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ABSTRACT                                                                                               

Nonpoint source pollution is the number one cause of water quality impairments to 

US rivers and lakes, and stormwater is the fastest growing category of nonpoint source 

pollution. In nature, nonpoint source pollutants can be treated by streambed sediments of 

impaired streams in a process analogous to biological sand filtration. This streambed biofilter 

is called the hyporheic zone (HZ), and it has been gaining attention in stream restoration due 

to its unique role in improving water quality. In particular, the HZ can attenuate pathogens 

(indicators), nutrients, and metals (the top three pollutant classes that lead to stormwater 

quality regulatory action) from the entire upstream watershed, thereby capturing nonpoint 

source pollution better than distributed BMPs. However, exchange between polluted surface 

waters and their HZs are often limited and inefficient. Prior to our project, the past two 

decades of research on the HZ had not been translated into effective Best Management 

Practices (BMPs) for stormwater managers. This knowledge gap prevented stormwater and 

stream restoration projects from properly engineering HZs to increase hyporheic exchange 

and optimize (nonpoint source) pollutant removal. In particular, an HZ BMP needs to 1) 

drive hyporheic exchange flows, 2) control hyporheic residence times, and 3) be 

customizable for removal of specific contaminants of concern. Currently, low-head dams are 

used to drive hyporheic exchange, but standard designs do not control residence times and 

are not customizable, so they have minimal water quality benefits. The objectives of this PhD 

research were to develop and test a novel engineered HZ BMP to improve streamwater 

quality. Specifically, we utilized manipulations of streambed media to create a modular BMP 

called Biohydrochemical Enhancements for Streamwater Treatment (BEST). BEST modules 

are comprised of subsurface modifications to streambed permeability to drive hyporheic 

exchange, paired with reactive geomedia (e.g., woodchips) to enhance biogeochemical 

conditions needed for pollutant removal. BEST were explored through three studies. The first 
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featured a numerical model evaluating multiple BEST modular designs on hyporheic 

exchange flows and contaminant attenuation. The most promising BEST design from the 

numerical model was then installed in a constructed stream flume alongside an all-sand 

control channel. The second study featured conservative and reactive tracer experiments to 

compare the impact of BEST on hyporheic transient storage and attenuation of a model 

compound, resazurin, which undergoes first-order microbially mediated degradation under 

aerobic conditions. The third study used the same flumes to compare BEST to the control for 

the attenuation of urban stormwater contaminants: nitrogen and atrazine. The cumulative 

results of these studies indicate that BEST can provide substantial improvements to 

streamwater quality over reaches of hundreds of meters in small streams or constructed urban 

stormwater channels (e.g., flow rates < 10 L/s). Numerical models highlight the importance 

of impermeable “book ends” in BEST modules to maximize hyporheic exchange and control 

residence times. Flume studies of this design showed that BEST increased the effective HZ 

exchange volume by 50% compared to the control, which led to 45-95% increases in the 

reach-scale attenuation rates of multiple stormwater contaminants. In other words, 

stormwater channels that incorporate BEST modules could reach water quality targets in 45-

95% less reach length compared to an all-sand streambed (e.g., sand filter). The BEST design 

tested in these experiments was well suited to fast, aerobic reactions (e.g., nitrification), but 

future designs will be tailored for anaerobic reactions to broaden the range of pollutants that 

can be treated (e.g., nitrogen via denitrification). Overall, the results suggest that BEST could 

be an adaptable and complementary stormwater and stream restoration BMP to increase 

attenuation of nonpoint source pollutants within small, impaired streams. 

