subsurface sediment near restoration structures would cause a tracer to linger in the hyporheic 

zone, and if ERT could be used to spot lingering tracer in the hyporheic zone of Crabby Creek.  

During both years, tracer was observed both in well samples in the stream (Figure 1.8) and using 

ERT with time-lapse inversion, a technique described further in chapter 2, Methods (Figure 1.9).  

However, lingering tracer was only observed at Crabby Creek using ERT.  Lingering tracer was 

tracer that remained within the subsurface after the injection due to diffusion into low mobility 

zones.  

In 2011, Crabby Creek was altered by storms which destroyed restoration structures.   In 

addition, rocks were added into the stream.  This alteration of the streambed also made it difficult 

to place wells into the subsurface, preventing further coupled tracer tests at this location. 

1.5 Hypothesis 

 The investigation of hyporheic exchange at Ecology Park addressed several questions, 

pertaining both to hydraulics and hydrogeology of the site.  The study also provided for a better 

understanding of resistivity applications in observing hyporheic exchange in conjunction with a 

tracer test.  Questions included: 

 1. How do flow paths vary with depth? 

 2. How do restoration structures impact hyporheic exchange? 

 3. What is controlling hyporheic flow at Ecology Park? 



16 

 

 4. Can hydrogeophysics be used to monitor hyporheic exchange at Ecology Park? 

Question one has been addressed in other studies such as Payn et al. (2009), and it is 

accepted that flow paths can vary from shallow paths, which tend to have short residence times 

and faster travel velocities, to deep paths, which will have longer residence times, and slower 

travel velocities.   By designing the experiment with well nests consisting of various depths 

(further discussed in Methods), depth-sensitive travel can be observed. 

The effects of restoration structures on hyporheic exchange have been modeled in 

previous studies, but remain the focus of question two. It is important to study the effects of 

different structures at different sites, because each has its own unique set of properties that 

impact hyporheic exchange.  We created a conceptual model of what is expected to occur in the 

hyporheic zone of Ecology Park (Figure 1.10a) due to step-induced hydraulics.   A high pressure 

zone forms upstream of the structure due to the velocity of the water and higher hydraulic 

gradient; resulting in a down-welling into the streambed.  On the downstream end of the 

restoration structure, a zone of lower pressure forms and upwelling is expected to occur. 

Question three addresses the effects that groundwater discharge has been shown to have 

on hyporheic exchange.  In reaches with strong groundwater discharge, hyporheic flow paths can 

be prevented from flowing into the subsurface (Figure 1.10b) (Boano et al., 2008).   Question 

four refers to techniques that have proven to be effective in the study of Crabby Creek (Toran et 

al., 2012; Ward et al., 2010) from 2009-2010.  While hydrogeophysics was an effective means 

for viewing lingering tracer in the stream sediment at Crabby Creek, it must be validated 

independently in different settings.  The following hypotheses for the study of Ecology Park 

were evaluated: 
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1.  Deeper flow paths will be evident near the steps, due to an increase in hydraulic 

gradient, and deeper wells will record lingering tracer for a longer period of time. 

2.  Variations in the sediments and streambed morphology will drive hyporheic exchange 

in the mid-reach, between the steps. 

3.  ERT will be useful for detecting subsurface conductive tracer between the steps at 

Ecology Park. 
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Figure 1.8: Well samples taken from Crabby Creek tracer test.  Breakthrough curves show steep 

rising and falling limbs, indicating limited storage.  From Hughes, 2011. 
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Figure 1.9: ERT at Crabby Creek after tracer test.  These cross sections along the stream reach 

show lingering tracer at Crabby Creek from 2009 and 2010.  Using time-lapse inversion, a 

percent increase of 8-10% conductivity can be seen in blue areas, indicating lingering tracer.  

Green areas show little percent difference over time, indicating no tracer present at these 

locations.  Black squares show locations of electrodes, and circled numbers indicate well 

location. From Hughes, 2011. 
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A  

B  

 

 

Figure 1.10: Conceptual flow model of Ecology Park.  (A) This drawing (not to scale) of a cross 

section along the stream illustrates the expected flow in a subsurface dominated by the 

hydraulics of the steps.   Down welling is expected to occur on the upstream side of the steps, 

and upwelling to occur on the downstream side.  In this figure, blue represents the stream, and 

red represents the conceptual flow paths. (B) This drawing (not to scale) of a cross section along 

the stream illustrates the expected flow in a subsurface in which groundwater discharge (green 

arrows) limits the depth of hyporheic exchange. 
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CHAPTER 2  

METHODS 

 A stream tracer test coupled with a geophysical resistivity survey was carried out to 

evaluate hyporheic storage at a stream reach in Ecology Park.  In addition to the tracer test, 

streambed characterization and modeling were conducted to help interpret results.  Freeze cores 

were taken at the site to examine streambed sediments.   Temperatures of stream sediment and 

stream water were also recorded and modeled to calculate a 1-D vertical groundwater discharge.  

Modeling consisted of both groundwater flow modeling and geophysical modeling to examine 

parameter sensitivity. 

2.1 Tracer Test 

2.1.1 Injection and Stream Water Monitoring 

On June 15
th

, 2011 a tracer test was conducted at Ecology Park.  The conservative tracer 

NaCl was used in the test to avoid sorption.  The injectate had a specific conductivity ranging 

from 384 mS/cm at the start of the injection to 470 mS/cm at the end of the injection.  This 

variation may have been due to stratification in the 375 liter tub used to mix the injectate, or 

because not all of the salt was dissolved at the start of the experiment and additional salt 

dissolved during the day.  Salt was added using water softener crystals; 55 kg was added to 375 

liters of water (120 lbs to 100 gallons), which is below saturation, yet there were visible crystals 

remaining in the tub during and after the injection.  The injection was started at 10:40 and lasted 

until 12:20.  Specific conductivity of the stream before injection was 650 µS/cm and at the time 

of the last recorded measurement at 18:00, conductivity in the stream was 640 µS/cm. Both 

measurements were taken in the stream with an Extech handheld conductivity meter.  The 

change in the stream conductivity during the tracer test plateau was 30%.   The injection site was 
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located 3 m upstream of the first step.  The injection took place along a PVC manifold that 

spanned the entire width of the stream (Figure 2.1).  Water was pumped from the mixing tank 

using a peristaltic pump, and the pump tubing was placed in the manifold.  The injection rate was 

42.6 ml/s.  An artificial bank was constructed using stream bed material from upstream to 

provide a stable ground for the mixing tank and pump (Figure 2.1). 

The stream was monitored as several locations during the test to measure stream 

conductivity and stream flow rate (Figure 2.2).  Using a Global Water conductivity logger, 

stream conductivity was recorded in 15 second intervals in two locations.  The upstream location 

was below the first step, but above the first monitoring well.  The second location was upstream 

of the downstream step, but downstream of the last monitoring wells.  The loggers were placed 

outside the geophysical survey to avoid cross over signals that create noise in the conductivity 

data.  An Extech handheld meter was also used to measure the conductivity of the stream water 

at the same location as the upstream Global Water automatic conductivity logger.  Samples of 

stream water were also collected at two locations (Figure 2.2) throughout the tests by immersing 

a 35 mm film canister in the stream at intervals of either 5 or 15 minutes, and were later analyzed 

in the lab using the Extech handheld conductivity and temperature meter. Flow measurements of 

the stream were also recorded at several times throughout the day at both upstream and 

downstream locations.  The upstream location was 0.5 m downstream of the injection manifold, 

and the downstream location was 2 m downstream of the downstream step (Figure 2.2).  The 

purpose of these measurements was to record any change in flow rate that may occur throughout 

the day, as well as to record any gain or loss along the reach.  Data was recorded with a pygmy 

meter, with measurements recorded every foot along the cross section of the stream (Figure 2.3) 
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Figure 2.1:  Injection manifold across stream.  The PVC pipe has holes to drip water into the 

stream from the pump tubing (shown in pink).  The manifold was chosen to promote proper 

mixing across the stream.  An artificial bank was constructed using stream sediments to place the 

mixing tank and pump, seen in the right of the picture.   
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Figure 2.2: Ecology Park stream reach map.  This map shows the surveyed locations of stream 

banks, tracer test injection point, stream gauge cross sections, steps, and monitoring points. The 

“X’s” mark the locations of the electrodes along the resistivity cable, with the beginning of the 

cable on the southwest side. Streamflow is from southwest to northeast. 
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Figure 2.3: Flow measurements taken with pygmy meter.  Note this is upstream of the first step.  

Measurements were also taken below the downstream step. 
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2.1.2 Subsurface Water Monitoring 

Sixteen wells were installed in streambed sediments along the study reach.  The wells 

were set up in 4 locations with 4 depths at each location, creating a well nest.  Wells were 

installed at depths of 20, 35, 50, and 65 cm (referred to as a, b, c, d respectively) at each nest 

location (Figure 2.4).  The goal of this vertical spacing was to determine the depth of penetration 

of the tracer or the depth of the hyporheic zone (Figure 2.4).  Nest 1 was located 2.5 meters 

downstream of the first step.  Nest 2 was located 3 meters downstream of nest 1.  Nest 3 was 

located 2.5 meters downstream of nest 2.  Nest 4 was located 3 meters downstream of nest 3, and 

3 meters upstream of the downstream step.  All well nests were located along the center of the 

stream along the geophysical survey cable (Figure 2.2). 

The wells were installed by first hammering in a hollow galvanized steel pipe with a 

composite dowel in the center to prevent any sediment from filling in the bottom of the pipe.  

When the wells were hammered to the desired depth, the composite dowel was removed leaving 

the hollow metal pipe hammered to the desired depth.  Into this metal pipe, a 1.3 m long, plastic 

tubing well was placed.  This well consisted of a sealed bottom with a 10 cm screened mesh 

interval. The screened interval had holes drilled into the sides to allow for horizontal flow of 

water into the well, but was covered in a mesh screen to prevent sediment from impeding flow. 

Once the well was in place, the metal pipe was removed, and the plastic dowel was used to 

ensure that the wells stayed in place and were not lifted from the streambed during this process.  

Upon completion of the nest installation, wells were tied to a post to prevent stream water from 

entering the tops of the wells.  Longer plastic tubing was then placed down to the bottom of the 

well to draw samples.  After the tubing was in place, modeling clay was used to seal the top,  
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Figure 2-4: Sketch of well nest in cross section.  Open intervals shown in aquamarine boxes 

penetrate to 20 (a), 35 (b), 50 (c), and 65 (d) cm.  Top of wells sealed with clay (shown in black) 

with sample tubing continuing to shore. 

 

(A) 

(B) 

(B) 

(B) 

(C) 

(B) 

(D) 

(B) 
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Figure 2.5: Photo of well nests at Ecology Park.  Well nest 1 is in the background, upstream, 

Well nest 4 is the foreground, downstream.   
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holding the longer, smaller tube inside the well and creating more effective suction (Figure 2.5).  

These tubes then reached the banks of the stream, where color-coded dots were used to mark the 

wells (green = 20 cm, yellow = 35, etc).  Each of these tubes was sampled using an independent 

syringe. 

Volunteers collected well water samples from the banks to prevent disrupting the stream 

and the geophysical cable during the test (Figure 2.6).  Collection began prior to injection at 9:55 

and continued at 5 minute intervals until stream concentrations peaked.  Collection then switched 

to a 15 minute interval during the point in the injection when stream concentration was stable at 

a maximum.  At the end of the injection, sampling increased to a 5 minute interval when 

concentrations were expected to be dropping.  Once the stream returned to background 

conductivity, samples were once again collected at 15 minute intervals.  Each sample was taken 

following a protocol that was consistent throughout the test.  Prior to collecting samples from a 

well the volunteer would flush the well by pumping 50 ml of water and disposing it in a waste 

bucket so as to not disrupt the stream.  Following this, a sample was taken and placed into a 35 

mm film canister which held 30 ml of water.  Volunteers sampled from shallow well to deepest 

well, with volunteers at nests 1 and 4 taking a stream water sample prior to the well samples.  

Upon retrieval of the samples, they were labeled and placed into their respective boxes for 

analysis in the lab. 

2.1.2.1 Lab Analysis of Water Samples 

 Following the tracer test, samples were analyzed in the lab using the Extech conductivity 

logger (Figure 2.7).  Conductivity was used as a measurement of salinity because a positive 

linear relationship exists between conductivity and salinity (Fang, 2010; Hughes, 2011).  There 

were 624 samples analyzed from the wells and stream. 
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2.1.2.2 Post-Tracer Injection Sampling 

Upon completion of lab analysis a study was done in the field to determine if cross 

contamination could result from sampling closely spaced intervals.  Cross contamination could 

occur when wells draw water from depths beyond the horizontal screened interval.  If this 

vertical flow occurred, the conductivity of the water would not be constant over repeated 

samples.  The study consisted of one nest of 2 wells.  The shallow well was placed at 35 cm, the 

deeper at 50 cm.  Samples were collected at a variety of intervals from rapid 2 minute intervals 

to longer 15 minute intervals, with a total of 26 samples. The amount of water used to purge the 

well prior to sample varied between 30 and 35 mL.  Sample volumes of water taken varied 

between 20 and 25 mL.  In addition to looking for communication between wells, and drawdown 

from the stream, the test would indicate if groundwater could have been pulled up by a rapid 

sampling interval.   This was done by pumping from the shallow well prior to the deep sampling, 

and sampling just the deep well.  Since there was no tracer during these tests, change in 

conductivity from previous samples was attributed to either stream water (more dilute) or deeper 

groundwater (more concentrated).   

2.2 Freeze Core 

Freeze cores were the favored method of streambed sampling for several reasons.  Freeze 

cores allowed for better depth control of the sample, and elucidated vertical heterogeneities.  

Samples collected with shovels have been found to lose fine grained material as the sample is 

lifted through the stream.  This bias in sampling caused problems when trying to calculate 

hydraulic conductivity using the Hazen method, in which the diameter of the 10% cumulative 

weight (D10) is the main component in estimating hydraulic conductivity.    
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Figure 2.6: Volunteers sampling along banks of Ecology Park.  Wells were purged prior to each 

sample, and each sample location was collected with an independent syringe.   At nests 1 and 4 

stream samples were also collected.  Nest 1 is in the foreground, nest 4 in the background.  
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Figure 2.7: Laboratory analysis of tracer test samples.  Extech conductivity logger being used to 

measure water conductivity for 624 samples. 
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2.2.1 Extraction of Freeze Core 

The process and equipment used for collecting freeze cores was a modification of the US 

Geological Survey (USGS) Freeze Core Bed Sampler (Palcsak, 1995).  The principle of the 

freeze core is to insert a hollow metal pipe, tapered to a spike on one end, into the stream bed, 

and then pour a cool liquid or gas into the pipe, thus lowering the temperature enough to freeze 

surrounding pore water.  The pipe is removed with a core sample of sediment intact.  

