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ABSTRACT
At Crabby Creek, an urbanized watershed in northeast Chester County, Pennsylvania, an
NaCl tracer test was conducted in 2010 to assess changes in hyporheic flow from a 2009 tracer
test around the same stream restoration J-Hook. This project compares the 2009 and 2010 tracer
test breakthrough curves and geophysical time-lapse resistivity surveys. This project also
compares elevation cross sections and tile probing from 2009 and 2010, both measured upstream
and downstream from the J-Hook. To confirm areas of lingering tracer seen in the time-lapse
resistivity profiles, sediment cores using the freeze core method were taken to measure pore water
for tracer. This project also measured diurnal temperature flux through the streambed at several
locations along the sample site to model vertical water and heat flux.
The breakthrough graphs constructed from the conductivity of the well water samples
shows similar hyporheic flow characteristics from 2009 to 2010. The time-lapse resistivity
profiles show an area of lingering tracer upstream from the J-Hook in 2010 that is similar in
shape and location to an area upstream from the J-Hook in the 2009 profiles. However, an area of
lingering tracer downstream from the J-Hook present in 2009 as a round feature on the profile is
now a thin linear feature. The freeze cores show tracer present in the pore water after the end of
the tracer injection in the stream sediment, confirming areas of lingering tracer seen in the timelapse resistivity profiles. The grain size analysis of the freeze cores and the comparison to the
2009 cores taken at Crabby Creek show similar grain size distribution upstream from the J-Hook.
Downstream from the J-Hook the grain size analysis shows a redistribution of sediment.
Upstream from the J-Hook the tile probe shows both shallower and deeper bedrock, a
redistribution of sediment but no net erosion. Downstream from the restoration structure,
however, the tile probe data show a sediment loss of 20 cm. Elevation cross section surveys from
2009 and 2010 confirm what the tile probing found, a loss of sediment downstream but not
upstream from the J-Hook. Temperature modeling of heat flux through the sediment shows that
i

the diurnal temperature distribution can be accounted for without vertical flux. Thus, the
immobile regions upstream and downstream from the J-Hook seem to be related to sediment
distribution rather than hydrologic gradient differences.
The significance of this study shows the need to use multiple techniques to characterize
the immobile zone as a part of hyporheic flow. The immobile zone is an important area of
chemical reactions in the streambed. At Crabby Creek the central J-Hook inhibits net erosion
patterns upstream from the structure, allowing for the continued presence of an immobile zone.
Downstream from the central J-Hook the erosion of the streambed sediment led to a decrease in
size and location of the immobile zone. The disturbance of sediment around restoration structures
influences the development of a healthy hyporheic flow and needs to be studied for future
restoration of impaired streams and riparian corridors.
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Chapter 1
INTRODUCTION
1.1 Background
Streams are not independent of the subsurface. Streams are connected through the stream
banks and bed to the underlying aquifer (Boano et al., 2008). The region where stream water
interacts with the subsurface environment is called the hyporheic zone. The hyporheic zone exists
below the streambed and through banks on the inside and outside of stream bends, as a localized
flow network in the sediment (Figure 1-1). This hyporheic zone offers an environment where
exchange between the aquifer and the stream water influences microbial community respiration
and metabolism (Ryan and Boufadel, 2007a). An array of biogeochemical reactions can occur in
highly oxidizing or reducing zones, which can also lead to the retardation and precipitation of
dissolved metals, such as As, Mn, Zn, and Co (Hester and Gooseff, 2010). The hyporheic zone is
a buffer for organic and inorganic pollutants. Chemically the main contributors to the hyporheic
zone are dissolved oxygen, ammonia, and dissolved organic carbon (Ryan and Boufadel, 2007b).
Both natural solutes and contaminants are affected by exchange in the hyporheic zone.
The flux through the hyporheic zone is partially controlled by the hydraulic head
gradients between the stream and the subsurface (Ryan and Packman, 2006). The permeability of
the streambed sediment can also control the seepage of water through the system depending on
the percentages of fines or coarse grained material (Genereux et al., 2008). But to a certain extent
this is interdependent, because stream flow determines the location of fine grained material and
coarse grained material, making the hydraulic conductivity of the streambed then dependent on
the complex system of the streambed flow and sediment size percentages.
Hyporheic flow in the subsurface is affected by erosion of the streambed and banks.
Erosion of streambed and banks occurs with increased stream flow caused by growth of
impermeable surfaces in urbanized areas. Urbanization of areas surrounding streams is the second
1

Figure 1-1: Cartoon of hyporheic flow through the streambed. The cartoon
depicts flow not only through the subsurface but through the banks as well.
From Winter et al., (1998).
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largest cause of stream impairment, due to the increased flow from impermeable surfaces and
poor storm water flow management (Paul and Meyer, 2001). Streams evolve to fit a certain flow
regime. With the introduction of increased flow to the stream the streambed begins to incise due
to erosion. It takes time for the stream to return to equilibrium between erosion and deposition.
The result is a lower elevation streambed and raised bank heights. The channelizing associated
with the down cutting of the stream can lead to steeper bank slopes which then increases the
velocity of the water in the channel (Paul and Meyer, 2001). In streams of high erosion set in
urban landscapes, artificial structures, such as bridges or culverts, are especially prone to erosion
because they are immobile. The continued impairment of urban streams can lead to restoration
projects to return the stream to a more healthy habitat and more manageable flow regime.
There are five main structures used to help restore the natural habitat of the stream: logs,
J-hooks, vanes, bank rocks, and bank netting (Figure 1-2). The purpose of the J-hooks, logs, and
vanes is to lower the velocity of the water thereby decreasing the erosion and at the same time
increasing variation in habitat. Logs placed across the stream are a cheap and effective way to
slow the velocity of the stream and to focus flow through the center by way of a cutout halfway
across the log, though some do not have a central cut out. Rock vanes are damming structures that
slow the water down. The rocks are placed across the entire width of the stream and are stacked
to decrease the slope of the upstream streambed. Shaped like a „V‟ with the point upstream the
vane creates a pool on the downstream side and a riffle or run on the upstream side. J-hooks are
similar to vanes but only cross half the stream, and are still used to control stream velocity and
erosion, and introduce varied habitats. The „J‟ curves into the middle of the stream from a line of
rocks positioned downstream. The curve creates a small side pool protected from the flow of the
water and allows the thalweg to flow past the structure on the unobstructed side. This creates a
pool and a run or riffle environment. Bank rocks are stacked along sharp curves in the stream and
are used to keep erosion of the bank down. Netting is draped over the bank to hold the soil in
3

Figure 1-2: Field photos of in-stream restoration structures. a) Vane extending across the entire stream
with the point of the „V‟ pointing upstream. b) Bank rocks on the side of the stream protect from bank
erosion. c) J-Hook extending into the center of the stream with the long arm of the „J‟ pointing
downstream.
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place. To increase restoration success it is important to use channel elements that promote
improved hyporheic flow (Hester and Gooseff, 2010). The study of hyporheic flow evolution is
necessary to better understand how in-channel modifications alter the subsurface flow.
The main tool to analyze the pathways and rates of fluid flow through the streambed is a
solute tracer test. For example, a salt (NaCl) tracer is released in the upstream water and both the
downstream water and wells are sampled. Wells are placed in the streambed at predetermined
locations along the reach to collect hyporheic flow over the course of the experiment. The
subsequent breakthrough graphs, graphs that show the solute concentration over time, show
whether exchange is rapid and whether there are storage zones in the stream and subsurface.
Continuing after the main plume of solute has passed through the sediment, solute from zones of
low conductivity release slowly (Harvey and Wagner, 2000). This affect, called tailing, is seen
after the falling limb of the breakthrough curves. Examining breakthrough curve tails requires
sampling long after the tracer has passed through the stream. Sampling hyporheic flow of saline
water solely through the use of wells may not give full accounts of movement through the
sediment. A coupled investigation using geochemical analysis and electrical geophysical methods
may yield better insight on the total transport of solute through the streambed rather than an
investigation utilizing just one analytical tool (Singha et al., 2008).
The use of geophysics, specifically resistivity measurements, when applied with standard
stream sampling practices, can greatly enhance our understanding of the subsurface. Resistivity
measures the resistance of a medium to electrical flow, so it can trace salt concentration in the
subsurface by the change in resistivity. Resistivity can provide a more continuous map of the
subsurface and repeat measurements can be taken through time. Areas of storage and transport
can easily be mapped through the inversion of the resistivity data (Singha et al., 2008; Nyquist et
al., 2010). For example, Nyquist et al. (2010) mapped salt tracer using both resistivity
measurements and wells in a 13.5 meter reach of a cobble bed stream. Resistivity measurements
5

show tailing events not seen in the breakthrough curves and show the amount of time the tracer
lingers in the subsurface. The use of resistivity, though, does not yield unambiguous results. As
solute flows downstream, solute lingers in areas seen on a time-lapse resistivity survey. These
areas of storage in the hyporheic zone provide a slow release of the solute back into the system
long after the pulse of the solute in the stream has passed (Singha et al., 2008). They are often
referred to as “immobile zones” although the mobility is low rather than zero. The data show
qualitative regions of interest not specific size of the immobile regions or the amount of solute in
the immobile regions. Immobile zones are significant to the hyporheic flow because they have
slow moving flow paths which allow for more biogeochemical reactions to occur due to the
longer time. For this reason it is important not only to use the resistivity data to locate the areas of
storage, but to use other stream sediment sampling techniques to characterize the nature of these
immobile zones. The longer the hyporheic water stays in the subsurface the longer
biogeochemical reactions have to take place. Thus, by understanding the immobile rejoins, the
hyporheic zone is also characterized.
The pore water from the immobile regions can be difficult to sample and requires an
alternate method of investigation besides wells and geophysical methods. The pore water of
interest is what is trapped in regions of poorly connected pore space that are not sampled by
wells. The water pulled from the wells is pore water also but by nature more mobile and comes
from higher conductivity regions of the subsurface. In order to sample the stream sediment
properly, not only does the sediment for characterization need to be sampled but the pore water as
well. Common sediment sampling methods, such as coring or using a shovel, focus on the
sediment, without collecting the pore water intact. The freeze core method, however, samples not
only the sediment but the pore water as well. Sampling of the sediment and pore water is done in
situ using the freeze core method by injecting a freezing agent, such as liquid nitrogen, into a
hollow spike driven into the ground (Figure 1-3)(Palcsak, 1995). The rod slowly freezes the
6

Figure 1-3: Photograph of extracted freeze core. Photo from Zimmermann et al.,
2005.
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surrounding pore water and sediment. After a set amount of time has passed, the core is pulled up,
detached from the rod, thawed, and the pore water analyzed.
There are inherent problems with using the freeze core method for sediment
characterization and the collection of pore water. First, the sediment collected may be biased to
the larger grain size (Zimmermann et al., 2005). The weight proportion of the bulk sediment
sample can be skewed easily by larger gravel which the freeze core can easily collect if it is in the
vicinity of the freezing front. Second, the process of freezing water naturally excludes salts
(Weeks and Ackley, 1982). As water freezes the process of brine rejection causes the ice matrix
to naturally reject the inclusion of salt. Salt migrates either into regions not yet frozen or
precipitates out in vesicles in the ice (Weeks and Ackley, 1982). Due to brine occupying voids in
the ice matrix the frozen ice does not reject 100% of the salt. The percent of salt rejected from the
matrix is dependent on the age of the ice, the structural type of ice, the temperature of the ice, the
type salt, and the concentration of the salt in the beginning solution (Weeks and Ackley, 1982).
Brine rejection in a system of water and sediment is not thoroughly studied but the sediment may
impair movement (Weeks and Ackley, 1982).
Streambed sediment temperature collection can aid in the investigation of water flux
through the streambed (Fanelli and Lautz, 2008; Hatch et al., 2006; Lapham, 1989; Sillman and
Booth, 1993) to supplement information from tracer tests. A temperature sensor is placed on the
surface of the streambed and others are buried in the streambed, usually attached to a spike or rod
driven into the ground. The sensors record the temperature at discrete intervals for given period of
time, usually 1 to 2 weeks, to insure the collection of diurnal thermal fluctuations. Multiple
sensors are used in the sediment because the diurnal signal decreases in amplitude. A pattern of a
muting diurnal signal with multiple temperature profiles at different depths allows for a better
model fit than with just one sediment sensor, because the model must fit all of the depths, not just
one. These fluctuations are then modeled to simulate streambed thermal flow with specific
8

streambed parameter values, namely bulk thermal conductivity, bulk heat capacity, bulk density,
porosity, and water velocity moving vertically through the sediment (Fanelli and Lautz, 2008;
Hatch et al., 2006; Lapham, 1989; Silliman and Booth, 1993). The modeling of the streambed
parameters tries to match the observed diurnal signal in phase and amplitude (Figure 1-4). Each
variable shifts the phase and changes the amplitude of the temperature frequency. Increasing the
bulk thermal conductivity increases the amplitude and shifts the phase earlier. Decreasing the
bulk heat capacity has the same effect. Important variables in the code are bulk heat capacity and
bulk thermal conductivity. These variables are not well studied for stream sediment since they
change with changing composition and grain size. The ranges of the thermal conductivity and
heat capacity are described in Table 1-1. The need to consider a range of values is supported by
Abu-Hamdeh and Reeder (2000) in their description of how thermal conductivity increases with
density, and decreases with organic matter and salt concentration. Fanelli and Lautz (2008)
describe a range of values for both the thermal conductivity and heat capacity, while others used
single values, and can be seen in Table 1-1. The silt and clay grain size sediment, compared to the
range of thermal values, has low thermal conductivity (0.002 cal/(cm-sec-ºC)) and high heat
capacity (0.72 cal/cm3-ºC). The gravel and sand grain size, compared to the range of thermal
values, has high thermal conductivity (0.004 cal/(cm-sec-ºC)) and low heat capacity (0.48
cal/cm3-ºC). Using the modeling code to fit a range in values bounded by data from previous
studies can help understand if water flux is needed to quickly or slowly move heat from the
surface, as compared to heat transfer from conduction.
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Figure 1-4: Example of modeled diurnal temperature signal. The solid line is the stream temperature fed
into the code. The „o‟ line is the measured sediment temperature at a depth of 14 cm. The „x‟ line is
modeled with 0.3 cm/hr of downward flux and the „_-_‟ line is modeled with 0.03 cm/hr of downward
flux. Note that increasing the downward flux has increased the amplitude of the modeled line. From
Silliman et al., 1995.
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Publication
Silliman and Booth, 1993
Keery et al., 2006
Schmidt et al., 2007
Hatch et al., 2006
Lapham, 1989
Fanelli and Lautz, 2008

