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Intra-meander groundwater-surface water interactions in a losing experimental stream 

John David Nowinski, MSGeoSci 

The University of Texas at Austin, 2010 

Supervisor: Meinhard Bayani Cardenas 

 

Groundwater-surface water interactions between streams and shallow alluvial aquifers 

can significantly affect their thermal and chemical regimes and thus are critical for effective 

management of water resources and riparian ecosystems.  Of particular significance is the 

hyporheic zone, an area delineated by subsurface flow paths that begin and end in surface water 

bodies.  Although detailed work has examined hyporheic flow in the vertical dimension, some 

studies have suggested that the drop in a stream’s elevation as it flows downstream can laterally 

extend the hyporheic zone.  This study examines intra-meander hyporheic flow using extensive 

field measurements in a full-scale experimental stream-aquifer system.  Synoptic head 

measurements from 2008 and 2009 and a lithium tracer test were conducted to determine the 

extent and nature of hyporheic flow within the meander.  Permeability was measured and 

sediment cores were analyzed from 2008 to 2009 to assess aquifer properties.  Finally, transient 

head and temperature measurements were collected during flooding events to assess the 

sensitivity of intra-meander hyporheic flow and temperature to stream discharge.  Results verify 

that hyporheic flow through meanders occurs, but show that it is sensitive to whether a stream is 

gaining or losing water to the subsurface overall.  In addition, permeability and core grain size 

results indicate moderate heterogeneity in permeability can occur in aquifers composed of 

relatively uniform sediment.  Results also demonstrate that permeability in alluvial aquifers can 

evolve through time.  Such evolution may be driven by groundwater flow, which transports fine 

particles from areas where porosity and permeability are relatively high and deposits them where 

they are relatively low, thus creating a positive feedback loop.  Finally, measurements during 

flooding indicate that steady-state hyporheic flow and the thermal regime within the aquifer are 

largely insensitive to stream discharge.  Together, these results expand upon previous field 

studies of intra-meander hyporheic flow and verify previous modeling work, although they 

demonstrate a level of complexity within these systems that should be considered in future work.  
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Chapter 1: Background and Overview  

1.1. BACKGROUND AND LITERATURE REVIEW 

Streams and the aquifers adjacent to them are commonly treated as separate entities; 

however, research has consistently demonstrated that the two systems interact.  While variations 

in regional geology and recharge can cause a stream to be either gaining or losing overall, a 

variety of processes cause surface water to enter the shallow subsurface and later return to stream 

along relatively short flow paths, in a process dubbed hyporheic exchange.  The area defined by 

these hyporheic flow paths, known as the hyporheic zone, plays a critical role in riparian 

environments.  In particular, hyporheic flow transports dissolved nutrients and delivers them to 

biota in different areas (Brunke and Gonser, 1997; Gregory et al., 1991).  Nutrients are also 

removed or transformed in the hyporheic zone by sorption to sediment and microbial metabolism 

(Triska et al., 1993; Vought et al., 1994).  Of particular interest are anoxic zones within the 

hyporheic zone that promote denitrification and influence carbon cycling (Battin et al., 2008; 

Dahm et al., 1998; Duff and Triska, 1990). 

Numerous processes have been shown to induce hyporheic flow, and much previous 

work has focused on processes related to the hyporheic flow in the vertical plane. In particular, 

stream water flowing over bedforms such as ripples at the sediment-water interface generates 

pressure gradients that induce flushing of stream water in and out of the shallow subsurface 

along relatively short flow paths (Elliott and Brooks, 1997; Savant et al., 1987; Thibodeaux and 

Boyle, 1987).  On a somewhat larger scale, stream flow through a pool-riffle-pool sequence can 

also induce subsurface flow (Harvey and Bencala, 1993; Savant et al., 1987; Thibodeaux and 

Boyle, 1987).  Such processes are influenced by groundwater flow, which may be influent, 
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effluent, or underflow dominated depending on geomorphologic characteristics of the alluvial 

aquifer (Larkin and Sharp, 1992). 

While vertical hyporheic flow has been well studied, less work has examined flow in the 

lateral direction.  Several recent studies have modeled hyporheic flow through meanders using 

stream surface elevation along a meander as a steady boundary condition (Boano et al., 2006; 

Cardenas, 2008, 2009a; Revelli et al., 2008).  These studies suggest that the drop in stream 

elevation around a meander creates a hydraulic gradient through the meander that induces 

hyporheic flow.  Modeling has also suggested that hydraulic gradients can significantly affect the 

extent of the intra-meander hyporheic zone depending on their direction and magnitude 

(Cardenas, 2009b).  Although these studies suggest intra-meander hyporheic flow may 

significantly influence water chemistry (Boano et al., 2006) and thermal regimes within the 

riparian zone, the results are seldom compared to data from the field.  To date, few field studies 

have examined intra-meander hyporheic exchange in the field.  Although the studies that have 

been done (Grannemann and Sharp, 1979; Peterson and Sickbert, 2006) help verify computer 

modeling work, there remains is a need for detailed field data to assess how well models fare 

compared to complex field conditions.  Furthermore, field studies may reveal new complexities 

related to intra-meander hyporheic exchange that have yet to be considered, such as how it 

responds to perturbations such as flooding events.      
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1.2. RESEARCH QUESTIONS  

Given the state of current research, this thesis contributes to the field by addressing 

several fundamental research questions.  These include: 

 How well do computer simulations capture hyporheic flow through meanders? 

 How does permeability within meanders vary in space in time, and how does this 

influence hyporheic exchange? 

 How do intra-meander hyporheic exchange and the thermal regimes within meanders 

respond to flooding events? 

 

1.3. STUDY SITE  

The field data for this study were collected from a full-scale experimental stream-aquifer 

system at the Saint Anthony Falls Laboratory, Minneapolis, Minnesota, U.S.A.  Called the 

Outdoor StreamLab (OSL), the system mimics a meandering low order stream and measures 

approximately 40 by 25 meters (Figure 1.1).  The facility was developed by the National Center 

for Earth-Surface Dynamics, a National Science Foundation Science and Technology Center, at 

the University of Minnesota to study riparian environments in a system that closely replicates 

nature.  The facility is one of the largest of its kind in the world, and it provides a controlled yet 

natural environment in which to assess hydrologic processes in stream meanders. 

The OSL is constructed on a limestone dam spillway along the Mississippi River using 

sandy sediment excavated from a nearby construction site as aquifer substrate.  Stone walls 

contain the facility, and sheet piles were installed around the facility’s periphery to help mitigate 

groundwater leakage.  The lab utilizes the elevation gradient created by the Saint Anthony 
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waterfall on the Mississippi to generate streamflow.  Discharge is precisely controlled by an inlet 

valve on the upstream end of the facility and monitored with a gauging station.  The stream has 

an average width of about 2 meters and completes one full meander, which creates a point bar 

typical of low order meandering streams.  Within the stream, riffles were constructed on the 

meander’s upstream and downstream sides with a pool in between. 

1.4. THESIS FORMAT  

This thesis consists of six chapters.  Chapters 2 through 5 each address a distinct 

component of my research and contain separate introduction, method, results, and discussion 

sections.  This approach was preferred over having separate chapters devoted to the above 

sections so that similar concepts are presented in a coherent manner.  Chapters 2 through 4 each 

address field data, while chapter 5 serves to verify the previous chapters via numerical modeling.  

Finally, chapter 6 synthesizes the different components of the thesis to explicitly address my 

fundamental research questions.    
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Figure 1.1: View of the Outdoor StreamLab in fall 2008.  Stream flow is from bottom of photo toward the 

Mississippi River, top.  The facility measures approximately 25 by 40 meters. 
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Chapter 2: Characterization of Groundwater-Surface Water interactions 

2.1. INTRODUCTION 

Because water flow is driven by gradients in mechanical energy, characterization of 

hydraulic head distributions at the water table and at depth is fundamental to understanding the 

dynamics of hyporheic exchange in meandering streams-aquifer systems.  Similarly, tracer tests 

are useful tools for understanding water flow and can verify flow patterns predicted by head 

distributions.  At the OSL, a dense nested piezometer network was installed to determine head 

distributions at different locations in the aquifer.  A LiCl tracer test was also conducted to verify 

the extent to which hyporheic exchange is occurring within the meander.  Together, these 

methods provide detailed field data that can be used to verify or question modeled hyporheic 

flow within stream meanders.  

2.2. METHODS 

2.2.1. Piezometer Installation and Survey 

To access pore water in the OSL, a nested piezometer network was installed in the 

summer of 2008.  A total of 59 nests were installed, each with three piezometers, one screened 

through the water table, one screened from about 30 cm through 60 cm below the water table, 

and one screened from about 100 through 130 cm below the water table (Figure 2.1).  The 

piezometers used are composed of PVC, with an inner diameter of 3.2 cm, an outer diameter of 

4.2 cm, and 0.1524 mm screen size.  Forty-one nests were installed within the point bar along 

hypothesized hyporheic flow paths to give dense coverage, while the remainder of the 

piezometers were installed on the opposite bank to provide broader general coverage.  

