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Increased water temperatures and thermal loading due to anthropogenic inputs has
been shown to negatively impact the lifecycles of aquatic organisms in riverine
systems (Poole and Berman 2001; Hannah, Malcolm et al. 2004; Quinn, Gagne et al.
2004). The studies enclosed in this thesis evaluate and quantify the heat fluxes within
the hyporheic zone of a young unvegetated gravel bar on the Willamette River. The
first study evaluated the application of the fiber optic distributed temperature sensing
(DTS) system for thermal characterization of the shallow subsurface. The second
study utilized data collected via the fiber optic DTS system, combined with data
collected by thermistor probes, to calculate an energy balance for the hyporheic zone
of the gravel bar. Lessons learned from the first study were that the fiber optic DTS
system proved to be a flexible, high data-yielding, temperature monitoring system,

but was not without limitations. The system flexibility allowed for the simultaneous



temperature measurement of a 180 m? area (river and alcove combined sampling
area) and multiple 2 m vertical temperature profiles with vertical resolutions of 0.022
m. Measurements made at the finest resolution of the DTS unit resulted in an
increased amount of measurement variability when compared to a more traditional
temperature measurement technique. An additional limitation was that the
measurement sensor, the fiber optic cable, was inherently very fragile. Our
recommendation for future studies is that special considerations must be taken to
minimize damage to the fiber cable and signal loss. Nonetheless, the fiber optic DTS
system provided an unprecedented view into the shallow subsurface. In the second
study, we observed the amplitude of the thermal signal from the river decrease along
a hyporheic flow path, while the net hyporheic temperature increased. Contrary to
what other studies had found, no hyporheic cooling was observed. Using a simple
layer control volume approach, we determined that ground-surface heating was a
primary source of heat, via vadose zone storage and transport, for the hyporheic zone.
The overlying conclusion of this thesis is that young, unvegetated, gravel bars on the
Willamette River similar to the one examined in these studies, may increase the
temperature within the hyporheic zone. Therefore, the geometry and the development
of vegetation on gravel bars should be considered with regard to river engineering

and planning.
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Chapter 1: Introduction

Increased water temperatures and thermal loading due to anthropogenic inputs
has been shown to negatively impact the lifecycles of aquatic organisms in riverine
systems [Hannah et al., 2004; Poole and Berman, 2001; B Quinn et al., 2004]. Within
river systems, water temperature regulates fish growth rates, metabolism, migratory
patterns and reproduction [T P Quinn et al., 1997]. Additionally, perturbations in
thermal regimes can alter the lifecycles of primary producers (e.g. phytoplankton and
periphyton) which regulate nutrient cycling and dissolved oxygen concentrations.
River temperature also impacts species richness and evenness within a given region.

In accordance with the Clean Water Act, temperature variations are assessed
and total maximum daily loads (TMDL) assigned to preserve river systems and
ecosystem health. In the Pacific Northwest region of the United States, increased
frequency of elevated stream temperature during summer months has continued to
impair salmonid viability in many migration corridors. [National Marine Fisheries
Service, 1999; B Quinn et al., 2004; Seedang et al., 2008] Currently, multiple species
of salmonids are endangered and as a result are protected under the Endangered
Species Act [USDFW, 2007]. These species require relatively cold water. Increased
water temperatures resulting from anthropogenic inputs severely limit the ability of
many rivers to provide such habitat [Harding et al., 1998].

The upper Willamette River, OR is one such migratory salmonid corridor
where decreased water quality has been a major component in decreasing populations
of Chinook salmon and Steelhead trout[National Marine Fisheries Service, 1999].
Since stream temperature is the sum of many processes, resource managers are
seeking multi-faceted methods to mitigate the current dilemma of elevated river
temperatures, and among these methods is augmentation of hyporheic flow through
river engineering.

River temperatures are determined by multiple components, which include net
insolation (shortwave and longwave radiation), sensible heat flux to and from the air,

latent heat flux (evapotranspiration), conduction between the water column and



streambed, and advective heat fluxes to and from adjacent surface and subsurface
water bodies [Evans et al., 1998; Johnson, 2004]. Processes, such as transient storage
or hyporheic exchange zones, may buffer or lag thermal extremes by offsetting and/or
minimizing temperature maxima [Arrigoni et al., 2008; Johnson, 2004]. The
hyporheic zone is defined as a region where surface water that enters the river bed or
banks and subsequently reemerges back into the river [Fernald et al., 2006].

Multiple studies of the Willamette River have hypothesized that hyporheic
flow may be an important component in the energy balance of the river [Fernald et al.,
2001; Fernald et al., 2006; Seedang et al., 2008]. Emergent hyporheic flow has been
found to diversify aquatic temperatures by cooling, buffering, and/or lagging [Arrigoni
et al., 2008]. The relative impact of hyporheic exchange on stream temperature
appears to be proportional to the ratio of hyporheic discharge to main channel
discharge. Management schemes for the Willamette River include expectations for
hyporheic flow to be a major component of strategies for lowering maximum stream
temperatures [USEPA, 2005].

The magnitude of thermal exchange within the hyporheic zone is greatly
impacted by the geomorphic history. Morphology, vegetation, and river hydrology all
interact in ways that are not readily clear. However, what is clear is that the hyporheic
zone can affect the energy regime of a stream. Research has suggested that the
hyporheic zone acts as a buffer against large temperature variations on in-stream flow
[Poole and Berman, 2001], but the mechanics of the buffering capacity is largely
unspecified. Therefore, it is unclear as to whether or not increased hyporheic
connectivity through gravel inputs will have a significant effect on the mainstem
temperature. Additionally, it is unclear as to whether or not surface water is actually
cooled by traveling through a hyporheic pathway. There is belief among some that
flow through the hyporheic zone could actually cool stream flow although the physics
seem to preclude significant cooling of water in the hyporheic zone. Since streams
such as the Willamette are used by threatened and endangered species, and

engineering solutions to this problem are potentially costly and do not contribute to



ecosystem services, it is important to better understand the heat budget of the
hyporheic zone and its effect on steam temperatures.

Therefore, the objective of this study is to identify key thermal inputs and
incorporate them into a comprehensive heat balance for a characteristic gravel bar.