Thermal Conductivity cal/(cm-sec-ºC)
0.0020
0.0033
0.0035
0.0020
0.006
0.0020
0.011
Silt Composition
Gravel Composition
0.0020
0.004

Heat Capactiy cal/cm3-ºC
0.50
0.43
0.71
0.50
Silt Composition

0.85
Gravel Composition
0.72
0.48

Table 1-1: Table of published thermal conductivity and heat capacity values from various authors.
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1.2 Hypothesis
To characterize the immobile regions in the hyporheic zone, it is necessary to sample the
sediment and the pore water. The immobile zone is an important area of chemical reactions in the
streambed. The investigation of the hyporheic zone will help answer a few basic but important
questions about the flow patterns:
•

Where is the immobile zone?

•

How large is it?

•

How long does tracer remain in the immobile region?

•

Can these values be quantified?

•

What hydrogeologic properties lead to immobile / mobile zone division?

Through hydrologic and geophysical tracer test monitoring, a number of hypotheses will
be assessed. These hypotheses will be tested at a stream site of previously studied properties and
characteristics. The purpose of the study is to characterize the hyporheic zone and the flow of
solute upstream and downstream of a step created by a J-Hook. Having proper restoration goals
depends on understanding the hyporheic flow around structures and through the subsurface. This
study will address the following potential controls on tracer movement in the hyporheic zone.
I hypothesized that:
1.

Tracer will be trapped in streambed sediment where the hydraulic conductivity is varied.
The solute will move through the sediment relatively quickly through areas of high
hydraulic conductivity but become “immobile” when the region‟s hydraulic conductivity
decreases.

2. Tracer will be trapped where the sediment sorting is poor. The time the tracer is present
and the extent the tracer is present in the “immobile” regions will be dependent on the
degree of sediment sorting.
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3. The geophysical resistivity profiles of the tracer test will highlight “immobile” zones
because wells placed in the streambed sediment sample water from high conductivity
areas not from low conductivity areas.
4. Downward flux of stream water through the hyporheic zone is needed to move the solute
to areas of storage. Only the downward flux of water will inject tracer into “immobile”
regions.
1.3 Site Description
Crabby Creek is a small tributary in the Valley Creek watershed which has a drainage
basin of 60 km2. Crabby Creek drains a basin that is 5.2 km2. It is located in the township of
Tredyffrin, in northern Chester County, 30 km northwest of Philadelphia (Figure 1-5). It is a
headwater tributary to the Schuylkill River. The Cambrian-Ordovician Conestoga carbonate
formation of dolomite and limestone comprises the bedrock beneath the study area (Bascom and
Stose, 1938). Extensive urbanization over the past 50 years has increased the impermeable
surface area to 17% (Emerson et al., 2005). Storm water that once seeped into the ground now
runs to the streams increasing the storm water flow. Systems of detention basins have been placed
in developed areas to try to control the flow. Detention basins have had little impact on
watershed-wide storm water flow regime management (Emerson et al., 2005). Crabby Creek is
still highly influenced by the increases in stream flow during storms. At Crabby Creek the
increased storm water flow increased bank and channel erosion, threatening to break a sewer line
carrying sewage. Also, in 1999 Hurricane Floyd washed out all of the native brook trout. A
restoration project was put in place to move the stream and stabilize the banks, to help restore the
stream‟s health and to aid in trout repopulation. Funding for the restoration project was obtained
by Trout Unlimited from the William Penn Foundation and the PA Department of Environmental
Protection.
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Figure 1-5: Location map of Crabby Creek. Crabby Creek is located in northern Chester County
in the southeast of Pennsylvania. The topographic map shows the location of the reconstructed
streambed. Terrain map from Google Maps. Figure from Toran et al., (2011).
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The stream restoration was emplaced in July and August of 2008. Eight J-hooks, ten rock
vanes, and nine groups of cross logs were placed in the stream to control the velocity of the water,
hinder bed erosion, and create varied habitats. The construction of the new streambed did not
decrease the grade of the streambed enough to keep the velocity of the water low. The restoration
structures were unable to slow down the water flow enough to stop down cutting of the streambed
and damage to the structures themselves. Vane and J-Hook failure became common after large
storm events furthering the erosion by introducing an artificial nick point after the large boulders
had fallen away.
In 2009 a tracer test was conducted on a study area of Crabby Creek (Fang, 2010; Toran
et al. submitted), using geophysical resistivity surveying, tile probing, hydraulic conductivity
tests, streambed elevation surveying, and grain size analysis on sediment samples. On both the
upstream and downstream sides of the central J-Hook hyporheic flow was seen by evidence of
tracer in well samples. Geophysical models indicated that the tracer may have lingered in the
sediment for at least 19 hours after the stop of the injection. The study here follows the 2009
experiment closely in methods and location for comparison and to expand on our understanding
of tracer lingering in “immobile” regions of the hyporheic zone by collecting freeze cores and
modeling hyporheic flux.
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Chapter 2
METHODS
To investigate the hypotheses posed in the introduction a tracer test was set up to mimic a
2009 tracer test by Fang (2010) along the same reach. In this section, the tracer tests and analysis
techniques are described, including well sampling, geophysical data collection and modeling, and
pore water sampling. In addition to tracer tests, streambed characterization is an important part of
investigating the hyporheic zone and comparing data over time. Elevation cross-sections, tile
probing, hydraulic conductivity measurements, and grain size analysis were compared for data
collected in 2009 and 2010. Temperature profiles of the streambed at depth were also collected in
2010 to model vertical heat flux through the sediment.
2.1 Tracer Test
2.1.1 Injection and Tracer
A tracer test was used to characterize the hyporheic zone by examining how the tracer
moves through the subsurface, which is dependent on the patterns that exist in the hydraulic
conductivity of the streambed, erosion, restoration structures, and hydraulic gradient, especially
around restoration structures. The electrical conductivity of the tracer was used to generate
breakthrough curves, which help to explain the characteristics of the flow of the tracer through
the hyporheic zone.
NaCl tracer was used during the tracer test on June 23, 2010. NaCl was selected because
it readily dissolves in water and does not adhere to clay surfaces. The NaCl tracer was mixed into
100 gallons of water in a large plastic tub using a paddle to make sure the solution was well
mixed. A submersible pump drew from the bottom of the tank at a constant rate. The tracer was
released into the stream beginning at 11:05 am and ending two hours later at 1:05 pm. Two hours
of constant release of the tracer allowed for the tracer in the wells to reach a steady concentration.
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Wells were placed in wells longitudinally down 13.5 meters of the stream at locations of
the lines from the 2009 tracer test for comparison of the results (Figure 2-1). In 2010, the line
number began a meter after the first electrode of geophysical cable, Line 2 and Line 1 (upstream
of the cable) was skipped. Lines 3 and 7 contained three wells, left, right and center, while Lines
2, 4, 5, and 6 only contained one location, center. There were three lines of wells located
upstream from the central J-Hook (Lines 2, 3, and 4) and three downstream (Lines 5, 6, and 7).
Along the lines with wells across the width of the stream, a right, left, and a center well was
installed at a depth of 20 centimeters. An additional deep well was installed at a depth of 40
centimeters at all of the center locations of each line. The three locations left, right, and center
were spaced evenly between the banks. The wells were installed the night before the tracer test.
To install the wells a hollow metal pipe with a plastic dowel placed in the center was
hammered to the appropriate depth (either 20 or 40 cm). The metal pipe was held in place as the
plastic dowel was pulled out. With the metal pipe still in place, 1.3 m long plastic tubing well was
pushed down the metal pipe. At the base of the tubing were perforated holes covered with a mesh
to allow water to flow horizontally through. The bottom opening of the well was stopped up with
clay to keep vertically flowing water from being sampled. The metal pipe was pulled up keeping
a hand on the tubing, holding it in place. With the plastic tubing in place at the proper depth
another longer piece of plastic tubing was inserted through the well, used to sample well water
with a syringe.
Volunteers for the subsurface sampling sat along the bank, so that the stream was
undisturbed during the experiment (Figure 2-2). Samples were collected before the injection
began and during the beginning influx of tracer every five minutes. After the tracer peaked the
samples were taken every fifteen minutes. When the injection of the tracer ended the sampling
increased to every five minutes until the well water conductivity reached the background
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Figure 2-1: Location of study area on Crabby Creek. Wells are positioned in lines, half
upstream from J-Hook 1 and half downstream from J-Hook 1. The resistivity cable runs
down the thalweg of the stream upstream and downstream from J-Hook 1.
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Figure 2-2: Photograph of wells driven into the streambed sediment upstream and
downstream from the central J-Hook. This picture also shows individuals
sampling from the wells during the tracer test.
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conductivity from before the beginning of the tracer test, and the sampling rate decreased to
samples taken every fifteen minutes.
The tubing was first flushed by pulling up a 60 ml sample of well water. The second
syringe pull contained the sample used for analysis. Conductivity samples were emptied into
black, plastic film canisters which held 30 ml of water. These canisters were first labeled, then
filled, then placed in the box associated with their line.
During the tracer test the stream conductivity was recorded by a Global Water
Conductivity Logger located near Line 2, which sampled at a rate of once every ten seconds. The
logger was out of the geophysical line. The 2009 tracer test showed that when the logger was
located within the geophysical line the electrical current added noise to the logger measurements.
2.1.2 Geophysics
2.1.2.1 Field Measurements
To trace the location of the solute tracer through the subsurface an electrical resistivity
survey was used. A 13.5 meter cable was placed in the thalweg of the stream (Figure 2-3). The
cable consisted of 28 electrodes with 0.5 meter spacing. The dipole-dipole array consists of two
electrodes, a distance „a‟ apart, and two receivers, also a distance „a‟ apart. The two electrodes are
separated a distance „n*a‟ from the two receivers. Current runs from the electrodes and the
receivers measure the voltage potential. The farther away the receivers are from the electrodes,
the deeper into the subsurface the measured voltage represents. As the distance between electrode
pairs increases, the apparent resistivity measured is of a volume of increasing depth. At the
maximum separation of 13.5 meters (the length of the cable) the maximum probed depth is
approximately 3 meters. The current electrodes and receivers switch along the cable measuring
the apparent resistivity in the programmed dipole-dipole array, which takes under 10 minutes.
The cable was placed in the stream centered at the J-Hook. The cable was pinned down
by cobbles which secured the cable from movement and made sure that the cable was submerged
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Figure 2-3: The resistivity cable positioned down the thalweg of the
stream.
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in the stream throughout the surveying process. A background survey was initially taken before
the start of the injection and the surveys were continuously collected on 11 minute intervals for
the next 487 minutes.
2.1.2.2 Inversion of Resistivity Data
Resistivity profiles of the subsurface using the voltage and current data were constructed
using the AGI EarthImager 2D modeling software. The software creates inversion profiles by first
assuming a homogeneous half space with an average resistivity of all the measured apparent
resistivity. The model then begins to include heterogeneities in the inversion profile in order to
account for the heterogeneities in the collected data. Each run is compared to the collected data
and with each iteration the model comes to a closer fit and a lower root mean square error. The
model stops the inversion process after a set number of runs or after subsequent runs do not alter
the root mean square error more than the selected criterion. The inverted profile output is a model
of the resistivity of the subsurface, but the model produces a non-unique answer. This solution
assumes the minimum number of heterogeneities, which creates one maximally smooth answer.
Though the smoothing blurs the edges of the heterogeneities and the minimization of
heterogeneities may simplify the profile, this solution is nonetheless useful for locating targets
such as the salt plume in the subsurface.
In order to produce the time-lapse resistivity surveys the program takes the background
resistivity survey measured before the start of the injection and uses it to subtract out the
background from the subsequent voltage data sets collected after the start of the injection. The
time-lapse surveys show the change in resistivity from one time period to the next. A positive
change would mean an increase in resistivity and a negative change would mean a decrease in
resistivity. When the tracer is injected the profiles show a decrease in resistivity with the addition
of conductive salt to the water in the subsurface. As the salt tracer leaves the study area after the
injection ends the subsurface continually looses the conductive salt, which causes the study area
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to increase in resistivity. During the tracer test the stream is saturated with highly conductive salt
tracer obscuring the details of the salt in the hyporheic zone. The profiles examined in this thesis
came from the tail end of the tracer test, because the interest in the subsurface is of lingering
tracer in pore water after the injection has ended.
2.1.3 Freeze Core
2.1.3.1 Collection
The freeze core method was used to sample streambed sediments after the injection of the
tracer ended. A freeze core collected sediment and pore water in situ. The freeze core method
involves hammering a 1.25 m long hollow stainless steel rod, with a spike on the end, into the
streambed sediment (Figure 2-4). The upper end of the rod is open to send a cooling agent down
through the rod. The cooling agent will then cool the rod, continuously freezing sediment to the
bottom of the spike for retrieval. The cooling agent used was liquid nitrogen. Liquid nitrogen was
chosen because it is inexpensive, easy to transport, and simple to pour into the rod. The procedure
depends on the depth of sampling. First, the spike is hammered into the stream to a depth of 20 to
40 centimeters, where the wells were sampled. The sediment around the rod freezes all the way
down to the bottom of the spike. Normally, if the rod is driven into the ground with a small hand
sledge to a depth of 20-40 cm the rod will stand up without extra support. Copper tubing was
used to funnel the liquid nitrogen to the bottom of the rod, held in place with a cork stopper to
keep the piping at a fixed level above the bottom of the rod. A funnel was attached to the top of
the copper tubing to guide the liquid nitrogen into the tubing. The cork stopper was larger than
the diameter of the rod to keep massive amounts the expanding gas from escaping. A constant
rate of expanding and escaping gas, through a slow and constant pour of liquid nitrogen, was
sought to ensure a constant cooling of the core. The liquid nitrogen poured into the funnel
traveled down the copper tubing, hit the bottom of the rod, cooling the rod continuously.
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Liquid Nitrogen Input
Lift
Nitrogen Gas Output