 

  



 

v 

  TABLE OF CONTENTS 

ABSTRACT…… ..................................................................................................................... iii 

LIST OF FIGURES ............................................................................................................... viii 

LIST OF TABLES ................................................................................................................... ix 

MATHEMATICAL NOMENCLATURE .................................................................................x 

ACKNOWLEDGMENTS ....................................................................................................... xi 

DEDICATION ……………………………………………………………………………...xiii 

CHAPTER 1 INTRODUCTION ...............................................................................................1 

1.1 Motivation and Problem Description ..............................................................1 

1.2 Objectives .......................................................................................................3 

1.3 Hypotheses ......................................................................................................4 

1.4 Study Phases ...................................................................................................6 

1.5 Thesis Outline .................................................................................................7 

CHAPTER 2 BACKGROUND AND LITERATURE REVIEW .............................................9 

2.1 Hyporheic zone as a “river’s liver” .................................................................9 

2.2 Need for greater hyporheic connectivity.........................................................9 

2.3 Drivers of hyporheic exchange .....................................................................10 

2.4 Hyporheic biogeochemistry depends on residence times  

         and reactivity .................................................................................................11 
 

2.5 Reactive geomedia may increase sediment reactivity ..................................13 

2.6 Need for translation of hyporheic science to hyporheic engineering 

         for stream restoration and stormwater management .....................................14 
 

2.7 Streambed engineering for enhanced hyporheic connectivity ......................17 



 

vi 

CHAPTER 3 NUMERICAL MODELING OF ENGINEERED STREAMBEDS FOR 

INDUCED HYPORHEIC FLOW: ENHANCED REMOVAL OF 

NUTRIENTS, PATHOGENS, AND METALS FROM URBAN  

STREAMS .........................................................................................................18 
 

3.1 Introduction ...................................................................................................18 

3.2 Methods.........................................................................................................19 

3.3 Results ...........................................................................................................24 

3.4 Discussion .....................................................................................................32 

3.5 Conclusions ...................................................................................................36 

CHAPTER 4 PERFORMANCE OF ENGINEERED STREAMBEDS FOR THE 

INDUCTION OF HYPORHEIC TRANSIENT STORAGE AND 

ATTENUATION OF RESAZURIN IN CONSTRUCTED FLUMES .............38 
 

4.1 Introduction ...................................................................................................38 

4.2 Material and Methods ...................................................................................39 

4.3 Results ...........................................................................................................44 

4.4 Discussion .....................................................................................................52 

CHAPTER 5 PERFORMANCE OF ENGINEERED STREAMBEDS FOR THE 

ATTENUATION OF NITRATE, AMMONIA, AND ATRAZINE IN 

CONSTRUCTED FLUMES .............................................................................54 
 

5.1 Introduction ...................................................................................................54 

5.2 Material and Methods ...................................................................................54 

5.3 Results ...........................................................................................................57 

5.4 Discussion .....................................................................................................62 

CHAPTER 6  CONCLUSIONS AND RECOMMENDATIONS ...........................................64 
 

6.1 Major Observations and Conclusions ...........................................................64 

6.2 Recommendations for Future Research ........................................................70 



 

vii 

REFERENCES ………………………………………………………………………………72 



 

viii 

LIST OF FIGURES 

Figure 2.1. Drivers of hyporheic exchange. From [52]. ......................................................... 13 

Figure 3.1. Cross sections of stream  and HZ showing BEST structure initial analysis. ....... 21 

Figure 3.2. Sensitivity of induced downwelling, per meter width, to in situ K and slope. ..... 26 

Figure 3.3. CDF of particle RTs within BEST.. ..................................................................... 27 

Figure 3.4. Example flow paths and RTs within BEST. ......................................................... 27 

Figure 3.5. Modular percent contaminant removal from 1m wide, 1 L/s stream . ................. 31 

Figure 4.1. Schematic of BEST stream. .................................................................................. 40 

Figure 4.2. Normalized SC breakthrough curves with calibrated STAMMT-L simulations 

for Control and BEST streams. ............................................................................ 46 

Figure 4.3. Observed and simulated Raz and Rru Breakthrough Curves for Control   

and BEST, and BEST/Control ratios for Raz and Rru ........................................ 47 

Figure 4.4. Steady-state Raz concentrations as a function of downstream distance in 

simulated Control, BEST, Concrete, and urban channels .................................... 52 

Figure 5.1. Percent removal of ammonia and nitrate in Control and BEST over 6-hour 

recirculation experiments. .................................................................................... 59 

Figure 5.2. Nitrate and Ammonium Concentrations in BEST and Control over 6-hour 

recirculation experiment. ...................................................................................... 60 