Piezometers were installed by first hand augering holes down to the water table at a depth 

of approximately 0.5 m.  The piezometers were then driven further into the subsurface using a 

fence post driver.  In some instances, piezometers became stuck during installation, in which 

case a concrete vibrator was inserted into the hole next to the piezometers to induce liquefaction 

of the sediment as weight was applied.  The combination of these methods was generally 
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effective for installing the piezometers with minimal disturbance to the sediment; however, in a 

few cases large rocks prevented piezometers from being installed altogether, as was the case near 

coordinates 15 m Easting, 7 m Northing.   

Following successful installation, any gaps between piezometers and the subsurface was 

re-filled with sediment and lightly packed.  Wells were then developed by discharging 

approximately 25 L of water through them from a garden hose with a special balloon nozzle that 

allowed the wells to be pressurized.  The top of each piezometer casing was then surveyed to 

sub-mm accuracy using a reflector-less digital Sokkia total station.  Stream surface elevation, 

both during normal discharge and flooding was also surveyed.  A repeat survey of the 

piezometers was completed in the summer of 2009 to account for any shifting in the 

piezometers’ locations due to settling or ice heaving.  For all measurements, an Easting-Northing 

coordinate system was adopted, with an origin near the southwest corner of the facility.  

Elevation values were all referenced to sea level, as determined by a GPS at the location of the 

origin.  While this introduces absolute error into the elevation measurements, the relative error 

between them is equivalent to that of the Total Station, which is on the order of one mm or less. 

2.2.2. Water Level Measurement and Analysis 

Depth to water measurements were collected several times from all piezometers from 

August 2008 through spring 2010 using a Solinst electronic water level meter (“e-line”) accurate 

to one mm.  These values were then converted to water surface elevations by subtracting them 

from the top of casing measurements obtained from the piezometer surveys.  These data, along 

with the surveyed stream surface elevations during normal discharge, were used to create 

potentiometric surface maps by hand and using the mapping program Surfer.  In Surfer, data 

were gridded using kriging interpolation with an isotropic linear variogram and then plotted. 

In addition to water surface maps, lateral and vertical head gradient maps were generated.  

Lateral head gradients were calculated from the kriged water tables using a gradient function in 

Surfer.  To determine vertical head gradients, head differences were determined by subtracting 

water levels in the different piezometer pairs within each nest.  Because the horizontal distance 
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between piezometers within a nest is approximately 25 cm, variation in head between wells in 

the same nest was assumed to be due to vertical differences.  These differences were then 

divided by the difference between top of screen locations of the two piezometers to yield a head 

gradient.  Results for both lateral and vertical gradients were interpolated and plotted using the 

same methodology as the water table results.  

 

2.2.3. Tracer Test 

 A tracer test using Li was completed in the fall of 2008 during constant stream stage.  

Several studies have used Li as a tracer successfully to characterize hydrologic characteristics of 

aquifers and groundwater-surface water interactions (Bencala et al., 1990; Leblanc et al., 1991).  

Li is a reactive tracer, except at low pH where it does not strongly sorb. At our study site, pH is 

approximately neutral and Li sorbs to the sediment.  While a conservative tracer such as Cl may 

have been preferable for the purposes of this study, Li was selected because it is relatively 

benign and did not harm biota associated with other studies within the OSL.  Although the use of 

a reactive tracer is not ideal, Li is well suited for this study because the role of the tracer test for 

this study is more qualitative than quantitative.  

For my study, a 72 hr drip releasing LiCl at 0.025 g/s was started on 9/29/08 across the 

upstream section of the stream.  When mixed and diluted by the stream, which had a nearly 

constant discharge of 35.1 L/s, the in-stream concentration of LiCl was 0.712 mg/L (712 ppb), 

which corresponds to a concentration of 0.117 mg/L (117 ppb) for Li.  Pore water samples were 

collected before, during, and after the drip by Saint Anthony Falls Laboratory researchers and 

staff from select medium depth piezometers using a peristaltic pump.  Several pump volumes of 

sample well water were flushed through the pump with well water prior to sample collection.  
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Samples were stored in polypropylene bottles acidified with nitric acid to prevent sorption and 

flocculation.   

Li concentrations of the samples were determined using an Agilent 7500ce Quadrupole 

ICP-MS at the University of Texas Department of Geological Sciences. 
9
Be and 

45
Sc we both 

tested as internal standards, although the 
45

Sc proved superior.  Samples were analyzed without 

dilution, and several Li spikes were introduced during the analysis for quality assurance.  

Average relative standard deviation for the tested samples was 0.87 %.    

2.3 RESULTS 

2.3.1. Water Table 

The water table configuration of the experimental aquifer varied slightly over the course 

of study.  In the summer of 2008, water flow is dominantly from the stream into the aquifer from 

both sides of the meander (Figure 2.2).  Within the meander, equipotential lines are sub-parallel 

to the meander crest, indicating little potential for hyporheic flow.  This configuration persists 

through the fall and winter of 2008; however, in 2009 head equipotentials shift to sub-parallel to 

the upstream meander limb, rather than the meander crest, indicating there is potential for 

hyporheic return flow through the upper portion of the meander.   On the northern side of the 

stream; however, considerable flow is still directed away toward the northwest corner of the 

OSL. 

2.3.2. Lateral Head Gradients 

 Lateral head gradients within the meander are somewhat heterogeneous in 2008 and 

range from 0.00 to 0.04, except at base of the meander near the upstream bank, where they reach 

values greater than 0.10.  The anomalously high gradients are likely an artifact of the Surfer 

gradient function because there is no piezometer in the area where values are high.  Lateral head 

gradients in 2009 within the meander are more uniform and in 2008, with values between 0.00 
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and 0.02 in most cases.  An area with anomalously high values is present in the same place as in 

2008, although it has decreased in magnitude to 0.08 or less.      

2.3.3. Vertical Head Gradients 

The vertical head gradient distributions for both 2008 and 2009 show spatially distinct 

zones of upwelling and downwelling groundwater.  In general, areas with negative head 

gradients (i.e. downward flux) occur near the boundaries of the OSL, most notably in the 

northeast corner in 2008 and the southeast corner in 2009.  Gradients within the meander are 

near zero in most cases, indicating neither dominant downward nor upward flux of groundwater 

within the system.   

There is visible temporal variation within the results between the two years in a number 

of areas.  The largest changes occurred near the two eastern corners, where the vertical gradient 

decreased an order of magnitude in the north and increased 16 orders of magnitude.  Gradient 

decreases also occurred near the northwest corner and at the upstream base of the meander, 

although they were much smaller in magnitude.  

 

2.3.4. Tracer Test 

Li concentration in all three piezometers sampled on the upstream side of the meander 

increased above background levels in response to the Li tracer release (Figure 2.5 a).  Of these 

wells, concentration increase was greatest near the middle of the upstream bank, followed by the 

piezometer near the base of the meander and finally the piezometer closest to the tip.  For the 

middle upstream piezometer, Li concentration increased from a background level of 3.5 ppb to 

34.3 eight days after the start of the tracer test.  The piezometer near the base of the meander 

reached a peak concentration of 24.7 ppb ten days after the start of the drip, while the piezometer 

near the tip of the meander reached a peak of 8.4 ppb after 12 days.     

On the downstream side of the meander, both the piezometers near its tip and base have 

strong Li peaks; however, concentrations near the middle of the point bar increased only slightly.  
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Near the tip, Li concentration reached 37.5 ppb five days after the start of the drip.  At the base, 

concentration also peaked five days after the start, reaching 32.3 ppb.  Near the middle of the 

downstream limb, concentrations rose to only 5.9 ppb 23 days after the start.   

In contrast to the piezometers near the banks of the stream, Li concentration within the 

middle of the meander did not show a significant response to the tracer test.  Only the piezometer 

nearest the tip of the meander increased above background level, with a peak concentration of 

5.9 ppb occurring 16 days following the start of the drip. 

 

2.4. DISCUSSION 

These results indicate that the experimental stream is losing water into the aquifer.  

However, the degree to which the stream has been losing has decreased from 2008 to 2009, 

which has in turn influenced hyporheic flow.  That the stream is losing is demonstrated most 

clearly by the water table maps of the aquifer (Figure 2.2), where head is generally highest at the 

stream and decreases away from it.   

For 2008, the water table configuration indicates there is little hyporheic flow through the 

stream meander, which is consistent with the tracer test.  Were flow predominantly through the 

meander, one would expect to observe Li peaks first in the upstream piezometers, followed by 

the middle, and finally downstream piezometers.  Instead, strong Li peaks are first observed on 

the downstream then upstream sections of the meander, but not the middle, which indicates that 

water is flowing into the meander from both the upstream and downstream sides, with little 

returning to the stream. 

In contrast, the water table configuration in 2009 shows that some exchange occurs 

through the tip of the meander because equipotential lines are more nearly perpendicular to the 

tip of the meander than parallel to it.  There are areas within the meander where head is higher on 

the upstream side of the meander than the downstream side, thus generating hyporheic flow.  