The studies enclosed in this thesis evaluate and quantify the heat fluxes within
the hyporheic zone of a young unvegetated gravel bar on the Willamette River. The
gravel bar was instrumented using sensor arrays which included thermistor probes and
two fiber optic distributed temperature sensing probes. The first study evaluated the
application of the fiber optic distributed temperature sensing (DTS) system for thermal
characterization of the shallow subsurface. The second study utilized data collected
via the fiber optic DTS system, combined with data collected by thermistor probes, to
calculate an energy balance for part of the hyporheic zone comprising the gravel bar.
This thesis will show that young, unvegetated, gravel bars on the Willamette River
similar to the one examine in this study may actually increase the temperature within
the hyporheic zone. Therefore, the geometry and the development of vegetation on

gravel bars should be considered with regard to river engineering and planning.



Chapter 2: Fiber Optic DTS for High Resolution Subsurface Temperature
Measurement
2.1 Abstract

Fiber optic distributed temperature sensing (DTS) provides a unique
perspective into shallow subsurface profiling. Four fiber optic probes were installed
into a gravel bar on the Willamette River, OR to collect temperature data 2 m into the
subsurface. Although only two of the four probes successfully recorded data, from the
log of the functional probes, we were able to observe the daily heat flux from the
surface downward, as well as the fluctuation in the temperature of the hyporheic zone
at high resolution without the aid of modeling. We were able to do this because of the
measurement flexibility of the DTS system and abundance of data that the system
provides. The DTS probes showed that the ground heat flux from daytime insolation
penetrated to the water table on hotter days of the recorded period and that there were
typically significant heat gradients at or near the water table, but temperature gradients
below the water table were generally insignificant.

2.2 Introduction

Subsurface temperature profiling is an environmental sampling technique
employed widely in geophysics [Bach et al., 2002] paleoclimatology [Harris and
Chapman, 1997; Pollack and Smerdon, 2004], and hydrology [Evans et al., 1995;
Loheide and Gorelick, 2006] to evaluate a variety of subsurface physical processes.
Under conventional techniques, temperature measurements have been collected using
point-oriented logging techniques such as thermistors [e.g.,Constantz and Thomas,
1996; Harris and Chapman, 2007]

These traditional measurement techniques limited our ability to collect
complex multidimensional data sets. In cases where a large number of densely
spaced, simultaneous measurements are needed, traditional techniques quickly become
cumbersome. Fiber optic distributed temperature sensing (DTS) systems provide a
means to integrate spatial and temporal data collection over a wide range of scales.

Fiber optic DTS systems have increasingly been used in environmental temperature



sampling, e.g., borehole temperature profiling [Hurtig et al., 1994; Wisian et al.,
1998]. Prior applications have used fully extended fiber optic cables, adequate when
spatial scales of processes of interest are larger than the sampling resolution of DTS,
typically 1 m. However, coiling of fiber optic cables can effectively change sampling
resolution from 1 m to less than 0.10 m. For this study we deployed fiber optic DTS
probes to capture centimeter-scale subsurface temperature profiles every 5 minutes.
This application of the DTS method was used to instrument a gravel bar in the
Willamette River, Oregon, to investigate the thermal behavior of hyporheic flow.

2.3 Materials and Methods

2.3.1 Site Description

The Willamette River basin has a drainage area of 29,728 km? and a length of
424 km. The majority of the groundwater in the Willamette Valley is contained in a
500 m thick Neogene and Quaternary alluvial fill aquifer. The lower 400 m is
composed of fine-grained Mio-Pliocene fluvial-lacustrine sediments, while the upper
100 m consists of multiple coarse-grained Quaternary age deposits. The southern
portion of the Willamette Valley, including the study site, consists of five Quaternary
units. The upper two are located in the central area of the valley. The units, Holocene
silts and sands (0—-10 m depth) are underlain by late Pleistocene sand and gravel
deposits (5-15 m depth). These central valley units are bound by two early-mid
Pleistocene deposits to the east and west. The upper, a mid-Pleistocene deposit,
consists of Missoula flood clays, silts and sands (0—10 m depth). The lower, an early
Pliocene deposit is Willamette river sand and gravel sediments (10-20 m depth).
These are all underlain by Tertiary weathered gravels (20-100 m depth).

The gravel bar chosen for this investigation is located on the western side
(river-left) at river km 261 (44°15°35.8” N, 123°10°30.5”W) (Figure 2.1). The gravel
bar first appeared in 2005 and accreted annually until this investigation in the summer
of 2007. During the dry season (June to September), the water surface on the river-left
side of the bar was connected to the mainstem only at the downstream end of the bar,

so that the bar formed an alcove [Fernald et al., 2001]. Throughout the dry period, the



adjacent alcove had an average depth of 0.75 m and covered an area of approximately
360 m®. Vegetation on the bar was primarily limited to small forbs* and young woody
plant species®. The bar surface was comprised of poorly-sorted gravels (median
particle diameter, Dsg = 0.032 m; D1p = 0.011 m, and Dgo = 0.070 m). The site was
part of an island bounded on the river-right and —left by the mainstem and a side
channel, respectively, and thus was accessible only by boat.

2.3.2 Instrumentation

An Agilent N4386A DTS unit (Santa Clara, CA, USA) with a Fujitsu Stylistic
ST1000 tablet PC (Tokyo, Japan) was deployed for onsite configuration and data
storage. Using time-domain reflectometry, laser light is pulsed into the optic cable,
and a fraction of the light is scattered and reflected. A portion of the backscattered
light is shifted to coherent side-bands at wavelengths longer and shorter than that of
the incident light. The ratio of the temperature independent Stokes side-band (shorter
wavelength) to temperature sensitive Anti-Stokes side-band (longer wavelength side-
band) scattering provides temperature information and timing of return signals
provides spatial location [Selker et al., 2006; Tyler et al., 2009].

We used two duplex (i.e., double-stranded), multimode Kaiphone fiber optic
cables (Taipei, Taiwan). The first was armored (wrapped with stainless steel strands
and sheathed in an additional polyethylene cover, outer dia. 3 mm). The second cable
was not armored (comprised of two strands of optical fiber inside a plastic sleeve,
outer dia. 3 mm). The armored cable was used to monitor the ground surface
temperature. The non-armored cable was used in the fiber optic probes to monitor
temperature within the gravel bar. Both cables were connected to the DTS unit with

APC e2000 fiber optic connectors and a fiber optic fusion welder. The duplex cables

! Examples: Senecio vulgaris (common groundsel), Rumex crispus (curly dock).

2 Example: Salix mackenzieana (Mackenzie willow), Populus trichocarpa (Black Cottonwood).



allowed for a double-ended measurement scheme so light attenuation along the cable
could be automatically calibrated [Tufillaro et al., 2007].