First, the hollow spike was hammered into the ground to a desired depth of either 20 cm 

(for shallow measurements) or 40 cm (for deep measurements).  A hollow copper tube was 

placed inside the pipe.  On top of this tube was a cork collar, which allowed the copper rod to sit 

in place while pouring in liquid nitrogen, and also acted as a regulator of expanding liquid 

nitrogen gas.  Above the collar was a funnel into which liquid nitrogen was poured (Figure 2.8). 

Liquid nitrogen (2.5 L) was added to the rod over a period of 10-12 minutes.  To 

maintain consistency, the rod sat and the core formed over a fifteen minute period from the start 

of the addition of liquid nitrogen.  At this point, the top layer (approximately 10 cm) of unfrozen 

sediment was shoveled aside to make removal of the core easier.  The hollow copper tube was 

then removed and the rod with the frozen core was attached to a boat winch via a D-Link.  The 

boat winch was mounted upon a tripod, and gained further leverage via a pulley attached at the 

top of the tripod, which stood roughly 2 m above the stream bed.  The winch was then turned, 

pulling out the rod with core attached (Figure 2.9).  At this point, the core was photographed and 

moved to the stream banks to separate it from the spike (Figure 2.10).  The core and rod were 

immediately placed in a plastic bag to catch any falling sediment, and warm water was poured 

inside the hollow metal pipe, with caution being taken to not allow any foreign water into the 
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freeze core sample.  This warm water allowed the freeze core to slide off the rod into a labeled 

plastic bag, which was then placed into a cooler of dry ice so that it remained frozen. 

Cores were taken at several locations along the reach.  Prior to the tracer test, two 

samples were taken from the middle of the reach, from shallow and deep locations at 20 and 40 

cm.  Immediately following the tracer test, samples were collected at the following locations: 

nest 2 shallow, nest 4 shallow, nest 2 deep, and a background sample from upstream of the tracer 

test.  In addition, cores were collected on the 22
nd

 of June, a week after the tracer test, at well 

nests 1, 2, and 3 for sediment sizing alone at depths of 20 and 40 cm. 
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Figure 2.8: Liquid nitrogen (LN) being poured into freeze core tube.  LN poured into the hollow 

tube causes pore water with the stream bed to freeze.  Note vent at the top of the hollow tube to 

allow for expanding gas to escape, which allows for more LN to enter the tube. 
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Figure 2.9: Winch used to remove frozen core from streambed.  
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Figure 2.10: Frozen core being measured. 
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2.2.2 Porosity 

 To better understand the stream bed characterization, porosity measurements were taken 

for several of the cores.  The volume of the core was estimated by placing the core samples in a 

plastic bag and removing the air so the bag was form-fitting to the core.  Next the core was 

submerged in water.  The volume of the water displaced was used to estimate the total core 

volume.  Following this, the weight of the wet core in the bag was measured.  Careful 

measurements of weights were kept throughout the rest of the core analysis to track any sediment 

that may have been lost in the lab.  The samples were dried in the laboratory hood.  The final dry 

weights calculated from the sieved samples were then subtracted from the total wet-sediment to 

calculate the amount of water originally filling the pore spaces.  Using the equation, porosity = 

volume of water at saturation / total volume, porosity was calculated at each well nest along the 

reach. 

Measuring porosity with freeze core samples had inherent errors.  As water froze, it 

expanded roughly 9-10%, which increased the initial volume of the sample recorded while 

frozen.  The initial volume measurement was only as good as the vacuum seal on the core, and 

the seal failed to capture the inner void space left by the rod of the core.  To account for inner 

void space, cores were thawed before porosity measurements were taken, which may have led to 

a difference in packing.  However, vacuuming excess air from the bags ensured that the cores 

were 100% saturated with water, just as they would have been in situ, prior to being frozen.   
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2.2.3 Grain Size Analysis  

The dried cores were sieved via a standard sieve set for size distribution (Table 2.1).  

After being disaggregated with mortar and pestle, they were placed in a shaker for 25 minutes.  

They were then placed into labeled pre-weighed boats and weighed on a PG503 Delta Range 

scale.  Large samples of >4.75 were weighed in aluminum foil boats.  Sample weights were then 

plotted in Excel, D10’s were determined, and the Hazen method was used to calculate hydraulic 

conductivity, K (Equation 2.1).  The equation for the Hazen method is: 

K = C*(D10)
2
  (2.1) 

K is the hydraulic conductivity; C is an empirical coefficient which varies with sediment 

sorting, and D10 is the diameter in which 10% of the grains are finer, and 90% of the grains are 

coarser. 

Shovel samples are an ineffective means of calculating hydraulic conductivity, and only 

core samples are analyzed.  The Hazen method is predominantly used for sandy sediments, in 

which samples are more homogeneous and without large cobbles.  The samples at Ecology Park 

were not purely sand size and smaller grains, but instead contained clays and cobbles as well, so 

the Hazen method provides only a relative estimate of the K across the well nest. 

2.3  Hydrogeophysics 

2.3.1 Data Collection 

The June 15
th

 tracer test was coupled with a geophysical resistivity survey.  As 

conductive salt water traveled below the streambed, differences of resistivity over time were 

measured by the equipotential fields generated by the resistivity meter and an electrode array. In 

this study the AGI SuperSting controlled the array by monitoring current along the resistivity 

cable while a computer recorded data.  A dipole-dipole array  
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Table 2.1 Sizes of sieves used for sediment analysis of Ecology Park 

 Opening in Millimeters  A.S.T.M. Number Opening in Inches 

Top 4.750 E-11 0.187 

 2.000 10 0.00787 

 1.000 18 0.0394 

 0.500 35 0.0197 

 0.250 60 0.098 

 0.125 120 0.0049 

 0.063 230 0.0025 

Bottom Designated 0.010 in Grain 

size analysis 

N/A 0.000394 
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was designed to survey the subsurface.  The current electrodes acted as positive and negative 

cells, and generated an electrical current.  This current created equipotential fields in the 

subsurface which can be measured by 2 electrodes acting as a voltmeter further down the cable 

(Figure 1.4).  The further apart the current cell and potential cell were the deeper into the 

subsurface could be seen.  The resistivity cable used in the survey was 13.5 meters long, 

consisting of 28 electrodes at a 0.5 m spacing (Figure 2.11).  Electrodes 6, 12, 17, and 22 were 

located at nests 1, 2, 3, and 4 respectively (Figure 2.2).  Using a 13.5 m cable, a depth of 3 

meters was resolvable, but the closer to the surface, the more sensitive the data.  An array was 

designed such that a cross section of the subsurface along the direction of flow was observed.   

A total of 30 resistivity surveys were taken at Ecology Park.  Each resistivity survey 

lasted for approximately 10 minutes, measuring 216 points of apparent resistivity.  A break of at 

least 1 minute was taken between surveys.  The first one started at 9:35 and the final survey 

ended at 15:47.  While these surveys were being performed, no one was allowed to enter the 

stream, thereby disturbing the resistivity cable, which would change the locations of 

measurements.   Three background surveys started prior to the tracer test injection and provided 

information on background geology and recorded pre-injection apparent resistivities.  Nine 

surveys were conducted during the tracer injection.  The 18 surveys after the injection were 

performed to look for lingering tracer in the subsurface.   

2.3.2 Resistivity Inversion and Percent Differencing 

Apparent resistivity measurements collected in the field were modeled using Earth 

Imager 2-D and MATLAB.    The modeling produced cross sections of both resistivity  
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Figure 2.11: Resistivity cable along thalweg of stream.  Cable is black with metal electrodes at 

0.5 meter spacing.  Also shown is the pygmy flowmeter. 
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inversions and percent differences.  Inversions were created in Earth Imager 2-D.  To invert data, 

raw data, consisting of 216 measured apparent resistivities, collected in the field were imported 

into Earth Imager (Figure 2.12 A).  Earth Imager started with a homogeneous model of the 

subsurface, then altered the resistivities in the subsurface until the calculated resistivities of the 

modeled subsurface match the recorded apparent resistivities within a determined accuracy 

(Figure 2.12 B).  The resistivity and depth of the water layer are fixed and Earth Imager produces 

a model of the subsurface that would create the calculated apparent resistivities using a fixed 

water depth input by the user (Figure 2.12 C).  The stream width (water layer and subsurface) 

was assumed to be infinite in Earth Imager, which allowed for the model to account for 3-D 

signal propagation during the resistivity survey.  This assumption is reasonable given the range 

of signal in the cross section direction.  The result of this resistivity inversion was a 2-D 

representation of resistivities within the subsurface presented as a tomograph.  Tomographs were 

created to depict a set of x, z, and ρ data, where x and z were distance and depth along the cross 

section of the subsurface, and ρ was the subsurface resistivity. 

Since Earth imager was not able to perfectly match actual data, two criteria were set for 

the model termination.  1) A root-mean-squared (RMS) was calculated to show average data 

misfit over all data points (EarthImager 2D Manual, 2009).  The smaller this value, the less 

change occurred from the previous model.  Any value under 3% was designated to stop the 

model.  2) Models were allowed a maximum of 8 iterations before being terminated, regardless 

of the RMS.  Default values were used for other sensitivity options, such as the smoothness 

factor and the damping factor (EarthImager 2D Manual, 2009).  

The purpose of the geophysical surveys was to detect changes in apparent resistivities in 

the subsurface to look for tracer.  Time-lapse surveys were used to show the difference in 
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apparent resistivities at two times, expressed as a percent difference.   Thus, the time-lapse 

surveys eliminated background apparent resistivities (because they did not change) and showed 

only areas where resistivity increased or decreased with time, expressed as a percent difference.  

The two tomographs used in this percent differencing process contained the x, z, and ρ data 

calculated from resistivity inversion.  The percent difference at each x, z coordinate was 

calculated by using equation 2.2; where ρd is the percent difference of the resistivities of the two 

starting inversions,   is the resistivity at time 1, and    is the resistivity at time 2.  

        
       

  
   (2.2) 

A single percent difference tomograph was created then with x, z, and ρd data where the x and z 

are location coordinates corresponding to the resistivity inversions used in calculating the percent 

differences.  The resulting plot shows values greater than and less than zero, with zero indicating 

no change, positive values indicating an increase in resistivity, and negative values indicating a 

decrease in resistivity.  Negative values would be caused by the presence of the salt tracer. 

  Because the Earth Imager time-lapse inversion algorithm assumes constant stream 

conductivity, any changes in stream conductivity appear as artifacts in the subsurface in the 

inversion results.  In other words, a change in the stream conductivity would appear as a change 

in the subsurface conductivity.  The stream conductivity drifted during the day of the tracer test, 

so this drift needed to be accounted for during inversion.  A method was needed that used the 

correct dimensions and resistivity of the stream to better calculate the subsurface resistivity.    
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Figure 2.12: Resistivity inversion process.  A hypothetical homogeneous subsurface, (200 

ohm/m) and stream (17 ohm/m) were created using the dimensions of Ecology Park. (A) depicts 

the 216 raw data points that would be collected in the field by the resistivity meter.  (B) shows 

the subsurface tomograph of calculated apparent resistivities created in Earth Imager.  (C) is the 

inverted resistivity section created in Earth Imager predicting the subsurface that would create 

the calculated apparent resistivities in (B) In (C), stream resistivities are blue, and subsurface 

resistivities are red.  Note the locations of the electrodes and resistivity line, depicted as black 

squares and a black line, respectively, have been fixed to actual depths in figure (C).  The 

electrode locations created the boundary between the stream and subsurface layers in the model 

and streamflow is from left to right. 

  

(A) 

(B) 

(C) 
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A MATLAB code was developed that allowed for stream conductivity to change between 

the two resistivity inversions differenced in the time lapse process (Pidlisecky et al., 2011). 

Using the x, z, ρ data sets created in the Earth Imager resistivity inversions, the MATLAB code 

calculated the percent difference. Because MATLAB assigned a stream conductivity value to 

each time step, instead of using the same conductivity for both (as Earth Imager required), the 

tomograph produced assigned stream resistivity changes to the stream layer, and subsurface 

resistivity changes to the subsurface (Pidlisecky et al., 2011). 

 

2.3.3 Sensitivity Analysis 

 In addition to analyzing data collected in the field, synthetic models were created to test 

the sensitivity of this modeling process to parameters that can be site and test specific.  

Parameters tested include water thickness, conductivity of the stream, initial conditions for the 

homogeneous starting model, and intensity of tracer concentration relative to the stream.  

 To simulate the conditions of the sensitivity analysis, a model was created to represent 

the dimensions of Ecology Park.  Apparent resistivity values were then applied to the model to 

represent conditions that were observed in the field.  A homogeneous version of this study’s test 

site, a 13.5 m x 1.95 m grid was created, and average observed resistivities were used to create a 

homogeneous model, with a stream that measured 17 ohm/m (585 S/cm) and a subsurface that 

measured 200 ohm/m (Figure 2.13).  The stream depth was modeled to be 0.36 m along the 

entire reach, which is the average depth of the tracer test reach at Ecology Park.  In models in 

which tracer was present, tracer was assigned to linger in a 3 x 1 m synthetic storage zone (SSZ) 

on the left side of the model, starting at the streambed/ stream interface.  This SSZ had values 

that accounted for a -30%, -10%, -5%, -2.5%, and -1.5% (140 ohm/m (71.42 µS/cm), 180 ohm/m 
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(55.55 µS/cm), 190 ohm/m (52.63 µS/cm), 195 ohm/m (51.28 µS/cm), 197 ohm/m (50.76 

µS/cm), respectively) change in resistivity.  

 Models were also created to replicate Crabby Creek, a reach within the same watershed 

which was modeled previously using the same ERT methods (Hughes, 2011).  A homogeneous 

model of Crabby Creek was created by using a 13.5 m x 1.7 m grid consisting of a stream with a 

depth of 0.1 m (Figure 2.14).  The stream resistivity of this model was set to 17 ohm/m (588 

µS/cm).  Actual Crabby Creek water was less resistive, but models were created with the same 

resistivity as Ecology Park so the effects of different stream thicknesses could be observed.  

Resistivity in the subsurface was set to 200 ohm/m.  An SSZ identical to Ecology Park synthetic 

model was created for Crabby Creek models. 

 Several sensitivity analyses were performed to address questions that arose surrounding 

Crabby Creek and Ecology Park as well as the general effects of modeling parameters (Table 

2.2): 

1. Do the initial conditions impact the model? 

2. What is the minimum conductivity for detection at the two sites? 

3. How does varying the thickness of the water layer affect the model? 

4. How does stream conductivity drift effect each model? 

5. Can we observe SSZ given realistic noise levels within the model? 
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Figure 2.13:  Ecology Park synthetic resistivity modeling grid.  This is the grid created in Earth 

Imager used to model Ecology Park.  The grid is 13.5 x 1.95 m.  The stream is 0.36 m deep, seen 

in blue, and the SSZ is 3 x 1 m, seen in yellow. 