Despite this, not all flow entering the meander returns to the channel, because the equipotential 
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lines are not perfectly perpendicular to the main axis of the channel, but rather tend towards the 

south-east corner. 

The vertical head distributions within the aquifer suggest water is leaking from the 

aquifer at discrete points near the walls of the facility.  This likely results from faulty seals 

between the sheet piles that surround the facility and the limestone than makes up its base.  

Another possibility is that water is leaving the facility through the fractures in the limestone base 

itself, although the fact that largest negative vertical head gradients are near the walls of the 

facility suggests that the former is more likely.         

Given that the facility appears to be leaking water, it cannot directly verify previous 

modeling work on intra-meander hyporheic exchange without source or sink terms for water 

within the meander.  However, modeling work by Cardenas (2009a) considers intra-meander 

exchange within gaining and losing streams.  Cardenas found that the hyporheic zone becomes 

increasingly compressed toward the tip of a meander as a stream becomes more and more losing.  

This is consistent with the changes observed at the OSL between 2008 and 2009.  In 2008, the 

stream was strongly losing and the hyporheic zone within the meander was restricted to the very 

tip.  In 2009, however, the stream was less losing and the hyporheic zone expanded further into 

the meander. Thus, these results are consistent with previous modeling efforts and highlight the 

importance of stream type on intra-meander hyporheic exchange.     
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Figure 2.1.  Scale diagram of a piezometer nest.  Each nest contains one well screened through the water 

table, one screened  from ~30 through 60 cm below the water table, and one screened ~100 through 130 

cm below the water table.  Spacing between piezometers within the same nest is ~20 cm. 
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Figure 2.2 a. and b.  Water table distributions from 2008 and 2009 generated using hand-contouring and 

kriging interpolation.  Stream flow is from left to right and black dots represent piezometer locations.  In 

2008, groundwater flow is predominantly directed toward the base of the meander and does not form a 

large hyporheic zone. In 2009, there is greater flow through the meander and the hyporheic zone is larger.  

Leaking through the sides of the model aquifer is thought to be a fundamental control on these 

configurations. 
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Figure 2.3.  Maps of maximum lateral head gradients within the aquifer calculated from the Kriged water 

table distribution obtained using the gradient operator in Surfer.  Gradients within the meander are fairly 

uniform and range from 0 to 0.02.  Areas with drastic changes in gradient are artifacts of the interpolation 

and gradient algorithms. 



 

17 
 

 

 

 

Figure 2.4.  Vertical Head gradients in 2008 and 2009 calculated using the shallow and deep piezometers 

within each nest.  In general, head gradients are between -0.02 and 0.02 with no strong spatial pattern to 

upward or downward groundwater flux.  Areas with hypothesized leaks have large downward gradients, 

most notably in the northeast corner in 2008 and the southeast corner in 2009. 
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Figure 2.5 a-c.  Lithium time-series during a tracer tests.  Piezometers near the periphery of the meander 

(a. and c.) generally experienced an increase in [Li] due to the tracer test, but [Li] in the middle of the 

meander (b.) remained unchanged.  These results indicate stream water is entering the meander from both 

the upstream and downstream sides, but there is a zone of relative stagnation within the middle of the 

meander. 
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Chapter 3: Aquifer Permeability Characterization and Evolution  

3.1 INTRODUCTION 

Permeability is a fundamental control on subsurface water flow, hence its 

characterization is essential to understanding hyporheic and groundwater flow.  In this study, 

synoptic high resolution hydraulic conductivity (K) measurements were taken in 2008 and 2009 

at multiple depths in the experimental aquifer.  The high spatial resolution at which these data 

were collected is unprecedented in field studies of stream meanders and helps foster a more 

thorough understanding of intra-meander hyporheic processes.  Similarly, the measurement of K 

at multiple times in the same locations within a meander has not been done before.  As such, 

these measurements allow new insights into how permeability in meanders evolves through time 

and tie this to hyporheic processes.       

3.2 METHODS 

3.2.1. Pneumatic Slug Testing 

Slug testing is a commonly used aquifer test where the water level in a well is 

instantaneously perturbed and then monitored as it re-equilibrates to pre-perturbation levels.  The 

slope of the water level recovery curves for slug tests depends on the characteristics of the tested 

aquifer and well parameters from which, given certain assumptions, it is possible to determine K.  

In many slug tests, the initial perturbation is created by rapidly introducing a volume, or slug, 

into the well of interest.  Alternatively, water can be rapidly bailed from the well to generate the 

perturbation.  Such methods can have drawbacks. First they are not always instantaneous, which 

can introduce error into the analysis.  It is also difficult to measure water level changes in the 

earliest part of the recovery, which limits their use in aquifers with high K.  To avoid these 

potential problems, a pneumatic slug testing system was used for this study.   

With the pneumatic slug testing method, a test well is pressurized with air, depressing the 

water surface in the well.  The pressure is then instantaneously released using a valve, and the 
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water level in the well is monitored using a pressure transducer.  In the system used in this study, 

wells are pressurized a bicycle hand pump and water levels are monitored with an In Situ Level 

Troll 700, logging on quarter second intervals.  The quarter second logging rate was sufficiently 

fast to accurately capture the recovery of water in even the most permeable areas of the aquifer. 

A total of 348 separate slug tests were conducted in 2008 and 2009, with slightly 

different testing regimes employed both years.  In 2008, three tests were conducted at each well 

using different levels of pressurization to determine the precision of my particular slug test 

methodology.  Three tests were conducted for all 59 deep piezometers at the OSL and 38 of the 

41 medium depth piezometers within the meander.  The repeat tests from 2008 indicated results 

were repeatable, and only one or two tests were conducted for the wells tested in 2009.  In 2009, 

37 deep and 9 medium wells within the meander were tested. 

To obtain K values from slug tests, the recovery curves were analyzed using the Bouwer 

and Rice method for unconfined aquifers (Bouwer and Rice, 1976).  To expedite the analysis, the 

aquifer testing software AQTESOLV Pro was used.  In the analysis, some tests were discarded 

due to flaws in the field testing.  The most common problem was the presence of slow pressure 

leaks within the testing apparatus, with invalidates testing assumptions.  Valid results were 

interpolated in Surfer using kriging with a linear variogram and plotted. 

 

3.2.2. Grain Size Analysis 

 Push cores were collected by Saint Anthony Falls Laboratory staff and researchers in the 

summers of 2008 and 2009 for grain size analysis.  In total, four cores were collected in 2008, 

while five cores were collected in 2009.  Of particular interest to this study, cores were collected 

from the same approximate location in three places within tip of the meander in both 2008 and 

2009, making it possible to track evolution of grain size within the aquifer (Figure 3.1).  

Gravimetric grain size analysis was completed by staff at the Laboratory by shaking the sediment 

through standard sieves and weighing the resulting fraction left within each.  Sieve sizes ranged 

from 31.4 mm to 0.044 mm. 
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3.3 RESULTS 

3.3.1. Pneumatic Slug Tests 

For 2008, average hydraulic conductivities for each deep well (n=41) within the meander 

ranged from 3.87 to 42.15 m/day with an overall arithmetic average mean of 11.82 m/day and a 

standard deviation of 6.88 m/day.  The mean range of the three tests for each individual well was 

1.04 m/day.  Normalized by the average value for each well, the average range was 9.6%.  For 

medium depth wells (n=38), average values ranged from 6.84 to 34.17 m/day with an overall 

average of 16.54 m/day and a standard deviation of 7.99 m/day.  The mean range in results for 

each well was 1.94 m/day, or 12.75%.    

 Due to the relatively low variation in K values of repeat tests at the same well in 2008, 

fewer repeat tests were conducted in 2009.  In 2009, the range of average deep well values 

within the meander (n=37) was from 3.15 to 82.18 m/day with an overall average value of 16.23 

m/day and a standard deviation of 13.98 m/day.  Well averages for of the 9 medium wells tested 

ranged from 6.14 to 16.25 m/day with an overall average of 11.47 m/day.     

A number of spatial trends are present in the kriged K distributions for both 2008 and 

2009.  In both the medium and deep tests for both years, K is highest near the tip of the meander, 

although it is slightly lower at the very tip (Figures 3.2 and 3.3).  The area with the lowest K 

occurs within the base of the meander slightly toward the downstream side.  Despite these 

similarities, distinct differences are also present.  Most notably, significant changes in K 

occurred between 2008 and 2009, with some areas increasing and some decreasing (Figure 3.4).   

The spatial distribution of K change is similar to that of 2008 and 2009 K in general.  Namely, 

areas that had high K in 2008 tended to increase, while areas with lower K tended to decrease.  A 

roughly similar trend exists for the medium depth data; however, not enough tests were 

conducted in 2009 to make a strong comparison.    
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3.3.2. Grain Size Analysis 

 Grain size distributions from the three cores locations within the meander indicate the 

aquifer sediment is fairly spatially homogenous (Figure 3.5).  All locations are predominantly 

medium sand with minor fractions of coarse sand, fine sand, and silt and clay.  Between 2008 

and 2009, the grain size distributions in both location 1 and location 2 remained largely 

unchanged; however, the fraction of fines (1 mm to 0.1 mm) in the cores decreased slightly 

(Figures 3.6 and 3.7).  In contrast, the grain size distribution in location 3 underwent significant 

change.  Between 2008 and 2009, the sediment in location 3 became significantly finer, with the 

proportion of 1 mm to 0.1 mm particles increasing about 10%.   