Six fiber optic probes were constructed from 2.0 m lengths of 0.064 m
diameter, schedule 80, PVC pipe. PVC pipes were threaded end-to-end to within 0.10
m of both ends with a steel lathe. Thread spacing was 3 threads per centimeter and the
thread depth was 1.5 mm. Eighty meters of unarmored cable was wound into the
threads of each probe by lathe. The ends of the fiber optic cable were routed through
the center of the pipe via slots cut at the top and the bottom. In this way, the 80 m
length of fiber optic cable was condensed into a 1.80 m interval. Sampling at 1.0 m
intervals along the cable (the minimum spatial resolution of the DTS unit) yielded a
0.023 m vertical resolution along the probe.

Four fiber optic probes were installed in the gravel bar. Their orientations were
intended to parallel the dominant subsurface flow direction across the gravel bar. The
water table map used for preliminary probe placement was constructed by measuring
water surface elevations from around the perimeter of the gravel bar and alcove. The
water surface elevation measurements were made using a total-station®. The technique
of probe installation was a modified version of the direct-push method for monitoring
well installation in near surface aquifers. In this case, a 76 mm steel sleeve was slid
over a 65 mm steel driving rod. The sleeve and driving rod were simultaneously
driven into the gravel using a hand operated pile driver. Once 2 m depth was reached,
the driving rod was removed from the steel sleeve and a fiber optic probe was inserted
in place of the driving rod. The steel sleeve was then removed to allow the gravel to
settle and come into contact with the fiber optic probe.

The fiber optic cable attached to the DTS unit was divided into five sections.

The first section comprised the armored duplex cable. This section extended from the

% A total station is a surveying instrument which is the combination of an electronic transit and an

electronic distance meter (EDM). It is used to measure and record points in space.



DTS unit into the alcove, across the surface of the gravel bar, and into the river. In the
alcove and river, the cable was laid in a three span serpentine configuration. The spans
were centered on the fiber optic probe array, and each span was 30 m in length with a
1 m separation between spans (Figure 2.1). The cable was secured to the bed of the
alcove and river using steel rebar driven into the bed sediments as anchors for the
turns and occasionally placing, approximately 0.2 m diameter, stones on the cable for
the duration of the experiment. The fiber optic cable was attached to the anchors via a
length of small diameter nylon rope and wedge clamps were used so that cable was not
stressed in the turns.

The remaining four sections of fiber optic cable were lengths of non-armored
cable wound onto the PVC probes. The fiber optic probes were installed A, B, C, D,
with probe A closest to the river and probe D closest to the alcove. Of the four probes
installed at the site, only two, B and C, were successfully fused in sequence and
connected to the first (armored cable) section. Several attempts to fuse probes A and D
into the sequence were made, but were unsuccessful due to a malfunctioning fusion
welder.

The DTS system was calibrated by adjusting three variables: the attenuation
ratio, offset, and gain. Attenuation ratio corrects for signal loss along the fiber optic
cable. Offset and gain corrections adjust the difference and amplification, respectively,
between the raw temperature trace produced by the DTS unit and a real temperature
value.

As outlined in the manufacturer’s calibration literature [Agilent Technologies,
2007], the offset correction was calculated by comparing the raw temperature trace
recorded by the DTS and measurements made in an ice bath. Gain was determined by
comparing the temperatures recorded in the ice bath with those recorded at another
location on the cable. The ice bath consisted of an ice slurry in a 66 L insulated
container. The temperature of the bath was recorded several times throughout the
experiment with a precision VWR digital thermometer with a resolution of 0.001° C

and an accuracy of £0.05° C. An Onset Tidbit V2 temperature data logger (0.02° C



resolution and +0.2° C accuracy) [Bourne, MA, USA] was secured to the central point
of the river section and provided the additional monitoring point for the gain
adjustment.

2.4 Results

Temperatures were recorded from September 7, 2007, to September 12, 2007,
at a sampling interval of 5 minutes, from probes B and C, the river, alcove, and across
the surface of the gravel bar (Figure 2.2; the gravel bar surface temperature record was
omitted from the figure for clarity). The river and alcove traces are less dynamic than
the fiber optic probe traces because they represent the average of each serpentine
configuration, each covering 90 m? of bed surface. For complete data series, see “Fiber
Optic DTS Data" folder in attached CD.

Probe traces reveal the flux of heat from the surface downward into the gravel
bar (vertical axis) over time (horizontal axis) and provide a basis for estimating
heating front propagation rates. Examining a single heating episode (1 day- 9/9/07),
we detected that the heating front propagated downward from the surface at varying
rates. There were three distinct regions. In the first region (0.00-0.05 m depth), the
heating front propagated faster than the DTS sampling period (5 minutes). This
indicated a heat propagation rate greater than 0.60 m hr'. The time required for the
heating front to propagate over the second region (0.05-0.40 m depth) was 4 hours.
This was equivalent to a propagation rate of 0.09 m hr*. The heating front took 6
hours to cross the third region (.40 —0.45 m depth). This was equivalent to a
propagation rate of 0.008 m hr™

Beyond 0.45 m depth, an abrupt change occurred in the heating front
propagation. This change in behavior marked the interface of the unsaturated zone
with the saturated zone. The saturated zone exhibited a different behavior than the
unsaturated zone. The average temperature for the measurement period of region 3
was 19.4 °C. The average temperature of the unsaturated zone over the sampling

period was 18.5 °C. The unsaturated zone was consistently 0.9 °C warmer than the
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saturated zone. This difference indicated that thermal exchange was likely occurring at
the unsaturated/saturated zone interface.

After the calibration factors were applied, the DTS River temperature record
was compared to the Tidbit V2 temperature record. The root mean squared error
between the DTS and the Tidbit V2 was +0.3 °C.

2.5 Discussion and Conclusions

Assuming media properties remained constant over the length of the probe, the
change of the heating front propagation rate over the 3 regions along the profiles
suggested a change in transport processes. Logical inference suggests that the change
in transport processes was predominately governed by water content, save for region
1. Region 1 was assumed to be the result of heating from solar radiation. Region 2
may have been due to convective air exchange, and region 3 was likely the result of
conductive exchange. Region 2, where air filled pores were continuous, air convection
could move heat downward relatively quickly; below the water table, where water
filled pores are continuous, the temperature profile indicated well-mixed conditions;
region 3, where air and water-filled spaces were both discontinuous in the capillary
fringe, heat flow is limited by conduction and is therefore relatively slow. This
suggests that the capillary fringe acted as an insulator for the saturated zone and
limited the ground heat flux from the surface to the water table, where air convection
could have otherwise led to rapid heating from the ground heat flux.