Figure 5.3. Percent removal of atrazine in Control and BEST over 6-hour recirculation 

experiments. ......................................................................................................... 61 

Figure 5.4. Conceptual diagram of alternate BEST designs to target nitrification and 

denitrification. ...................................................................................................... 63 

  

  



 

ix 

LIST OF TABLES 

Table 3.1. First order removal rate constants and ideal hyporheic RT yielding DaHZ = 1 

for select nutrients, metals, and E. coli reported in literature. ............................... 24 

Table 3.2. BEST Initial Analysis ............................................................................................ 25 

Table 3.3. Induced hyporheic downwelling, per meter of channel width, for different 

combinations of in situ sand K and number of BEST modules in series. .............. 26 

Table 3.4. Reaction rate constants and HZ Damköhler numbers for each reaction under 

each BEST K scenario. .......................................................................................... 30 

Table 3.5. Most efficient geomedia and BEST K for each contaminant considered, 

number of BEST modules in series, and stream length required for complete 

contaminant removal from a 1m wide, 1 L/s stream at 1% slope. ......................... 31 

Table 4.1. STAMMT-L mass transfer parameter values  for each mass transfer type 

optimized to Control and BEST observations, and for Concrete and  

representative urban streams. ................................................................................. 49 

Table 4.2. Log10 Raz and Rru reaction rates for validation models. ....................................... 50 

 

 

 



 

x 

MATHEMATICAL NOMENCLATURE 

K hydraulic conductivity 

α mass transfer parameter 

β normalized transient storage zone size (dimensionless) 

Kow octanol-water partitioning coefficient 

Kd solid-water partitioning coefficient 

QBEST downwelling flux through BEST module 

QStream stream discharge 

tBEST residence time of BEST flowpath 

C final contaminant concentration 

C0 initial contaminant concentration 

k first-order reaction rate constant 

R flux-weighted percent contaminant removal from stream 

DaHZ hyporheic Damkohler number 

t residence time 

tdenit effective denitrification residence time 

r scaling coefficient 

T temperature 

m,Raz  Raz mobile zone degradation rate constant 

im,Raz  Raz immobile zone degradation rate constant 

m,Rru Rru mobile zone degradation rate constant 

im,Rru Rru immobile zone degradation rate constant 

θ temperature activity coefficient 

 mean lognormal mass transfer rate 

σ skewness of lognormal distribution 



 

xi 

ACKNOWLEDGMENTS 

I want to thank my advisor, Dr. John McCray, and co-advisor, Dr. Christopher 

Higgins, for their guidance and support throughout this endeavor. I appreciate all their 

contributions of time and funding that made my PhD experience possible and productive. I 

would also like to thank the rest of my committee members for their time, encouragement, 

and insightful comments: Dr. Kamini Singha for patiently helping with geophysics, Dr. 

Junko Munakata-Marr for advice on biogeochemistry, and Dr. Juan Lucena for pushing me 

to consider the humanitarian engineering impacts of my work. 

I gratefully acknowledge the funding received towards my PhD from the National 

Science Foundation: a graduate research fellowship (DGE-1057607), an Environmental 

Sustainability award (CBET-1512109), and the Engineering Research Center for Reinventing 

the Nation’s Urban Water Infrastructure (ReNWUIt, EEC-1028968). In particular, ReNUWIt 

provided a unique platform to collaborate with friends and colleagues at other member 

campuses, industries, and utilities. I am grateful for the complementary coursework, research, 

and personal experiences I gained as a member of the Hydrologic Science and Engineering 

Program, Civil and Environmental Engineering Department, and ReNUWIt. The Mines 

Technology Transfer Office was also instrumental in supporting our utility patent application 

and proof of concept funding for BEST. 