3.4. DISCUSSION 

The heterogeneity in K observed within the meander has notable implications for 

hyporheic exchange in the system.  Because K values within the meander vary by over one order 

of magnitude, the residence time of hyporheic water within the system also varies significantly.  

For instance, K near the tip of the meander is generally on the order of 30 m/day whereas 

conductivity near the base is closer to 10 m/day.  Because the head gradient is similar in both 

areas (Chapter 2), the residence time of water near the base of the meander is at roughly three 

times that near the tip or more, assuming constant porosity.  Furthermore, because the length of 

the hyporheic flow paths near the tip is shorter than those near the base, the disparity in average 

residence times is even larger.  The vertical variation in K and flow path lengths has a similar 

effect.  K is generally lower in deeper sections of the aquifer, and hyporheic water must travel 

farther to reach those sections, thus the residence time of water in deep portions of the aquifer is 

longer than that in shallower portions.     

The variation in residence times has notable implications for the geochemistry within the 

meander because chemical reactions occurring on a timescale similar to that of the average 

residence times may reach different levels of completion in different sections of the aquifer.  

This could lead to chemical zonation within the meander, a process that has been modeled 

(Boano et al., 2010).  However, this work only considers the effect of flow path length on 
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residence times, not variations in permeability in either a vertical or lateral sense.  These findings 

suggest that variations in K, even in relatively homogenous systems, can be of equal or greater 

importance as flow path lengths for residence times.   

  In addition to the spatial variation in K, the temporal variation also significantly 

influences groundwater-surface water interactions within the system.  Several processes could be 

responsible for the observed differences in K between 2008 and 2009.  One possibility is that the 

differences are solely due to the variability inherent in the slug testing method.  However, most 

of the wells tested had a change in K between 2008 and 2009 that was greater than the average 

variation between tests of the same well during the years (9.6% for deep wells, 13.3% for 

medium wells).  While the absolute percent change in K between 2008 and 2009 is subject to 

error due to this variation, the magnitude of the changes that were observed suggests they are 

real.   

Because K depends on the density and viscosity of the fluid flowing through the media of 

interest, differences in temperature within the meander and between years is another possible 

cause of variation.  This variation can be constrained by equation 1, where K is K, k is intrinsic 

permeability, ρ is fluid density, g is gravitational acceleration, and μ is viscosity. 

   

  
     

 
                           

In 2008, the range of temperatures recorded within the aquifer was from 21.9 to 26.5 °C, 

although most values were between 24 and 25 °C.  In 2009, observed values ranged from 17.3 to 

23.0 °C, with most values falling between 20 and 21 °C.  In an extreme case where k is held 

constant and temperature decreases from 27 to 17 °C, K decreases 20.9%.  Given that many of 

the observed K changes between 2008 and 2009 were greater than 20.9%, temperature variation 

alone cannot account for the changes in K.  Furthermore, a change from 27 to 17 °C is not 

typical of the temperature variation between 2008 and 2009.  For a more representative case 

where temperature decreases from 25 to 20 °C, K decreases only 10.9%.  Additionally, 
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temperature generally decreased from 2008 to 2009, which would cause a decrease in K; 

however, K actually increased from 2008 to 2009 in the majority of cases.  Together this 

suggests that another process is responsible for most of the change in K. 

 Rather than temperature influencing K, it is most likely that the intrinsic permeability of 

the aquifer itself has evolved through time.  Chemical weathering can change aquifer 

permeability, especially in karst systems (Hoefner and Fogler, 1988; Liu et al., 2005). However, 

the OSL aquifer is composed of relatively inert clastic sediments such as quartz sand rather than 

more chemically reactive carbonate and sulfate mineral sediments.  Silicates, especially quartz, 

have very slow dissolution rates, particularly between pH values between ~6-8 (Brady and 

Walther, 1989).   Given the composition of the aquifer substrate and that Mississippi River 

water, which is the source of water in the OSL, typically has a pH between 7.5 and 8 (Shiller, 

1997), chemical weathering in the OSL aquifer is likely to be very slow.  This makes it unlikely 

that chemical processes are responsible for the observed changes in K.   

Another possible cause of permeability change is clogging due to biofilm growth on the 

sediment.  Previous work has demonstrated that biofilm accumulation can reduce permeability 

several orders of magnitude (Cunningham et al., 1991; Taylor and Jaffe, 1990; Taylor et al., 

1990).  However, this process does not account for the widespread increases observed at the 

OSL.   In addition, one might expect biofilm to accumulate the most in areas where stream water 

first enters the subsurface because it is most nutrient rich in these areas.  In the OSL, 

permeability would decrease the most near the periphery of the meander and less near the 

middle, which is not what was observed.  Although biofilm accumulation may influence 

permeability in localized areas at the OSL, the process does not explain the broad changes in K.       

Instead of chemical or biological activity, one or several physical processes are likely 

responsible for the changes in K within the aquifer.  One possible physical cause of permeability 

change in the OSL is compaction.  Compaction of deposited sediment has been shown to 

significantly reduce permeability over time (David et al., 1994).  However, there is little 

evidence of compaction in the OSL, and our surveys in 2008 and 2009 showed little change in 
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the ground surface elevation.  Additionally, compaction cannot account for the areas where 

permeability increased within the OSL.  Given these problems, compaction is not a likely cause 

of permeability change within the aquifer.   

Rather than compaction, the most likely physical process responsible for permeability 

evolution in the aquifer is the transport of fine sediment due to gravitational settling and 

hyporheic flow.  Grain size distributions of the cores taken within the aquifer in 2008 and 2009 

show changes that generally correspond to areas of K increase and decrease.  In cores 1 and 2, 

the percentage of sediment made up of particles finer than one mm decreased, while K in the 

areas where the cores were collected increased.  In contrast, the proportion of the fines in core 3 

increased, while K remained roughly constant or decreased.   

Previous studies have shown that groundwater is capable of transporting colloids and 

other fine sediment in porous media, which can cause clogging and reduces permeability (Chen 

et al., 2009; Corapcioglu and Jiang, 1993; Gruesbeck and Collins, 1982; McDowellboyer et al., 

1986; Rehg et al., 2005; Ren and Packman, 2007; Ren and Packman, 2004; Ryan and Elimelech, 

1996). My findings are consistent with this work, and suggest that fine sediment is being 

transported by hyporheic flow from the upstream portions of the flow paths and deposited in the 

downstream sections.  This causes K to increase along the upstream portions of flow paths where 

particles are removed, but decreases K further on where they are deposited. The observed 

distribution of K change is consistent with this process because areas near the upstream end of 

hyporheic flow paths experienced an increase in K, whereas the areas near the end of the flow 

paths experienced a decrease.   

 Several factors control how particles are transported and deposited in porous media.  

Previous work suggests chemical and physical perturbations are responsible for mobilization of 

fine particles in aquifers (Nightingale and Bianchi, 1977; Ryan and Elimelech, 1996). Changes in 

ionic strength can cause colloids attached to an aquifer to be mobilized, particularly when soils 

or aquifers are flushed by dilute waters with predominantly mono-valent ions (McNeal and 

Coleman, 1966; Nightingale and Bianchi, 1977).  Physical perturbations have also been shown to 
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mobilize particles through hydrodynamic shear (Backhus et al., 1993).  Groundwater pumping is 

one common cause of colloid mobilization (Backhus et al., 1993; Puls et al., 1992). Once 

mobilized, fine particles can be transported in areas with sufficiently high porosity, but are 

deposited via straining where porosity decreases and the particles become trapped in pore necks 

(Ryan and Elimelech, 1996).   

 Within the OSL, both chemical and physical perturbations are possible causes of particle 

mobilization.  Because the aquifer was initially unsaturated, the infiltration of water from the 

stream may have induced mobilization depending on its ionic strength.  Detailed chemical data 

were not collected during this study, but future work could constrain whether chemically-

induced mobilization is likely.  Although the aquifer was not pumped, flow perturbations due to 

simulated flooding events in the aquifer were likely strong enough to mobilize colloids in some 

areas. 

 Once mobilized, porosity likely controls where fine particles in the OSL are deposited.  

Although the OSL was designed to have relatively uniform characteristics, the observed initial 

variation in K suggests porosity varies because K and porosity are generally well correlated in 

sandy sediments. Consequently, we would expect fine particles to be deposited in areas with low 

initial K because they have low porosity, causing K to decrease in those areas.  The fact that 

areas with low initial K generally became less permeable from 2008 to 2009 is consistent with 

this process.   