The similarity between the fiber optic probe saturated zone temperatures traces
presented in Figure 2.3 is of significant interest. We see that the arrival time of the
peak temperature for each probe was nearly identical, but the temperatures are offset.
Previous research on hyporheic flow suggests that the arrival times of peak
temperatures along hyporheic pathways become increasingly lagged [Arrigoni et al.,
2008].

The absence of an offset in the arrival time of daily maximum temperature in
our findings suggest that our probes were not oriented along a singular hyporheic

pathway, rather, the probes sampled parallel hyporheic pathways. Therefore, it is
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plausible that our initial estimates of the direction of hyporheic flow through the
gravel bar were incorrect. To correct for this, additional analysis (i.e., numerical
ground water models, ground water tracer tests) should be performed to verify this
conclusion. The offset in temperature between the probes may be attributed to the
depth of gravel above the water's surface. Therefore, the greater temperature recorded
by probe B may likely be due to the insulative properties of sediment depth.

Fiber optic probes A and D were unusable. The reason for this is unclear. One
possibility is that the probes could have become damaged during the installation
process. The design of the fiber optic probes left the sensitive cable exposed to the
elements. If a sharp edge came in contact with the cable at any point during the
installation, it is likely that the cable could have been severed. Another possibility is
that the fusion joint application in the field was unsuccessful, exposing one limitation
of the DTS system. Since the sensor medium is a small glass fiber (0.9 mm), its
inherent fragility can make fusions in the field difficult. Too small of turn radii and
kinking proved to be two major problems that must also be avoided in order to prevent
signal loss or signal breaks.

An important feature that sets fiber optic DTS apart from point sampling
methods is the dependence of measurement accuracy on the spacing of measurement
zones along the fiber and the number of measurements taken at each zone. With fiber
optic DTS, the reported measurement is the average of multiple measurements taken
within the time sampling interval. Thus, longer time sampling intervals result in a
greater number of measurements averaged per reported value. Additionally, the larger
the zone of integration, the greater the return signal for measurement. Because the
rates and zones of temperature change for the gravel bar were not well known, we
used the highest DTS resolution allowable (1 m spacing of sampling points and an
interval of 5 minutes was chosen). As a result, a higher degree of variability in the
reported temperatures was observed when the fiber optic DTS data was compared to

the more traditional thermistor collected data. A comparison of the fiber optic DTS
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data and V2 Tidbit data can be seen in Figure 2.4. The V2 tidbit was attached to the
shielded fiber optic cable in the river.

Spatial variability can be problematic for discrete point sampling methods.
With the fiber optic DTS methods detailed here, multiple spatial and temporal scales
can be efficiently sampled simultaneously by expanding or contracting the orientation
of the fiber optic cable. Ultimately, point measurements are appropriate when the
domain of measurement is homogeneous. However, homogeneous conditions are not a
common condition in natural settings. The simplest method to address heterogeneities
is to increase the number of sampling points. The ability to increase the number of
sampling points in continuous sequence through heterogeneous substrates is one of the
largest benefits of DTS technique. The continuity of the fiber optic cable effectively
provides discrete, densely spaced measurements, which aids in the reduction of
assumptions associated with heterogeneity.

In closing, the fiber optic DTS system proved to be a flexible, high data-
yielding, temperature monitoring system. The system flexibility allowed for the
simultaneous temperature measurement of a 180 m? area (river and alcove combined
sampling area) and multiple 2 m vertical temperature profiles with vertical resolutions
of 0.022 m. Because of the fine resolution of the temperature profiles, we were able to
observe subtle changes in the propagation rate of heat in the unsaturated zone of a
gravel bar on the Willamette River and delineate the interface between the unsaturated
and saturated zone. We observed a significant ground heat flux reaching the saturated
zone from radiation at the surface, but only on certain days. The heat from the surface
propagated relatively quickly to depths approximately 5 cm above the water table but
much more slowly within 5 cm of the water table, and temperatures below the water
table were nearly uniform. While the fiber optic DTS system is a very versatile tool,
the system is not without limitations. Sampling at the finest resolution of the DTS unit
resulted in an increased amount of measurement variability when compared to a more
traditional temperature measurement technique. An additional limitation is that the

measurement sensor, the fiber optic cable, is inherently very fragile and special
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considerations must be taken to minimize signal loss. Nonetheless, the fiber optic DTS
system provided an unprecedented view into the shallow subsurface.
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2.6 Figures

..Pacific Ocean

Figure 2.1 Study site location and instrumentation layout

The site is located on the Willamette River at river km 261. The inset image at the top
left contains the layout of the fiber optic instrumentation. The armored cable is laid out
in two serpentine configurations, beginning in the alcove then spanning across the
surface of the gravel bar and ending in the river. The fiber optic probes are labeled A—
D.
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Figure 2.2 Fiber Optic distributed temperature sensing (DTS) data summary
This is the summary of the fiber optic DTS data collected at the site (the surface
temperature of the gravel bar was omitted for reasons of clarity). Each time series
trace in Figure 2 is arranged according to their orientation on the gravel bar (see
Figure 1). The river and alcove temperature traces represent the averages from their
respective configurations. The dotted lines on the probe traces represent the variation
in the water table over the sampling period. The daily heat flux from the surface can

readily be seen as well as the fluctuation of the temperature in the hyporheic zone.
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Figure 2.3 Comparison of fiber optic probe hyporheic zone measurements

A comparison of the fiber optic DTS measurement (I-111) and a V2 Tidbit temperature
logger (1V). The River (1), Probe B (I1), and Probe C (l11) reveal the separation in the
lag in the arrival of the peak daily temperature for each location. Traces (I1) and (111)
represent the averages from the lower sections of the probes (1.30-1.70 m depth).
Trace (1V) is the record from a point 5 m north of probe B. Trace (V) is from 1.10 m
depth. Comparing the DTS traces to the Tidbit, the variation generated by the DTS

unit is readily apparent.
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Figure 2.4 Comparison of fiber optic DTS data to V2 Tidbit data
Comparison of the fiber optic DTS (red) to a V2 Tidbit Thermistor (black). The Tidbit
was secured to river section of the fiber optic cable. Comparing the two datasets the

root mean squared difference was +0.3 °C.
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Chapter 3: Heat Fluxes in the Hyporheic Zone of a Gravel Bar on the Willamette
River, Oregon, USA.
3.1 Introduction

Increased water temperatures and thermal loading have long been shown to
negatively impact the lifecycles of numerous aquatic organisms in riverine systems
[Hannah et al., 2004; Poole and Berman, 2001]. In the Pacific Northwest region of the
United States, the increased frequency of elevated stream temperature during summer
months for the last few decades has increasingly impaired salmonid viability in many
migration corridors [Geist et al., 2002; National Marine Fisheries Service, 1999; B
Quinn et al., 2004; Seedang et al., 2008]

The thermal energy balance for stream systems is controlled by several
processes. The external processes are: solar radiation (shortwave radiation), shading,
air temperature (longwave radiation), wind speed and groundwater inputs [Evans et
al., 1998; Johnson, 2004]. Internal processes, such as transient storage or hyporheic
exchange zones, may buffer or lag thermal extremes by offsetting and/or minimizing
temperature peaks [Arrigoni et al., 2008; Johnson, 2004].