Figure 2-4: Cartoon (not to scale) depicting the set up for streambed
sampling using the freeze core method. The liquid nitrogen is poured
into the central tubing. The nitrogen gas vented through the outer
tubing. The outer rod is pulled out of the sediment via a pulley
system.
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The amount of time and amount of liquid nitrogen poured into the rod is discussed later in the
results section on pre-tracer studies.
Once the liquid nitrogen had frozen a core of sediment the top layer of stream sediment
(top ~5 cm) was scraped away to make it easier to extract the core. A disadvantage of the
sampling method is that under any situation where there is flowing water that portion of the rod
fails to freeze the sediment. In an attempt to solve this problem a bucket with the bottom removed
was placed to still the water around the rod, but this method still did not allow the uppermost
sediment to be sampled. For this study, though, the uppermost portion of the stream bed was not
needed. The target sediment block existed at depth at a range of 20 to 40 cm deep, where the
wells were located.
The rod was attached to a pulley mounted on a tripod using a D-Link attachment and a
shackle. The pulley lifted the rod out of the ground with the sediment core attached (Figure 2-5).
Once the rod was extracted from the ground any excess sediment not frozen to the rod was
dislodged. The core was then double bagged to ensure no loss of sediment. Hot water poured
inside the rod allowed for the metal to warm up just enough for the core to slide off the rod and
into the zip lock bags. If the core did not immediately slide off the rod, which happened most of
the time, a knife or pick or screwdriver was used to chip away enough of the material for the core
to release from the rod. The bag was labeled and sealed and placed in a chest full of dry ice for
frozen storage and transport back to the lab.
After the tracer test was completed, freeze cores were taken near the center of the
upstream and downstream immobile zones near Lines 3 and 6, respectively. In addition, a freeze
core was taken for a background sample upstream from the injection point. Two cores were
taken at Line 3 to ensure that there was enough water to analyze, but only one was needed.
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Figure 2-5: Photos of the freeze core method. The left picture shows the pouring of the liquid nitrogen
into the inner tube and evaporation out the outer tube and the stilling well around the rod. The top right
picture shows the lifting of the core out of the sediment using the pulley system. The bottom right
shows an example of a core still attached to the rod.
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2.1.3.2 Water Extraction
The next step was to separate the water from the sediment for analysis. Centrifuging the
sediment samples allowed the water to be drained off. The cores were thawed and then subsampled for the centrifuge. Of the material from the freeze cores the highest yield water content
came from the fines, for two reasons. First the fines present in the cores retained a larger amount
of water when thawed as compared to the coarser grained material. The cobbles and pebbles did
not hold water. Second the centrifuge processes extracts the water through compression of the
material in the containers. Therefore coarse pebbles were removed and the material dominantly
used in the centrifuge was high in clays and silts. The centrifuge accepted six 250 ml bottles at a
time. The bottles were filled half way with sediment and spun down for fifteen minute intervals.
After each cycle the water was poured off and the samples were spun down again until the water
poured off was negligible. The volume of water extracted from the samples ranged from 0ml to
~50ml. Once the samples were spun down the water extracted from the samples was poured off
into labeled vials and placed in refrigerated storage. The spun down sediment and any sediment
not used in the centrifuging process was placed on tinfoil to dry. Selected samples of dried
sediment were crushed with a mortar and pestle to disaggregate and sieved for grain size analysis.
2.1.3.3 Pre-Tracer Studies of Freeze Core Technique
Several questions needed to be investigated before deployment of the freeze core method
during the tracer test. First, was the target depth of 20-40 cm attainable with this method? Second,
how long should liquid nitrogen be poured down the hollow rod to freeze enough sediment so that
enough pore water was collected? Each question was investigated on site at Crabby Creek in
order to answer the questions in the environment in which the method would later be used. The
first two cores were taken at different depths, one at 45 centimeters below the surface and one at
20 centimeters. At both depths an intact core was sampled. The deeper core took an extra 40
minutes to extract, while the shallow core took significantly less time to extract. Both cores
27

provided sufficient sample, and since the shallow depth matched the well location, it was selected
for tracer test sampling.
The second question was investigated by varying the time spent pouring liquid nitrogen
down the hollow rod. Three cores were taken with varying times: 5 minutes, 10 minutes, and 15
minutes. Each core was taken at the same depth, 30 centimeters. Longer freezing times yielded
larger cores, but the smaller the core the less pore water collected, the larger the core the harder
the extraction process. Freezing for 10 minutes produced enough sample for pore water analysis
and enough time to allow for multiple cores to be taken. An additional question arose during the
study: was the freeze core pore water in equilibrium with the surrounding pore water? If brine
exclusion caused the ions in the water to separate from the ice during the freezing process then
the measured chemistry of the frozen pore water would be artificially low. To test to see if brine
exclusion was an issue, a laboratory experiment using a large and small container filled with
liquid at the tracer concentration was used. The large container had a height of 50 cm and a
diameter of 45 cm. The small container had a height of 30 cm and a diameter of 30 cm. A core of
frozen tracer water was collected from both containers and analyzed for conductivity.
For the lab experiment, water only was used, no sediment. Sediment will change the
amount of brine rejection due to the restriction of movement of the salt out of the freezing water.
The lab experiment results cannot be used to determine the amount of brine rejection from the
field freeze cores because the lab experiment contained no sediment. The background sample
from the stream instead can be used to indicate the level of brine rejection from the subsequent
freeze core samples collected during the tracer test, because it contains similar sediment makeup
as the study area.
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2.1.4 Laboratory Analysis and Data Processing
The samples collected during the tracer test from the wells were all measured for
conductivity, using a handheld conductivity meter. Temperature was also recorded so that
specific conductivity could be calculated using the equation

where σ is the measured conductivity and t is the temperature of the sample at the time of
measurement. Selected samples were analyzed on the Dionex Ion Chromatograph for chloride
content, and similar breakthrough curves were produced from the specific conductivity and Cl, so
the hand held meter was used for most of the data analysis. The specific conductivity was used to
create breakthrough curves for each well. The breakthrough curves plot conductivity versus time
and show the background before the tracer injection, the injection of the solute into the study
area, the stop of the injection, and the return of the conductivity to background.
Water samples collected from the freeze core were also analyzed using the hand held
conductivity meter. Smaller sample sizes could be used for this than for analysis with the Dionex
Ion Chromatograph. For the laboratory freeze core containing water only, both the hand held
conductivity meter and the Dionex Ion Chromatograph were used. The freeze core pore water
background sample is reported as an averaged conductivity value, which is derived from values
of segments of the same core. The background freeze core needed to be segmented into three
pieces for centrifuging due to its large size. In the case of Line 6 and 3, there is only one sample,
which is not averaged, but the associated error bar identifies the range of values seen from the
background core measurements. The error is derived from measuring conductivities from each
segment of the background core. When comparing the freeze core samples to the well samples,
the closet three or four well samples in time are used and reported as an average value to provide
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an accurate background value. The uncertainty in conductivity for the well samples was
calculated by treating the three or four samples collected at times closest to the freeze core
extraction as replicates. So the freeze core uncertainty shows a spatial range while the well
uncertainty shows the temporal range.
2.2 Streambed Characterization
2.2.1 Cross Sections
Using a Nikon Total Station NPR-332, six transects perpendicular to the stream reach
were measured in the summer of 2010 that matched locations measured in the summer of 2009. A
measuring tape was strung across the stream and at 0.25-0.5 meter intervals the height of the
streambed was measured relative to a benchmark established at the base station. The base station
was the same for both years and the measurements intervals was the same for both years, for ease
of comparison. The relative heights were plotted showing year to year changes in the streambed
elevation.
2.2.2 Tile Probe
Depth to bedrock was measured in 2009 and 2010 using a Tile Probe Rod. A measuring
tape was strung along the thalweg of the stream and at meter intervals the rod was inserted into
the streambed sediment. Each year the tile probing surveys were done beginning at the pool
beneath Vane 3. The 2009 data has probing intervals of 3 meters for a length of 36 meters, while
the 2010 data has intervals of 3 meters outside the geophysical cable line and 1 meter spacing
inside the geophysical cable location for a total length of 39 meters. Extensions to the rod were
added as needed with a maximum length of 3.25 meters. The rod was pushed into the sediment
until refusal. If there was an abrupt change in depth from the preceding measurement the rod was
reinserted to check reproducibility. The rod could have encountered a stone prematurely stopping
the rod from reaching bedrock. The length of the rod inserted into the streambed sediment was
then measured to give an estimated depth to bedrock.
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2.2.3 Hydraulic Conductivity
Hydraulic Conductivity was measured using the in-situ falling head test for at least one
point along each line of wells for the study reach (Figure 2-6). Measurements were taken in 2009
and 2010. A 3.75 cm diameter PVC pipe was hammered 20 cm into the streambed sediment. A
pressure meter sampling at 5 minute to 1 second intervals was inserted in to the pipe and began
continuous recording of the pressure head of the water. The PVC piping was filled with water and
water is allowed to infiltrate vertically until equilibrium is reached. The filling of pipe is repeated
at each location at least once to check for reproducibility before moving to another location. The
hydraulic conductivity was calculated using the standard slug test equation for this configuration.
2.2.4 Grain Size
After pore water extraction the sediment samples from the freeze core were dried and
weighed on a PG503 Delta Range® digital scale. The samples were then pulverized using a
mortar and pestle. The pulverized material was then placed into a stack of U.S.A. Standard
Testing Sieve Series with A.S.T.M. specifications with openings of 4.75 mm, 2 mm, 1 mm, 0.5
mm, 0.25 mm, 0.125 mm, and 0.063 mm. The sieve stack was then placed in a RO-TAP Testing
Sieve Shaker for fifteen minutes. Each range of grain size was then separated and weighed out on
tarred plastic weighing dishes and stored for future analysis. Grain size histograms were plotted
for each sample.
2.2.5 Flux Calculations Using Temperature Modeling
2.2.5.1 Field Temperature Measurements
Onset HOBO® Temperature Loggers were used to measure the temperature of the
groundwater below the streambed at varying depths. Three loggers were attached with metal wire
to a 1 m galvanized steel rod with a 20 mm diameter. The metal rod was bought with holes at 2
cm intervals down length of the rod. The loggers were attached to these holes standardizing the
location of the logger. The loggers were set to measure the temperature every fifteen minutes.
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Figure 2-6: Photograph of the insertion of PVC pipe used to measure
hydraulic conductivity of the streambed sediment.
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At least once at every line of the study reach the metal rod with the loggers attached was inserted
into the sediment by auguring out a hole in the streambed sediment, pushing the rod into the hole
and filling in the space with the excavated material. One temperature logger was exposed above
the sediment to the surface water while the rest were measuring the temperature at depths below
the surface. The rod would be left in place for at least one week, and normally two weeks, to
provide a data set of diurnal temperature cycles unaffected by storms or large flow events. At the
end of the sample period the rod would be pulled out of the sediment by hand and the data
downloaded to Excel.
2.2.5.2 Computer Modeling of Temperature Data to Infer Flux
The temperature profiles contain a diurnal signal, created by the warming and cooling of
the stream during the day. With the assumption that thermal flow through the streambed
sediment is primarily caused by fluid flow and thermal conduction, the data collected can be
modeled based on the surface water temperature, bulk thermal properties of the sediment, and
ground water velocity. If we assume that the velocity of the groundwater is one dimensional,
vertical, and constant over the space of the model, the governing equation is:

where

is the bulk thermal conductivity of the saturated sediments,

saturated sediment,
sediments,

is the bulk density of the

is the bulk specific heat of the saturated sediments,

is the porosity of the

is the groundwater velocity, v is the temperature, is the time,

is the depth to the

sensor from the sediment surface, and the p and c with w subscripts refer to the density and heat
capacity of pure water.
Notice that the first term represents pure conduction of heat through the sediment and the
second term is non-zero only when a water flux is present. A negative flux would then represent
an upward groundwater flow or a gaining stream section, which would mute the diurnal
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temperature signal, while a positive flux would represent a downward velocity or a losing section,
which would enhance the temperature signal at depth. The sediment variables are the bulk heat
capacity and the bulk thermal conductivity. Fanelli and Lautz (2008) and Lapham (1989) discuss
ranges for both parameters relating them to the type of sediment. The bulk heat capacity ranges
from 0.48 cal/cm3-ºC for coarse grained sediment to 0.72 cal/cm3-ºC for fine grained sediment.
The bulk thermal conductivity ranges from 0.002 cal/(cm-sec-ºC) for fine grained sediment to
0.006 cal/(cm-sec-ºC) for coarse grained sediment. The bulk density can be calculated using
water and quartz densities, weighted by the porosity. The temperature variable comes from the
measured surface water data. To calculate ranges in thermal properties from literature values
when the bulk property was not provided a porosity of 35% was assumed. Because there were
two sediment loggers collecting data, the model calls the equation twice to model the temperature
flux to both sensors.
A script created in MATLAB runs the model and outputs a plot of the surface water
temperature, the sediment temperatures, and the modeled temperatures. The bulk thermal
conductivity and the bulk heat capacity variables were first utilized to fit the amplitude and the
timing of the collected data assuming no water flux. If the model was unable to produce a run that
matched the collected data in amplitude and phase, then flux was added. A flux system has either
positive or negative groundwater flux, adding or subtracting from the signal. A dual model
system was needed in some cases; the dual model assumes different thermal properties for the
two sediment depths. The first sediment profile uses the diurnal signal from the surface water
logger, while the second sediment profile uses the diurnal signal from the first sediment sensor,
allowing the layer between the two sediment sensors to have different thermal properties than the
layer between the surface water sensor and the first sediment sensor.
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Chapter 3
RESULTS
In 2010 a tracer test was designed to repeat a 2009 tracer test to determine changes in
hyporheic flow patterns. In this section the breakthrough curves from 2009 and 2010 are
compared to assess any changes in hyporheic flow patterns upstream and downstream from the
central J-Hook. The time-lapse resistivity profiles from 2009 will also be compared to the 2010
profiles to see changes in areas of lingering tracer. New data reported will be the analysis of the
pore water collected from the freeze cores. Streambed characterization upstream and downstream
from the central J-Hook will be reported in the form of a comparison of 2009 to 2010 of cross
sections, tile probing, hydraulic conductivity tests, and grain size analysis. The new modeling
results of the measured temperature profiles of the streambed sediment will be discussed to assess
vertical flux.
3.1 Tracer Test
3.1.1 Breakthrough Curves
3.1.1.1 Lines 2, 3, and 4
The breakthrough curves for the 2010 tracer test can be compared with the breakthrough
curves of the 2009 tracer test. Lines 2, 3, and 4 were all upstream from the J-Hook during the
tracer test for both years. Lines 2, 3, and 4 for the 2009 tracer test had a right, left, center shallow
and center deep well. In 2010 Line 2 only had a center shallow and a center deep well; Line 3 had
a left, right, center shallow, and a center deep well; Line 4 had a center shallow and a center deep
well. For comparison only wells in 2009 with corresponding wells in 2010 were plotted. In 2009
the background conductivity before the start of the tracer injection was stable at around 374
µS/cm, while in 2010 it was around 450 µS/cm, a 76 µS/cm increase. The plateaus, though, are
separated by 100 µS/cm, 850 µS/cm in 2010 and 750 µS/cm in 2009. The background
conductivity can account for about half of the plateau increase (Figure 3-1).
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Figure 3-1: Conductivity of stream water during 2009 and 2010 tracer test. The red line refers to
the 2010 tracer test and the blue line refers to the 2009 tracer test. The 0 minute mark indicates
the start of the tracer injection. Negative time indicates background measurements before the start
of the injection. The 2010 background conductivity is 50 µS/cm greater than the background
conductivity of the 2009 tracer test. The plateau of the 2010 tracer test is about 100 µS/cm greater
than the 2009 tracer test plateau.
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Also, since the stream flow was lower in 2010 than in 2009 the dilution factor of the stream water
to the salt decreased causing the other half of the increase. The breakthrough curve vertical axes
are shifted to line up the background concentrations on all of the breakthrough curve plots to
account for this discrepancy and make comparison easier.
Upstream from the J-Hook at the start of the tracer test the breakthrough curves show a
rapidly increasing limb that rises to a steady plateau then falls after the tracer injection ended. For
Line 2 (Figure 3-2) the common wells from 2009 and 2010, the center shallow and center deep
wells, appear similar in shape. The plateaus for the 2010 wells are about 75 µS/cm greater than
the 2009 center wells.
For Line 3 the common wells from 2009 and 2010, the center shallow and deep wells
(Figure 3-3) and the right and left bank (Figure 3-4), have breakthrough curves that appear
similar, but there is tailing in the breakthrough curve from the 2009 left well that is more than the
2010 left well, about 25 µS/cm over 200 minutes. The plateaus for the 2010 center wells are
about 100 µS/cm greater than the 2009 center wells. The plateaus for the 2010 left and right wells
are about 25 µS/cm greater than the 2009 left and right wells. The 2010 left well shows more
tailing than any of the other wells of 2010. The 2009 and 2010 left wells also show an
approximate 20 minute delay as the climbing limb reached the plateau. There also is more tailing
for the first hour after the tracer was turned off in the 2009 center deep well than the 2010 center
deep well.
For Line 4 (Figure 3-5) the center deep and shallow wells show few differences in the
breakthrough curve, except for the tailing of the 2010 center deep well. Here the 2010 center deep
well showed 50 µS/cm more tailing than the 2009 center deep well. The general shape of the
rising limb and plateau for 2009 and 2010 Line 4 are similar except for the 2010 center shallow
well which has a 100 µS/cm higher initial plateau. The plateaus for the 2010 center wells are
about 25 µS/cm greater than the 2009 center wells.
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Figure 3-2: Breakthrough curve of line 2 center wells upstream from the J-Hook. These wells
show a rapid rise and fall of tracer bounding a plateau.
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Figure 3-3: Breakthrough curve of line 3 center wells upstream from the J-Hook. These wells
show a rapid rise and fall of tracer bounding a plateau. There is tailing present in the center 40 cm
2009 well that is not present in the 2010 center 40 cm well.
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Figure 3-4: Breakthrough curve of line 3 right and left bank wells upstream from the J-Hook. In
2010 and 2009 the left bank data show significant tailing, with 2009 being more prominent. The
left bank data also show a delay in reaching the plateau, as seen in the curved top of the rise in
conductivity. The right bank data show sharp rise and fall, though the 2010 plateau is noisy.
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Figure 3-5: Breakthrough curve of line 4 center wells upstream from the J-Hook. These wells
show a rapid rise and fall of tracer bounding a plateau.
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Upstream from the J-Hook Lines 2, 3, and 4 all show a similar steep rise in specific
conductivity as the tracer starts being injected into the stream. During the two hours of steady
injection the breakthrough curves for all of the wells show plateaus. There is some variation in
the plateaus, with some that are flat and steady, some have a more gradual curve to the start, or
are slightly erratic, such as the Line 3 right 2010 well. Then at the end of the tracer test the steep
falling limb is again present in all of the wells. Between 2009 and 2010 the difference seen in the
wells is associated with the amount of tailing of the center deep and left wells. Either 2009 or
2010 is greater by around 50 µS/cm, but tailing in these wells when present one year is always
present the other year.
3.1.1.2 Lines 5, 6, and 7
Downstream from the J-Hook centered along the tracer test, Lines 5, 6, and 7 were
positioned here during the 2009 and 2010 tracer tests. For Line 5 (Figure 3-6) the common well
from 2009 and 2010, the center shallow well, show the same pattern of a strong rise, flat plateau,
and lack of tailing in their breakthrough curves. The 2010 plateau is about 60 µS/cm higher than
the 2009 plateau. In 2010 a center deep well was installed that acted similarly to the center
shallow well. A center deep well was not installed in this location in 2009 due to a large throat
rock, a rock placed on the downstream side of a structure to inhibit streambed erosion, just
downstream of the central J-Hook. The exposure of the throat rock by erosion caused the Line 5
wells to be placed in a slightly different location than the 2009 wells. None of the wells in Line 5
show significant tailing in either year.
For Line 6 (Figure 3-7) the common well from 2009 and 2010, the center shallow well,
has generally similar characteristics in the breakthrough curves but the 2009 center shallow well
has a very small amount of tailing, about 25 µS/cm over 75 minutes. A gradual increase in
concentration over about 60 minutes can be seen at the beginning of the plateau when the tracer
injection began. Both the center shallow and center deep wells in 2010 act similarly, though the
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Figure 3-6: Breakthrough curve of line 5 center wells downstream from the J-Hook. These wells
show a rapid rise and fall of tracer bounding a plateau. The 2009 center well plateau is about 75
µS/cm less than the 2010 center well plateaus.
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Figure 3-7: Breakthrough curve of line 6 center wells downstream from the J-Hook. These wells
show a rapid rise and fall of tracer bounding a rising plateau. The 2009 center well plateau is
about 100 µS/cm less than the 2010 center well plateaus.
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center deep 2010 well has a small amount of tailing paralleling the 2009 center shallow well. The
plateaus for the 2010 wells are about 50 µS/cm greater than the 2009 center wells.
For Line 7 the common wells from 2009 and 2010, the center shallow and center deep
wells (Figure 3-8), act similarly in their breakthrough curves, though in 2010 the center shallow
has a relatively lower plateau than the 2010 center deep, while in 2009 the relationship is
switched. The 2010 center deep well and 2009 center deep and shallow wells all have a rapid rise,
steady plateau, and tailing. The 2010 center shallow well, placed at the edge of a channel bar, is
similar but the rise is offset in time by about 20 minutes, and the initial plateau value has a large
spike which was verified with a second conductivity measurement of the same sample with the
same meter. The fall of the 2010 center shallow well, though, acts in accordance with the others
wells in timing and in tailing. The tailing present in the 2009 and 2010 center shallow and 2009
center deep wells is on the order of 50 µS/cm for 100 minutes. In 2009 the center shallow well
plateau is 50 µS/cm greater than the 2009 center deep well, while in 2010 the center deep well
plateau is 50 µS/cm greater than the 2010 center shallow well. On average the 2010 center well
plateaus are 50 to 100 µS/cm greater than the 2009 center well plateaus. For Line 7 the right and
left wells (Figure 3-9), show similar breakthrough in 2009 and 2010. The wells have a rapid rise,
flat plateau, and lack tailing. The 2010 right and left well plateaus are about 85 µS/cm greater
than the 2009 right and left well plateaus.
Downstream from the J-Hook Lines 5, 6, and 7 all show a similar steep rise in specific
conductivity as the tracer starts being injected into the stream. The breakthrough curves for all of
the wells show plateaus during the two hours of steady injection similar to the 2009 plateaus.
There is some variation in the plateaus, with some that are flat and steady, some have a more
gradual curve to the start, or are slightly erratic, such as the Line 7 center shallow 2010 well. The
steep falling limb is present in all of the wells at the end of the tracer test. Between 2009 and
2010 the difference seen in the wells is associated with the plateau height and the amount of
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Figure 3-8: Breakthrough curve of line 7 center wells downstream from the J-Hook. These wells
show a rapid rise and significant tailing through all years and depths. The 40 cm center 2010 well
has the least amount of tailing.
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Figure 3-9: Breakthrough curve of line 7 right and left bank wells downstream from the J-Hook.
These wells show a rapid rise and fall of tracer bounding a plateau. The 2010 right and left bank
wells are on average 100 µS/cm higher than the 2009 right and left bank wells.
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tailing in the center wells of Line 7. Either 2009 or 2010 is greater by around 50 µS/cm, but
tailing in these wells when present one year is always present the other year.
3.1.2 Time-Lapse Resistivity Surveys
Forty time-lapse resistivity surveys (equivalent to 764 minutes of surveying) from the
2009 tracer test are available for comparison with 32 resistivity surveys collected during the 2010
tracer test (equivalent to 487 minutes of surveying). Four surveys were compared, one 33 minutes
and one 146 minutes after the end of the injection from 2009 and one 37 minutes and one 150
minutes after the end of the injection from 2010. The time-lapse surveys show departures from
background resistivity for each time interval monitored. The 2009 survey taken 33 minutes after
the end of the tracer injection shows a distinct area of lower resistivity upstream and downstream
from the J-Hook, shown as a blue contoured oval on the cross sectional survey (Figure 3-10). The
upstream area of lingering tracer is centered on Line 3 and has an apparent length of 3 meters.
The area of lingering tracer downstream of the J-Hook is centered on Line 6 and has an apparent
width of 3 meters as well. After 150 minutes in 2010 and 146 minutes in 2009, the location of the
areas of lingering tracer stay fixed but the intensity of the change in resistivity decreases with
time. The survey 37 minutes after the end of the tracer injection of the 2010 tracer test shows an
area of changing resistivity upstream from the J-Hook. This area of lingering tracer is centered on
Line 3 and has an apparent width of 3 meters. The anomaly center is comparable within 0.25 m.
At the J-Hook and continuing downstream there is a thin layer of low resistivity seen in blue on
the cross sectional survey. After 150 minutes the upstream area of lingering tracer in 2010 still
exists but the linear feature beginning at the J-Hook and continuing downstream has all but
disappeared.
The 2010 time-lapse surveys show a large feature at the far downstream location of the
cross section that persists throughout the entire surveying session. This feature is caused by the
presence of a rusting metal bed frame found half a meter downstream from Line 7.
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2009