 

 

 

 

 

 

 

 
Figure 2.14: Crabby Creek synthetic modeling grid.  Earth Imager used to model stream with 

shallow depth similar to Crabby Creek.  The grid is 13.5 x 1.70 m.  The stream is 0.1 m deep, 

seen in blue, and the SSZ is 3 x 1 m, seen in yellow. 
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Table 2.2:  Sensitivity analysis for resistivity modeling 

Run #   Starting Model Ending Model 

Stream 

Corrected   

  Site Stream ohm/m SSZ Stream ohm/m SSZ 

 

  

1 Eco 17 None 16 None Yes 

S
tr

ea
m

 

D
ri

ft
 

2 Eco 17 None 16 None No 

3 Crabby 17 None 16 None Yes 

4 Crabby 17 None 16 None No 

5 Eco 17 None 17 140 N/A 

S
S

Z
 R

es
is

ti
v
it

y
 C

h
an

g
e 6 Eco 17 None 17 180 N/A 

7 Eco 17 None 17 190 N/A 

8 Eco 17 None 17 195 N/A 

9 Eco 17 None 17 197 N/A 

10 Crabby 17 None 17 140 N/A 

11 Crabby 17 None 17 180 N/A 

12 Crabby 17 None 17 190 N/A 

13 Crabby 17 None 17 195 N/A 

14 Crabby 17 None 17 197 N/A 

15 Eco 17 None 16 140 Yes 

S
tr

ea
m

 D
ri

ft
, 
S

u
b
su

rf
ac

e 
C

h
an

g
e 

16 Eco 17 None 16 180 Yes 

17 Eco 17 None 16 190 Yes 

18 Eco 17 None 16 195 Yes 

19 Eco 17 None 16 197 Yes 

20 Eco 17 None 16 140 No 

21 Eco 17 None 16 180 No 

22 Eco 17 None 16 190 No 

23 Eco 17 None 16 195 No 

24 Eco 17 None 16 197 No 

25 Crabby 17 None 16 140 Yes 

26 Crabby 17 None 16 180 Yes 

27 Crabby 17 None 16 190 Yes 

28 Crabby 17 None 16 195 Yes 

29 Crabby 17 None 16 197 Yes 

30 Crabby 17 None 16 140 No 

31 Crabby 17 None 16 180 No 

32 Crabby 17 None 16 190 No 

33 Crabby 17 None 16 195 No 

34 Crabby 17 None 16 197 No 

35 Eco 17 140 16 140 Yes 

H
et

er
o
g
en

eo
u
s 

S
tr

ea
m

 D
ri

ft
 

36 Eco 17 180 16 180 Yes 

37 Eco 17 190 16 190 Yes 

38 Eco 17 195 16 195 Yes 

39 Eco 17 197 16 197 Yes 
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40 Eco 17 140 16 140 No 

41 Eco 17 180 16 180 No 

42 Eco 17 190 16 190 No 

43 Eco 17 195 16 195 No 

44 Eco 17 197 16 197 No 

45 Crabby 17 140 16 140 Yes 

46 Crabby 17 180 16 180 Yes 

47 Crabby 17 190 16 190 Yes 

48 Crabby 17 195 16 195 Yes 

49 Crabby 17 197 16 197 Yes 

50 Crabby 17 140 16 140 No 

51 Crabby 17 180 16 180 No 

52 Crabby 17 190 16 190 No 

53 Crabby 17 195 16 195 No 

54 Crabby 17 197 16 197 No 
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2.3.3.1 Initial Conditions 

 Sensitivity analyses were performed to illustrate the impacts of the initial conditions 

within Ecology Park model.  This was done in several ways.  Depth investigations were to 

measure the sensitivity between initial resistivities of 100 and 500 ohm/m for a subsurface of 200 

ohm/m (Oldenburg and Li, 1990). The areas where the least amount of change occur revealed the 

areas model converged most effectively towards the actual value of 200 ohm/m, because 

resistivities of 100 and 500 ohm/m were able to converge to the same value.  Also, runs were 

conducted using the Ecology Park model to observe sensitivity when the SSZ was present.  

Models with SSZ were compared to the homogeneous background using initial resistivities of 

190 and 200 ohm/m.  A narrow range of initial conditions was used to focus on the effects 

caused by the SSZ, but the range was large enough to show the influence of the SSZ. 

2.3.3.2 Realistic Noise Levels 

 Noise comparable to what was measured in the field had to be added into the models to 

create realistic data.  Noise was measured in the field by creating reciprocal runs.  Reciprocal 

runs are runs which measure identical background geology, and switch the locations of the AB, 

MN electrode grouping.  The reciprocal should have produced the same results as the initial run, 

so variations were attributed to noise (AGI, 2009).  The Sting then records a reciprocal noise for 

each array set up, meaning that noise for each reciprocal measurement through the entire dipole-

dipole array suite is recorded.  For both Ecology Park and Crabby Creek, these values had a 

mean of 1%.  This low noise level has been observed in other stream surveys (Hughes, 2011). 

Any change greater than 1% would have been detectable.  To account for this, all models were 

created with a 1% random Gaussian noise in the artificial resistivity data, which was generated 

from the synthetic models. 
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2.3.3.3 Water Layer Thickness 

 The importance of water layer thickness on these models was addressed by the difference 

in water layer thicknesses as mentioned in 2.3.3, with the Ecology Park model having a water 

depth of 0.36 m, and the Crabby Creek model, a depth of 0.10 m.  Water layer thickness was the 

main variation between the Crabby Creek and Ecology Park Models.  The water layer resistivity 

was held constant during inversion; only the resistivities of the model cells representing 

streambed sediments and below were allowed to vary.  Increasing the water layer thickness while 

holding the other model features constant provided a measure of the influence of current 

traveling through a thicker water layer. 

2.3.3.4 Stream Conductivity Drift 

 The conductivity of the Ecology Park stream drifted naturally throughout the day.  Runs 

were created to model this stream conductivity drift.  The stream resistivity changed from 17 

ohm/m to 16 ohm/m, becoming more conductive (585 S/cm to 625 S/cm).  In the model runs, 

either the correct value including drift was used, or only the initial value was used (uncorrected).  

A corrected stream value assigned the correct resistivities to both stream layers used in the 

percent differencing time lapse.  For this scenario, if nothing in the subsurface changed, and the 

stream conductivity drift was known and modeled, there would be no additional change beyond 

the 1% modeling noise.  Comparisons were made for homogeneous cases and heterogeneous 

cases (in which the SSZ was used as heterogeneity) for both Ecology Park and Crabby Creek 

models. 

 Models were also created for stream conductivity drift over time, with no change in the 

subsurface, in which the stream conductivity values were not corrected.  These models kept the 

stream value constant between the two times, and the percentage change in the stream was forced 
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into the model’s subsurface.   As a result, any changes that occurred in the subsurface were 

artifacts of incorrect stream conductivity used in the time-lapse process (Figure 2.15).  These 

uncorrected runs were created for both the Ecology Park and Crabby Creek models. 

 A model was created to account for both stream drift and subsurface tracer introduction.  

In these runs, stream conductivities drifted from 17 ohm/m to 16 ohm/m, but a SSZ was added as 

well to simulate hyporheic exchange.  The values of the SSZ resistivity were varied from -30%, - 

10%, -5%, -2.5%, and -1.5% less resistive (42%, 11%, 5.3%, 2.5%, 1.5% more conductive) than 

the homogeneous background (section 2.3.3.5).  Four sets of runs were conducted: 1) corrected 

for stream drift using Ecology Park stream depth, 2) uncorrected for stream drift using Ecology 

park stream depth, 3) corrected for stream drift using Crabby Creek stream depth, and 4) 

uncorrected for stream drift using Crabby Creek stream depth (Figure 2.16).  These runs were 

crucial to this study because they evaluate actual tracer test conditions and help evaluate 

detection limits. 

2.3.3.5 Conductivity of SSZ 

As mentioned previously, the resistivity of the SSZ was varied to create different 

scenarios which varied the intensity of lingering tracer.  The upper bound of the conductivity of 

the tracer reflected the peak conductivity measured in the stream during the tracer test (800 

µS/cm), a 30% change in stream water.  This peak then diminished as a function of how much 

tracer relative to stream water would be present after the injection stopped.  The purpose of this 

was to see how much tracer could be detected during the tail of the breakthrough and determine 

the sensitivity of ERT to lingering tracer under modeled conditions.  Tracer was assigned to 

linger in a 3 x 1 m synthetic storage zone (SSZ) on the left side of the model.  SSZ resistivity 

was varied through several different models, 140 ohm/m (71.42 µS/cm), 180 ohm/m (55.55 
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µS/cm), 190 (52.63 µS/cm) ohm/m, 195 ohm/m (51.28 µS/cm), and 197 ohm/m (20.76 µS/cm) 

respectively.  In models with corrected stream conductivity values, a detectable change in 

resistivity would be any change greater than 1%, the threshold of noise in the model.  Although 

this example represented only a single size and depth for the SSZ, it provided a basis for 

comparing sensitivity for the two different water depths. 

2.3.4 Forward Modeling of SSZ 

 The next step in the modeling process was to run a forward model for each of these 

possible scenarios.  This forward modeling created a synthetic data set equivalent to one that 

could be collected in the field.  At this stage, the parameters constraining the water layer were 

manipulated to be either greater than, less than, or equal to the synthetic stream resistivity value, 

allowing resultant noise to be observed.  Resistivity data produced by the model were then 

exported in x, z, ρa coordinates and analyzed as discussed in 2.3.2. 
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                Stream Drift 

 
 

 

Figure 2.15: Stream drift sensitivity analysis with unchanging subsurface.  This figure portrays 

the models that were fed into the differencing (red arrows) for stream-drift with unchanging 

subsurface.  The stream layer changed from 17 ohm/m in the top case, to 16 ohm/m in the 

bottom.   This stream value was either corrected, or left uncorrected.   

 

 

 

 

 
    Stream and Subsurface Change 

 
 

 

Figure 2.16: Stream drift sensitivity with changing subsurface.  This figure portrays the models 

used in the differencing (indicated by red arrows) of both stream resistivity and changing 

subsurface.  In the top model, stream resistivity is 17 ohm/m and homogeneous with no SSZ 

(note area indicated by oval), and in the bottom model stream resistivity is 16 ohm/m with an 

SSZ.  This SSZ value can be altered, and stream resistivity can either be corrected or left 

uncorrected.  Note there is no SSZ within the green circle. 
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2.4 Subsurface Temperature Modeling 

Temperature data were collected at Ecology Park in the weeks following the June 15
th

 

tracer test.  The temperature of stream water was compared to water from a known depth in the 

sediment to calculate a 1-D vertical groundwater flux. 

2.4.1 Temperature Logging 

 Stream water and sediment temperatures were collected during the months of July and 

August of 2011 using Onset Stowaway Tidbit temperature probes.   First, temperature was 

logged for one week at well nests 1 and 4, then at well nests 2 and 3 at a later date.  All data 

collected provided a reading of water just above the streambed-water interface, and a 

measurement of sediment water at the known depth (9.0, 7.9, 16.6, and 9.5 cm for well nests 1, 

2, 3, and 4, respectively).  Three subsurface recordings were taken at each nest to refine the 

parameters of the temperature modeling.  The probes were tied using a metal wire to a 1.2 cm 

diameter metal rod tapered to a point on the downward end.  The purpose of this metal wire was 

to anchor the probes to a set depth on the rod, as well as to protect the subsurface probes from 

breaking when entering into the subsurface, which proved ineffective at depths greater than 16.6 

cm.  The rod was then driven into the streambed with a sledgehammer, and rod height was 

recorded. 

 Upon removal of the rods a week later, distances of probes to the top of the rods were 

recorded to account for any shifting that may have occurred while installing the probes.  Nests 1 

and 4 showed no shifts in the probes that were used for recording temperature at depth.  

However, probes that were driven in to deeper depths were broken, damaged, or lost because of 

the cobbles in the streambed.   At each nest, at least one subsurface depth was recorded. 
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2.4.2 Groundwater Flux Modeling  

 The data collected from the temperature loggers was then modeled using MATLAB to 

calculate a 1-D vertical flux for each nest location.  This was done by comparing the diurnal flux 

observed in the stream with the diurnal variations observed in the subsurface.  The diurnal signal, 

which showed the temperature variation in the stream as it warmed throughout the day and 

cooled throughout the night, was transferred through the subsurface via an assumed one-

dimensional thermal conductance.  The rate and intensity of this thermal conductance and 

advection was governed by the following equation (Equation 2.2, Silliman et al., 1995): 

     
 
     v                     v      v       (2.2) 

 

where    is the bulk thermal conductivity of the sediments,    is the bulk density of the 

sediment,    is the bulk specific heat of the sediments,   is the porosity of the sediments,    is 

the bulk density of water,    is the bulk specific heat of water,     is the groundwater velocity, v 

is the temperature,   is the time, and   is the depth to the sensor from the sediment.  The values 

for the bulk thermal conductivity of the sediment, bulk specific heat of the sediment, bulk 

density of water, and bulk specific heat of water were values used in previous research (Silliman 

et al., 1995).  Sensitivity of groundwater flux is approximately ±0.5 cm/h based on variations in 

the known range of these values (Hughes, 2011).  The value for the bulk density of the sediment 

was previously calculated using densities of water and quartz, weighted by porosity (Hughes, 

2011).  Porosity of the sediment, temperature, time, and depth to sensor were all collected as 

field data.  A one-dimensional vertical component of groundwater velocity was calculated with 

this data (Table 2.3).  
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Table 2.3: Values used in 1-D temperature modeling. 

Variable     

Eco 

Park References 

Bulk Thermal 

Conductivity* Ke 

cal/(cm-sec-
o
C) 0.0002 Silliman et al. (1995) 

Bulk Density of the 

Sediment** p' g/cm
3
 2.1 Literature values 

Bulk Specific Heat of 

Sediment* c' cal/g 0.5 Silliman et al. (1995) 

Porosity of Sediment n - 0.27 Measured 

Bulk Density of Water* pw g/cm
3
 1 Property of water 

Bulk Specific Heat of 

Water* cw cal/g 1 Property of water 

Temperature v 
o
C Varied Measured 

Time t hour Varied Measured 

Depth to the Sensor x cm 7 - 16.6 Measured 
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2.5 MODFLOW Modeling 

2.5.1 Model Purpose 

 A groundwater model of the Ecology Park study reach was created using MODFLOW 

2000.  A sensitivity analysis was used to determine the effect that both hydraulic changes in head 

due to the steps bounding the reach and varying discharge of groundwater have on the vertical 

gradient of groundwater at the well nests.   