I do not have room to adequately thank everyone who contributed to the construction 

and operation of my constructed stream flumes, but I will start by acknowledging Mike 

Veres, without whom I could never have designed and built the flumes. Paige Becker, 

Danney Brown, Frances Marlin, and the McCray, Higgins, and Cath research groups also 

made substantial contributions. I thank Dr. Ricardo González-Pinzón and Vanessa Garayburu 

for resazurin and resorufin analysis, and Jackie Randell, Allison Johnston, Emily Voytek, and 



 

xii 

James Bethune for assistance with ERI. I am also grateful to Dr. Bill Eisenstein, Michael 

Esteban, Taylor Baird, Sydney Wilson, and Vincent Albérola for their consultation and 

assistance. 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

xiii 

 

 

 

 

 

 

 

 

 

 

Dedicated to my wife, Lauren, and family and friends for their constant support. 

 

 



 

1 

CHAPTER 1 

INTRODUCTION 

Chapter 1 provides the motivation and problem description of this work. A 

description of the research goals and objectives are also provided herein followed by an 

outline of the thesis. 

1.1 Motivation and Problem Description 

Urban streams face widespread water quality challenges from anthropogenic 

contamination via stormwater from both dry- and wet-weather flows. Urban stormwater 

typically carries high pollutant loads that adversely impact aquatic environments and limit the 

potential of stormwater reuse. Stormwater pollutants of concern can vary greatly by region, 

but often include nutrients, metals, and pathogens (indicators). To make matters worse, 

stormwater is commonly generated as a nonpoint source, which makes capture, treatment, 

and regulation extremely difficult.  

In particular, nitrogen contamination of surface waters can cause a surfeit of adverse 

and varied downstream impacts, ranging from eutrophication and loss of biodiversity to fatal 

ailments in humans and livestock. Excess nitrogen loading to surface waters is a global 

problem due to widespread human activities such as fertilizer application, combustion of 

fossil fuels, and concentration of animal waste, which have increased reactive nitrogen fluxes 

into freshwater systems by up to 50 times natural rates (Carpenter et al. 1998; Vitousek et al. 

n.d.). Nitrogen is often a limiting nutrient for biological growth, and the input of high nitrate 

concentrations into aquatic systems has been shown to cause algal blooms, hypoxia, 

eutrophication, alteration of food chains, and loss of biodiversity (Rabalais 2002; Vitousek et 

al. n.d.). In addition, nitrate is readily reduced to the toxic form of nitrite in the digestive 

tracts of humans and livestock, increasing the risk of methemoglobinemia, or “blue baby 
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syndrome,” as well as reproductive issues and cancers (Swann 1975; Townsend et al. 2003). 

An estimated 2 million American families drink from water supplies that exceed nitrate 

concentration standards, but remediation can be expensive, making natural attenuation 

extremely valuable (Nolan et al. 1998). 

Other stormwater-derived contaminants also pose threats to human and ecosystem 

health. Phosphorus does not present an acute toxicity but is also a major contributor to 

eutrophication in P-limited systems. Metals have a variety of negative impacts in surface and 

drinking waters. These include organ and neurological damage, enzyme disruption, birth 

defects, respiration problems in fish, and death (Troeh et al. 1980). Copper is especially 

notable for its toxicity to marine life (Flemming and Trevors 1989). Common stormwater 

pathogens generated by people, domestic pets, and wildlife include salmonella, 

Staphylococcus aureus, Clostridium perfringens, giardia, cryptosporidium, enteroviruses, and 

more (Grebel et al. 2013), which are major concerns for disease transmission. Coliforms are 

useful indicators for pathogens in general, but only when they are present. Because viruses 

and protists are often more recalcitrant than coliforms, absence of the latter does not 

necessarily prove complete disinfection (Berg et al. 1978).  

Despite substantial water quality challenges, stormwater managers typically prioritize 

storm flow reduction rather than contaminant removal (Grebel et al. 2013). In particular, 

stormwater management rarely considers the hyporheic zone (HZ), a natural bioreactor 

within the streambed that can treat nonpoint source pollution. The HZ has gradually been 

gaining attention, especially in stream restoration, due to its unique role in improving 

chemical water quality. Although stream reconstruction has historically occurred in degraded 

stream reaches in rural or agricultural lands, reconstruction, and even new construction, of 

urban streams to provide storm drainage, ecosystem benefits, and recreational activities are 

becoming more common. Examples include restoration of degraded streams, restoring 
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channelized streams to more natural hydrologic conditions, or even replacing destroyed urban 

streams. In such cases, stream reconstruction is designed to mimic natural hydrologic 

drainage, to consider flood control, and to include riparian zone ecology. However, 

appropriate ecological reconstruction should also consider reconstruction of the streambed, 

which includes the critically important HZ. 