2010

2009

2010
Figure 3-10: Time lapse resistivity survey comparison between 2009 and 2010. The flow is from
left to right. The center of the cross section is on the J-Hook. In 2009 a distinct plume is evident
upstream and downstream from the J-Hook persisting at least 146 minutes after the end of the
tracer injection. In 2010 a plume is evident upstream from the J-Hook but not downstream. The
plume at the far right of the 2010 cross sections may be an enhanced signal due to tracer moving
past a highly conductive metal frame buried in the stream sediment causing a slight shift in
conductivity to appear much larger than it actually is.
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The bed frame is a low resistivity feature so a change in resistivity caused by tracer would be
enhanced at this location, and might not have the same concentration as the locations sampled by
wells with sediment only. The concentration and presence of tracer could not be confirmed since
wells were not placed on the edge of the resistivity survey. This feature near the bed frame will
not be further discussed.
In summary, the 2009 and 2010 surveys show similar upstream areas of lingering tracer.
Both upstream areas of lingering tracer are located around Line 3 and have similar dimensions on
the surveys. Both areas of lingering tracer persist at least through three and a half hours of
surveys and are about 3 meters in width. Downstream of the J-Hook the 2009 area of lingering
tracer is not evident in the 2010 surveys. In 2010 there doesn‟t appear to be an area of lingering
tracer around a central point. There is a small linear feature stretching almost four meters from
the J-Hook, but this feature is dissimilar to the 2009 area of lingering tracer and does not persist
through three hours of surveying.
3.1.3 Freeze Core Analysis
3.1.3.1 Tracer Test Freeze Core Analysis
Freeze cores, containing sediment and pore water, were taken at Line 3, Line 6, and
upstream from the injection point for a background sample. The freeze core pore water, extracted
for analysis and measured for conductivity, can be compared to the well conductivity for the same
location (Figure 3-11). The well samples were taken before the freeze core samples were
extracted. There was a delay between the end of the well sampling and the freeze cores collection
because of the time required to collect each freeze core. However, at the time of collection the
well samples had reach a steady state conductivity, as the breakthrough curves show, and this
value is near the background value at the upstream location. The freeze cores at Lines 3 and 6
were extracted 5 hours after the end of the injection. The background freeze core was taken 6
hours after the end of the injection. The background wells, sampled at 350 minutes and 310
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Figure 3-11: Freeze core and associated well samples analyzed for conductivity. The background
sample is 70.5 µS/cm lower than two well samples taken upstream from the injection point. The
line 3 freeze core measures 13.8 µS/cm lower than three well samples taken in the center of line
3. The line 6 freeze core is 22.7 µS/cm lower than the three well samples taken at line 6. All three
freeze core samples taken, after the conductivities of the well samples had returned to
background, read lower than the corresponding well samples. The red arrow shows the offset due
to brine rejection observed at the background location, with the same offset assumed at the tracer
test locations. The freeze core error bar reflects a spatial range in averaging the different portions
of the background core while the well error measures the temporal range in averaging the closest
three or four samples to the time of the freeze core.
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minutes after the end of the injection, average 359 µS/cm. The background freeze core pore water
sampled 355 minutes after the end of the injection averages 288.5 µS/cm. The background well
samples are 70.5 µS/cm greater than the background freeze core pore water, a 19.6% increase.
The Line 3 well samples, taken at 313 minutes, 296 minutes, and 280 minutes after the end of the
injection, average 362.8 µS/cm. The Line 3 freeze core pore water measures 349 µS/cm. For Line
3, the well samples measure 13.8 µS/cm higher than the freeze core pore water sample, a 3.8%
difference. For Line 6, the well samples, collected at 338 minutes, 322 minutes, and 306 minutes
after the end of the injection, average 360.2 µS/cm while the freeze core pore water measures
337.5 µS/cm. The well samples for Line 6 are 22.7 µS/cm higher than the freeze core samples, a
6.3% difference.
Because at the background location the well water and pore water are in equilibrium, the
background freeze core pore water should be equal to the well water in terms of conductivity. The
observed difference in conductivity is caused by brine rejection. Assuming that the freeze core
pore water measured values should be raised up to match the well water values at the background
location, it can be inferred that the freeze core pore water and Lines 3 and 6 should be raised up a
similar amount. Although the brine separation may not be uniform for each core, this assumption
is a good first approximation to look for trends at the immobile zone locations. If the
conductivity values are raised up at Lines 3 and 6, then the Line 3 freeze core pore water
conductivity surpasses that of the well, and the Line 6 freeze core pore water conductivity value
also rises, but not as high as at Line 3. Even if the exact brine separation is unknown, the
closeness in values of the freeze core and well at Line 3 indicate that there was more salt present
in the pore water than the well sample.
3.1.3.2 Lab Experiment Freeze Core Analysis
A lab test designed to evaluate the effects of brine rejection in association with the freeze
core tests shows the percentage lost of salt tracer in a pure water environment. In the lab test, two
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freeze cores and two water samples were measured. The first test results reflect a larger water
container than the second test to see if the size of the container makes a difference. The water
samples are PreTest 1 and PreTest 2. The two freeze cores (ice only) are FCTest 1and FCTest 2.
Conductivity and Dionex measurements of the samples show the relative conductivity and
chloride content of each sample (Figure 3-12). PreTest 1 has a chloride concentration of 59.5 ppm
and a conductivity of 288 µS/cm. FCTest 1 has a chloride concentration of 26.2 ppm and a
conductivity of 123.9 µS/cm. The chloride concentration shows a 56% drop from PreTest 1 to
FCTest 1, while the conductivity drops 57% from PreTest 1 to FCTest 1. PreTest 2 has a chloride
concentration of 59.8 ppm and a conductivity of 244 µS/cm. FCTest 2 has a chloride
concentration of 40.9 ppm and a conductivity of 155.4 µS/cm. The drop in chloride concentration
is a 31.6% drop in chloride from PreTest 1 to FCTest 1, while the conductivity drops 36.3% from
PreTest 1 to FCTest 1. The concentration of chloride, reflected in both the Dionex and
conductivity measurements, drops in each test. In the first freeze core the concentration drops
56.5% and in the second freeze core the concentration drops 33%. This experiment showed that
the amount of brine rejection depended on the proportion of sample to container size, that the
conductivity data produced the same results as Cl data, and that the amount of brine exclusion in
water alone is greater that the water and sediment mixture.
3.2 Streambed Characterization
Stream bed characterization through multiple elevation cross sections, tile probing,
hydraulic conductivity measurements, and grain size analysis was performed to support the
geochemical and geophysical analysis of the tracer test. Six elevation cross sections, completed in
2009 and 2010, show possible erosion and deposition locations upstream from and downstream
from the J-Hook. Tile probing, completed in 2009 and 2010, shows depth to bed rock upstream
from and downstream from the central J-Hook which can also reflect erosion and deposition
locations. Hydraulic conductivity measurements upstream from and downstream from the central
53

70

350
Chloride Concentration

Electrical Conductivity
60

300

PreTest 1

50

250

56.5% decrease +/- 0.5%
33% decrease +/-2%
40

200
FCTest 2

30

150
FCTest 1

20

100

10

50

0

0

0

1

2

Conductivity (uS/cm)

Chloride Concentration (ppm)

PreTest 2

3

Test Run

Figure 3-12: Lab experiment done to test the amount of brine rejection from ice created during
freeze core sampling of a liquid-only system. The first freeze core sampled from a 79.5 liter
container is 56.5% lower in both chloride concentration and conductivity than the lab brine. The
second freeze core sampled from a 21.2 liter container measured 33% lower in chloride
concentration and conductivity than the lab brine.
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J-Hook can reflect differences in hydraulic properties of the two locations reflecting differences
in the streambed composition. Grain size analysis examines the differences in streambed
sediment size upstream from and downstream from the central J-Hook and from 2009 to 2010.
3.2.1 Cross Sections
3.2.1.1 Cross Sections 1, 2, and 3
Cross sections 1, 2, and 3 are situated upstream from the central J-Hook, J-Hook 1. The
cross sections were all surveyed in 2009 and 2010 using the same equipment and reference points
allowing for relative elevation change comparisons from 2009 to 2010. Cross section 1 is located
in the pool beneath vane 3 (Figure 2-1). This pool shows erosion across the stream from 0.1 to 0.2
meters, but not on the right bank (Figure 3-13a). Cross section 2 is located downstream from the
pool but upstream from J-Hook 1 and contains a run with a bar. From 2009 to 2010 there is no
significant erosion seen in the data (Figure 3-13b). The thalweg has moved more towards the
right bank as indicated by a 0.2 meter bar present along the left bank in the 2010 data but not the
2009 data. Cross section 2 shows no significant erosion. Cross section 3, which falls within the
geophysical line, is located downstream from cross section 2 and upstream from J-Hook 1. Cross
section 3 shows no change in relative elevation of the stream bed and no growths of bars or
movement of the thalweg, and thus, no significant erosion (Figure 3-13c).
3.2.1.2 Cross Sections 4, 5, and 6
Cross sections 4, 5, and 6 are situated downstream from J-Hook 1. Cross section 4, which
falls in the geophysical line, is located in the pool after J-Hook 1 (Figure 2-1). The pool after JHook 1 is towards the left bank while a run occurs close to the right bank. Across the stream there
is consistent 0.1 to 0.2 meters of change in elevation of the stream bed (Figure 3-14a). Cross
section 4 shows significant erosion across both the run and pool. Cross section 5, which falls
downstream from the geophysical line, is located downstream from cross section 4 and upstream
from J-Hook 2 and contains a run or slight riffle (Figure 3-14b). Here there is 0.2 meters of
55