 Although OSL aquifer was not deposited by a meandering steam, rather it was created 

artificially, non-uniform deposition of transported particles likely influences natural meander 

aquifers because they are characteristically heterogeneous (Jordan and Pryor, 1992).  It is 

unclear, however, how this process evolves through time.  One possibility for natural systems 

with initially heterogeneous porosity is that permeability contrasts could become greater over 

time if particles are mobile in areas with high porosity and are deposited in areas with low 

porosity.  Another possibility is that permeability would initially decrease in areas with low 

porosity and then continue to decrease more broadly over time.  Although deposition due to 
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straining in areas with high porosity would be unlikely, deposition due impaction could be 

significant.  A final possibility is that the initial K reduction in areas with low porosity may be 

temporary, and particles from those areas would eventually be flushed from the system.    

 Which of the above scenarios is most likely to occur in a particular natural system likely 

depends on a number of factors, including the range and distribution of pore and particle sizes, 

the chemical affinity of particles to the aquifer skeleton, the hydraulic gradient, and sediment 

supply.  Sediment supply is hypothesized to be of particular importance.  In systems without an 

external particle source, for instance, K contrasts might be more likely to increase because 

particles would be deposited preferentially in areas with low conductivity and their supply from 

areas with high porosity would be exhausted.  Over time these particles could perhaps be flushed 

out completely and not replaced, increasing K everywhere.  In contrast, in a system with an 

external particle source, K is expected to decrease more broadly over time.  Although straining 

might initially favor deposition in areas with low porosity, groundwater or hyporheic flow 

through these areas would gradually decrease due to lower K directing a greater number of 

particles through areas with high porosity.  This would increase the likelihood of deposition in 

those areas and possibly cause them to have lower conductivity as well.  Future field or 

laboratory studies comparing variables such as sediment supply to the extent of clogging of 

meanders would be beneficial. 
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Figure 3.1: Location map for sediment cores collected in 2008 and again in 2009.  Locations are 

approximate as cores were collected in the same general area both years, but not the same exact location.   
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Figure 3.2.  Interpolated hydraulic conductivities from the deep piezometers within the meander 

determined using pneumatic slug testing.  K is generally higher near the edges of the meander and lower 

in the base.  Average K in 2008 was 11.82 m/day (38.78 ft/day, 1.37*10
-4

 m/s) and 16.23 m/day (54.25 

ft/day, 1.88*10
-4

 m/s) in 2009. 
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Figure 3.3.  Interpolated hydraulic conductivities from medium depth piezometers within the meander.  K 

is generally higher near the edges of the meander and lower near the base.  Additionally, there is a distinct 

band of higher K near the tip of the meander.  Average K in 2008 was 16.54 m/day (54.27 ft/day, 

1.91*10
-4 

 m/s), while not enough measurements were taken in 2009 for an average to be meaningful. 
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Figure 3.4.  Percent change in K from 2008 to 2009.  Circles represent core locations and arrows 

represent groundwater flow direction.  The distribution of change is spatially similar to the initial 

distribution of K.  Areas with relatively high K in 2008 generally experienced an increase in K, while 

areas with relatively low K in 2008 experiencing a decrease.  K also tended to increase near the start of 

groundwater flow paths, but decrease further on.  Together, this suggests that the change is mediated by 

groundwater flow and controlled by flow velocity.   
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Figure 3.5.  Synoptic grain size distributions of adjacent cores.  The 2008 distributions demonstate the 

relative homogeniety of aquifer characteristics at the OSL, while the 2009 distributions show how the 

aquifer is capable of evolving over time.   
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Figures 3.6.  Grain size distributions from 2008 and 2009 for the three core locations within the meander 

in 2008.  Sediment in the location 1 and location 2 experienced a minor decrease in the proportion of fines 

(0.1 mm to 1 mm) from 2008 to 2009, while the proportion of fines increased in location 3.    



 

34 
 

 

Figure 3.7.  Difference between percent finer values from 2009 to 2008 for different grain size.  Location 

1 and 2, where the proportion of fines decreased correspond to areas where K increased significantly, 

while location 3, which had an increase in the proportion of fine, had constant or slightly decreasing K.  

These results are consistent with sediment transport by groundwater causing permeability change in the 

aquifer. 
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Chapter 4: Head and Thermal Response to Flooding  

4.1. INTRODUCTION 

The exact timing of flood events in natural streams is difficult to predict accurately, and 

few studies have assessed the effects of flooding on groundwater- surface water interactions.  

Because stream discharge can be precisely controlled in the Outdoor StreamLab, it provides a 

unique environment to study the effects of flooding on a natural stream-aquifer analog.  By 

monitoring changes in head and temperature within the aquifer during changing stream stage, our 

work assesses the extent to which discharge influences ground water-surface water interactions 

within stream meanders.   

4.2. METHODS 

4.2.1. Water Level Monitoring 

Simulated floods were conducted in both 2008 and 2009.  In 2008, floods reached 

bankfull levels, while both bankfull and overbank floods were conducted in 2009 (Figure 4.1).  

Stream discharge during bankfull floods was held constant at a level between 200 and 300 L/s, 

which was considerably higher than the normal discharge of about 35 L/s (Figure 4.2).  

Overbank floods reached about 1050 L/s. Steady-state water levels within the aquifer were 

monitored before, during, and after the simulated floods by hand with an e-line during bankfull 

flooding, but not during overbank flooding because the water table was above the ground 

surface.   To ensure that water level had reached steady state during flooding, measurements 

were taken repeatedly until no changes were observed.  The stream surface elevation was also 

surveyed during one of the bankfull floods.  All water level results were interpolated using 

kriging with a linear variogram and no weighting factor then plotted using Surfer.   

To the assess transient changes within the aquifer during floods, Aqua TROLL 200 data 

logging pressure transducers recording at 15 minute intervals were deployed across the meander 

in 2009 (Figure 4.3).  Atmospheric conditions were also recorded with a Baro Troll data logger, 

and head results were adjusted to account for changes in atmospheric pressure.      
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4.2.2. Temperature Monitoring 

 Temperature within the aquifer was monitored using HOBO U12 data loggers with TMC 

thermistors recording on 5 minute intervals.  The thermistors were installed to provide both 

vertical and lateral temperature distributions within the aquifer.  Eleven separate piezometers 

were monitored, each with four thermistors installed in a vertical profile at fixed heights above 

the bottom of each well (Figure 4.3).  Stream and air temperature were also monitored using an 

In Situ Aqua TROLL 200 data logger and the same Baro Troll used to monitor atmospheric 

pressure.  Linearly interpolated temperature distributions were generated using Matlab and 

Surfer.  For simplicity, results from Hobos nearest 0.3 m and 0.9 m below the normal discharge 

water table were used to provide horizontal temperature distributions at shallow and deep 

intervals.  This was necessitated by the fact that Hobo elevations were referenced to the bottom 

of each well, but the wells in turn were not at uniform elevation. 

4.3. RESULTS 

4.3.1. Head 

 During flooding, the stream surface elevation has a very similar configuration to that at 

normal discharge, but uniformly elevated by ~5 cm (Figure 4.4).  The stream gradient varies 

spatially in both normal and high discharge due to the riffle-pool-riffle sequence in the stream.  

Although the points at which stream gradient changes are located in approximately the same 

areas in both cases, they do migrate upstream slightly during flooding; however, the gradients 

remain similar.  Similar to the stream surface, the water table configuration at steady state during 

flooding is very similar to that during normal discharge, but elevated about five cm (Figure 4.4).  

Head gradients within the aquifer are also very similar during both normal and high discharge, 

meaning that steady state groundwater flux (q) within the meander is independent of stream 

stage, although the total groundwater discharge (Q) is not because the area through which flow 

occurs increases. 

 Although stream discharge does not appear to have a significant effect on the steady state 

distribution of groundwater flow, the pressure transducer data show a transient period following 
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stream discharge changes where the groundwater regime is different.  Prior to flooding, the head 

gradient across the tip of the meander decreases approximately linearly from the upstream side to 

the downstream side (Figure 4.6).  During the initial stage of flooding, however, head is greater 

near the stream than in the middle of the meander, causing groundwater flow on the downstream 

side of the meander to reverse direction.  The pre-flood gradient then becomes re-established and 

hyporheic flow reverts to its pre-flood configuration.  This increasing delay in water table 

response to stage fluctuation with distance from the bank is consistent with previous work 

(Grannemann and Sharp, 1979).   

A similar process occurs to a lesser extent when flooding ends.  In this case the head 

gradient between the upstream side and middle of the meander becomes shallower, but does not 

reverse completely, while the gradient between the middle of the meander and the downstream 

side becomes steeper.  Again, the configuration of hyporheic flow is disrupted before reverting to 

the steady state configuration. 

4.3.2. Temperature Distribution 

Instrument malfunction limited the amount of usable stream temperature data to a single 

24 hr period in 2009.  During this period, stream temperature was fairly constant, increasing 

slightly during the daytime and decreasing slightly during the evening (Figure 4.7).  Average 

stream temperature for the day was 18.20 °C, while average air temperature was 20.96 °C.  Brief 

storms during the day causes air temperature to decrease for short periods during the daytime; 

however, these events did not influence temperature within the stream. 