Currently, practical guidance on restoring, or constructing, hyporheic zones in urban 

streams has lagged behind the growing mechanistic knowledge of HZ processes. Because 

hyporheic exchange (HE) (exchange of water between stream and HZ) is necessary to 

promote reactions, existing HZ restoration structures seek greater hyporheic flux (HF). 

However, these structures do not exchange water efficiently nor control the residence time 

(RT) of downwelling streamwater to target specific reactions. Further improvements to the 

mechanistic understanding of hyporheic flow dynamics and contaminant fate and transport, 

merged with an environmental engineering perspective, could provide a translation of HZ 

research into novel best practices for stormwater and urban water quality management.   

 

1.2 Objectives 

The aims of this research were to develop and test an engineered HZ BMP to improve 

streamwater quality. Specifically, we utilized manipulations of streambed media to create a 

novel BMP called Biohydrochemical Enhancements for Streamwater Treatment (BEST). 

BEST are comprised of subsurface modifications to streambed hydraulic conductivity (K) to 

drive hyporheic exchange, paired with reactive geomedia (e.g., woodchips) to enhance 

pollutant removal. The general research objectives were: 

1) Develop a numerical model for proof of principle of BEST for enhanced HF, 

efficient HE, and controlled RT.  
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2) Evaluate the impact of BEST (compared to an all-sand control) on hyporheic 

transient storage and corresponding attenuation of a model contaminant. 

3) Evaluate the impact of BEST (compared to an all-sand control) on attenuation 

of stormwater contaminants: nitrogen and atrazine. 

1.3 Hypotheses 

A large body of literature is available on physical hyporheic exchange and coupled 

biogeochemical processes. However, few have considered subsurface permeability 

manipulations to drive hyporheic exchange (Meyer et al. 2008; Vaux 1968; Ward et al. 

2011), and none have done so in physical flume or field systems. Based on the research gaps 

that exist in the literature on hyporheic hydraulic and biogeochemical engineering, we 

formulated three hypotheses to pursue these objectives:  

Hypothesis 1: Installation of low K blocks into a homogeneous,  all-sand streambed will 

increase hyporheic flow into the stream (upwelling), creating efficient HE and causing 

increased downwelling (HF) downstream (the latter also enhanced by high K blocks), and if 

repeated in series will allow for controlled hyporheic RT.  

Under otherwise consistent conditions, changes to sediment K cause proportional 

alterations of Darcy flux. At a relative K transition boundary from high to low, sediment flux 

capacity decreases and flow must diverge. The converse is true in the opposite scenario. 

Therefore, low K blocks occupying the entire cross-sectional area of a confined HZ will 

cause upwelling of all effective hyporheic flow. The increase in K downstream of the low K 

block (either a return to background or a further increase) should cause downwelling (HF). 

Together with the prior upwelling, these processes represent efficient HE. Subsequent low K 

blocks at variable spacing dictate the location of upwelling and downwelling and thus control 

the hyporheic RT. RT can be used to approximate biogeochemical reactions occurring within 

BEST.  
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Hypothesis 2: BEST engineered streambeds will have greater hyporheic transient storage 

(represented in transient storage model as greater β) and correspondingly greater resazurin 

attenuation than an all-sand control streambed and previously characterized urban streams 

with the same dimensions and operating conditions. 

Hyporheic exchange is here defined as flow that begins in the surface water, is drawn 

into the streambed for a variable amount of time, and then returns to surface water. During 

hyporheic exchange, dissolved solutes are advected through the HZ with the parcel of water. 