Figure 3-13: Elevation cross sections 1, 2, and 3 of the streambed upstream from the central JHook. Red lines are for 2010 data, and blue lines are for 2009 data. A) Cross section one located
in the pool beneath vane 3 shows 0.1 to 0.2 meters of erosion across the width of the stream. B)
Cross section two located downstream from the pool associated with vane 3 shows no erosion or
deposition across the width of the stream. C) Cross section three located downstream from cross
section two but upstream from the central J-Hook shows no deposition or erosion across the
width of the stream.
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Figure 3-14: Elevation cross sections 4, 5, and 6 of the streambed downstream from the central JHook. Red lines are for 2010 data, and blue lines are for 2009 data. A) Cross section four located
in the pool beneath J-Hook 1 shows 0.1 to 0.2 meters of erosion across the width of the stream. B)
Cross section five located downstream from cross section four and upstream from J-Hook 2
shows 0.2 meters of erosion across the thalweg of the stream. C) Cross section six located
downstream from J-Hook 2 and upstream from vane 4 shows erosion in the thalweg and
deposition along the banks.
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elevation change in the thalweg of the stream. The right bank shows little change in relative
elevation. Cross section 5 shows significant erosion along the left bank of the stream where the
thalweg is located. Cross section 6, which falls downstream from the geophysical line, is located
upstream from vane 4 and downstream from J-Hook 2 and contains a pool and riffle (Figure 314c). In 2009 this section contained a pool, but by 2010 this location turned primarily to a riffle
system. The cross section shows 0.1 meters of erosion in the thalweg with deposition along the
banks. The thalweg location in the middle of the stream is the same but the decrease in relative
elevation indicates significant erosion.
3.2.2 Tile Probe
Tile probe data is available from 2009 and 2010 (Figure 3-15). Each year the tile probing
surveys are done beginning at the pool beneath vane 3. The 2009 data has probing intervals of 3
meters for a length of 36 meters, while the 2010 data has intervals of 3 meters outside the
geophysical cable line and 1 meter spacing inside the geophysical cable location for a total length
of 39 meters. The 2009 data shows bedrock location between 0.5 and 1.0 meters of depth below
the sediment surface. There is one instance in the survey that the tile probe reaches a depth of
2.36 meters. The 2010 data shows most commonly the bedrock depth is between 0.25 and 0.8
meters. There are five instances in the survey that the tile probe reaches a depth greater than 1.5
meters. These features were probably observed because of the greater density of points, which
may have encountered cracks in the bedrock. Other than the discontinuities (abrupt changes in
depth) in the more densely sampled portion, downstream from the central J-Hook the depth to
bedrock in the 2010 data tends to be 0.25 meters less than the depth to bedrock in the 2009 data.
Upstream from the J-Hook the tile probe shows both shallower and deeper bedrock. There are
two locations of deeper bed rock, five locations of shallower bedrock, and one location of no
change. Around the J-Hook the 2009 data shows no depth greater than 1 meter. In 2010 a depth
greater than 1 meter at the J-Hook was recorded. Upstream from the J-Hook there is some
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Figure 3-15: A comparison of tile probe data from 2009 and 2010 beginning from 2 meters
downstream from vane 3. The 2010 tile probe data in red show the depth to bedrock below 1
meter with the exception of five locations along the geophysical line and towards the end of the
survey. The 2009 tile probe data in blue also show an average depth to bedrock being below 1
meter again with the exception of the final portion of the survey.
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indication of erosion and some indication of deposition, but mainly an indication of no net
erosion. The shallower depth to bedrock downstream from the J-Hook is further evidence of
erosion while the lack of net change in depth to bedrock upstream from the J-Hook indicates little
to no erosion.
3.2.3 Hydraulic Conductivity
Hydraulic conductivity measurement data are available for each line used in the tracer
test (Figure 3-16). The 2009 data has one value for each line, three upstream from the central JHook and three downstream from the central J-Hook. The data range for 2009 is four orders of
magnitude, from 9.0E-06 to 8.2E-02 cm/s, with one line, Line 5, being below the detection limit
of the technique. The two lowest values were downstream from J-Hook1. The 2010 data has one
value for Lines 2, 4, 5, and 6. For Lines 3 and 7, there are seven values all taken within 0.5 meters
of the thalweg. Again the 2010 data range is four orders of magnitude, from 4.19E-06 to 1.32E-02
cm/s, with two points below the detection limit of the technique. Lines 3 and 7 have more data
and a wide range in values, three orders of magnitude, from 3.49E-05 to 1.14E-02 cm/s.
Although the two lowest values are downstream from J-Hook1, the range in values, particularly at
Lines 3 and 7, overlaps upstream from and downstream from the J-Hook.
3.2.4 Grain Size
3.2.4.1 Upstream from J-Hook 1
A freeze core sample taken along Line 3 in 2010 and a shovel sample taken along Line 2
in 2009 upstream from the central J-Hook were sieved and weighed. The 2009 data, when
compared to the grain size data of 2010 (Figure 3-17) shows little change in percent composition
of the material in the stream bed, except for larger (>1mm) pebbles. Both years the sorting is poor
with 60% (normalized percent to the total weight) of the total above 4.74 mm. The grain size of
the freeze core and shovel samples are skewed to a gravel and cobble mix of >4.74 mm. In
comparison the 2009 and 2010 fines <0.06 mm to 0.5 mm grain size percentages are very similar.
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Figure 3-16: Hydraulic conductivity of each well line from 2009 and 2010. One measurement per
line was done in 2009. For 2010 lines 2, 4, 5, and 6 have one measurement while lines 3 and 7
have seven measurements. The 2009 conductivity data in blue show four orders of magnitude of
variation from line to line upstream from and downstream from the J-Hook with one
measurement below the detection limit. The 2010 conductivity data in red show three orders of
magnitude of variation within a single line, lines 3 and 7, with two measurements below the
detection limit.
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Figure 3-17: Grain size distribution for 2010 freeze core and 2009 shovel sample taken upstream
from central J-Hook. The red 2010 distribution shows remarkable similarities to the 2009
distribution except for the increase in >4.75mm diameter and the decrease in 0.5-2mm diameter
grain size.
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The 2009 data shows a higher percent of gravel ranging from 0.5 to 4.75 mm in diameter over the
2010 data of the same grain size by about 2 percent. The gravel >4.75 mm, though, increases by a
relative 10% to the total weight in 2010. Overall the 2010 distribution skewed to a gravel
dominant grain size upstream from the J-Hook is similar to the grain size distribution of the 2009
sample in percent weight of each diameter sieved.
3.2.4.2 Downstream from J-Hook 1
A freeze core sample taken along Line 7 in 2010 and a shovel sample taken along Line 6
in downstream from the central J-Hook were sieved and weighed. Samples from both years have
poor sorting with 30% (normalized percent to the total weight) of the total above 4.74 mm.
Though both graphs have the same shape (Figure 3-18) the 2010 fine grain size percent
compositions are consistently 4-5 percent higher than the corresponding 2009 grain size until 1
mm in diameter. Both years appear to have a skewed grain size, with a dominant percentage
(>30%) in the gravel and cobble range, and a second small skew to the very fine sand size. In
2009, greater than 1mm in diameter grain size has higher in percent of total, increasing from 1
percent (2 mm) to 15 percent (>4.75 mm). Below 1 mm there is an increase in percent of grain
size present in the samples ranging from 3% increase in the 0.5 mm to 1 mm range and a 6%
increase in the <0.06 mm grain size. Downstream from the J-Hook the skewed distribution is seen
in both the 2009 and 2010 samples to the gravel grain size and a small skew to the very fine sand
grain size. There is a loss of sediment in 2010 above 1 mm and a gain in 2010 of sediment below
1 mm in grain size.
3.2.5 Temperature Data and Modeling
A profile of temperature variations over time can be constructed by deploying
temperature loggers at fixed depths in the subsurface. From these temperature profiles a sense of
flux through the system can be ascertained. The goal of the temperature modeling is to determine
whether vertical flow of water through the hyporheic zone is required to explain the diurnal
63

100.0

2010
2009

90.0
80.0

Normalized % of Total

70.0
60.0
50.0
40.0
30.0
20.0
10.0
0.0
<0.063

0.125-0.063 0.25-0.125

0.5-0.25

1.00-0.5

2.00-1.00

4.75-2.00

>4.75

Grain Size (mm)

Figure 3-18: Grain size distribution for 2010 freeze core and 2009 shovel sample taken
downstream from central J-Hook. The red 2010 distribution shows remarkable similarities to the
2009 distribution except for the increase in 0-0.5mm diameter and the decrease in 1-4.75mm
diameter grain size.
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temperature profiles, or if thermal conductivity and heat capacity alone suffices for a reasonable
range of parameter values. The model fits the amplitude of the fluxuations, and time lag between
peaks between the surface and the first sediment sensor, and the surface to the second sediment
sensor. Table 3-1 summarizes all of the collected data parameters. The depths to the first sensor
for Lines 2, 3c, and 3r are 4.5, 7.5, and 5 cm respectively. Lines 4 and 5 had sensors at a shallow
depth but there was surface water leakage causing the sensor to read the temperature of the
surface not the sediment and are not used in the modeling. Line 6 has the deepest sensors, the first
being at 18 cm deep. The second sensor depths for Lines 2, 3c, 3r, 4, and 5 are 24.5, 27, 28, 28,
and 27 cm respectively. Line 6 again has the deepest second sensor at 41 cm. The average lag
time of the response of the first sediment sensor is 1.125 hours with Line 3r having the longest
reaction time of 2 hours and Line 3c having the shortest reaction time of 0.5 hours. The average
amplitude of the surface sensor is 4.9 degrees with Line 2 having the smallest amplitude of 4.18
degrees and Line 3r having the largest amplitude of 5.44 degrees. The average amplitude of the
first sediment sensor is 3.06 degrees with Line 3r and 6 having the smallest amplitude of 2.64
degrees and Line 3c having the largest amplitude of 3.71 degrees. The average amplitude of the
second sediment sensor is 0.96 degrees with Line 6 having the smallest amplitude of 0.46 degrees
and Line 5 having the largest amplitude of 1.56 degrees. The overall minimum and maximum
temperatures are 7.94°C of the surface sensor of Lines 2 and 6 and 18.24°C of the surface sensor
of Line 3r. Within this temperature range the data averages in amplitude for the surface sensor by
4.9°C, for the first sediment sensor by 3.06°C, and for the second sediment sensor by 0.96°C. The
amplitude of the temperature change decreases with depth showing the effects of a thermal
gradient and response time lag.
Using two sediment sensors instead of one allows for a better amplitude and phase fit
without fixed thermal modeling parameters because the second depth can be used the verify
information from the first depth. The main variables throughout the modeling for all of the lines
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Minimum temperature °C (Surface)
Minimum temperature °C (Sed 1)
Minimum temperature °C (Sed 2)
Maximum temperature °C (Surface)
Maximum temperature °C (Sed 1)
Maximum temperature °C (Sed 2)
Amplitude °C (Surface)
Amplitude °C (Sed 1)
Amplitude °C (Sed 2)
Lag time hours (Sed 1)
Lag time hours (Sed 2)
Depth to Sed 1 cm
Depth to Sed 2 cm

Line 2 Line 3c Line 3r
7.94 10.63 10.57
8.19 10.83 10.98
8.16 10.93 10.64
14.59 17.86 18.24
13.61 16.76 15.51
11.24 13.73 12.97
4.18
5.00
5.44
3.25
3.71
2.64
0.92
1.09
0.77
0.75
0.50
2.00
5.25
5.00
7.50
4.50
7.50
5.00
24.50 27.00 28.00

Line 4 Line 5 Line 6
10.57 10.79 7.94
8.34
12.19 12.64 8.17
17.76 17.86 14.28
12.38
14.52 15.29 9.55
5.02 5.05 4.80
2.64
0.94 1.56 0.46
1.25
3.25 2.00 10.00
18.00
28.00 27.00 41.00

Table 3-1: Summary table of temperature data collected at each line. Included is a list of
temperature ranges, the amplitude, the lag time between the surface water sensor and the
sediment sensors, and the depth to each sensor. Lines 4 and 5 do not contain a upper sensor due to
surface water leakage.
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are the bulk thermal conductivity, the bulk heat capacity, and the water flux velocity, zero
being no vertical flux, a positive value being downward flux, and a negative value being upward
flux. Six strings of loggers were deployed in 2010, one at Line 2, two at Line 3, and one at Lines
4, 5, and 6. Line 2 is used as a case to test the sensitivity of the parameters and see how the
modeled waves change with changing variables, including bulk heat capacity, bulk thermal
conductivity, and positive and negative flux. Lines 3, 4, 5, and 6 are modeled to the best fit
without flux and then modeled a second time if flux or another type of system, such as two layers
with differing thermal properties, is necessary.
3.2.5.1 Sensitivity Analysis
The three variables altered in the code are thermal conductivity, heat capacity, and flux.
To determine the sensitivity of the code to each of the variables, a range of values was used. Heat
capacity ranged from 0.2 to 0.48 cal/cm3-ºC (Figure 3-19a). Thermal conductivity ranged from
0.002 – 0.006 cal/(cm-sec-ºC) (Figure 3-19b). Flux ranged from -4 to 4 cm/hour (Figures 3-19c
and 3-19d). Each graph shows the data modeled with the altered variables at two different depths,
using Line 2 as representative of typical sensor depths. The first depth, the upper set of profiles,
was at 4.5 cm. The second depth, the lower set of profiles, was at 24.5 cm. Average thermal
properties used in fitting the lines (Table 3-2) were used for non-varying parameters: 0.2 cal/cm3ºC for heat capacity, 0.005 cal/(cm-sec-ºC) for thermal conductivity, and zero flux. The amplitude
and to a lesser extend the phase shift of the profiles showed the sensitivity to the changing of the
parameters. In all four figures the lower depth modeled was more sensitive than the upper depth
because the amplitude of the lower depth was affected more by the altering of the variables. The
code was more sensitive to the water flux than either the thermal conductivity or the heat
capacity. The thermal conductivity and heat capacity alters the amplitude by about half a degree
for the range of values tested, whereas using only 0.5 cm /hour for the flux also changes the
amplitude by about half of a degree. This means that flux less than 0.5 cm/hour could have been
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Figure 3-19: Sensitivity analysis of thermal properties used in code. A) This plot shows the
sensitivity to heat capacity. The upper set of modeled profiles is at a depth of 4.5 cm, while the
lower set is at a depth of 24.5 cm. B) This plot shows the sensitivity to thermal conductivity. The
upper set of modeled profiles are at a depth of 4.5 cm, while the lower set is at a depth of 24.5
cm. C) This plot shows the sensitivity to upward flux. The upper set of modeled profiles is at a
depth of 4.5 cm, while the lower set is at a depth of 24.5 cm. D) This plot shows the sensitivity to
downward flux. The upper set of modeled profiles is at a depth of 4.5 cm, while the lower set is at
a depth of 24.5 cm.
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Line