 

2.5.2 Model Set Up 

A 2-D model of the stream profile was created to capture the flow in the X and Z 

directions.  In order to capture the 15.6 m study reach of the stream bound by steps, a grid was 

created with 175 columns and 12 rows, with 10 cm x 10 cm cells (Figure 2.17). This grid 

allowed for an additional meter in the longitudinal direction above and below the step to allow 

for the hydraulic effects of the step to be modeled.  When the model boundary was extended 

beyond this meter, flow paths were not affected.  The governing equation of this model was 

(Equation 2.3); 

  (K* h/ x) +  ( K* h/ z)+R = 0     (2.3) 

 

This equation describes a 2-D, steady state, heterogeneous, and isotropic model where K 

is hydraulic conductivity, R is recharge, h is head, and x and z are axes.  Although the stream 

system is unconfined, it is modeled as a confined 2D cross section with the top fixed by the 

stream head.  Most runs assumed a homogeneous model in which case the K would be outside 

the first derivative, however for the sensitivity analysis with respect to K (2.4.3.3), it is necessary 

to make the equation heterogeneous.   
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Hydraulic conductivity was assigned a value of 100 cm/hr unless otherwise noted based 

on literature review of stream sediments (Lu and Stauffer, 2012).  The bottom boundary was a no 

flow boundary based on horizontal flow lines at depth.  This boundary was modified to include 

groundwater discharge from depth as described below.  The side boundaries were also no flow 

based on flow line divides created by assumed vertical flow at the steps.   The top boundary was 

a constant head formed by the stream.  A gradient of 0.01 was used to create downstream flow 

based on stream survey measurements.  The head boundary shifted to lower rows in a stepwise 

fashion and no flow cells were used in the upper grid to create the steps.  Row 1, columns 11-175 

and row 2, columns 166-175 are no flow cells.  

To account for groundwater input from the base of the model, 3 sources of groundwater 

discharge were added to the model.  These are located at row 12, columns 45, 75 and 100 for 

nests 1, 2 and 3.  These points were chosen to correlate to the 1-D temperature modeling.  The 

values of recharge assigned to the cells ranged from 0 to 20 cm/hr.  Runs were also created using 

a 5 cell recharge distribution (Figure 2.18). Flow paths were added using MODPath, a software 

package which tracks particles as they move through the model, in row 2 columns 1-9 to 

highlight flow paths starting upstream of the first step (Figure 2.18).  This “recharge” area 

presents groundwater discharge to the stream from deep flow paths.  However, since 

MODFLOW “recharge” cells were used to add water into the system, when discussed with 

MODFLOW, groundwater discharge was referred to as recharge. 

2.5.3 Sensitivity Design  

A sensitivity analysis was created to monitor the affects of various rates of vertical 

groundwater discharge on the gradient between the stream and groundwater.  Recharge was  
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Figure 2.17: Full MODFLOW grid for Ecology Park. For more detailed view see Figure 2.18 

 

 
 

 
 

 
Figure 2.18: Sectioned view of Ecology Park Modeling grid.  Red Particles in the top left of the 

top picture show particles added for MODPath.  Recharge areas at nests 1, 2 and 3, are shown in 

red blue and yellow respectively.  Shown here is the 5 cell distribution.  In the point source 

recharge, only the centermost cells of the colored areas are receiving recharge.  The red box on 

the bottom image highlights column 130, which is the location of nest 4, and where modeled 

hydraulic gradient was calculated.   
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manipulated mostly at line 1, due to the fact that temperature modeling showed the most 

groundwater flux to be taking place within this area, and was not constant throughout the stream.  

Throughout the rest of the stream, groundwater velocity in the vertical direction was not as 

strong.  To calculate the gradient, the heads in the modeled stream were recorded, as were the 

heads at a depth of 90 cm below the stream surface, just above the recharge cells.  Gradients 

were measured in columns 45, 75, 100, and 130, corresponding to well nest locations. 

2.5.3.1 Line 1 Sensitivity- Point Source 

 A sensitivity analysis was created to monitor the effects of various rates of a point source 

vertical groundwater discharge on the gradient between the stream and groundwater.  The 

sensitivity analysis focused around variations in the rates of the modeled recharge at nest 2, 

ranging from 0 – 20 cm/ hr, with recharge present at lines 3 and 4 at 4 and 3 cm/ hr respectively, 

and no recharge at nests 3 and 4. (Table 2.4)  Between nests, no recharge was assumed.   

2.5.3.2 Line 1 Sensitivity- 5 Cell Recharge 

 A sensitivity analysis was then created to monitor the effects of various rates of a more 

dispersed vertical groundwater discharge on the gradient between the stream and groundwater.  

This sensitivity analysis used the same principles as those discussed in 2.4.3.1, however the 

recharge was spread over 5 cells along the bottom layer instead of all discharging from 1 cell.  

The values of recharge placed in each cell were divided by 5 to keep constant the amount of 

recharge entering the model.  For example, when modeling a 15 cm/hr recharge at nest 1 with 

nests 2 and 3 receiving recharge, row 12 columns 38-42, were assigned recharge values of 3 

cm/hr (15/5), with nests 2 and 3 recharging at .8 and .6 cm/hr over columns 73-78 and 98-102 

respectively.   Line 1 sensitivity analysis was performed by ranging the values of modeled 

recharge at nest 1 while with and without recharge at wells 2 and 3. (Table 2.5) 
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2.5.3.3 Hydraulic Conductivity Sensitivity Analysis 

 A sensitivity analysis was created to monitor the effects of varying hydraulic conductivity 

in the thin layer directly beneath the stream.  Row 3 columns 70-105 were selected as a zone to 

vary hydraulic conductivity (Figure 2.19).   K was varied between 100 cm/hr, 50 cm/hr, and 20 

cm/ hr to illustrate the effects on gradient at the wells.  The models subject to this sensitivity 

analysis were the no recharge model and the observed groundwater velocity models with point 

source and 5 cell recharge (Table 2.6). 
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Figure 2.19 Hydraulic conductivity grid pattern at Ecology Park.  The red box highlights the 

cells altered in the sensitivity analysis for hydraulic conductivity, located along one of the 

sections shown in Figure 2.17. 
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Table 2.4: MODFLOW sensitivity analysis using point source recharge. 

 

 

 Homogeneous K 

  

  

  

  

 Heterogeneous K 

 Well 

Nest 

Recharge Values 

(cm/hr) 

      

  

1 0 5 10 15 20 0 5 10 15 20 

2 0 0 0 0 0 4 4 4 4 4 

3 0 0 0 0 0 3 3 3 3 3 

4 0 0 0 0 0 0 0 0 0 0 

 

Table 2.5: MODFLOW sensitivity analysis using 5-cell recharge. 

 

  

  

  

 Homogeneous K 

  

  

  

  

 Heterogeneous K 

  

Well 

Nest  

Recharge Values 

(cm/hr) 

      

  

1 0 1 2 3 4 0 1 2 3 4 

2 0 0 0 0 0 .8 .8 .8 .8 .8 

3 0 0 0 0 0 .6 .6 .6 .6 .6 

4 0 0 0 0 0 0 0 0 0 0 

 

Table 2.6: MODFLOW sensitivity analysis of hydraulic conductivity. R:3 designates row 3, and 

70-105 designate columns 70-105.  See Figure 2.18. 

 

Model       

  K (R:3, C:70-105) cm/hr 

No Recharge 100 50 20 

Observed Point 

Source 100 50 20 

Observed 5 Cell 100 50 20 
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CHAPTER 3 

RESULTS 

 This chapter is divided into sections describing the tracer test, the resistivity data from 

both the field and synthetic modeling, additional field site characterization, and MODFLOW 

modeling.  Each section contributes to understanding the relationships between groundwater 

discharge, streambed characteristics, and the hyporheic zone, and the role of ERT in interpreting 

hyporheic zone tracer tests. 

3.1 Tracer Test 

3.1.1 Stream Response 

Conductivity of the stream was measured between 8:38 and 17:59 on June 15
th 

(Figure 

3.1, Table 3.1).  The injection was started at 10:40 and lasted until 12:20.   Several different 

stations collected conductivity data throughout the day (for more information about locations, 

see Figure 2.2).   A Global Logger, 1 m downstream of the upstream step, sampled the stream 

conductivity every 15 seconds (Automated Upstream in Figure 3.1).   This location shows an 

average 33% increase in conductivity due to the tracer as the initial background conductivity rose 

from 670 µS/cm to 895 µS/cm.  As evident in all the stream responses, the plateau of the 

breakthrough curve appears to be two-tiered, indicating some change in the injection occurring 

roughly 50 minutes into the tracer test.  Currents were generated by the geophysical survey 

created spikes in conductivity readings over 20 µS/cm.  Most of these spikes have been removed, 

but noise under 20 µS/cm remains because of the tolerance selected for filtering, but the pattern 

of the breakthrough can still be distinguished. 
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Figure 3.1: Stream conductivity at Ecology Park.  This figure shows the various stream responses 

at different locations at Ecology Park, recorded with different instruments.  The nest 1 stream, 

nest 4 stream, and handheld upstream sites were collected using the Extech conductivity logger.  

The automated upstream and automated downstream sites were collected using GlobalWater 

automated conductivity loggers.  See Figure 2.2 for site locations. 

 

 

Table 3.1: Stream values measured at Ecology Park.  This table shows the initial conductivity, 

peak conductivity, S/cm increase, and percent increase for each stream measurement taken at 

Ecology Park. 

 

Initial 

Conductivity 

Peak 

Conductivity 

S/cm 

increase 

Percentage 

Increase 

Automated Upstream 670 895 225 33.5 

Automated 

Downstream 740 935 195 26.3 

Handheld Upstream 641 852 211 32.9 

Nest 1 Upstream 648 850 202 31.1 

Nest 4 Upstream 665 826 161 24.2 
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Measurements were taken throughout the day, at the same upstream location, with an 

Extech Handheld Conductivity and Temperature Meter (Handheld Upstream in Figure 3.1, Table 

3.1). The conductivity in the stream increased to a maximum of 30.5 percent at the start of the 

tracer, and once again recorded a shift 50 minutes into the tracer test.  This shift was attributed to 

a pumping rate change that was noted in the field.  The Extech recorded a 20 µS/cm increase in 

conductivity from the beginning to the end of the test, excluding the time during the injection.  

The measurements taken with the automated logger recorded similar conductivities to those 

taken with the handheld logger (Figure 3.2).   

An additional Global Water logger, located 2 m below the downstream step, recorded 

conductivity every 15 seconds.   This location logged an average 26% increase in conductivity 

due to the tracer as it raised the initial background conductivity from 740 µS/cm to 935 µS/cm 

(Automated downstream in Figure 3.1, Table 3.1).  Once again, the two tiered breakthrough 

curve was observed at the downstream location.  The specific conductivity drifted from the 

beginning to the end of the test.  Prior to injection, specific conductivity was 760 µS/cm, and 

following the injection, it decreased 8% to 705 µS/cm.  Noise generated by the geophysical 

survey, which increased the conductivity by over 20 µS/cm, was removed.  

Stream samples were also collected by volunteers at well nests 1 and 4.  These samples 

were collected in 35 mm film canisters and measured in a lab with the same Extech Handheld 

logger used in the field to collect the previous mentioned handheld data.  A 31% increase from 

650 µS/cm to 850 µS/cm at the peak of the tracer test occurred at the nest 1 location (nest 1 

stream in Figure 3.1).  Once again, the breakthrough curve contained a multi-tiered plateau, 

though the data in nest 1 was fairly noisy during the tracer.  Nest 1 recorded no trend of  
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Figure 3.2: Handheld and automated measurements of upstream samples at Ecology Park.  This 

figure showed the differences between the two instruments.  The automated sampler recorded 

higher specific conductivities than the handheld sampler.  Both instruments sampled from the 

same location, and both recorded a drift, but the automated sampler recorded over a longer 

period of time, and showed a 10 S/cm drift, whereas the Extech recorded a 20 S/cm drift. 
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increasing stream conductivity from the beginning to the end of the test, with less than 1% 

variation in starting and ending conductivity. 

The stream conductivity measured at nest 4 had an increase in specific conductivity of 

28%, from 665 µS/cm to 835 µS/cm.  Nest 4 measured the most consistent breakthrough curve 

for the stream as the conductivity was the same at the beginning and the end of the tracer 

injection.  Nest 4 revealed a slight increase in background stream conductivity as it increased 

from 650 µS/cm prior to the tracer test, and finished the day at a conductivity of 665 µS/cm (nest 

4 stream in Figure 3.1, Table 3.1). 

The differences in these apparent drifts throughout the different stream measurements can 

cause difficulty in modeling the resistivity gathered in the resistivity surveys, so it is important to 

understand drifts and instrument calibration.  The automated samplers were calibrated to the 

same target solutions the day before the tracer test.  However, when they were tested in the same 

fluid 3 weeks later, the downstream meter read 35 µS/cm higher than the first calibrated 

conductivity, while the upstream recorded approximately the same conductivity as before.  The 

downstream logger recorded the same offset (conductivities 35 µS/cm higher than the upstream 

sampler) on the day of the tracer test, which suggests the calibration was shifted for an unknown 

reason.  Furthermore, the specific conductivity of the upstream logger was consistent with the 

Extech handheld logger measurements in the stream during the tracer test, suggesting that it was 

the downstream rather than the upstream logger that shifted.  Because the handheld conductivity 

probe was used in the lab, and corroborated the automated upstream data, the conductivity 

measured with this device was used in the geophysical modeling. 
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3.1.2 Well Nest Response 

The well nests at Ecology Park responded to the tracer tests in a variety of ways.  Well 

nest 1 showed no definitive evidence of tracer.  During the time of the injection plateau, the 

shallowest well, line 1a (20 cm), had a slight increase in conductivity of 20 µS/cm (Figure 3.3).  

The first point of well 1a has been removed because it was equivalent to stream water, indicating 

it was not purged prior to the initial sample.  The increase in conductivity may have been due to 

the hydraulic forces of falling water off the step, which may have forced stream water down into 

the stream and resulted in shallow hyporheic activity.  Upon the end of injection, conductivity 

dropped 20 µS/cm after stabilizing during the 15 minute sampling intervals.  The falling limb of 

the BTC was noisy and made the falling limb difficult to interpret.  Conductivity decreased 

between 100 and 150 minutes after the start of the test, with no sign of hyporheic exchange or 

lingering storage.   No tracer was present in the deeper wells, and conductivity increased slightly 

throughout the day.  Wells 1b-1d (35, 50, 65 cm) followed a trend of increasing conductivity 

with depth.   

In well nest 2 tracer was detected and lingered within the shallowest well at 20 cm 

(Figure 3.4).  The conductivity in the well increased 14% from a background of 700 µS/cm to 

values near 800 µS/cm during the injection, and lingered for over 2 hours until the well returned 

to background 200 minutes after the tracer was turned off.  The return to background was not 

gradual in this well.  Between 125-250 minutes, the conductivity remained relatively level before 

falling back to background in well 2a.  Wells 2b-2d (35, 50, and 65 cm) contained no sign of 

tracer interaction at these depths, but did follow the trend of increasing conductivity with depth 

observed in well nest 1.  Conductivity also increased throughout the day. 
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Well nest 3 recorded no tracer at any depth (20, 35, 50, 65 cm).  Data at this location 

contained a large amount of noise (Figure 3.5).  Conductivity increased gradually with depth and 

time. 