Because hyporheic flow velocities tend to be much slower than surface water velocities, 

hyporheic flow effectively retards some fraction of surface water solutes as a function of 

hyporheic exchange and residence time. This retardation has been documented using reach-

scale conservative and reactive tracer tests paired with transient storage models (Gooseff et 

al. 2003; Haggerty et al. 2009; Robert L. Runkel 1998). In short, hyporheic exchange is 

discernible as transient storage, with greater hyporheic exchange represented by larger 

transient storage compartment size. The BEST modules incorporated into the stream flume 

are expected to increase hyporheic exchange compared to the all-sand control stream flume. 

This increased exchange should be evident by monitoring the breakthrough of a conservative 

salt tracer, and be quantifiable as a larger transient storage compartment term in the calibrated 

transient storage model. In our experiment specifically, the calibrated transient storage model 

STAMMT-L (Haggerty and Reeves 2002) should assign a higher β term to the BEST stream 

relative to the Control. Likewise, the increased hyporheic transient storage should lead to 

greater attenuation of resazurin, a model compound that degrades rapidly in hyporheic 

sediments but is effectively conservative in surface water (Haggerty et al. 2009). BEST is 

also expected to have a larger β term and correspondingly greater resazurin attenuation than 

previously characterized urban streams (Gooseff et al. 2003), which tend to be incised and 
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have eroded or armored streambeds (Batchelor and Gu 2014; Bernhardt and Palmer 2007; 

Lawrence et al. 2013). 

Hypothesis 3: BEST engineered streambeds will have greater attenuation of stormwater 

contaminants nitrate, ammonia, and atrazine than an all-sand control streambed with the same 

dimensions and operating conditions. 

Similarly to Hypothesis 2, the expected greater hyporheic exchange associated with 

BEST modules is predicted to lead to increased attenuation of multiple contaminants. Both 

the 1) increased fraction of streamwater entering the hyporheic zone, and 2) incorporation of 

woodchips as reactive geomedia, should act to increase contaminant attenuation in the BEST 

compared to the Control streams. HZ are demonstrated hotspots for nitrification of ammonia 

(Jones, et al. 1995) and denitrification of nitrate (Duff and Triska 1990; Mulholland et al. 

2008). Although atrazine attenuation has not been documented within the HZ to our 

knowledge, it has been shown to sorb to woodchips in woodchip denitrification filters. 

Therefore we predict our woodchip geomedia will also sorb atrazine (log Kow = 2.61). 

1.4 Study Phases 

To test these hypotheses and achieve the objectives of this dissertation, two different 

phases were utilized. The first phase was a quasi-2D numerical model (MODFLOW), and the 

second was a pilot-scale physical flume experiment. Scopes of each phase were: 

1.4.1 Two-dimensional Numerical Model 

 Develop a quasi-2D MODFLOW and MODPATH model representing a small 

urban streambed 

 Confirm that hydraulic conductivity heterogeneities can drive hyporheic 

exchange, rather than simply enhancing bedform-driven exchange  
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 Evaluate multiple BEST designs to determine which design most 

appropriately balances hyporheic exchange flux with hyporheic residence 

times and simplicity of design/construction 

 For the most appropriate BEST design, simulate its contaminant attenuation 

potential for a suite of stormwater contaminants and sediment properties 

1.4.2 Physical Constructed Flumes 

 Construct two identical stream flumes that are uniform and simplified (i.e., 

homogeneous, rectangular, lined) and can be run in single-pass or recirculation 

modes 

 Validate numerical model concepts (not all values are directly comparable due 

to the difficulty of taking in situ measurements) using experimental data 

 Compare the effective size of hyporheic zones in Control and BEST streams 

using conservative tracers and transient storage models 

 Compare the biogeochemical attenuation potential of Control and BEST 

streams for a variety of stormwater contaminants and model compounds  

 

1.5 Thesis Outline 

This thesis is structured using six chapters. The closing chapter (chapter 6) 

summarizes the conclusions drawn from this dissertation and provides some 

recommendations for future work. Each of the study phases noted above are organized into 

the following chapters: 

Chapter 2: Background and review of relevant literature 

This chapter provides and overview of previous relevant works on hyporheic 

exchange and biogeochemistry as they apply to stormwater management and stream 

restoration.  
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Chapter 3: Quasi-2D Numerical Model Study  