Under normal discharge conditions, temperature within the shallow portion of the aquifer 

decreased linearly across the meander from a high of about 22.6 °C near the upstream bank to a 

low of about 19 °C near the downstream bank (Figure 4.8).  During bankfull flooding, this 

distribution remained largely unchanged; however, the maximum temperature decreased to about 

21.5 °C.  In contrast, the temperature distribution within the shallow portions during overbank 

flooding changed dramatically, with most areas experiencing a temperature decrease.  The 
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temperature gradient that was present during normal discharge and bankfull flooding was also 

disrupted, and temperature became more homogeneously distributed.      

Unlike the shallow portions, temperature within the deeper sections of the aquifer was 

nearly constant regardless of stream discharge (Figure 4.9).  Temperature decreases linearly 

across the meander from a high of near 20.8°C on the upstream side to 18.4°C on the 

downstream side during normal discharge, bankfull flooding, and overbank flooding.  In 

addition, the temperature in the aquifer is cooler in all cases in the deeper portions of the aquifer 

than shallower areas.    

4.4. DISCUSSION 

4.4.1. Head 

The above results help delineate the extent to which stream discharge influences the 

hydrologic processes within stream meanders.  Clearly, changing discharge can alter steady state 

groundwater flow for limited periods of time, and in extreme flooding events, the thermal 

regime.  However, these results are remarkable in the degree to which most hydrologic 

characteristics within the meander remain unchanged regardless of discharge.  The fundamental 

reason that the steady state hydrologic characteristics within the meander are largely independent 

of discharge is that the slope of the stream surface itself is independent of stream discharge.  

Because the stream slope is invariant of discharge and the stream acts as a head boundary that 

drives groundwater flow, one would expect the head gradients within the aquifer to also be 

independent of stream discharge.  This is consistent with what was observed in the field.  The 

water table configuration during normal discharge and flooding was essentially the same, only 

with different absolute elevations.   

 Although the direction of intra-meander groundwater flow is likely invariant of discharge 

in most stream meanders at steady state, both the permeability and size of meanders could 

considerably affect the time needed to reach equilibrium following a change in discharge.  In this 

study, the meander is fairly permeable of and smaller extent than those in larger streams and 
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rivers.  Because of this, steady state was reached within about an hour following dramatic 

changes in stream discharge, a short amount of time relative the duration of a natural flood, 

which could persist for a week or more.  Hypothetically, however, a larger meander with lower 

permeability would take significantly longer to equilibrate, and in some cases might not do so at 

all during the course of a flood.  Thus the size and permeability of a meander are crucial controls 

on how significantly discharge influence hyporheic flow within a meander.   

4.4.2. Temperature 

Three processes are possibly responsible for the thermal distribution of water in the 

aquifer: conduction from deep within the aquifer (i.e. the limestone base), conduction from the 

land surface, and advection of hyporheic water.  A number of characteristics of the shallow and 

deep temperature distributions help delineate the importance of each process.  First, the aquifer 

gets cooler with depth, with the temperature near the surface close to the average air temperature 

observed in our field data (20.96 °C).  The aquifer is cooler deeper down, but temperature does 

not come close to the annual average temperature in Minneapolis of ~7.4 °C (NOAA, 2004).  

This suggests that conduction from the surface may be significant, but conduction from depth is 

less significant.   

Another notable characteristic of the aquifer’s thermal distribution is the temperature 

gradient across the meander.  This distribution is remarkably similar to the head distribution in 

the aquifer, which also has a gradient across the meander.  This would appear to suggest that 

hyporheic flow of warm stream water is entering the aquifer and being cooled as it flows through 

the meander, thus creating a gradient from high to low temperature.  However, the stream 

temperature data indicate that the stream water is actually cooler than the groundwater, which 

would create a temperature gradient go from low to high in the direction of hyporheic flow if 

advection is a dominant process.  Therefore, hyporheic flow does not appear to have a significant 

effect on the thermal regime within the aquifer.  The sole case where surface water appears to 

significantly affect the thermal regime within the aquifer is during overbank flooding, when 

temperature in the shallow aquifer decreases and becomes more uniform.  In this case, however, 
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infiltration of surface water from above is almost certainly responsible for the temperature 

change, not hyporheic flow. 

The Péclet number, the ratio of advective to conductive transport, is a useful metric for 

determining whether the above conclusions are in reasonable agreement with what we would 

theoretically expect for our system. In our case, we are interested in heat transport and the Péclet 

number takes the form: 

   
         

  
 

where q is volumetric flux per unit area (m/s), L is a characteristic length (m), ρb is bulk density 

(kg/m
3
), Cb is bulk specific heat (J/kg*K), and  b is bulk thermal conductivity (W/mK).  Darcy’s 

law gives q: 

   
  

  
 

where K is hydraulic conductivity (m/s) and dh/dl is the head gradient.   In our aquifer a typical 

dh/dl value is 0.03 and a typical K value is 1.25X10
-4

 m/s, yielding a q of 3.75X10
-6

 m/s.  For a 

characteristic length, we selected the thickness of the vadose zone, about 0.25 m.  The remainder 

of values were selected for a typical dry quartz sand with 30% porosity: ρb=1855 kg/m
3

, Cb= 

795.5 J/kgK (Kersten, 1949),  b=2.3 W/mK (Geiger, 1965).  These values yield a Pe of 0.60, 

which indicates heat transport via conduction contributes more to the thermal regime of the 

aquifer than advection and is consistent with the field data. 

 Given that hyporheic flow is not responsible for the gradient in temperature within the 

aquifer, another process must be.  One plausible cause is variation in vadose zone thickness.  

Vadose zone thickness generally increases towards the middle and base of the meander (Figure 

4.10).  Because saturated sand has a much higher thermal conductivity that unsaturated sand 

(~16.75 vs. 2.3 W/mK), even small variations in vadose thickness could greatly influence the 

amount of heat conducted to a given depth in the aquifer.  Thus, there is an inverse relationship 

between vadose zone thickness and heat conduction from the surface, and we would expect the 

aquifer to be cooler in areas where it is thicker.  Compared together, maps of temperature and 
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vadose zone thickness in the aquifer are generally consistent with this relationship.  Areas where 

temperature and thickness are not well correlated may correspond to areas where local hyporheic 

flux is higher than average and advective heat transport is more significant.  This may be the case 

near (23,13) because the head gradient in that area is considerably higher than 0.03 (Figure 2.3).  

Heat modeling would help verify of the role of conduction versus advection and verify the 

importance of vadose zone thickness; however, such work is beyond the scope of this thesis.      
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Figure 4.1 a-b. Photos of the OSL during bankfull (a.) and overbank (b.) flooding in summer 

2009. 
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Figure 4.2.  Stream hydrograph during a typical bankfull flood.  Bankfull floods reached 

maximum discharges between 200-300 L/s, while overbank floods reached 1050 L/s.  Flooding 

events were typically between 8 and 10 hours in duration. 

 

 

 
 

Figure 4.3.  Map of locations where HOBOs and Aqua TROLLs were deployed in 2009 to 

monitor water temperature and pressure.  Circles denote HOBO locations while open squares 

denote Aqua Troll locations. 
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Figure 4.4.  Stream surface elevation during normal discharge and bankfull flooding.  During flooding, 

stream elevation increased more or less uniformly, and stream slope changed very little. 
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Figure 4.5.  Water table elevation during normal discharge and bankfull flooding.  The uniform increase 

in stream surface elevation in response to flooding caused the water table to also increase uniformly, 

leaving groundwater flow largely unchanged at steady-state.       
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Figure 4.6.  Time series of water table elevation across the meander during the rising and falling stages of 

flooding.  During the initial stage of flooding, hyporheic flow through the tip of the meander reverses on 

the downstream side, and water flows back into the middle of the meander.  However, the original head 

gradient eventually re-establishes itself within approximately 60 minutes so that water again flows 

through the meander.  The head gradient also changes for a short period during the falling stage of the 

flood, but eventually re-establishes. 
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Figure 4.7.  Stream and air temperature.  Air temperature fluctuated diurnally with an average value of 

20.96 C, while stream temperature fluctuated less and had an average value of 18.20 C.  Precipitation 

events caused air temperature to decrease for short periods of time, but stream temperature were 

unaffected.  
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Figure 4.8.  Groundwater temperature ~0.3 m below the water table during different stream stages.  

Groundwater temperature is warmer than the stream water temperature, suggesting thermal conduction 

from the surface is more important than advection of stream water into the meander.  Temperature 

generally decreases from the upstream side of the meander to the downstream side, possibly due to 

variations in vadose zone thickness.  Overbank flooding cools and homogenizes the thermal regime of the 

system as stream water infiltrates through the vadose zone; however, the thermal gradient otherwise 

present reestablishes itself when stage drops to bankfull levels or lower.     
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Figure 4.9.  Groundwater temperature ~0.9 m below the water table during different stream stages.  