Well 4a recorded signs of a breakthrough curve with some noise during the plateau, but 

the rising and falling limbs correspond to the tracer test (Figure 3.6). Hyporheic water containing 

tracer may have caused a 40 µS/cm increase during the time of the test.  After the injection, line 

4a returned to background and conductivity continued to decrease throughout the day.  Wells 4c 

and 4d, located at depths of 50 and 65 cm respectively, contained no tracer in either well and 

exhibited the trend of increasing conductivity throughout the day of the tracer test, as well as an 

increasing conductivity with depth.  Well 4b, located at 35 cm, contained a leak that pulled in 

water directly from the stream based on the similarity to the stream breakthrough curve (Figure 

3.7), and this data should be ignored.  A slight offset was observed in the falling limb, which was 

attributed to the mixing of lower conductivity streamwater with higher conductivity 

groundwater. 
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Figure 3.3: Conductivity breakthrough curves for well nest 1 at Ecology Park. Line 1a (20 cm) 

showed a slight increase on average of 20 µS/cm during the time of the injection.  Wells 1b-1d 

(35, 50, 65 cm) followed a trend of increasing conductivity with depth.  The first point of well 1a 

has been removed because it was equivalent to stream water, indicating it was not purged.  The 

grey vertical lines indicate the start and end of the tracer test. 
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Figure 3.4: Conductivity breakthrough curves for well nest 2 at Ecology Park. The conductivity 

in well 2a increased 14% from a background of 700 µS/cm to values close to 800 µS/cm during 

the injection, and lingered for over 2 hours until the well returned to background 200 minutes 

after the tracer was turned off.  Wells 2b-2d (35, 50, and 65cm) contained no sign of tracer 

interaction at these depths, but followed a trend of increasing conductivity with depth.   The grey 

vertical lines indicate the start and end of the tracer test. 
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Figure 3.5: Conductivity breakthrough curves for well nest 3 at Ecology Park.  Well nest 3 

contained no tracer at any depth (20, 35, 50, 65cm).  Conductivity increased with time.  Note the 

noise in the data.  This may have been due to well spacing and sampling interval.  The grey 

vertical lines indicate the start and end of the tracer test. 
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Figure 3.6: Conductivity breakthrough curves for well nest 4 at Ecology Park.  Well 4a showed 

signs of a breakthrough curve with some noise during the plateau, but the rising and falling limbs 

corresponded to the tracer test, increasing conductivity 40 µS/cm.  Wells 4c and 4d, located at 

depths of 50 and 65 cm respectively, showed no tracer in either well and exhibited the trend of 

increasing conductivity, as well as an increasing conductivity with depth.  Well 4B, located at 35 

cm was removed from plot due to a leaking well; data plotted in Figure 3.7.  The grey vertical 

lines indicate the start and end of the tracer test. 
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Figure 3.7: Stream Water breakthrough compared to well 4B.  This figure showed the similarities 

of stream water recorded at nest 4 to the Well 4B sample, which suggested a well leak. 
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3.2 Field Resistivity Survey 

The 30 resistivity surveys were categorized according to the period that the data were 

collected within the tracer test.  Time steps 1-3, taken between times 9:38 and 10:25 occurred 

during the pre-injection period of the day.  During this time, designated as the pre-injection 

stage, no tracer was present in the stream.  Time steps 4-12, taken between times 10:38 and 

12:27 occurred while there was tracer present in the stream, and are designated as the during test 

stage.  Time steps 13-30, taken between times 12:28 and 15:47 occurred after the tracer flushed 

through the stream.  These times were designated as the post-tracer injection stage. 

3.2.1 Pre-Injection 

The resistivity surveys taken prior to the injection of tracer into the stream had consistent 

resistivity profiles.  Data was inverted and tomographs were created of the resistivity of the 

underlying streambed. Resistivity tomographs of time steps 1, 2, and 3, looked very similar to 

each other (Figure 3.8), and contained only slight differences revealed by percent differencing.  

Percent change tomographs were created to model changes over this pre-injection period with 

respect to the first background resistivity inversion.  The differences occurring between the 

resistivities during these times were not greater than the noise level recorded from reciprocal 

surveys (Figure 3.9 a, b).   

The pre-injection survey revealed the background geology of Ecology Park.  The thin 

conductive layer just below the stream was likely the result of the smoothed boundary created by 

the model between the stream and streambed.  The shallow sediments were resistive, probably 

due to a significant portion of coarse sediment (Figure 2.10 and discussed in Section 3.4.2).  A 

resistive mass located at 1.5 m depth was present within the stream 7 m along the electrode line  
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Figure 3.8: Resistivity profiles of pre-injection time steps.  This figure showed the background 

resistivity in log 10 at each location, with red being the most resistive and blue being most 

conductive material. 

 

 
Figure 3.9: Profiles of percent change in background resistivity.  These tomographs showed the 

percent change of Log10 resistivity with respect to the first background resistivity measurement. 
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between well nests 2 and 3.  Another resistive mass appeared between 3 and 5 m, encompassing 

the area of well nest 1.  Well nest 4 is located 11 m into the survey, where the geology did not 

include any resistive features other than the shallow coarse sediment layer. 

3.2.2 During-Test 

 Resistivity from the time when tracer is present in the stream was dominated by the high 

conductivity in the stream.  The stream’s conductivity rose to above 800 µS cm, and acted as a 

preferential flow path for the current produced by the electrodes.  The tomographs at this time 

showed a strong signal from the stream propagated into the subsurface and could not be used to 

interpret subsurface tracer movement.  The current processing methods do not correct for this 

artifact.  Since the goal of the study was to examine lingering tracer, further analysis was not 

conducted. 

3.2.3 Post-Tracer Injection 

 Models of the subsurface resistivity post-tracer injection should have produced one of 

two possible outcomes.  The first was that no tracer lingered in the subsurface, in which case the 

time-lapse tomograph would have revealed a uniform subsurface with little percent difference, 

such as observed in the pre-tracer inversions (Figure 3.9).  The second expected outcome would 

have shown lingering tracer, which would be present in the time-lapse tomograph in the form of 

a less resistive zone surrounded by areas of little percent difference, such as the results from the 

Crabby Creek study illustrated (Figure 1-9).  Results from the survey performed at Ecology Park 

did not depict either scenario, but instead had various areas of increased and decreased resistivity 

(Figure 3.10).  When the percent difference for time step 15 was calculated using the time step 1 

conductivity value of 570 µs/cm (17.5 ohm/m), there was a thin conductive layer beneath the 

stream, areas of increased resistivity towards the upstream and downstream ends of the model, 
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and an area that became more conductive in the deep center portion of the model (Figure 3.10 

C).  These changes in the subsurface appeared to be artifacts caused by changes in the stream, as 

discussed in Section 2.3.2.  When the observed conductivity of 586 µs/cm (17.06 ohm/m) was 

used at time step 15, the thin conductive layer beneath the stream showed a lower percentage 

change in resistivity (Figure 3.10 D).  The more resistive areas under the upstream and 

downstream edges of the model also showed a lower percentage difference, and the more 

conductive portion in the center showed close to zero percentage difference.  When a 

conductivity of 590 µs/cm (16.8 ohm/m) was used for time step 15, the thin conductive layer was 

no longer present, and this area became slightly more resistive.  The areas of high resistivity on 

the ends of the reach showed no percentage change.  This value for the conductivity was arrived 

at by trial and error (Nyquist et al., 2012) and reflects uncertainty in the field calibration 

(discussed further in Chapter 4).  The post-tracer injection results at Ecology Park indicated the 

sensitivity to stream conductivity values.  However, based on choosing a value that minimizes 

artifacts, the post-tracer injection at Ecology Park did not show lingering tracer. 
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Figure 3:10: Post-Tracer Test Results at Ecology Park.  These figures showed: resistivity 

inversions for time steps 1 and 15 (A and B, respectively) with a scale showing the LOG of 

resistivity values (ohm/m), and percent difference time-lapse inversions between time steps 1 

and 15 using, the same conductivity for both (C), recorded resistivity correction (D), and ideal 

resistivity correction (E).  The scales on C, D, and E indicated a percent difference between time 

step 1 and 15.  In E, note the change within the stream layer.  C used the Earth Imager technique, 

in which there was one resistivity assigned to both tomographs involved in the time lapse.  D 

improved the Earth Imager algorithm by using different stream conductivities for time steps 1 

and 15.  This correction removed some of the artifacts caused by stream conductivity drift; 

however, due to incorrect calibrations and measurements, it did not remove all.  E depicted the 

advantages of the MATLAB code, when correct conductivity values are used for the stream.   
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3.3 Resistivity Sensitivity Analysis 

3.3.1 Initial Conditions 

 One of the parameters that affected the convergence of a model was the initial conditions 

of the model.  A model was created to compare two homogeneous models, both with a resistivity 

of 200 ohm/m, but with different initial conditions.  An initial resistivity of 100 ohm/m was used 

for one model and an initial resistivity of 500 ohm/m for the other.  This sensitivity check was 

done for both the Ecology Park (Figure 3.11) and Crabby Creek models (Figure 3.12).  The 

Ecology Park models differed by 20% or greater throughout the subsurface.  The model was the 

most accurate in the area that extended between 4 and 10 meters along the reach at depths 

between 0.5 and 1 m.  Outside of this area, model sensitivity degraded quickly to 75% difference 

along the perimeters of the model.  The Crabby Creek model converged to the same value, 

showing a 0% difference, over an area that extended between 4 and 10 meters along the reach, at 

depths between 0.2 and 0.7 m.  Outside of this area, there was a gradual degradation of 

convergence to 40% and 70% convergence along the perimeter. Although both figures contained 

smallest percent differences in the center of the model above 1 m, the Crabby Creek model 

contained a larger area of low percent change than the Ecology Park model.  The better 

convergence at Crabby Creek was due to the shallower water layer. 

 The artifacts from initial conditions also affected detection of tracer in the hyporheic 

zone.  Synthetic storage zones (SSZ) of lower resistivity, which mimicked the presence of tracer, 

were included in models with the Ecology Park configuration to test whether the time-lapse 

processing would reveal the SSZ even when incorrect initial conditions were used.  Two 1 m x 1 

m areas were analyzed for their mean percent differences compared to a homogeneous 

background, one located within the SSZ, and one located in the background. Initial conditions of 
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190 ohm/m and 200 ohm/m were used.  With both initial resistivities, mean percent difference 

was greater in the SSZ than in the background (Table 3.2).  If time-lapse processing factored out 

the background even for incorrect initial conditions, the SSZ mean percent differences should be 

expected to be the same for both 190 and 200 ohm/m.  However, different initial conditions 

resulted in different percent changes in the SSZ and backgrounds.  When performing percent 

differences on the 140 ohm/m vs 200 ohm/m homogeneous background with the initial 

resistivity of 190 ohm/m, the SSZ converged to a value of 182.1 ohm/m and the background 

converged to a value of 191.9 ohm/m.  The percent difference with the homogeneous 

background was -4.32% and 0.72% in the SSZ and background, respectively.  When the same 

percent differencing was performed with an initial resistivity of 200 ohm/m, the SSZ converged 

to a resistivity of 181.1 ohm/m, and the background converged to 201.9 ohm/m.  The percent 

differences in these areas were -9.18% and 1.13%, respectively (Table 3.2).  Not only did the 

correct initial conditions yield more accurate convergence values, but the percent change in the 

SSZ was greater, and thus it would have been easier to decipher from noise.  
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Figure 3.11:  Initial conditions effect in the Ecology Park model.  This figure showed the percent 

difference of a 100 ohm/m and a 500 ohm/m initial starting resistivity for a 200 ohm/m 

subsurface in the Ecology Park model.  Dark red shows areas where the two initial conditions 

converged to the same answer, and blue shows where they failed to do so. 

 
 

 

Figure 3.12: Initial conditions effect in the Crabby Creek model.  This figure showed the percent 

difference of a 100 ohm/m and a 500 ohm/m initial starting resistivity for a 200 ohm/m 

subsurface in the Crabby Creek model.  Dark red shows areas where the two initial conditions 

converged to the same answer, and blue shows where they failed to do so.  Note that there is far 

more accurate convergence in the Crabby Creek model than in the Ecology Park model. 
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Table 3.2:  Mean percent difference of synthetic storage zone with varied initial conditions.  

Values were calculated in the same area of the grid in 2 locations, one within the SSZ, and one 

within the background.  Both models had homogeneous background resistivities of 200 ohm/m. 

 

 

Eco Park 190 ohm/m  initial resistivity Eco Park 200 ohm/m initial resistivity 

SSZ resistivity 

% diff 

SSZ 

% diff 

Background  SSZ resistivity 

% diff 

SSZ  

% diff 

Background 

140 -4.31 0.71 140    -9.18 1.13 

180 -0.76 0.14 180 -2.67 0.69 

190 -0.44 0.04 190 -1.57 0.47 

195 -0.21 0.16 195 -0.84 -0.21 

197 -0.16 0.04 197 -0.56 0.20 
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3.3.2 Random Modeling Noise 

 Random noise was set to 1% in the model based on reciprocal data collection in the field.  

Two homogeneous models of Ecology Park were created and percent differences were calculated 

to determine possible noise in the models (Figure 3.13).  Noise appeared more extreme in the 

shallow depths (within 20 cm of the stream surface) and less extreme with depth because the 

model smoothed data with depth.  The smoothing averaged out noise, and thus values will not be 

as great with depth.   The model added 1% noise near the stream bottom, but models were less 

sensitive to the initial conditions in this area, and converged with greater accuracy than they do 

in deeper areas of the model. (See section 3.3.1). 

3.3.3 Stream Drift, and Water Layer Thickness 

 Effects of stream conductivity drift were evaluated at both Ecology Park and Crabby 

Creek, for both corrected and uncorrected stream values (Table 2.1, runs #1-4, Figures 3.14 and 

3.15).  When stream conductivity drift was corrected, a large change in the stream layer is 

apparent (Figure 3.14b).  Change was restricted to the streams instead of being spread over the 

entire model (Figure 3.14b, Figure 3.15b). In both the Ecology Park and Crabby Creek models, 

noise in the subsurface was less than 1% when stream drift was corrected.  In contrast, when the 

stream values were not corrected, resistivity change occurred in the subsurface, and differences 

occurred below the stream resulting in noise levels of 5% in the Ecology Park model, and 

approximately 3% in the Crabby Creek Model (Figures 3.14a, 3.15a).   