Chapter 3 describes a numerical model of an idealized hyporheic zone and the 

simulated effects of various BEST manipulations on hyporheic exchange, hyporheic 

residence times, and potential contaminant attenuation. This chapter is based on the paper 

that has been published in Journal of Environmental Engineering entitled “Engineered 

Streambeds for Induced Hyporheic Flow: Enhanced Removal of Nutrients, Pathogens, and 

Metals from Urban Streams” by Skuyler Herzog (Primary researcher and author), Christopher 

P Higgins (Associate professor at the Colorado School of Mines and thesis co-adviser), and 

John E. McCray (Professor at the Colorado School of Mines and thesis advisor). This paper is 

related to phase I of study and addresses objective 1 (Hypothesis 1). Approval for 

republication of the manuscript was confirmed from Journal Environmental Engineering and 

all co-authors.  

Chapter 4: Three-dimensional intermediate-scale study: flow dynamics, model compound  

Chapter 4 describes physical flume studies used to calibrate and validate a dual 

porosity mass transfer model to evaluate impacts of BEST on hyporheic exchange and 

attenuation of a model compound. This paper is related to phase II of study and addresses 

objective 2 (Hypothesis 2). This chapter is based on a manuscript that is in the process of 

being prepared for submission. 

Chapter 5: Three-dimensional intermediate-scale study: stormwater contaminant attenuation 

Chapter 5 features the same flumes described in Chapter 4 to monitor attenuation of 

ammonia, nitrate, and atrazine during recirculation experiments. This chapter is related to 

phase II of study and addresses objective 3 and hypothesis 3. This chapter is based on a 

manuscript that is in the process of being prepared for submission. 

Chapter 6: Conclusions and recommendations 

  



 

9 

CHAPTER 2                                                                                                    

BACKGROUND AND LITERATURE REVIEW 

This chapter provides an overview of previous research on hyporheic exchange and 

biogeochemistry as they apply to stormwater management and stream restoration. 

2.1 Hyporheic zone as a “river’s liver” (Fischer et al. 2005) 

 Degraded water quality and poor biological health in US rivers are widely recognized 

(U.S. Environmental Protection Agency 2016a), as is the potential of the streambed 

hyporheic zone (HZ) to treat some contaminants of concern (Biksey and Gross 2001; Boulton 

2007; Cardenas 2015; Fischer et al. 2005; Krause et al. 2011). The streambed and bank 

sediments comprising the HZ provide diverse redox conditions, contact between solutes and 

microbes, and long residence times (RTs) relative to surface water. This dynamic 

environment supports many important reactions that can attenuate excess nutrients and 

anthropogenic contaminants from stormwater, recycled water, and other nonpoint sources. 

These reactions include nitrification and denitrification (Duff and Triska 1990; Jones, et al. 

1995), carbon cycling (Findlay 1995), pathogen mitigation (Searcy et al. 2006), metal redox 

and immobilization (Fuller and Bargar 2014; Fuller and Harvey 2000), and attenuation of 

organic micropollutants (Burke et al. 2014; Lewandowski et al. 2011).  

2.2 Need for greater hyporheic connectivity  

Although the HZ can effectively improve the quality of water along hyporheic flow 

paths, its contribution to reach-scale water quality is often exchange limited. In other words, 

large percentages of flow in natural systems tend to remain in the surface stream, bypassing 

potential treatment within the HZ. For example, Dent and Grimm (Dent and Grimm 1999) 

measured substantial denitrification within the HZ but observed negligible effects on stream 

nitrate concentrations. In contrast, Harvey et al. (Harvey et al. 2013) found that hyporheic 

denitrification reduced stream nitrate levels by 10% along a 1200m study reach, 
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demonstrating that the HZ can play an important role for a relatively long reach under the 

right circumstances. Generally, the relevance of the HZ and in-stream biofilms is greatest in 

shallow, low-discharge streams where surface flow is minimized (Böhlke et al. 2009; 

Peterson 2001) relative to hyporheic flow. Even limited hyporheic flow over long distances 

may be effective at removing contaminants, although solute dynamics beyond the reach scale 

are difficult to quantify (Bencala et al. 2011). Hyporheic exchange is often especially limited 

in urban streams, where channel lining and hydromodification can  dramatically reduce the 

effective water quality treatment capacity of the HZ (Batchelor and Gu 2014; Bernhardt et al. 