Hyporheic exchange has several operative definitions; however, we define it as
surface water that enters the river bed or banks and reemerges back into the river
[Fernald and Guldan, 2006]. Until recently, the impact of these transient flow regimes
on stream temperature has been thought to be minimal; however, more recent studies
have suggested hyporheic exchange may be a more significant component of the
stream energy balance [Arrigoni et al., 2008; Johnson, 2004; Loheide and Gorelick,
2006; Story et al., 2003].

The impact of hyporheic exchange on stream temperature is largely governed
by the geomorphic history and flow regime of the river system. Studies of low order
streams by Johnson [2004] and Loheide and Gorelick [2006] found transient flow to
alter stream temperature at the reach scale; whereas studies of higher order streams
concluded that hyporheic discharge [Burkholder et al., 2008; Fernald et al., 2006] had

minimal impact on mainstem temperature but may have increased thermal
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heterogeneity in the stream system. Thermal heterogeneities manifest as localized cool
zones or temperature anomalies, such as those observed by Burkholder et al. [2008].
These anomalies are likely the result of transport processes (advection and dispersion
plus additional sources or sinks) “cooling, buffering, and/or lagging” the temperature
of water flowing through the hyporheic zone [Arrigoni et al., 2008].

The transport processes of advection and dispersion, in conjunction with
physical processes of bed conduction, and atmospheric contributions of latent and
sensible heat, contribute to temperature signatures of water within the hyporheic zone
[Evans et al., 1998]. However, prior studies have found advective transport to be the
dominant process [Keery et al., 2007; Silliman and Booth, 1993; Silliman et al., 1995;
Stallman, 1965]. As summarized in Arrigoni et al. [2008], multiple studies have found
seemingly conflicting information regarding the role of the hyporheic zone with
respect to the impact of hyporheic exchange on stream temperature [Arrigoni et al.,
2008; Fernald et al., 2006].

The upper Willamette River, Oregon is a major salmonid migratory corridor
where decreased water quality, specifically increased water temperature, has led to
decreasing populations of Chinook salmon and Steelhead trout [Laenen and Dunnette,
1997]. Stream temperature is the sum of many processes; as a result, resource
managers are seeking multi-faceted methods to mitigate the current dilemma of
elevated river temperatures. Multiple studies [Fernald et al., 2001; Fernald et al.,
2006; Seedang et al., 2008] of the Willamette River have hypothesized that thermal
pollution may be decreased by transient flow regimes but there have been few
comprehensive studies examining the thermal energy balance of hyporheic water and
the potential impact on mainstream temperature. Gravel augmentation is being
considered as a potential method to increase hyporheic connectivity and possibly
buffer daily maximum temperatures. Currently, regulators are investing significant
resources to increase hyporheic flow as a means to mitigate thermal pollution.

Thus, our study was motivated by the need to understand if and how the energy

content of stream water could potentially be lowered by flowing through the hyporheic
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zone. The objective of our study was to identify key thermal parameters and develop a
comprehensive heat balance for a characteristic gravel bar. By employing high
resolution data collection systems to a well-characterized gravel bar in the mainstream
Willamette River, OR we were able to quantify thermal inputs to hyporheic water for
the study area. The software packages Groundwater Modeling System (GMS) 6.0 and
HYDRUS 3D were used to determine hyporheic flow geometry and estimate the
thermal properties of the gravel bar. Using an energy balance, we quantified the
dominant thermal fluxes within the hyporheic zone. For a young, sparsely vegetated
gravel bar, we observed a net increase in energy content due to surface heating over
the length of study.
3.2 Materials and Methods
3.2.1 Site Description
3.2.1.1 The Willamette Drainage/Valley Floor

The Willamette River drainage is a 29,728 km? area in western Oregon, USA.
The Cascade Mountain Range forms the eastern boundary of the drainage, and the
Oregon Coast Range forms the western boundary. The floor of the Willamette Valley
is comprised of a 500 m thick Neogene and Quaternary alluvial fill aquifer. The lower
400 m is composed of fine grained Mio-Pliocene fluvial-lacustrine sediments, while
the upper 100 m consists of multiple coarse-grained Quaternary age deposits. The
southern portion, or upper Willamette Valley, consists of five Quaternary units. The
upper two are located in the central region of the valley. They are Holocene silts and
sands (0—10 m depth) underlain by late Pleistocene sand and gravel deposits (5-15 m
depth). These central valley units are bound on the east and the west by two early-mid
Pleistocene units. The upper of these deposits, a mid-Pleistocene unit, consists of
Missoula flood clays, silts, and sands (0—10 m depth), while the lower early Pliocene
deposit is Willamette River sand and gravel sediments (10-20 m depth). These are all

underlain by Tertiary weathered gravels (20-100 m depth) [O'Conner et al., 2001].
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3.2.1.2 The Willamette River

The Willamette River is a 424 km, 8th order, predominately anastomosing
alluvial stream. The mainstem of the Willamette River begins at the confluence of the
Coast Fork and Middle Fork of the Willamette at the southern end of the Willamette
Valley. The river then flows northward approximately 300 km and terminates at the
confluence with the Columbia River. The climate of the Willamette Valley is
classified as Mediterranean. The valley typically experiences cool, wet winters and
warm, dry summers. The average precipitation is approximately 120 cm per year
[Oregon Climate Service, 2007]. Peak annual discharge typically occurs between the
months of November and March as a result of winter and spring precipitation. For the
remainder of the year, discharge is primarily governed by upstream reservoir
operations. The average annual discharge at river km 260 is 328 m® second™. Between
the months of July—September 2007, the average monthly discharge was 126
m?*/second [Harrisburg USGS Gauge 14166000, 2007]