 Water layer thickness was also a factor in drift corrections.  The Ecology Park model 

(Figure 3.14a) experienced change up to 5% within the subsurface when the stream value was 

incorrect.  The Crabby Creek model showed a maximum 3% change (Figure 3.15a) 
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Figure 3.13: Modeling noise in the Ecology Park model.  This figure was created by differencing 

two identical models of Ecology Park with a noise level set at 1%. Noise appeared more extreme 

near the subsurface-stream interface of the model and less extreme with depth because the model 

smoothes data as in iterates with depth.  Models were better constrained at the surface. 
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Figure 3.14:  Effect of stream resistivity drift for the Ecology Park model.  3.14A showed a 

percent difference tomograph of the effects of failing to correct for the stream’s resistivity drift 

with the Ecology Park model.  Unlike 3.14B, where the change is confined mostly to the stream, 

the stream is held constant, and effects of the drift are modeled in the subsurface, where they did 

not exist. 
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Figure 3.15: Effect of stream resistivity drift for the Crabby Creek model.  3.15A showed a 

percent difference tomograph of the effects of failing to correct for the stream’s resistivity drift 

with the Crabby Creek model.  Unlike 3.15B, where the change is confined mostly to the stream, 

the stream is held constant, and effects of the drift are modeled in the subsurface, where they did 

not exist. 
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3.3.4 Stream Drift and Water Thickness with Conductivity Target 

 The most telling runs of the sensitivity analysis were the ones that were designed to 

include subsurface storage, which more closely simulates data collected in a field tracer test.  

During these runs, stream conductivity was allowed to drift from 17 ohm/m to 16 ohm/m, and a 

SSZ of varied conductivity was introduced into the subsurface to simulate a lingering tracer.  The 

tests with SSZ were performed with both Ecology Park and Crabby Creek models (Table 2.1, 

runs #15-34).  Tomographs were created for these runs, and values of percent difference were 

plotted across the model at a depth 10 cm below the stream bed interface (Figure 3.16).  This  

depth was selected to represent a hyporheic zone sample depth and to provide plots that can be 

readily compared from run to run.  For runs in which stream drift was corrected at both Ecology 

Park and Crabby Creek, (Figures 3.17, Figure 3.18) anything below a 1% percent difference 

would indicate noise (1% noise modeling threshold), and anything above the 1% value would be 

considered a detectable SSZ.  Using this limit, the Ecology Park could not detect SSZs between 

197 and 180 ohm/m (50.76 µS/cm and 55.6 µS/cm).  The Ecology Park model was only able to 

detect a SSZ at a resistivity of 140 ohm/m (71.42 S/cm).  The SSZ of 140 ohm/m represented a 

30% change when compared with a homogeneous 200 ohm/m starting model. In contrast, with 

shallower water, the Crabby Creek model could detect the SSZ resistivities of 140 ohm/m (71.42 

S/cm) through 195 ohm/m (51.28 S/cm), or 30 to 2.5% change when compared to a 200 

ohm/m background.  This greater degree of detection is due to the difference in thickness of the 

water layer. 

When the stream conductivity was not corrected, the 140 ohm/m SSZ recorded a change 

between 10 and 14% with the Ecology Park model (Figure 3.19). The noise in the Ecology Park 

model reached values of 5%, which was greater than the 1% modeled noise threshold (Figure 
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3.17), so the detected signal at 140 ohm/m was nearly double what appeared to be the noise 

level. With the Crabby Creek model, when the stream was not corrected, the SSZ was visible in 

the 140, 180, and 190 ohm/m models, all of which captured a 5% change (Figure 3.20).  Thus, it 

was more difficult to detect the SSZ when the water layer was not accurately modeled.  This was 

more difficult in the Ecology Park model due to the thick water layer.  
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Figure 3.16:  A Percent Difference at Depth Plot (PDAD) created at 10 cm. The red line on the 

tomograph indicated the depth of the values chosen to create the figure on the bottom.  The depth 

chosen was 10 cm below the stream/ streambed interface.  Values plotted on the bottom figure 

were distance in meters along the x axis, and percent difference along the y axis. 
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Figure 3.17: Percent Difference at Depth (PDAD) for Ecology Park model with corrected stream 

resistivity drift.  This figure showed the 10 cm PDADs at Ecology Park.  A corresponds to an 

SSZ of 140 ohm/m, B – 180, C – 190, D – 195, E -197.  SSZ is only detectable at a resistivity of 

140 ohm/m.  The dip in line B is within the noise level. 
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Figure 3.18: Percent Difference at Depth (PDAD) for Crabby Creek model with corrected stream 

resistivity drift.  This figure showed the 10 cm PDADs at Crabby Creek.  A corresponds to an 

SSZ of 140 ohm/m, B – 180, C – 190, D – 195, E -197.  SSZ is detectable until it reached a 

resistivity of 197 ohm/m. 
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Figure 3.19:  Percent Difference at Depth (PDAD) for Ecology Park model with uncorrected 

stream resistivity drift.  This figure shows the 10 cm PDADs at Ecology Park.  A corresponds to 

an SSZ of 140 ohm/m, B – 180, C – 190, D – 195, E -197.  SSZ is only detectable at a resistivity 

of 140 ohm/m. 
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Figure 3.20: Percent Difference at Depth (PDAD) for Crabby Creek model with uncorrected 

stream resistivity drift.  This figure shows the 10 cm PDADs at Crabby Creek.  A corresponds to 

an SSZ of 140 ohm/m, B – 180, C – 190, D – 195, E -197.  SSZ is visibly distinguishable until 

195 ohm/m. 

 

 

 

Distance (meters) 



98 

 

3.4 Freeze Core Analysis 

The freeze cores were used to compare porosity, grain size, and hydraulic conductivity 

along the reach (comparing the 4 nest locations) and with depth (comparing two sample depths, 

20 and 40 cm).  Trends found in the freeze core analysis were used in groundwater modeling of 

the site. 

3.4.1 Porosity 

Cores analyzed for porosity had values ranging from 16-35% in shallow cores (Table 

3.3).  The lowest porosity, 16%, came from nest 4, which was located upstream of the 

downstream step.  Hyporheic exchange is capable of increasing fines in areas of downwelling, 

limiting porosity in the subsurface and restricting flow in a sort of negative feedback loop (Ryan 

and Packman, 2006).  The 35% porosity came from the shallow core at the ‘Mid Reach Shallow’ 

location.  This bag may have had a hole, and may have allowed excess water to enter the core 

sample during the time it was submerged in the tank to record volume. 

3.4.2 Grain Size Distributions 

Several trends existed within the distribution of the grain sizes throughout the reach.  The 

distribution of grain sizes throughout the shallow cores taken along the stream reach contained 

little variation throughout the reach, with over 50% of the total mass at each location contributed 

by grains over 4.75 mm (Figure 3.21).  At the locations of well nest 2 and the Mid-Reach, both 

shallow and deep cores were taken.  Both locations depicted a trend of a higher percentage of 

fine grained material in the deeper cores (Figure 3.22).  The mean percentage weight of grains 

under 0.125 mm in the deep cores was 9.5% of the total mass, while in the shallow cores this 

mean value was 3.6%. 
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Table 3.3: Porosity calculations of Ecology Park freeze cores. 

ID Core Volume (cm3) Water Removed (mL) Porosity 

Nest 1 1155 311 0.26 

Nest 2 1032 222 0.21 

Mid Reach Shallow 1589 563 0.35 

Mid Reach Deep 1692 541 0.31 

Nest 3 987 288 0.29 

Nest 4 903 145 0.16 

Background 1441 365 0.25 
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Figure 3.21: Shallow freeze core samples at Ecology Park.  This figure showed that the shallow 

samples taken at Ecology Park are not significantly different.  Due to little variation in the reach, 

homogeneity was assumed in MODFLOW modeling. 
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Figure 3.22: Comparison of shallow and deep freeze cores at Ecology Park.  Deep samples 

contained a greater percentage of fine grained material than shallow cores taken at the same 

location. 
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3.4.3 Hydraulic Conductivity Estimates 

Hydraulic conductivity measurements were not identical throughout the reach (Table 

3.4). The Hazen method was used to calculate hydraulic conductivity for each freeze core sample 

(discussed in section 2.2.3). Each sample’s d10 value was used to calculate hydraulic 

conductivity over the entire range of constants (C values) within the Hazen method.    The lower 

constant values were used to model sediment in which mostly fine grained sediments exist, and 

the higher values reflected sediments consisting mostly of coarse material.  

 However, with the exception of the nest 4 location, all cores are within 1 order of 

magnitude of each other, indicating a relatively consistent reach.  The nest 4 sample appeared to 

be an outlier of the cores; however, the difference is within uncertainty of sampling, such as a 

large cobble staying on or falling off a core when it is removed from the stream.  The similarity 

in the core samples allowed for homogeneous modeling of the subsurface when creating 

MODFLOW models of the reach.  Note that freeze core captured a relatively small area of the 

streambed, but because all 4 sections were relatively consistent, assuming homogeneity within 

the model was reasonable. 

3.5 Stream Flow Measurements 

A Pygmy stream gauge was used to calculate the flow along the reach.  Two sets of 

measurements were taken in the morning and the afternoon.  The first set of measurements show 

an 8.4% increase in stream discharge downstream of the reach, which was taken downstream of 

the downstream riffle. The upstream measurement was taken 3.5 m downstream of the injection 

site, just upstream of the upstream step.  Upstream, the flow was 3.82 cubic feet per second (cfs), 

and 16.5 m downstream the flow was 4.14 cfs.  Measurements were taken again at both locations 

later in the day.  At the upstream location, the discharge was 3.97 cfs. 16.5 m downstream, 
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discharge was 4.28 cfs, an increase of 7.2%.  The discharge also increased 3.93% at the upstream 

location between these times, and 3.38% at the downstream location (Table 3.5).  The study 

reach at Ecology Park is therefore a gaining stream with groundwater discharge taking place 

along the reach. 
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Table 3.4: K calculation from samples at Ecology Park.  First column shows the name of the 

sample.  The second column shows the estimated D10 value from the sediment size analysis.  

Columns 3-7 give K calculations for each sample, ranging the C value from 40 -120 in 

increments of 20, representing a medium consisting of fine through coarse material, respectively, 

as standard in the Hazen method. 

 

C fine 

   

coarser 

  

40 60 80 100 120 

Sample D 10 

     L-1 shallow 0.060 0.144 0.216 0.288 0.360 0.432 

L-2 shallow 0.065 0.169 0.253 0.338 0.422 0.507 

L-2 0.065 0.169 0.253 0.338 0.422 0.507 

L-2 Deep 0.031 0.038 0.057 0.076 0.096 0.115 

MRS 0.110 0.484 0.726 0.968 1.210 1.450 

MRD 0.019 0.014 0.021 0.028 0.036 0.043 

L-3 

Shallow 0.100 0.400 0.600 0.800 1.000 1.200 

L-4 

Shallow 0.025 0.025 0.037 0.05 0.0625 0.075 

L-1 Shovel 0.030 0.036 0.054 0.072 0.0900 0.108 

L-2 Shovel 0.150 0.900 1.350 1.80 2.250 2.770 

L-3 Shovel 0.120 0.576 0.864 1.15 1.440 1.730 

L-4 Shovel 0.065 0.169 0.253 0.338 0.423 0.507 

Background 0.050 0.100 0.150 0.200 0.250 0.300 

 

 

Table 3.5: Flow rates measured at Ecology Park.  This table shows the flow rates measured at the 

injection site, the downstream (DS) end of the reach, and upstream (US) of the reach throughout 

the day at Ecology Park. 

 

Measurement 

# 

Time 

of day 

Time 

relative 

to inj. Location 

X,                

m 

below 

inj pt 

Transect 

# Q, cfs 

1 8:30 Pre-Inj Inj Site 3.5 1 3.79 

2 9:45 Pre-Inj Inj Site 3.5 2 3.82 

3 10:15 Pre-Inj DS end of reach 20 3 4.14 

4 12:45 Post-Inj Inj Site 3.5 4 3.97 

5 13:05 Post-Inj DS end of reach 20 5 4.28 

6 14:40 Post-Inj US -53 6 3.06 
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3.6 Temperature Analysis 

The tidbit temperature sensors at well nest 1 recorded data in the stream and at a depth of 

9 cm (Figure 3.23).  The amplitude diurnal fluctuations in the stream water at nest 1 range from 

4.0°C to 2.5°C.  In the sediments, diurnal fluctuations range from 1.0°C to 0.2°C. Using the 

modeling parameters in Table 2.3, the flux at the nest location was calculated to be -15 cm/hr.  

The negative value here indicated a discharge of groundwater to the stream water.  Discharge of 

this magnitude would be expected downstream of a step in a hydraulically dominated reach. 

At well nest 2, the tidbit temperature sensor recorded data at a depth of 7.9 cm.    The 

diurnal fluctuations in stream water at nest 2 range from a maximum of 4.0°C to a minimum of 

2.0°C.  In the sediments, diurnal fluctuation is consistently 1.5°C.  The flux was modeled as -4 

cm/hr, once again indicating groundwater discharge into the stream (Figure 3.24).  The negative 

flux indicates groundwater discharge. 

At well nest 3, the tidbit temperature sensor recorded data at a depth of 16.6 cm.    The 

diurnal fluctuations in stream at nest 3 range from a maximum of 4.0°C to a minimum of 3.0°C.  

Diurnal fluctuations range from 1.5°C to 1.0°C in the sediments.  The flux at nest 3 is -3 cm/hr 

(Figure 3.25).  This value indicates a groundwater discharge. 

At the well nest 4 location, the tidbit temperature sensor recorded data for a depth of 9.5 

cm.    The diurnal fluctuations in stream at nest 4 range from a maximum of 4.5°C to a minimum 

of 2.0°C.  Diurnal fluctuations range from 4.5°C to 2.0°C in the sediments.  This is the largest 

flux in sediment at any of the well nests.  The flux at well nest 4, just upstream of the 

downstream step, was modeled to be 1 cm/hr (Figure 3.26).  A positive value indicates 

downwelling occurred at this section of the reach. 
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Figure 3.23: Vertical groundwater velocity 1-D temperature modeling at well nest 1. The 

velocity at this location was calculated to be -15 cm/hr, and flowed from the groundwater into 

the stream.  The blue line represents observed surface water temperature, the green line is the 

observed sediment temperature, and the red line is the modeled temperature.  At nest 1, the 

sediment temperature did not respond to the diurnal signal in the stream, which indicated a 

strong groundwater discharge. 
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Figure 3.24: Vertical groundwater velocity 1-D temperature modeling at well nest 2.  The flux 

calculated at this location was -3 cm/hr, and flowed from the groundwater into the stream water.  