Flux
(cm/hour)

Heat Capacity
(cal/cm3-ºC )

Thermal Conductivity
(cal/(cm-sec-ºC))

2
3c
3r
4
5
6
6
6

0
0
0
0
0
0
2
-1

0.3
0.2
0.48
0.2
0.2
0.1/0.4
0.2/0.5
0.1/0.3

0.006
0.007/0.0025
0.002/0.006
0.0035
0.005
0.01/0.006
0.006
0.01/0.006

Table 3-2: Table of thermal properties used for temperature flux modeling. Listed are the lines
modeled, the purpose of each model, the velocity, the bulk heat capacity, and the thermal
conductivity. When two values are separated by a backslash (/) it refers to a dual system where
the first value is the upper layer value and the second value is the lower layer value.
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accounted for by altering the thermal conductivity or heat capacity, but the model fitting was
sensitive to water fluxes greater than 0.5 cm/hour.
3.2.5.2 Line 2, 3c, 3r, 4, 5, 6
The models for Lines 2, 3, 4, 5, and 6 all can be accurately modeled without the inclusion
of water flux (Figures 3-20, 3-21). Table 3-2 shows the range of parameters and summarizes each
modeled line. Bulk heat capacity is varied between 0.1-0.5 cal/cm3-ºC. A low heat capacity
reflects a more coarse grain size, while a high heat capacity reflects a more fine grain size (Fanelli
and Lautz, 2008; Lapham, 1989). Bulk thermal conductivity ranges between 0.002-0.01 cal/(cmsec-ºC). To try to improve fit for Line 6, flux is varied between -1 and 2 cm/hour.
Line 2 contains three sensors, one at the surface, one 4.5 centimeters below the surface,
and one 24.5 cm below the surface. The temperature probes were placed in the stream for two
weeks and six days of data were extracted from that time span to use in the modeling code. The
fit without flux model (Figure 3-20a) to the temperature data has a bulk heat capacity of 0.3
cal/cm3-ºC, and a bulk thermal conductivity of 0.006 cal/(cm-sec-ºC). For Line 3 center (3c) and
Line 3 right side (3r) a single set of variables for the entire depth could not be found to match the
amplitude and the phase shift for both the first sediment and second sediment sensor. In order to
match the modeled amplitude and phase shift to the collected data the two layer system has
different thermal properties for the surface to sediment sensor one and from sediment sensor one
to sediment sensor two. The result is a two layer system for each location with no water flux
velocity. In both locations the bulk heat capacity is kept constant and the bulk thermal
conductivity changes from above the first sediment temperature probe to the second sediment
temperature probe. Line 3c (Figure 3-20c) contains three sensors, one at the surface, one 7.5 cm
below the surface, and one 27 cm below the surface. The temperature probes were placed in the
stream for two weeks and five days of data were extracted from that time span to use in the
modeling code. The fit without flux has a bulk heat capacity of 0.2 cal/cm3-ºC, and a bulk thermal
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Figure 3-20: Temperature flux modeling for lines 2, 3, and 4 upstream from the central J-Hook.
A) No-flux fit for line 2. B) No-flux fit for line 4. C) No-flux and dual thermal conductivity fit for
line 3c. D) No flux and dual thermal conductivity fit for line 3r.
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Figure 3-21: Temperature flux modeling for lines 5, and 6 downstream from the central J-Hook.
A) No flux fit for line 5. B) Plot of line 6 with a dual thermal property fit with no flux. C) Line 6
modeled with 2 cm/hour downward flux. D) Plot of line 6 with an upward flux of 1 cm/hour.
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conductivity of 0.007 cal/(cm-sec-ºC) in the top layer and 0.0025 cal/(cm-sec-ºC) in the bottom
layer. Line 3r (Figure 3-20d) contains three sensors, one at the surface, one 5 cm below the
surface, and one 28 cm below the surface. The temperature probes were placed in the stream for
two weeks and five days of data were extracted from that time span to use in the modeling code.
The fit without water flux has a bulk heat capacity of 0.48 cal/cm3-ºC, and a bulk thermal
conductivity of 0.002 cal/(cm-sec-ºC) in the top layer and 0.006 cal/(cm-sec-ºC) in the bottom
layer.
The Line 4 model (Figure 3-20b) contains two sensors, one at the surface and one 28 cm
below the surface. The temperature probes were placed in the stream for two weeks and five days
of data were extracted from that time span to use in the modeling code. The fit without flux
model has a bulk heat capacity of 0.2 cal/cm3-ºC, and a bulk thermal conductivity of 0.0035
cal/(cm-sec-ºC).
The Line 5 model (Figure 3-21a) contains two sensors, one at the surface and one 27 cm
below the surface. The temperature probes were placed in the stream for two weeks and five days
of data were extracted from that time span to use in the modeling code. The fit without flux
model has a bulk heat capacity of 0.2 cal/cm3-ºC, and a bulk thermal conductivity of 0.005
cal/(cm-sec-ºC).
The Line 6 model contains three sensors, one at the surface, one 18 cm below the surface
and one 41 cm below the surface. The temperature probes were placed in the stream for two
weeks and four days of data were extracted from that time span to use in the modeling code.
Three modeled plots for Line 6 show the influence of positive and negative flux on a dual thermal
property system. Figure 3-21b is the best fit with no flux. It is a dual system with an upper
thermal conductivity of 0.01 cal/(cm-sec-ºC) and a bulk heat capacity of 0.1 cal/cm3-ºC. The
lower thermal conductivity is 0.006 cal/(cm-sec-ºC), and the bulk heat capacity is 0.4 cal/cm3-ºC.
Due to the upper layer‟s thermal properties being outside the range of values of the other lines,
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downward flux is added to decrease the deviation of the upper layer‟s values. With a 2 cm/hour
downward velocity through the entire depth the thermal properties of the upper portion are
brought into range of the other lines‟ values (Figure 3-21c). The bulk heat capacity of the upper
portion changes to 0.2 cal/cm3-ºC while the lower portion‟s heat capacity increases to 0.5 cal/cm3ºC. The thermal conductivity of both layers becomes 0.006 cal/(cm-sec-ºC). Line 6, though, has a
more muted lower sediment temperature profile than the other lines. This could be due to an
upward flux of water muting the signal. Figure 3-21d includes a negative flux of -1 cm/hour
through the entire system. The lower sensor can be appropriately modeled to fit the upward flux,
but the upper model‟s amplitude decreases. Changing the variables would further move the values
out of the range of the other lines. Thus, the muted signal seems to be related to the larger depth
of the sensor, rather than water flux.
None of the lines either upstream or downstream of the J-Hook required flux to fit the
temperature data, based on the range of thermal properties used in the models. This range of
thermal properties matched that reported in the literature except for Line 6. Using a downward
flux at Line 6 with thermal properties that matched literature values does not provide as good a
match as the model without flux. In summary the lines did not need flux in the code to account
for the diurnal temperature signal. Any flux present in the lines smaller than 0.5 cm/hour was
accounted for by the variability in the thermal conductivity and the heat capacity.
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Chapter 4
DISCUSSION AND CONCLUSIONS
4.1 Year to Year Changes
Crabby Creek, a small stream in an urbanized watershed, was reconstructed in 2008, to
quell growing erosion around a sewage pipe and restore the native habitat of brook and brown
trout. The stream was moved and restoration structures were placed along the streambed to force
the development of varied habitats, pools, riffles, and runs. In 2009, a tracer test was performed at
Crabby Creek to investigate the hyporheic flow patterns around stream restoration structures. Of
interest in the 2009 study, were two J-Hooks. The investigation led to the discovery of zones of
storage upstream and downstream from one of the J-Hooks and downstream only from the other
J-Hook (Fang, 2010; Toran et al. submitted). The current study was performed on one of the same
J-Hooks (the upstream location known as J-Hook 1) in 2010 to contrast the changes from year to
year (Figure 4-1). Among the comparable data are the breakthrough curves created from the
sampled wells during the tracer test, the time-lapse resistivity surveys, the cross section elevation
surveys, the tile probe data of the depth to bed rock along the thalweg of the stream, and the grain
size analysis from upstream and downstream of the central J-Hook.
The cross section elevation surveys and the tile probe data show the erosion taking place
along the streambed. The tile probe data shows shallower bedrock downstream from the J-Hook.
The probe encountered two cracks in the bedrock where it was driven past 1.5 meters. Upstream
from the J-Hook the tile probe shows both shallower and deeper bedrock, specifically two
locations of deeper bed rock, five locations of shallower bedrock, and one location of no change.
The data from the tile probe and the cross section elevation surveys show that the J-Hook hinders
erosion upstream from the structure. The J-Hook may have created a more stable sediment bed
upstream, which allowed the persistence of the upstream immobile zone seen in the time-lapse
resistivity profiles.
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Upstream

•No change in sediment sorting
•No change in immobile zone
•No large scale erosion pattern
•No downward hyporheic flux

Downstream

•Bimodal grain distribution
•Immobile zone redistribution
•20 cm of erosion across stream
•No downward hyporheic flux

Poorly Sorted Material
Bimodal Grain Distribution

Hyporheic Flux

J-Hook

20cm of erosion

Immobile Zone

Figure 4-1: Summary of year-to-year changes and upstream versus downstream changes of
Crabby Creek streambed. The immobile zone in purple upstream from the J-Hook is similar from
the 2009 to the 2010 tracer test, downstream from the J-Hook it has changed to the linear feature
seen in the cartoon. No upwards or downwards flux was calculated in the diurnal temperature
modeling on either side of the J-hook. The red and white stripes indicate the area of erosion
downstream from the J-Hook. The dominant grain size lost downstream from the J-Hook is larger
than 1 mm in diameter.

79

The ability of the J-Hook to deter upstream erosion is also reflected in the grain size
analysis. Upstream from the J-Hook the grain size distribution from 2009 to 2010 is similar, with
the coarsest size dominant and falling off rapidly to a small portion of fine grained sediment.
There is a 10% increase in grains >4.75mm in diameter and a 5% decrease in grains from 4.75 -2
mm in diameter. These changes, though, only account for 15 percent the total weight. This
supports the idea that no large-scale erosion has occurred upstream from the central J-Hook.
Downstream from the central J-Hook the grain size distribution shows a skewed distribution, with
large percentages in the >4.75mm and <0.063 mm diameter ranges. The grain size does not fall
off as sharply as the upstream samples, and the distribution becomes flatter between 2009 and
2010. The percent of fines in the bulk sample has increased since 2009 by about 8 percent and the
coarsest grain size has decreased by 15 percent. On visual inspection of the exposed areas of clay
downstream from the J-Hook and of the streambed core samples taken, the finest grain size
formed a cohesive bed and would not have been easily eroded. High flows could have eroded the
medium-sized grains, while the massive blocks were not easily eroded from the streambed. This
is seen in the change in grain size distribution. By 2010 the grain size percentage of grain size
>1mm has decreased. This means that the increase in percent fines is an artifact of preferential
erosion of the medium sized particles. The storm flow regime was unable to erode the clay sized
particles so the next sized grain higher was eroded. The implication is that the grain size
distribution supports more erosion downstream from the J-Hook than upstream from the J-Hook
which will affect the hyporheic flow patterns.
The erosion of the streambed may have affected the continued presence of an immobile
zone downstream from the central J-Hook. The time-lapse resistivity surveys from 2009 show a
distinct area of lingering resistivity upstream and downstream from the J-Hook. The 2010 timelapse resistivity profiles, however, show only an area of lingering resistivity upstream from the JHook. The area of lingering resistivity downstream from the J-Hook did not persist one year later.
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The area of lingering resistivity upstream from the J-Hook is surprisingly similar from 2009 to
2010 in size, depth, and intensity of change. Downstream from the J-Hook the area of lingering
resistivity altered to a more linear, superficial area on the time-lapse resistivity survey. The freeze
core confirmed the presence of tracer in area of lingering resistivity. The area of lingering
resistivity‟s presence on the 2009 time-lapse resistivity survey and alteration on the 2010 survey
could be due to the 20 cm of erosion that the streambed created by large storm events. By eroding
the fine sediment in which the immobile zone was present, tracer from the 2010 test lingered in a
new area where the sediment sorting and conductivity was similar to the 2009 immobile zone
sediment. The J-Hook deterred net upstream erosion, which allowed the immobile zone to appear
similar from the 2009 to the 2010 tracer test. As storm flow regimes would erode the sediment
upstream from the J-Hook, deposition would also occur, only changing the upper most layer of
sediment (Figure 4-2). The J-Hook hindered storms from eroding down into the immobile region.
This allowed fine particles to stay imbedded in pore space of large grains. The upper most layer,
the armor layer, would not contain the fines because the flow is too strong for deposition here.
This creates two layers upstream from the J-Hook: an upper armor layer that is continually being
eroded and re-deposited by storm events, and a lower, stable, immobile region that contains the
protected fines needed to lower the hydraulic conductivity of the sediment to trap the tracer.
Downstream from the J-Hook the same two layers exist but they overlay a massive block of clay
sized grains. This clay and silt block is hydraulically not conductive, so the tracer does not
penetrate. The 20 cm of erosion points to a loss in the layer of mixed grain size which forms the
immobile region because as down cutting occurred, the armor layer began to replace the sediment
below it. The immobile region did not move down as it was pinched out between a highly
nonconductive layer of cohesive clay and silt and a highly conductive armor layer of larger grains
without fines in the pore space (Figure 4-2).
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Immobile Zone

2009

2010

2009
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Armor Layer
New Armor layer

Clay sized
massive
block
Figure 4-2: Diagram depicting effect of erosion on immobile zone downstream from the J-Hook.
Upstream the J-Hook deterred net erosion allowing for the armor layer to protect the immobile
zone, specifically the fines located in the pore space of the cobble sized grains. Downstream the
net erosion washed out the top layer forming a new armor layer that capped a much smaller
immobile zone that sits on top of a large block of clay sized particles. The armor layering keeps
the fines located in the pore space of large grains from being swept away during high flow events
by containing the erosion and deposition cycle to the upper most portion of the column.