The predominant natural bank materials of the modern upper Willamette River
are Holocene gravels and Indurated Pleistocene gravels. Of these two, the Holocene
gravels are the more erodible and are the primary source of sediment input for the
formation of new geomorphic features such as gravel bars [Wallick et al., 2006].
Gravel bar formation is normally the result of lateral migration of meander bends.
Sediment eroded from the outer bank is transported longitudinally downstream,
forming either mid-channel or lateral gravel bars. As erosion progresses and more
sediment is input into the stream, the mid-channel or lateral bars aggrade and can
sometimes develop into point bars if the sediment input is large enough. Young point
bars are typically cross channel bars that are inundated during peak flows, but become
point bars during the low flow season, i.e., summer months. At these times, water
ceases to flow over the head of the bar and an alcove will form on the side opposite

the river.
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3.2.1.3 The Research Site

The point bar chosen for this investigation is located on the western side (river-
left) at river km 261 (44°15°35.8” N, 123°10°30.5”W) [Figure 3.1]. The site was
accessible only by boat. The first appearance of the gravel bar was in 2005. The gravel
bar accreted annually until the time of this investigation in the summer of 2007.
During the dry season (June to September), the water surface on the river-left side of
the bar was connected to the mainstem only at the downstream end of the bar, so that
the bar formed an alcove. Throughout the dry period, the adjacent alcove had an
average depth of 0.75 m and covered an area of approximately 360 m®. Vegetation on
the bar was limited to small annual forbs. The bar surface was comprised of poorly-
sorted, mildly imbricated gravels (median particle diameter, Dso = 0.032 m; Dyp =
0.011 m, and Dgo = 0.070 m).
3.2.2 Measurements/Instrumentation
3.2.2.1 Surveys

We conducted three surveys to map the physical structure of the site:
topographic, bathymetric, and seismic. The topographic mapping of the gravel bar and
its surrounding area was performed through the combination of total station* and
precision GPS® data. The alcove and bar surface were mapped at approximately a 2 m
interval. The area surrounding the bar was mapped at an approximate interval of 3 m.
The bathymetric survey was performed with the use of a nautical GPS® system that
had the capability to record both horizontal position and depth. The river channel was
mapped at an approximate 3 m interval. Subsurface structure was determined using a

seismic survey method. Using a 60 channel linear geophone array, two seismic

* Leica TCM-1100- electronic transit and electronic distance meter (EDM) with data storage capability.
Manufacturer Stated accuracy: £0.01 m vertically and horizontally at 1000 m distance.

® Trimble Pathfinder- Using maximum resolution settings with radio telemetry correction, the accuracy
is stated as £0.05 m.

® Garmin GPSMAP® 185 Sounder- Manufacturer Stated Accuracy: Horizontal +1-5 m; Depth +0.10 m.
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surveys were conducted. The first was oriented on the longitudinal center line of the
gravel bar with a geophone spacing of 2.5 m. The second survey ran orthogonally to
the centerline and transected the bar at the midpoint. The geophone spacing for the
transverse seismic survey was spaced at a 2 m interval. A more detailed description
the survey methods and procedures are located in the appendix (appendices: A-1
Topographic Survey, A-2 Bathymetric Survey, and A-3 Seismic Survey).
3.2.2.2 Temperature Data
3.2.2.2.1 Fiber Optic Distributed Temperature Sensing

A fiber optic distributed temperature sensing (DTS) system was deployed as
described in the prior chapter. Four 2 m PVC pipes wrapped in fiber optic cable were
installed into the bar and 180 m of fiber optic cable was collectively deployed in the
river and alcove. The DTS system was configured to record a temperature data point
for every meter of cable every 5 minutes. By wrapping the fiber optic cable onto a
0.064 m diameter threaded PVC pipe, the 1 m spacing between data points was
condensed to an interval of 0.025 m.
3.2.2.2.2 Thermistor Probes

In addition to the fiber optic DTS system, temperature was collected using
Onset Tidbit V2 Temperature Data Loggers’. The V2 loggers were attached to a 3.8
cm PVC rod and inserted into larger (7.62 cm) PVC pipe which had a slot cut into the
side of it to allow the V2 loggers be directly exposed to the gravel in the hyporheic
zone. In this configuration, the V2 loggers were dubbed "thermistor probes.” Each
thermistor probe housed 5 V2 loggers spaced at a 10 cm interval. The thermistor
probes were deployed in an orientation that paralleled the fiber optic probe array (see

Figure 1). The top V2 logger on each probe was positioned approximately 1-2 cm

" Onset Tidbit V2 Temperature Data Loggers- Manufacturer Stated Accuracy: Resolution 0.02° C and

an accuracy +0.2° C.
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below the water’s surface inside each probe casing. An air bladder was then inflated
inside the probe’s casing to extrude the loggers into the gravel (see Appendix D).
3.2.2.3 Piezometer Array

A piezometer array was installed so that groundwater elevations could be
monitored and aquifer characterization tests could be performed. The piezometers
were constructed from 0.032 m diameter PVVC pipes, and were installed using a
modified form of the direct push method. The method is similar to that used to install
the fiber optic and thermistor temperature probes. The aquifer characterization tests
included slug/falling head hydraulic conductivity tests and salt tracer
injection/recovery tests. Auxiliary temperature measurements were also recorded
using the piezometer array.
3.2.3.4 Hyporheic and Heat Flux Simulation
3.2.2.3.1 Hyporheic Flux/Flow Geometry Simulation

A three-dimensional, steady-state ground water flow model was created to
simulate hyporheic flow through the gravel bar. The flow model was developed via
the Groundwater Modeling Systems (GMS) 6.0 software platform, utilizing the
MODFLOW [McDonald and Harbaugh, 1988] and MODPATH modules.