Temperature deep within the aquifer is independent of stream discharge, event during overbank flooding 

events.  Temperature within the deep aquifer has a similar distribution to the shallower groundwater under 

normal discharge, but is about 2 °C cooler.  The cooler temperature suggests water at this depth is 

receives less energy from surface conduction than shallower groundwater. 
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Figure 4.10.  Vadose zone thickness during normal discharge.  Thick areas loosely correspond to areas 

with low groundwater temperatures, suggesting vadose zone thickness influences heat conduction from 

the surface.  The zone near (22, 13) where vadose zone thickness is not inversely related to groundwater 

temperature corresponds to an area with higher than average hydraulic gradients (0.04 lateral and -0.02 

vertical).  This suggests advective heat flux may be more important in these areas due to increased 

groundwater discharge.    
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Chapter 5: Numerical Modeling    

5.1. INTRODUCTION 

Numerical simulations are useful to hydrologic studies because they help verify 

hypotheses drawn from field data and gleam new insights.    In this study, a simple numerical 

model was developed to simulate flow in the OSL to validate conclusions drawn from our field 

data alone. Because of the high detail of our field data, it was possible to test the sensitivity of 

numerical intra-meander exchange models to different parameters by comparing different 

simulations to observational data.  In particular, these models assess how well models with 

different constant head boundary conditions match field data.  

5.2. METHODS 

A simple numerical model of the OSL was developed using Visual MODFLOW 4.3 

commercial groundwater modeling software (McDonald and Harbaugh, 1988).  Steady-state 

flow simulations were conducted using the MODFLOW 2005 engine, a three-dimensional finite-

difference groundwater model.  Backward particle tracking was completed using MODPATH, a 

three dimensional post-processing package that works with the MODFLOW groundwater model.   

For the model, a 24x40x2 meter volume representing the OSL was constructed.  

Rectangular elements were used, with a grid spacing of 0.25 m in the horizontal plane and a 

spacing of 0.5 m in the vertical plane, creating four layers.  The top layer was treated as 

unconfined, while the bottom three layers were treated as “confined/unconfined”.  Hydraulic 

conductivity for the model was taken from field observations.  For the top two layers, medium 

depth hydraulic conductivity measurements from 2008 were kriged using an linear variogram 

and no weighting factors.  The bottom two layers used deep 2008 measurements interpolated in 

the same way.  The resulting K distributions were virtually identical to those in Figures 3.2 and 

3.3 for 2008.    

No flow boundaries were used around the vertical edges of the volume, mimicking the 

sheet piles at the boundaries of the OSL (Figure 5.1).  The bottom of the model was a no-flow 
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boundary; however, in some cases drains were imposed along the southern wall of the OSL to 

simulate leaking. Constant head boundaries corresponding to banks of the stream were imposed 

with different configurations.  In one case, the stream surface (head boundary) was based on 

field survey data and had different slopes corresponding to the pool-riffle-pool sequence (Figure 

4.4).  In other models, the constant head boundaries decreased linearly from the stream inlet 

elevation to the stream outlet elevation, which is commonly done in modeling studies of stream 

meanders.  While the models were run, only cells within the meander and under the stream were 

left active so only flow within the meander was simulated.   

To compare the modeled results to field data, the absolute difference between modeled 

and observed water table elevations was calculated for each modeled or interpolated grid node.  

For this calculation, the Kriged water table from 7-21-09 was used (Figure 2.2 b).  The mean and 

median differences for each model were then calculated as a metric for comparison.   

Reverse-time particle tracking was employed to gain insight into the observed changes in 

permeability between 2008 and 2009.  We hypothesized that filtering of fine particles from areas 

with high permeability and porosity to areas where they were lower induced permeability 

change.  To determine if this hypothesis is consistent with flow direction and observed K change 

within the aquifer, we tracked particles terminating in areas where K decreased.  For our 

hypothesis to be valid, particles ending in the base should pass from areas where K increased.      

5.3. RESULTS 

The modeled steady-state water table configuration using a complex stream surface 

boundary condition with a leak along the southern wall is in good agreement with that observed 

in the field in 2009 (Figure 5.2).  The direction of groundwater flow within the meander for both 

configurations is predominantly directed toward the southeast, roughly perpendicular to the 

downstream meander bank. The configurations deviate slightly along the downstream riffle 

section of the meander.  This difference is possibly due to localized leaks along the southern wall 

or through the OSL bottom, features that are not represented in the model.  In general, however, 
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the model captures the behavior of flow within the aquifer well.  Demonstrating this, the mean 

absolute difference between the observed and modeled node elevations was 1.96 cm, while the 

median was 1.14 cm. 

When a simple linear drop in stream elevation along with a leak along the southern wall 

are used as boundary conditions, the modeled results also fare well compared to field data 

(Figure 5.3).  The mean observed-modeled elevation difference was 1.93 cm and the median was 

1.15 cm.  Despite the overall good fit, this model has some minor trouble areas.  In the model, 

flow near the tip of the meander is directed through the meander, whereas flow is directed into it 

in the observed case.  As with the model with a complex stream, this model also does not capture 

the inward directed flow along the downstream bank of the meander, perhaps for the same 

reason. 

When a complex stream but no leak are used for boundary conditions, the model does not 

accurately capture the predominant flow direction in the meander.  The mean and median 

observed-modeled elevation differences increase to 3.45 cm and 1.63 cm, respectively. The 

model does capture the behavior near the tip of the meander better than the cast where a simple 

stream configuration is used, but deviates otherwise. In particular, flow in the model is 

predominantly through the meander rather than toward the south-east, as in the observational 

case. 

Reverse-time particle tracking demonstrates that particles reaching the base of the 

meander passed through areas experiencing large increases in K (Figure 5.4).  In contrast, 

particles did not pass though the band across the tip of the meander where K increased 40 % or 

less.  The particle tracks also broaden as they pass though the meander, which suggests that 

discharge is greater near the bank, but decreases near the base. 
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5.4. DISCUSSION 

 In general, the results from the simple model of the OSL are consistent with conclusions 

drawn based on field data alone.  The results for the water table configuration with and without a 

leak show that it is highly unlikely that the configuration that was observed in the field could 

occur without significant leakage from the system.  The fact that the configurations with and 

without the leak are noticeably different highlights the significance of factors other than the 

stream gradient on intra-meander hyporheic flow.  In particular, the model demonstrates how the 

extent of the intra-meander hyporheic zone can change depending on whether a stream is gaining 

or losing water to the subsurface overall, a finding that is consistent with previous modeling 

work (Cardenas, 2009b) and now is supported with observational data. 

 The OSL model also helps support the hypothesis that filtering within the aquifer is 

causing changes in permeability within the alluvial aquifer.  Particle tracking demonstrates that 

flow reaching areas where permeability decreased first passed through areas where permeability 

increased, i.e. permeability increased at the beginning of groundwater flow paths, but decreased 

further on.  This is consistent with the hypothesis that fine particles are being transported along 

subsurface flow paths within the aquifer and later deposited.  The fact that discharge decreases 

(i.e. particle tracks spread) in the zone where K decreased is also consistent with the idea that 

initial permeability and porosity plays an important role in determining whether an area within 

an aquifer will experience an increase or decrease in K.  Because the head gradient within the 

meander is generally uniform (Figure 2.3), the decrease in discharge within the base of the 

meander is due to lower initial permeability (Figure 3.2 and 3.3), which is empirically correlated 

to porosity.  Consequently, the model supports the idea that the initial conditions of an aquifer 

dictate how it will evolve.      

 Another notable result from the model is its sensitivity to the stream surface boundary 

condition.  The simple linear elevation drop and complex riffle-pool-riffle sequence head 

boundary conditions yielded slightly different water table configurations but both yielded good 
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overall fits with the observed data.  This suggests that assuming a linear drop as boundary 

condition is an acceptable modeling simplification for broad scale studies.  For finer scale 

studies, however, the slightly differences between the two boundaries may be significant in 

which case a more detailed boundary should be used.  
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Figure 5.1.  Groundwater model configuration and boundary conditions.  Constant head 

boundaries based on surveyed stream elevation are used along both stream banks.  In one case a 

linear drop from the highest surveyed stream elevation to the lowest elevation is used; in another 

changes in stream slope are incorporated.  No flow boundaries are used to represent the walls 

and bottom of the OSL, while a drain boundary condition simulates leakage from the facility.   
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Figure 5.2. Observed and modeled water table maps from 2009.  The modeled water table incorporated 

changes in stream slope due to the riffle-pool-riffle sequence as well as a leak along the southern wall.  

Modeled results largely capture the behavior of the water table within the meander. 
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Figure 5.3.  Modeled water tables using simplifications.  A model using a linear drop in stream elevation 

rather than multiple stream slopes matched the observed water table fairly well, but not as well as when 

multiple slopes were used.  When a linear drop in stream surface elevation and no leak were used, the 

modeled water table deviated significantly from the observed configuration.  
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Figure 5.4. Map of K change with pathlines of particles modeled backward from areas that experienced a 

decrease in K from 2008 to 2009.  Particles reaching areas that decreased in K all passed through portions 

of the aquifer where K increased, suggesting transport of fine particles by groundwater is driving K 

change.  
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Chapter 6: Conclusions and Implications 

This thesis focused on three fundamental research questions related to intra-meander 

hyporheic exchange.  Together, the field observations and computer model simulations 

completed for this study provide new understanding regarding these questions and help 

contribute to the current understanding of hyporheic processes. 