82

The reduction in size of the immobile zone downstream of the J-Hook is not evident in
the breakthrough curves constructed from the sampled wells during the tracer test. The 2009
breakthrough curves are very similar to the 2010 breakthrough curves in shape, specifically the
rising limb, the plateau, and the falling limb act similar at well locations from year to year. This
means that the immobile zone that the time-lapse resistivity surveys are recording are not being
sampled by the wells during the tracer test. The geophysical survey added an important
component to mapping change in the hyporheic zone. To confirm the presence of tracer in the
immobile freeze core sampling of the subsurface was performed upstream and downstream from
the central J-Hook and upstream from the injection point for a background sample.
4.2 Immobile Zone
The 2010 time-lapse resistivity surveys showed a similar immobile zone present as in
2009 upstream from the central J-Hook. However, the time-lapse resistivity survey showed
decreased immobile zone downstream from the J-Hook, with a thin linear feature that faded out
shortly after the end of the tracer injection stopped. Using the freeze core method to sample the
streambed sediment and pore water, the area of lingering resistivity upstream from the J-Hook
was tested for tracer. Taking into account brine exclusion, the pore water upstream from the JHook at the location of the immobile zone seen on the time-lapse resistivity surveys is greater
than the well samples taken at the end of the tracer test. This means that tracer is still present in
the immobile zone and it is the slow release of the tracer that the time-lapse resistivity surveys are
showing. The core taken downstream from the J-Hook has a lowered conductivity due to brine
rejection, and if raised by the amount designated by the background sample then the conductivity
is raised above the well sample taken at the end of the tracer test. This could mean that there is
also tracer present in the subsurface downstream from the J-Hook. There could be some lingering
tracer being released from the less intense linear feature seen on the time-lapse images
downstream from the J-Hook. How much tracer is present in the sediment downstream from the
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J-Hook is not known, and estimates from the freeze core need to be qualified. Because of brine
exclusion, quantitative amounts of tracer collected from the freeze core pore water cannot be
measured from the current data. Further experiments could relate the amount of brine exclusion to
factors such as freezing rate and sample size to better quantify the relationships.
An important assumption in this discussion is that the pore water conductivity calculated
from the freeze cores should be increased by the same amount necessary to raise the conductivity
of the pore water extracted from the background sample. This is a proper first order assumption
but further investigation is needed to quantify the amount of brine rejection that occurs when
freeze cores are made in stream sediment. Some variables affecting brine rejection are stream
temperature, time taken to form core sample, type of salt in the water, and the hydraulic
conductivity and pore space of the sediment. Another area to explore is the sensitivity of the
geophysics. Research is needed to determine how much salt release from the immobile zones
would be needed to create specific signals on the time-lapse resistivity surveys. At this time,
because it is not known how much salt is needed to create similar areas of lingering resistivity on
the time-lapse resistivity surveys, freeze core samples of the streambed are used to assess the
ability of the time-lapse resistivity surveys to show subsurface immobile zones. This study
focused on qualitatively comparing the time-lapse resistivity surveys with the freeze core sample
conductivity data.
One of the hypotheses of this study stated that geophysical resistivity profiles of the
tracer test will better highlight “immobile” zones because wells placed in the streambed sediment
sample water from high conductivity areas and not from low conductivity areas. The freeze core
samples indicate that these immobile areas identified by the time-lapse resistivity surveys hold
high conductivity fluid in the pore space, which is evidence for lingering tracer, but the amount of
brine rejection needs to be better understood to quantitatively understand the immobile zones
samples by the freeze core method.
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A second hypothesis of this study states that tracer will be trapped where the sediment
sorting is poor because the time the tracer lingers in immobile areas is dependent on the sorting of
the sediment. Both upstream and downstream from the J-Hook the streambed sediment is poorly
sorted. So the freeze core samples do indicate that tracer was trapped in areas of poor sorting, but
it does not mean that poor sorting is necessary for the existence of immobile zones. It is also not
known if sorting is the primary mechanism that determines the existence of an immobile zone. If
poor sorting necessarily guarantees the creation of an immobile zone then most of the stream
should have an immobile zone. So, there must be some other mechanism that initiates the
presence of an immobile zone. The implication is that although poorly sorted sediment does not
guarantee an immobile zone, an immobile zone only forms in poorly sorted sediment. This study
was unable to assess whether or not an immobile region would develop in an area of well sorted
sediment. The grain size analysis on the cores taken upstream and downstream from the J-Hook
shows how the change in grain size reflects in the time-lapse resistivity profiles and the amount of
erosion. Upstream from the J-Hook there is little erosion and the area of lingering resistivity has
not changed in shape or location. The grain size analysis shows little change in the distribution of
sediment size. This implies that the J-Hook has not allowed for a change in sediment type which
has allowed a plume of tracer to linger during the 2010 tracer test in a similar position to the
plume seen in the 2009 tracer test. Downstream the grain size analysis shows a change in grain
size to skewed distribution. Erosion seen downstream from the J-Hook of streambed sediment
means a loss in a medium sized grains, which led to a loss in the immobile zone present in the
2009 tracer test.
A third hypothesis of this study states that tracer should be trapped in streambed sediment
where the hydraulic conductivity varied, because the solute will move through the sediment
relatively quickly in areas of high hydraulic conductivity but become more immobile in areas of
low hydraulic conductivity. Hydraulic conductivity tests were performed on the streambed
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sediment in 2009 and 2010. However, each new measurement taken at the stream increased the
variability of the measured values, even when tests were conducted next to each other. The data
shows orders of magnitude in difference between values of sediment within one meter. The slug
method when used in conjunction with PVC piping is not adequate for measuring streambed
hydraulic conductivity. The PVC piping may have come into contact with larger cobbles that
pressed up against the opening at the bottom of the pipe causing the water to infiltrate at an
artificially slow rate. The data collected were not able to identify patterns in hydraulic
conductivity distribution to compare with hyporheic zone development. The grain size analysis
done does indicates that downstream from the J-Hook the sediment would be varying more in
conductivity than upstream from the J-Hook because of the grain size distribution, but the
average grain size distribution upstream and downstream was not different enough to suggest a
change in hydraulic conductivity distribution from 2009 to 2010. The measuring technique,
though, did not accurately depict the hydraulic conductivity making the hypothesis an area of
future investigation. Field measurements of hydraulic conductivity could be improved by
changing the technique or by using the cores taken to measure the conductivity and porosity in
the lab. Grain size analysis could be improved by looking at distribution of sizes at not only
different locations along the stream but at different depths in the streambed.
A fourth hypothesis of this study states that the downward flux of stream water through
the hyporheic zone is needed to move the solute to areas of storage, allowing for more
“extensive” regions of immobility. Testing this hypothesis relies on the interpretation of the
diurnal temperature modeling results. The modeling results did not definitively prove that any
location upstream or downstream from the J-Hook required water flux, positive or negative, to
produce the temperature profiles collected. On the contrary all of the locations can be modeled
without the use of a downward or upward hyporheic flux. A small amount of flux could be added
to the model with a slightly altered thermal conductivity or heat capacity. However, the modeling
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showed that downward flux is not dominant upstream or downstream from the J-Hook (Figure 41). The presence of lingering tracer even without a large downward flux suggests it was not an
important component in the development of the “immobile” zone. For example, the hyporheic
flow could have a dominantly horizontal component, which would not be captured by measuring
the vertical flux from thermal signals.
4.3 Restoration Structures
The central J-Hook was installed as a restoration structure to lower the velocity of the
stream by creating a more gradual slope to the streambed. The structure was also installed to help
vary stream habitat for the aquatic life by containing the sediment and withstanding erosion. In
this way it was hoped that the structure would decrease the amount of erosion seen along the
streambed by holding the sediment in place at a gradual enough slope to keep the water velocity
low. The J-Hook affects the velocity of the water both upstream and downstream. Because the JHook extends half way into the stream from the bank, it acts as a barrier preventing streambed
sediment from eroding upstream. The build-up of material behind the J-Hook creates a more
gradual slope, lowering the velocity of the water. As the water flows around the side of the JHook, a downward jump in elevation quickens the velocity. Downstream from the J-Hook, the
water has a heightened velocity that can either stay high or be quelled by another restoration
structure, again holding the sediment back to create a more gradual slope.
At Crabby Creek the central J-Hook does successfully inhibits erosion upstream (Figure
4-1). The cross section elevation surveys show little to no erosion upstream from the J-Hook from
2009 to 2010. It is also clear that the J-Hook was successful in promoting the health of the stream
due to the persistence of the immobile region upstream from the J-Hook. The persistence of the
immobile region upstream from the J-Hook points towards a stable hyporheic zone that is
developing consistent flow patterns that help microbial communities flourish with needed
dissolved oxygen and nutrients. If flow patterns continually change then the areas of
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biogeochemical and reducing reactions may not fully develop, leading to increased nutrient
concentration in the stream.
The erosion seen downstream from the central J-Hook is caused by the steep elevation of
the streambed downstream from the J-Hook. Downstream from the J-Hook, the next restoration
structure is a rock vane, which should hold the sediment in place, quelling much of the erosion.
The hydraulic conductivity of the sediment and the porosity are both important in the formation
of an immobile zone as part of the hyporheic flow, but for a stable hyporheic flow to form the
sediment must be protected from erosion, which in this case came from restoration structures.
4.4 Significance
This study addresses the question of how to characterize the immobile zone as a part of
hyporheic flow. At Crabby Creek the continued presence of an immobile zone upstream from the
J-Hook is an indication that a stable hyporheic zone is present. The study of the immobile zone
assists the analysis of stream habitat health because a persistent immobile zone captures
hyporheic flow allowing buffering and other biogeochemical reactions to occur over much longer
time periods than areas lacking an immobile zone. The time-lapse resistivity profiles show areas
of lingering tracer where the wells are not sampling tracer. The freeze core sediment sampling
method provides data on the sediment size distribution and relative solute concentrations.
Modeling hyporheic flux using temperature data is dependent on the precision of the field
measurements and the characterization of the sediment for the assigning of reasonable thermal
values, but shows if the known range completely accounts for amplitudes in the temperature at
depth or if flux is needed to accurately depict temperature profiles. The central J-Hook inhibits
large scale erosion patterns upstream from the structure, allowing for the continued presence of
an immobile zone which reflects on a stable hyporheic flow pattern.
The study of the hyporheic zone in streams located in urbanized watersheds is important
because of the growing influence impermeable surface has on storm water management. As the
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percentages of impermeable surfaces increases, the storm water flux through the stream increases.
These streams have not evolved to handle such storm flow volume. The challenge of studying
hyporheic flow is that no one method can analyze all aspects of the hyporheic zone.
Understanding the complexities of the flow regime, mapping areas of mobile and immobile fluid
movement, inherently requires an understanding of the methods used to gather data. This study
uses a combination of seven different techniques to characterize the hyporheic zone. Sampling
wells and time-lapse resistivity surveys were used to characterize storage in the hyporheic zone
during a tracer test. The freeze core method of sediment sampling allowed for the characterization
of the grain size and pore water. Cross section elevation surveys and tile probing were used to
characterize the streambed changes from 2009 to 2010. Temperature modeling of hyporheic flux
was used to understand vertical flow patterns upstream and downstream from the J-Hook. Only
with a combination of analytical investigation tools will a complete characterization of the
hyporheic zone be constructed.
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