Using survey, piezometer, and aerial photography data, a 40 layer finite-
difference grid frame was created using the conceptual model approach. The grid size
ranged from 0.20 m X 0.20 m X 0.20 m (X, Y, and Z planes respectively) in the area
of the instrumentationto 5m X5 m X 2 m (X, Y, and Z, respectively) at the outer
boundary. The outer boundary condition was set as a no flux boundary. River stage
elevation was characterized as a specified head boundary condition, and the stage
elevation remained constant throughout the simulation. Once a successful
MODFLOW simulation was generated, the MODPATH module in GMS was used to
simulate hyporheic flow paths and determine flow geometry through the bar.
Additionally, the particle tracking feature of MODPATH was used to calibrate the

model by matching particle arrival times at the well locations with the arrival times of
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a peak temperature markers in hyporheic flow. A more detailed description of the
model construction is located in the appendix (see Appendix F: Groundwater Model).
3.2.2.3.2 Heat Flux Simulation

A two-dimensional finite element transient heat transport model was created
using HYDRUS 3D [Simuinek et al., 2005]. The domain dimensions of the heat
transport model were taken from a cross-sectional slice in the XZ plane (parallel to
flow lines) of the GMS groundwater model at the location of the instrumentation. The
finite element grid size ranged from a value of 0.2-2.0 m. Nodal spacing was refined
to 0.2 m in the zone where field measurements were made, and the left, right, and
bottom boundaries were set at a 2 m nodal spacing. The boundary conditions for fluid
flow were constant throughout the simulation, while the boundary conditions for heat
transport were imported values from field observations. (See Appendix G: Heat
Model). Additionally, a sensitivity analysis of the temperature transport model was
performed. Two scenarios were simulated. In the first scenario, the gravel bar surface
temperature was held constant at the weekly average. This scenario was created to
estimate the influence of diurnal surface heating on hyporheic temperature. In the
second, a cooler region was created in the lower portion of the model domain. This
scenario was created in order to simulate hyporheic flow mixing with a cooler, deeper
aquifer and estimate the degree of influence mixing with deeper aquifers might have
on hyporheic temperature.
3.3 Results
3.3.1 Temperature Data
3.3.1.1 Distributed Temperature Sensing (DTS) Data

Temperature data were collected to constrain the initial and boundary
conditions for numerical simulations of advective (hyporheic) heat transport in the
gravel bar and to provide calibration data. The high density of data points in the fiber
optic DTS dataset provided a high resolution visualization of heat transport within the
aquifer. Figure 3.2 illustrates the summary of the fiber optic DTS dataset. The

horizontal positions of the four measurement locations are plotted: the river, probe B,
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probe C, and the alcove. Examination of the fiber optic probe profiles reveals two
dominant temperature signals. The first signal is the temperature fluctuation associated
with the propagation of heat from the surface downward into the vadose zone. The
second is the temperature signal of the advecting (hyporheic) water. The fluctuation in
temperature from the surface signal has a larger amplitude (30 °C) than that of the
hyporheic water amplitude (0.5°C). The hyporheic water is out of phase -11 hours
later, indicating that the signal lags behind the surface phase 11 hours. For the first
three days of the sampling period (9/7-9/10), an abrupt temperature transition
occurred at the water table. The transition became less distinct for the final two days.
The average amplitude of the daily oscillation in river stage was 0.005 m. River stage
elevation dropped 0.025 m over the sampling interval.
3.3.1.2 Thermistor Data

The thermistor temperature data were collected to support the fiber optic DTS
data as well as for use in calibration of the numerical simulation of heat transport.
Figure 3.3 presents the summary of the thermistor data from row 3 collected for dates
9/7-9/21. Due to a failure in fiber optic probes A and D, temperature behavior was not
monitored in the direction of hyporheic flow across the gravel bar using the fiber optic
DTS system. However, the thermistor probe row (row 3) adjacent to the fiber optic
probe row (row 2) successfully captured the temperature parallel to hyporheic flow
across the gravel bar (see instrumentation inset from Figure 3.1). Temperature traces
from probes represent temperature 10 cm (£3 cm) below the water table. Attenuation
of the diurnal temperature signal as it travels across the hyporheic aquifer can be
observed in Figure 3.3. The river temperature amplitude ranges from 10-2 °C with a
period of 24 hours. The daily average temperature of the river was plotted to reveal a
local maximum temperature over the sampling interval. This local maximum was
observed propagating across the gravel bar. With t = 0 hours when the average daily
maximum temperature was reached, the maximum arrived 6.83 hours at the first probe
(3A). 18.66 hours from t = 0, the maximum arrived at probe 3B, and at t = 49.83 hours

it arrived at 3C. The maximum cannot with any level of certainty be detected in probe
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3D. The diurnal fluctuation can easily be seen 10.3 meters into the bar at probe 3B.
Probe 3D, at 20.7 meters away from the river, yields no discernible diurnal fluctuation
in temperature.
3.3.2 Model Data
3.3.2.1 GMS 6.0: MODFLOW/MODPATH

The three-dimensional ground water flow model was created to simulate
hyporheic flow path geometry. Figure 3.4 (top left) presents the potentiometric surface
map for the gravel bar and the surrounding area. The flow path geometry displayed in
Figure 3.4 (top right) confirmed that the instrumentation array rows were oriented
parallel to hyporheic flow through the bar. The root mean squared error for the
observed head versus the calculated head was 0.02 m. Through inspection of the
potentiometric map, two distinct areas could be distinguished. The first area, the
peninsula, was characterized by a hydraulic gradient slope of 5%. The remaining area,
the point bar base and base/island body, was characterized by an average hydraulic
gradient of 2%. The geometric mean of hydraulic conductivity values used to calibrate
the model was 7.87 E-03 m s™. The porosity used in the simulation was 0.36 m* m™.
3.3.2.2 HYDRUS

Using the hydraulic properties determined in GMS MODFLOW (hydraulic
conductivity, porosity), a simplified two dimensional water and heat transport model
was constructed using HYDRUS 3D. The model was built to estimate the thermal
properties of the aquifer and simulate movement of the river water heat signature as it
travelled through the hyporheic zone. The Marquardt-Levenberg type parameter
optimization algorithm built into HYDRUS was used for the inverse estimation of the
aquifer thermal properties using DTS temperature data from the river, surface, and
fiber optic probe 2B. Initial estimates for the volumetric heat capacity of the solid and
liquid phases were determined using commonly accepted literature values (2.0 E6 J m’
$oCtand 4.2 E6 I m™ °C?, respectively). The apparent thermal conductivity
parameters were set using visual best fit comparison between the temperature profile

of DTS probe 2 B and the computed result (Figure 3.5). Average pore water velocity
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was calculated as 7.7E-05 m s, which is 58% smaller than the pore water velocity
calculated from a saltwater tracer test (1.83 E-04 m s™). The volumetric heat capacity
of the solid phase was calculated as 3.0 E6 J m™ °C™ and the volumetric heat capacity
of the liquid phase was determined to be 4.2 E6 J m™ °C™. The liquid phase fraction
was equal to the porosity, 0.36, and the solid phase fraction was 0.64.
Figure 3.6 illustrates the result of the sensitivity analysis scenarios. The first scenario,
in which the gravel bar surface temperature was held constant at the weekly average,
the hyporheic temperature diverged from the calibrated result becoming cooler. In the
second scenario, no discernable difference from the calibrated version was observed.
3.3.3 Energy Balance Calculations