The blue line represents observed surface water temperature, the green line is the observed 

sediment temperature, and the red line is the modeled temperature.  At nest 2, the sediment 

temperature responded to the diurnal signal in the stream, which indicated a connection between 

surface water and stream water. 
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Figure 3.25: Vertical groundwater velocity 1-D temperature modeling at well nest 3. The flux 

calculated at this location was -3 cm/hr, and discharged from the groundwater into the stream 

water.  The blue line represents observed surface water temperature, the green line is the 

observed sediment temperature, and the red line is the modeled temperature.  At nest 3, the 

sediment temperature responded to the diurnal signal in the stream, which indicated a connection 

between surface water and stream water. 
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Figure 3.26: Vertical groundwater velocity 1-D temperature modeling at well nest 4.  The 

velocity at this location was calculated to be 1 cm/hr and flowed from the stream into the 

groundwater.  The blue line represents observed surface water temperature, the green line is the 

observed sediment temperature, and the red line is the modeled temperature.  At nest 4, the 

sediment temperature responded directly to the diurnal signal in the stream, which indicated a 

strong connection between surface water and stream water. 
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3.7 MODFLOW Modeling 

A 2-D model of the reach was designed using MODFLOW to aid in the conceptual 

model of hyporheic exchange at Ecology Park.  Figure 2.12 showed the grid used in modeling.  

This modeled reach was 17.5 m long by 1 m deep.   A sensitivity analysis was used to determine 

the effects that both changes in head due to the steps bounding the reach and the discharge of 

groundwater throughout the reach at monitored locations would have on the vertical gradient of 

groundwater at the well nests across the reach. 

3.7.1 No Recharge 

The flow paths of this model showed a downwelling prior to the steps, and upwelling 

after the steps (Figure 3.27).  In a homogeneous subsurface, the hydraulics of the steps created 

hyporheic exchange.  In addition, shorter flow paths may have resulted from streambed 

heterogeneities and variations in bedforms. 

3.7.2 Groundwater Discharge 

A 2-D model was also created to model the measured groundwater discharge along the 

study reach.  The values of the groundwater discharge were calculated from the 1-D temperature 

modeling results from MATLAB as discussed in 3.4.  The values were taken from each line, and 

placed in the bottom most row of the model at the respected line location.  Beneath nests 1, 2, 

and 3 there were groundwater discharge values of 15, 3, and 4 cm/hour, respectively.  Well nest 

4, which had a positive (downward) flux value of 1 cm/h, did not receive groundwater discharge.  

Neither downward nor upward flux was modeled at this location, as the model was not designed 

to force downward flux but evaluate that as an output.  The flow paths in this model were 

different than those in the no-recharge model; because groundwater was discharging into the 
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stream decreased the area of hyporheic exchange in the subsurface, and forced the flow lines to 

return into the stream, until re-entering above the downstream step (Figure 3.28). 

3.7.3 Sensitivity Analysis 

A sensitivity analysis was created to monitor the effects of various rates of vertical 

groundwater discharge on the gradient between the stream and groundwater.  Recharge was 

manipulated mostly beneath nest 1, due to the fact that temperature modeling showed the most 

recharge to be taking place within this area.  Throughout the rest of the stream, groundwater 

velocity in the vertical direction was not as strong.   

3.7.3.1 Point Source Sensitivity Analysis 

Two sensitivity analyses were performed on the groundwater flux values near nest 1:  one with 

point source recharge at the base of the model beneath well nests 2 and 3 and one with no 

recharge (Figure 3.29 and Figure 3.30).  On each of these figures, two bounding models are 

shown, the case with no recharge anywhere along the model, and the case with recharge values 

based on the fluxes calculated from the temperature sensors.  The gradients based on the 

calculated fluxes are referred to as the “observed values”.  As the discharge beneath nest 1 was 

increased from 0-20 cm/hr, the gradient of water into the stream at nest 1 increased by almost 

0.0002 for every 5 cm/hr increase in recharge.  The impact of the varied recharge was not as 

evident at nests 2 or 3.  At nest 1, the difference in gradient between the 20 cm/hr recharge and 

the 5 cm/ hr recharge was 0.0011 in both cases when nests 2 and 3 had groundwater flux or not.  

At well nest 2 the gradient differences between maximum and minimum recharge values were 2 

orders of magnitude smaller at 3.5 x10
-5

.  Nest 3 saw even less of a change with a difference of 

4.6 x10
-6

, and nest 4 only experienced a 4.2x10
-7

 difference.  This means that the recharge value 

at nest 1 did not impact the vertical gradient at nest 4, when nests 2 and 3 had recharge.  In the 
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sensitivity analysis in which nests 2 and 3 had no recharge, increasing the recharge of well nest 1 

to 20 cm/hr increased the gradient to the amounts that were based on the temperature fluxes, or 

the observed values.  When nests 2 and 3 had no recharge, recharge at well nest 1 must be 20 

cm/hr to have the same effect on the gradient as the observed case. 

This run also compared the difference between the changes when nests 2 and 3 were 

allowed to have recharge.  The differences between maximum (20 cm/hr gradients) and 

minimum (5 cm/hr gradients) were similar at well nest 1 between the two scenarios (2 and 3 with 

and without recharge).  However, as expected when nests 2 and 3 had no recharge, gradients 

were lower than when 2 and 3 were  discharging water by 0.0003 at nest 2 and 0.0002 at nest 3 

(Figure 3.29 and Figure 3.30). 
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Figure 3.27: Flow paths with no recharge at Ecology Park.  This showed that flow paths without any subsurface recharge.  Note flow 

paths were dominated by step structures, and hyporheic exchange takes place. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.28: Flow paths with observed groundwater velocity via point source at Ecology Park.  This showed the flow path with 

recharge in the subsurface as calculated with 1-D temperature modeling. Note flow paths in the subsurface have been shortened by 

subsurface recharge. 
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Figure 3.29: Gradient sensitivity in MODFLOW modeled point recharge when nests 2 and 3 had 

recharge.  Variations in nest 1 recharge with recharge at nests 2 and 3 showed great sensitivity in 

the gradient at nest 1 to the recharge value, and decreasing sensitivity further along the reach, 

which correlated well with observed values (recharge as recorded). 
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Figure 3.30: Gradient sensitivity in MODFLOW-modeled point recharge when nests 2 and 3 had 

no recharge.  Variations in nest 1 recharge with no recharge at nests 2 and 3 showed great 

sensitivity in the gradient at nest 1 to the recharge value, and decreasing sensitivity further along 

the reach, which correlated well with conceptual no-recharge values at nests 2, 3, and 4. 
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3.7.3.2 Distributed Recharge Sensitivity Analysis 

Two sensitivity analyses were performed which treated recharge as occurring over 0.5 m 

intervals centered around the base of the model at the well locations.  In one case, recharge was 

present at wells 2 and 3, (Figure 3.31) and in the other, it was not (Figure 3.32).  Results of this 

sensitivity analysis contained similar trends to the point source sensitivity analysis.  As the 

discharge at nest 1 location was increased from 0-20 cm/hr, the gradient of water into the stream 

at nest 1 increased by almost 0.0002 for every 5 cm/hr increase in recharge.  The impact of the 

varied recharge was not as evident at nests 2 or 3.  At nest 1, the difference of the 20 cm/hr 

recharge and the 5 cm/ hr recharge was 0.0012 when nests 2 and 3 had no recharge, and 

0.000906 when they had recharge. At well nest 2, the gradient differences between maximum 

and minimum recharge were 2 orders of magnitude smaller at 3.5x10-5.  The nest 3 location saw 

even less of a change with a difference of 3.3x10-7, and nest 4 only experienced a 5.0x10-7 

difference.  This means that the recharge value at nest 1 did not impact the vertical gradient at 

nest 4 locations, when wells 2 and 3 had recharge.  In the sensitivity analysis in which 5 cells 

represented recharge and nests 2 and 3 had no recharge, increasing the recharge at nest 1 to 20 

cm/hr was shown to increase the recharge to the amount that was recorded in the field.  All other 

runs when wells 2 and 3 had no recharge had similar gradients to the no-recharge conceptual 

model at line 4.   

The distributed five-cell recharge also compared the difference between the changes 

when nests 2 and 3 recharge.  The differences between maximum (20 cm/hr gradients) and 

minimum (5 cm/hr gradients) were consistent between the two scenarios (2 and 3 with and 

without recharge), the gradients did vary at the nests 2 and 3 locations.  When nests 2 and 3 had 
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no recharge, gradients were lower than when 2 and 3 were discharging water by 0.0003 at nest 2 

and 0.0002 at nest 3 (Figure 3.31 and Figure 3.32). 

3.7.3.4 Hydraulic Conductivity Sensitivity Analysis 

Three sensitivity analyses were performed to observe the effects of hydraulic 

conductivity on the vertical groundwater gradient throughout the reach.  These runs showed the 

impact of varying a 3.5 m long by 10 cm deep section of the stream centered underneath nests 2 

and 3.  Gradients were plotted for K variation with no recharge in the model (Figure 3.33), with 

observed discharge modeled as a point (one-cell) (Figure 3.34), and observed discharge modeled 

over a 0.5 m area (Figure 3.35).   

Lowering K to 100 cm/hr, 50 cm/hr, and 20 cm/hr when keeping calculated recharge as 

both a point and broad source altered the gradient in a fashion not observed at Ecology Park.  At 

each well nest location, the gradient increased to values greater than calculated values.  Using the 

models created with the variations in hydraulic conductivity, down welling could have been 

observed in nests 1, 2, and 3.  A homogeneous model was used because it fit the data better than 

the models in which hydraulic conductivity was varied.  
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Figure 3.31: Gradient sensitivity in MODFLOW-modeled 5 cell recharge when nests 2 and 3 had 

recharge.  Variations in nest 1 recharge with recharge at nests 2 and 3 showed great sensitivity in 

the gradient at nest 1 to the recharge value, with decreasing sensitivity further along the reach, 

which correlated well with observed values (recharge as recorded). 
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Figure 3.32: Gradient sensitivity in MODFLOW-modeled 5 cell recharge when nests 2 and 3 had 

no recharge. Variations in nest 1 recharge with no recharge at nests 2 and 3 showed great 

sensitivity in the gradient at nest 1 to the recharge value, and decreasing sensitivity further along 

the reach, correlating well with conceptual no-recharge values at nests 2, 3, and 4. 
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Figure 3.33: Gradient sensitivity in no-recharge model with heterogeneity.  Alterations to the 

hydraulic conductivity in a 3.5 m long by 10 cm deep section of the stream centered underneath 

nests 2 and 3 (Figure 2.19), has no modeled effect at nests 1, 2, and 3 for 100 cm/hr, or the 

experimental values of 5 cm/hr and 20 cm/hr.  There is an increase of groundwater discharge at 

nest 4 when the K is decreased.   
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Figure 3.34: Gradient sensitivity in MODFLOW-modeled within the calculated point source 

recharge model with heterogeneity.  Variations made in K while using the observed point source 

recharge model show an increase in gradient inconsistent with observed values throughout the 

reach. 
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Figure 3.35: Gradient sensitivity in MODFLOW-modeled 5-cell recharge model with 

heterogeneity.  Variations made in K while using the observed 5 cell recharge model show an 

increase in gradient inconsistent with observed values at nests 2, 3, and 4. 
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3.8 Summary 

In summary, based on the tracer test breakthrough curves, the geophysical modeling, and 

the hydrologic modeling, the Ecology Park reach showed little evidence of hyporheic exchange 

or lingering tracer in the hyporheic zone.  Streambed characterization and modeling points to 

groundwater discharge inhibiting hyporheic flow.  The data were confounded by (1) difficulties 

interpreting the geophysical survey due to the stream depth and variations in stream conductivity, 

and (2) groundwater mixing possibly influencing the well sampling in the tail of the tracer test.  
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CHAPTER 4 

  DISCUSSION AND CONCLUSION 

4.1 Groundwater Discharge and Hyporheic Exchange at Ecology Park 

4.1.1 Regional Groundwater Discharge and Hyporheic Exchange 

The study reach at Ecology Park was bound by steps both upstream and downstream of 

the reach.  The steps were added when the stream was reconstructed in an effort to divert the 

stream from a major roadway.  In theory, steps caused a down welling upstream of the step and 

upwelling downstream of the step as a result of a pressure gradient that built around the step. If 

the step-induced hydraulics were the only process controlling hyporheic exchange, down welling 

would have occurred above the steps (Figure 3.28).  Depth of hyporheic exchange would be 

proportional to the size of the step; the larger the step, the larger the pressure gradient, and the 

greater the depth of hyporheic exchange.  

MODFLOW was used to develop a conceptual model of the hydraulic impacts on 

hyporheic exchange.   Well nests 1 and 4 were not in an area hydraulically influenced by the 

steps.  Well nest 1 was downstream of an upwelling zone, which was under the hydraulic 

influence of a step, and well nest 4 was upstream of the down welling zone, which was caused by 

the downstream step.  Well nests 2 and 3 would have been hydraulically neutral, and hyporheic 

activity would be due to minor bedforms or K variations not observed in this reach.  The 

conductivity of water in the shallow wells at nests 1, 2, and 4 increased during the injection, 

which indicated the presence of tracer, but the falling limbs and noisy data were not indicative of 

lingering tracer in the hyporheic zone.  

The groundwater model indicated that hyporheic exchange was interrupted by 

groundwater discharge.  Flow rate in the stream increased 8% along the 18 m reach, providing 
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evidence for groundwater discharge in this section (Table 3.2).  Modeling of 1-D temperature 

measurements in the streambed used to calculate the vertical groundwater velocities revealed 

stream discharge at well nests 1, 2 and 3.  The discharge of nests 1, 2, and 3 reduced the 

downward flux of hyporheic exchange (Figure 3.29).    

Ecology Park’s focused groundwater discharge was due to the underlying geology of the 

area.  The reach was located at the boundary of the Ledger and Elbrook Formations (Figure 1.7).  

This contact between the two formations could have diminished hyporheic exchange at Ecology 

Park.  The mean specific capacity of the Ledger Formation was calculated as 17.35 (L/min)/m, 

while the Elbrook Formation was calculated to have a mean specific capacity of 0.36 (L/min)/m 

(Sloto, 1990).  Thus, the Ledger Formation was more hydraulically conductive than the Elbrook 

formation.  Regional groundwater flow and stream flow in the Valley Creek watershed followed 

a SW to NE flow path (Figure 4.1).   As groundwater followed this path, it flowed from the more 

conductive Ledger Formation, toward the less conductive Elbrook Formation.  This change in 

hydraulic conductivity may have caused the head gradient to change, which would have caused 

the water to discharge preferentially into the stream, rather than the lower permeability flow 

path. 