6.1. QUESTION 1: ARE FIELD OBSERVATIONS OF INTRA-MEANDER HYPORHEIC EXCHANGE 

CONSISTENT WITH MODEL SIMULATIONS? 

Overall, our field observations of head and results from the lithium tracer test verify that 

hyporheic exchange occurs through stream meanders, which has been modeled previously and 

mapped by other field studies (Boano et al., 2006; Cardenas, 2008; Revelli et al., 2008). 

However, our results highlight the sensitivity of intra-meander hyporheic exchange to factors 

other than stream gradient, even in relatively small scale meanders.  The influence of leakage 

from the OSL on the intra-meander hyporheic zone is particularly significant.  The notable 

deviation of flow within the OSL from computer simulations with no net gain or loss of stream 

water to the aquifer suggests whether a stream is gaining or losing overall significantly 

influences intra-meander flow.    

Capturing this complexity is important for understanding the quantity and fate of nutrients 

and contaminants flowing into stream meanders because whether a stream is gaining or losing 

can either restrict or expand the intra-meander hyporheic zone (Cardenas, 2009b).  In gaining 

streams, for instance, the intra-meander hyporheic zone shrinks relative to neutral a case, thereby 

reducing the quantity or nutrients or contaminants entering meanders.  Conversely, in losing 

streams such as the OSL, nutrients and contaminants flowing into meanders may enter 
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groundwater rather than return to the stream as hyporheic flow, which could spread 

contamination or divert nutrients from riparian ecosystems.  Given that water in natural 

meanders is subject to these gaining or losing conditions (Larkin and Sharp, 1992), computer 

simulations accounting for these effects would mimic behavior of the intra-meander hyporheic 

zone in natural systems more accurately and better predict nutrient and contaminant fate.   

6.2. QUESTION 2: TO WHAT EXTENT DOES HETEROGENEITY IN PERMEABILITY INFLUENCE 

HYPORHEIC EXCHANGE IN MEANDERS, AND HOW DOES PERMEABILITY EVOLVE? 

 Although the OSL was designed to have more or less uniform aquifer characteristics, we 

were able to measure over one order of magnitude variation in K both 2008 and 2009.  

Compared to the overall variation in K that has been observed in nature, over 16 orders of 

magnitude, the variation observed in the OSL is relatively minor.  However, even with this small 

variation, K can have a profound effect on hyporheic exchange within the aquifer.  For example, 

volumetric groundwater flux through the band of relatively high K near the tip of the meander is 

about twice that in the base of the meander because K is twice as high in the band and hydraulic 

gradients are equivalent.  This demonstrates how the distribution of K within meanders may be 

critical for characterizing hyporheic exchange through them.  The need to characterize K in may 

be even more important in natural stream meanders, which are likely to be more heterogeneous 

due to their depositional histories (Jordan and Pryor, 1992). 

 In addition to varying in space, K within the OSL also evolves through time, a process 

previously undocumented in meanders.  K generally increased along the beginning of hyporheic 

flow paths and where initial K was relatively high, but decreased along the end of hyporheic 

flow paths and where initial K was relatively low.  This evolution is thought to be caused by 
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mobilization and deposition of fine sediment within the aquifer by hyporheic flow.  Mobilization 

is likely induced by stream flooding events that temporarily increase hydraulic gradients within 

the meander (Figure 4.6), consequently increasing groundwater velocity for a short period of 

time.  Deposition of mobilized particles is thought to be controlled primarily by porosity within 

the aquifer, with areas with low porosity inducing deposition by physical straining.  Because 

permeability is generally well correlated to porosity in alluvial aquifers, areas within the aquifer 

at the OSL with lower than average K in 2008 generally experienced a decrease in K, whereas 

areas with higher initial K experienced an increase.   

This process, where initial permeability contrasts are enhanced, may influence natural 

systems because stream meander aquifers are generally heterogeneous due to their depositional 

process.  Over time, natural stream meanders may develop zones with high permeability and 

high hyporheic flow and zones with low permeability and low hyporheic flow.  Given a finite 

amount of sediment, aquifer evolution of this form could eventually reach a steady state where 

all fine particles have been transported and deposited in areas with low porosity or flushed from 

the system entirely.  If suspended sediment from surface water were able to enter the intra-

meander hyporheic zone, however, this evolution could progress further and reduce K more 

broadly.  A comparison of fresh meander deposits to older ones in the field would help determine 

how different aquifers evolve.   

In addition to influencing aquifer permeability, the movement of fine particles through 

stream meanders could influence contaminant transport.  Previous work has demonstrated that 

fine particles with sorbed contaminants can either slow or accelerate the transport of 

contaminants in streams depending on the strength of particle filtering within the hyporheic zone 

(Ren and Packman, 2004).  Conceptually, in cases where strong filtering causes permeability to 
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decrease, such as in the OSL, particle transport by hyporheic flow could sequester contaminants 

from surface water.  The magnitude of contaminants sequestered by this process would depend 

on the quantity of available particles with sorbed contaminants.  Future work could assess the 

role of intra-meander particle transport and deposition on contaminant fate.  

Fine particles are a potential nutrient source for microbes within the meander.  Thus, the 

transport of fines over time is likely to influence biota within the meander.  The significance of 

particles within the meander would largely depend on their composition and their source.  For 

particle transport to help enhance microbial activity, particles have to provide nutrients needed 

by microbes, such as particulate organic carbon.  Further, whether particles are sourced from 

within a meander or from a stream would determine whether they are biologically significant 

over time.  Assuming they provide a necessary nutrient, particles sourced from a stream could 

provide a lasting nutrient source capable of enhancing microbial activity over time because they 

have an infinite source.  In contrast, particles sourced from within a meander have a finite 

amount, and can only enhance microbial activity until all nutrients are consumed. Thus, 

determining the source of particles within a meander could be important not only for determining 

how they will cause an aquifer to evolve, but also for determining how they will influence 

microbial activity.     

 

6.3. QUESTION 3: HOW DO INTRA-MEANDER HYPORHEIC EXCHANGE AND THE THERMAL REGIMES 

WITHIN MEANDERS RESPOND TO FLOODING EVENTS? 

The head and temperature data collected during flooding events at the OSL demonstrate 

the sensitivity, or lack thereof, of intra-meander hyporheic processes to stream discharge on 
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different timescales. Following the onset of flooding, the water table within the meander 

stabilizes within about an hour with a configuration very similar to that during normal discharge, 

only uniformly elevated.  This suggests hyporheic flow within the meander at steady state was 

nearly identical regardless of stream discharge.  Stream slope is also independent of discharge 

for this study, and because stream slope is a fundamental control on intra-meander flow this 

maintains the water table configuration during different discharges.   

Although though steady state flow in the meander is independent of steam discharge, 

flow did change immediately following the onset and end of flooding.  After stream discharge 

increased, hydraulic gradients changed so that flow entered the meander from both the upstream 

and downstream sides before returning to the steady state configuration within about 1 hour.  

This time scale is short compared to the duration of a natural flood, indicating the magnitude of 

transient hyporheic flow during the start and end of flooding is relatively insignificant relative to 

steady state flow.  In larger and/or less permeable meanders, however, flooding could 

significantly influence intra-meander exchange because it would take longer for flow to re-

establish steady state.  Therefore there are multiple potential responses of intra-meander 

exchange to flooding event depending on the scale and permeability of the meander.   

Similar to steady state hyporheic flow, temperature within the meander is largely 

insensitive to changes in stream discharge.  Temperature within the OSL aquifer did not change 

significantly during bankfull flooding at any depth within the aquifer, and only changed at 

shallow depths during overbank flooding when stream water infiltrated from the surface through 

the vadose zone.  In fact, the calculated Péclet number of 0.60 for the aquifer suggests that heat 

conduction from the surface rather than advection by hyporheic flow most strongly influences 

the thermal regime within the OSL aquifer.  While the OSL is not representative of all natural 



 

65 
 

systems, it demonstrates how the thermal regime even in relatively small meander systems can 

most influenced by conduction from the surface.  This, coupled with the fact that hyporheic flow 

is not increased during steady state flooding, helps explain why temperature in the OSL meander 

aquifer is insensitive to changes in stream discharge.   The insensitivity of intra-meander 

temperature as well as flow to stream discharge in systems similar to the OSL may help make 

them easier to understand over long time scales because it discharge does not have to be 

considered.   

6.4. CONCLUSION 

 This study makes several contributions to the study of groundwater-surface water 

interactions.  First, this work demonstrates how stream mass balance (i.e. gaining, losing, or 

neutral) can influence the extent of intra-meander hyporheic zones as well as the direction of 

flow within them.  It also shows how aquifer permeability in meanders can vary in space and 

time, with fine particle transport and deposition likely driving evolution.  Finally, it demonstrates 

the relative insensitivity of steady-state intra-meander hyporheic flow and temperature to stream 

discharge.  Together these findings advance the understanding of hyporheic processes within 

stream meanders and provide useful direction for future field and modeling studies. 
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Appendix I. Slug Test Results 
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Appendix II.  Piezometer Survey
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