Based on the theory presented in Peixoto and Oort [1992], we define our
conceptual model for a control volume as illustrated in Figure 3.7. The heat content
for the hyporheic zone is the sum of the heat fluxes across the boundaries of the
control volume. This can be mathematically expressed as:
(3.1)

thz
at

Where Q is the heat content [J m™] of a layer of length L [m]. G represents the

L = qQwi — qQwo + LGy — LGaq

conductive heat fluxes [W m™] at the top and bottom boundaries of the layer, and q is
specific discharge [m s™]. Subscripts hz, wi, wo, wt, and aq represent the hyporheic
zone, advected water in, advected water out, water table and deep aquifer,
respectively. Assuming uniform specific heat and density throughout the layer, heat
content can be defined as:
(3.2)

Q = hcpT

Or
Q = hCT
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Where c is specific heat [J kg™ °C™], p is density [kg m™], C is the volumetric heat
capacity [J m™°C™], and T is the depth-averaged temperature [°C] of a layer with
thickness h [m]. The conductive fluxes are defined as:
(3.3)

aT

G=k£

Where k is the thermal conductivity [W m™ °C™] of the layer and 67/0z [°C m™] is the
vertical temperature gradient within the layer at the boundary. By substitution of
equations 2 and 3 into equation 1, we obtain:

(3.4)

L (k aT)
wit dz

The subscript w is for the designation of water. The term on the left hand side

oT oT
Lhy,Cp, ot = qhthw(Tin - Tout) + L (k az)
aq

of equation 4 represents the net energy change within the system. Positive values
indicate a net gain in internal energy over time and negative values represent a net loss
within the volume. The first term on the right side of the equation is the net energy
flux from advective flow. The second term is the net heat flux across top boundary,
and the third term is the net heat flux across the bottom boundary. The top boundary
coincided with the elevation of the water table within the gravel bar. The bottom
boundary was to ideally be located at the interface of the hyporheic zone and a deeper
aquifer. However, owing to the difficulty in inserting the temperature probes into the
coarse gravel of the bar, we were only able to collect temperature data to a depth of
1.3 m below the water table at limited locations. 1 m below the water table at fiber
optic probes 2B and 2C, the mean vertical temperature gradient was 0.3 °C m™ with a
range of 0.9 °C m™. The mean vertical gradient at the top boundary was -1.1 °C m™
with a range of 26.1 °C m™. Due to the limited data collected and the comparatively
small vertical temperature gradient at the bottom boundary, it is assumed that the net

flux across this boundary is near zero. Equation 4 then becomes:
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(3.5)

oT oT
Lhy,Cp, E = qhthw (Tin - Tout) +L (k 5)

wt

The thermistor data in Figure 3.3 qualitatively indicated an increase in average
temperature in the hyporheic zone as water flowed across the gravel bar. Since
the vertical flux across the bottom boundary can be neglected and the net advective
flux and change in heat content with time can both be measured, the net flux across the
water table boundary can be expressed as:
(3.6)

ath = h.C a_T _ qthCw(Tin - Tout)
az ~ Mgt L
Using the thermal parameters determined from the HYDRUS simulation

k

(volumetric heat capacities of solid/liquid phases and the associated phase fractions)
and the thermistor temperature data, the heat flux across the water table boundary of
the hyporheic zone was calculated from the edge of the wetted perimeter of the river to
20.69 m across the bar (location of thermistor probe 3D). Positive values represent
heat flowing into the layer and negative values represent heat flowing out of the layer.
Note that the volumetric heat capacity of the hyporheic zone, Cy;,, was calculated as
the sum of the solid/liquid phase fractions multiplied by their respective volumetric
heat capacities. The volumetric heat capacity of the hyporheic zone was found to be
3.4 E+06 J m™ °C™. The value used for volumetric heat capacity of water was 4.2
E+06 J m™ °C™. The total length across the hyporheic zone was partitioned into the
zones: river—3A, 3A-3B, 3B-3C, and 3C-3D. The 24 hr average fluxes across the
water table for each zone and the average flux for the total region are presented in
Figure 3.8. The average flux across the water table for the entire observation period
was 3.3 W m™.
3.4 Discussion

In this study, the hyporheic zone of a young gravel bar on a large gravel bed
river was characterized and delineated in order to determine the contributing sources

and sinks of heat within the zone. The initial finding of this study was that as stream
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water flowed across the hyporheic zone of this particular gravel bar, the mean
temperature of stream water increased. After developing a conceptual framework to
quantify the fluxes of heat within the hyporheic zone, it was determined that the net
gain in heat within the hyporheic zone was attributed to heat flux from the vadose
zone, across the water table, into the hyporheic zone.

This study was motivated by the need to understand how the energy content of
stream water could potentially be lowered by flowing through the hyporheic zone. Our
study found that stream water energy content was not lowered, but rather, stream
water energy was elevated via travel through the hyporheic zone. These findings were
contrary to the findings reported from previous studies of hyporheic exchange on the
Willamette River. [Fernald et al., 2006] observed that the emergent water from the
hyporheic zone tended to have a lower temperature than the water entering the
hyporheic zone. They posited that the physical processes likely to cause cooling in the
hyporheic zone were (1) conduction with substrate and (2) the mixing of surface
temperature and hyporheic water (free convection). Though conduction was among
the primary physical processes of heat exchange in this study, no evidence was found
indicating conduction with deeper sediments would cause a net cooling effect of the
stream water as it passed through the hyporheic zone. Also, no evidence was found to
suggest that free convection or hyporheic water mixing with the lower aquifer was
occurring. The fiber optic profiles revealed thermal stratification in the hyporheic
zone.

Processes influencing heat flux to the stream

With regard to temperature dynamics in the hyporheic zone, this study found
the source of the heat added to the system was due to heat flux from the vadose zone
into the hyporheic zone. While studies analyzing hyporheic exchange longitudinally
oriented to the stream channel can discount the vadose zone, this study could not.
Previous research [Fernald et al., 2001; Fernald et al., 2006] on the Willamette River
focused on hyporheic exchange laterally oriented to the stream channel, whereas this

study focused on exchange across a gravel bar with an unsaturated zone. Si