Seasonal temperature variations in the groundwater reported by McGinty (2003) 

supported the claim that groundwater flow along the contact was dominated by a system that 

represents conduit flow as opposed to diffuse flow (Figure 4.2).   The seasonal variation of 

hardness is indicative of conduit flow as well.  A system with diffuse flow would have constant 

hardness throughout the year.  These geochemical data supported the idea that preferential flow 

paths such as karst conduits were present and limited hyporheic exchange along the 18 m reach 

at Ecology Park. 
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Figure 4.1: Groundwater flow in the Valley Creek Watershed.  This figure shows the flowpaths of groundwater in the Valley Creek 

Watershed.  Location of Ecology Park is shown by the red circle.  After Sloto, 1990. 
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Figure 4.2: Annual variations of groundwater at Ecology Park.  Shifting groundwater 

temperature is evident in systems where conduit flow dominates.  From McGinty, 2003. 
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4.1.2 Local Heterogeneities at Ecology Park  

 Although hyporheic exchange was limited along the 18 m reach at Ecology Park, there 

were differences that existed along the reach that may have allowed for shallow hyporheic 

exchange to occur.  There was evidence for hyporheic activity at well nest 4.  The 1-D 

temperature modeling produced negative flux values for well nests 1, 2, and 3, indicating that the 

movement of water was from the subsurface into the stream.  At well nest 4, there was a positive 

value of 1 cm/hr, indicating that water at this nest location flowed from the stream into the 

subsurface.  This downward flow of water at nest 4 was also evident in the well samples of well 

4a from the tracer test.  Although there was noise in the data, the conductivity of well 4a 

increased during the time of the tracer test, with a rising limb at the beginning, and a falling limb 

at the end.  In addition, the average conductivity at nest 4 was 741 µS/cm, much lower than any 

of the other nest locations (802, 791, and 815 µS/cm at nests 1, 2, and 3 respectively), indicating 

a higher percentage of stream water was present at this location.   

 The freeze core taken at well nest 4 also provided evidence of hyporheic exchange.  At 

well nest 4, the porosity was the lowest recorded at 16%.  Of the cores taken at the nest locations, 

nest 4 had the highest percentage of clay by weight (<0.063 mm).  Nest 4 was 4.1% clay, while 

nests 1, 2, and 3 were 1.9, 1.8, and 1.9% clays, respectively.  The fines may be the remnant of 

strong hyporheic activity.  Hyporheic flow around steps forced clays into the subsurface, which 

essentially ‘clogged’ downward flow paths and limited any further downward flow (Ryan and 

Packman, 2006). 

According to the definition of hyporheic exchange found in Triska et al., (1989) in which  

hyporheic exchange was empirically defined as, “the subsurface zone receiving at least 10% of 
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water by input from the stream (>10% channel water)” no hyporheic exchange occurred at 

Ecology Park.   

4.2 Difficulties of Using ERT 

The ERT suggested there was no lingering tracer in the hyporheic zone, but the data had 

ambiguities.  The time-lapse tomographs shown in Figure 3.10 revealed two main difficulties 

associated with ERT; stream conductivity drift, and instrument calibration.  Figures 3.10 C and 

3.10 D showed the effects of failure to correct for stream conductivity drift.   

Stream conductivity can drift over the course of a tracer test as a result of changing 

temperature (which can be corrected), changes in amount of groundwater discharge, or an influx 

of water upstream from anthropogenic sources.  Conductivity can also change after a storm event 

due to runoff and return to baseflow.  Due to the changing nature of stream conductivity, an 

accurate measurement must be used for each time step in the time-lapse process.  The importance 

of this correction was apparent in the differences between figures 3.10 C and 3.10 D.  Figure 

3.10 C maintained a constant stream conductivity value between both time steps 1 and 15, and 

thus artifacts of conductivity drift that occurred in the stream were model in the subsurface.  The 

tomograph in figure 3.10 D corrected for this drift in conductivity within the stream water, and 

while subsurface artifacts remained, they were greatly diminished.   

The remnant errors that were apparent in figure 3.10 D that were removed in figure 3.10 

E were likely the result of errors in instrument calibration.  Errors occurred at Ecology Park 

because the conductivity meters were not calibrated with the resistivity cable. In addition to this, 

when recalibrated 3 weeks after the test, one conductivity meter recorded 35 µS/cm higher, while 

the other recorded the calibration value, but repeat measurements were not stable.  As a result, 

errors could have occurred in recorded conductivity measurements.   
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The conductivities measured by each instrument provided a range of acceptable 

conductivities.  Using the known conductivity range, a “trial and error” method was used to find 

a conductivity that produced the least noise in the subsurface.  Incorrect conductivity was 

focused at shallower depths around the stream-subsurface interface, but artifacts of the error 

were seen throughout the model (Figure 3.10 D).  Figure 3.10 E showed a model created with a 

“trial and error” water layer that minimized noise in the subsurface (Nyquist et al., 2012). This 

model did not detect any lingering tracer in the subsurface, which suggests that the groundwater 

discharge inhibited lingering tracer (Figure 3.10 E).   However, this conclusion carried some 

uncertainty due to inversion model sensitivity, as discussed below.  

4.2.2.1 Water Layer Thickness and Resistivity Modeling 

 The thickness of the water layer affected the geophysical modeling process at every 

stage.  When the data were collected, the majority of the current produced by the electrodes 

traveled through the conductive water rather than the resistive subsurface.  The thicker the water 

layer, the less signal propagated into the subsurface.  Stream resistivity drift, incorrectly 

measured stream heights, and uncorrected stream values exacerbated noise in the subsurface 

models. 

 This analysis of noise in the data was important because the model was sensitive to small 

amounts of variability.  At Ecology Park, depth measurements were taken every 0.5 m along the 

reach, which may not have captured the streambed morphology adequately.  Insufficient 

resolution of the stream depth and possible measurement error added to uncertainty; thus it is 

unlikely that the modeling grid captures the streambed perfectly.  These errors are amplified as 

the water layer becomes thicker.  
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Significant differences in sensitivity were found with a relatively small change in water 

depth, 0.1 m and 0.36 m.  The modeling artifacts observed in the uncorrected, thicker Ecology 

Park stream model were greater than those observed in the thinner uncorrected Crabby Creek 

stream model (Figure 3.14, 3.15). Under ideal conditions, when modeling a homogeneous 

subsurface with a stream resistivity of 17 ohm/m (588 µS/cm) and corrected stream drift to 16 

ohm/m (625 µS/cm), the Ecology Park model could only detect an increase of 140 ohm/m (71.42 

µS/cm) SSZ, the largest contrast modeled for a realistic tracer.  In contrast, the Crabby Creek 

model with shallower water was able to detect a resistivity of 197 ohm/m (50.76 µS/cm) in the 

SSZ.   

4.2.2.2 Initial Conditions of Models 

 The initial conditions of the subsurface changed the convergence values within the 

models.  It was observed that thinner water layers were less sensitive to initial conditions than 

thicker water layers (Figure 3.12, 3.13).  The Ecology Park model contained no subsurface area 

under 20% differences between the 100 ohm/m (100 µS/cm) and 500 ohm/m (20 µS/cm) initial 

resistivities models, meaning no areas between the two models converged to within 20% of the 

same value.  In contrast, the Crabby Creek model contains a large area under 20% differences 

between the 100 ohm/m (100 µS/cm) and 500 ohm/m (µS/cm) initial resistivities.  Current 

dissipation into the water layer reduced the signal in the subsurface (also discussed above in 

section 4.2.2.1). 

 It was also noted that the differences in initial conditions caused changes to be detected 

around subsurface heterogeneities, even when no change occurred.  Runs 36 and 46 of the 

resistivity sensitivity analysis (Table 2.1) depicted a situation in which the 180 ohm/m (55.6 

µS/cm) SSZ was present for both sections when compared in a time lapse (i.e. representing 
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geologic heterogeneity, not a tracer).  The stream drifted from 17 ohm/m (588 µS/cm) to 16 

ohm/m (625 µS/cm), but was corrected. In this time-lapse model, any noise in the subsurface 

would have been caused by modeling noise.  However, percent differences and PDADs of the 

subsurface in the Ecology Park (Figure 4.4) showed heterogeneities.  These heterogeneities were 

evident to a lesser degree in the Crabby Creek model (Figure 4.5).  Therefore, it was more 

difficult to pick up changes that could be caused by tracers in a heterogeneous subsurface when 

the water layer is thicker because there is more noise in the modeled inversion.  The percent 

differences surrounding heterogeneities were more evident in the Ecology Park model because 

the thicker water layer had more impact on the final convergence value of the model. 
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Figure 4.3: Heterogeneities and stream drift in the Ecology Park model.  This tomograph and 

PDAD show the percent differences that occur in the Ecology Park model when the 180 ohm/m 

SSZ is present in the subsurface before and after differencing, and with the stream drift 

corrected.  Noise was amplified near the heterogeneity, outlined in green. 
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Figure 4.4: Heterogeneities and stream drift in the Crabby Creek model.  This tomograph and 

PDAD showed the percent differences that occur in the Crabby Creek model when the 180 

ohm/m SSZ is present in the subsurface before and after differencing, and with the stream drift 

corrected.  Noise is constant throughout the model. 
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4.3 Ecology Park and Crabby Creek 

4.3.1 Resistivity Modeling at Ecology Park 

 The resistivity survey was not a straightforward tool for observing hyporheic exchange at 

Ecology Park.  There were two issues at Ecology Park that inhibited ERT from being effective: 

the strong groundwater discharge into the stream diminished hyporheic exchange, and the thicker 

water layer caused more noise in geophysical models.  Evidence of groundwater discharge was 

seen in well data during the tracer test, 1-D temperature modeling of flux, MODFLOW 

modeling, and previous studies (Sloto, 1990; McGinty, 2003).   Detection is obviously difficult if 

the hyporheic zone is very small or not present. 

 The thickness of the water layer at Ecology Park made it a non-ideal site for ERM.  Thick 

water layers lead to a weaker signal in the subsurface, and errors in stream measurements were 

amplified when a change in stream signal created artifacts in the subsurface inversion.  Stream 

resistivity drifted throughout the day, and even when it was corrected, lack of precision in the 

measurements made it difficult to be confident in any data collected.  In the best-case realistic 

modeling scenario, an SSZ measuring 3.5 m x 1 m was only detectable when it was 30% more 

conductive than the starting model, and only 1% above the noise limit. 

4.3.2. Resistivity Modeling at Crabby Creek 

 The thin water layer at Crabby Creek made it better for resistivity modeling because it 

was forgiving to any error in stream changes while modeling.  The ideal Crabby Creek modeled 

in this thesis had a stream resistivity of 17 ohm/m to make it more comparable to Ecology Park.  

Resistivity of Crabby Creek, when the resistivity surveys were performed in 2009 and 2010, was 

closer to 20 ohm/m.  The peak percentage change in the stream at Crabby Creek was closer to 

100%, with an average pre-injection stream value of 400 µS/cm to a peak value of 800 µS/cm.  
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This made percent differences at Crabby Creek much stronger.  Models of realistic scenarios for 

a less resistive Crabby Creek were capable of detecting a 2.5% change in conductivity when 

stream drift was corrected, and a 10% change when drift was incorrect.  A more resistive initial 

stream would mean more current would flow through the subsurface, and greater contrasts would 

be evident from the higher peak values.  Additionally, the well data at Crabby Creek showed 

definitive evidence that tracer was in the subsurface. 

4.4 Future Work  

4.4.1 Field Work 

 Vertical well nest monitoring may be effective for sampling subsurface water at different 

depths, but effects of spacing/ pumping rate need to be understood to eliminate noise in the 

measurements. An analysis should be done in a controlled setting (such as a flume) that would 

allow flow tracking around wells as they pump at different rates/ intervals.  Wells should only be 

capturing water horizontally, not mixing vertically.  Vertical mixing could pull either stream 

water or deeper groundwater into the sample, changing the conductivity of the sample, and 

creating noise in the data.  Groundwater discharge at Ecology Park complicated well sampling 

and created noise in the conductivity signal even when there was no tracer present in the stream.  

   A site should be found with a thick water layer, high stream resistivity, and established 

hyporheic exchange where tracer can be detected in wells.  Such a setting would allow a 

resistivity survey to test the ability to make appropriate corrections for a thick water layer to 

improve tracer detection. 

4.4.2 Resistivity Inversion Model Sensitivity 

 The effects of altering different parameters within stream-based resistivity surveys are 

not yet fully understood.  The models created in this thesis dealt with ideal scenarios, and while 



138 

 

the lessons learned are useful, some aspects need to be studied further.  The effects of 

heterogeneity in the subsurface are known to cause changes when calculating the percent 

difference between two models, but the effects of on tracer located within these zones have not 

yet been studied.  Stream drift was only observed in the case of the stream becoming more 

resistive, and a sensitivity analysis should be performed to model the effects of streams 

becoming less resistive.  A constant SSZ of 3.5 x 1 m was used, and its location was never 

changed.  Detection of subsurface tracer would be a function of both size and resistivity of this 

SSZ, which could be tested in a model.  A statistical test is needed for simulations where noise is 

not known.  In the cases where stream drift was not corrected, analysis was limited to “visible” 

differences because no statistical analysis was performed. 

4.5 Implications 

The reach at Ecology Park was reconstructed to create bank stabilization near a major 

highway.  As a result of this reconstruction, the stream was moved, boulders were added along 

the banks, and steps were added to control the hydraulic gradient.  While steps were in theory 

capable of creating hyporheic exchange in reconstructed streams, there was no observed 

hyporheic exchange along the reconstructed reach of Ecology Park.   

 The natural and anthropogenic inputs and outputs of the water budget within any 

populated watershed must be understood to design a land use policy that would minimize health 

hazards to both human and wild life.  In urban areas nitrate can often enter into water supply 

through both septic systems and fertilizer use.  Chloride concentrations increase during winter 

month as a result of road salt used to melt road ice.  Other more hazardous contaminants can 

enter groundwater depending on local industry.  Ecology Park illustrated how contaminants 

could rapidly transport through a watershed rather than being mitigated by reconstruction.  A 

slow moving contaminant in groundwater would become a fast moving more dilute contaminant 
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once it entered a stream.  Contaminants in the stream are less likely to be degraded without a 

functioning hyporheic zone.  Improved understanding of groundwater-stream interaction could 

both influence legislative decisions governing watersheds and help improve reconstruction 

design. 

4.6 Conclusions  

 Regional groundwater flow inhibited hyporheic exchange at Ecology Park.  The stream 

flow rate increased 8% along the 18 m reach, where an influx of water is likely caused by a 

longitudinal fault between the Elbook and Ledger Formations.  Groundwater discharge was 

detected at well nests 1-3 with 1-D temperature modeling, providing evidence of groundwater 

discharge.  The study of Ecology Park also highlighted some of the issues surrounding ERT 

methods used to map stream tracer injections in the hyporheic zone.  Studies at Crabby Creek 

recorded tracer in both wells and ERT.  At Ecology Park, tracer at low levels was observed in 

wells 1a. 2a. and 4a, but there did not appear to be a well-developed hyporheic zone at this 

location.  The thick water layer (0.36 m) and high stream conductivity (675 µS/cm) made 

Ecology Park a difficult place to use ERT.  At Crabby Creek, a thinner water layer (0.1 m) with a 

peak stream conductivity value of 850 µS/cm and an average well conductivity around 450 

µS/cm, ERT was much more effective and tracer produced a greater relative increase in 

conductivity.  The differences between Crabby Creek and Ecology Park highlight site-specific 

cautionary measures that need to be taken into account when designing an ERT coupled tracer 

test.   
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