2007; Bernhardt and Palmer 2007; Lawrence et al. 2013). 

2.3 Drivers of hyporheic exchange  

Hyporheic exchange is caused by pressure gradients due to streambed hydraulic 

conductivity (K) heterogeneities (Salehin et al. 2004; Vaux 1968; Ward et al. 2011), 

bedforms (Boano et al. 2010; Elliott and Brooks 1997a; b), woody debris (Sawyer et al. 2011; 

Sawyer and Cardenas 2012), channel sinuosity (Peterson and Sickbert 2006), and topography 

(Harvey and Bencala 1993; Kasahara and Wondzell 2003) (Figure 2.1). The HZs importance 

to water quality is slowly becoming recognized in stream restoration, where cross-vane 

structures, bedforms, pool-and-riffle sequences, and woody debris added to channels have 

been found to induce hyporheic flow, even when that was not their explicit purpose (Hester 

and Doyle 2008; Lautz and Fanelli 2008). Surface restoration structures are more effective at 

inducing hyporheic exchange when sediment K is high (Hassan et al. 2015; Kasahara and 

Hill 2008; Menichino and Hester 2014). However, few studies (Meyer et al. 2008; Vaux 

1968; Ward et al. 2011) have considered modifications to streambed K as the sole driver of 

interchange between surface water and hyporheic sediments. As demonstrated by Vaux 

(Vaux 1968), high K zones cause flow convergence, whereas flow diverges around low K 

zones. In a streambed setting, these convergent and divergent flows can cause streamwater 
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downwelling and hyporheic water upwelling, respectively. Given that the Darcy flux scales 

linearly with K, which can span orders of magnitude in streambed sediments, this is a very 

promising area for enhancing hyporheic flow. Subsurface K modifications are not visible at 

the surface, do not obstruct streamflow, sediment transport, or movement of aquatic life, and 

can be protected from scouring and siltation by overlying native sediments. 

2.4 Hyporheic biogeochemistry depends on residence times and reactivity 

Not surprisingly, biogeochemical reactions are complicated and will not proceed 

during induced hyporheic flow without the appropriate conditions. Denitrification, for 

example, relies on adequate concentrations of denitrifying bacteria, electron donors (such as 

dissolved organic carbon (DOC)), and nitrate. Elevated dissolved oxygen concentrations and 

very cold temperatures or extreme pH can also inhibit the reaction (Pfenning and McMahon 

1997; SImek and Cooper 2002). Despite this complexity, there is a growing body of literature 

(Pinay et al. 2009; Zarnetske et al. 2011) suggesting that oxygen attenuation, nitrification, 

and denitrification can be adequately approximated as a function of RT in the HZ. Increased 

hyporheic flow must therefore be optimized with hyporheic RTs for water quality 

improvements to occur while minimizing the footprint of an engineered streambed feature. In 

the limited studies of K-driven hyporheic exchange, the focus has been primarily on the 

downwelling quantity, without adequate consideration of the importance of RTs or how to 

engineer a HZ to achieve a design RT. The HZ Damköhler number (DaHZ) estimates how 

well the transport and reaction timescales align and is calculated by multiplying the 

hyporheic mean RT by the first order rate constant for a given reaction (Harvey et al. 2013). 

DaHZ values much greater than 1 indicate excessive RTs in which contaminants are fully 

reacted early in hyporheic flowpaths. When DaHZ values are much less than 1, RTs are too 

short for substantial contaminant removal for the specific reactions being considered.  DaHZ 

should theoretically remain near 1, which can be a design goal in a HZ structure. Therefore, 
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to predict or target contaminant attenuation, it is important to consider both the residence 

time distribution of hyporheic flow paths, as well as the reactivity of hyporheic sediments.  

Although naturally occurring streambed sediments have potential to attenuate a 

variety of urban water contaminants via physical and biochemical mechanisms, estimates of 

removal rate constants are rarely reported in the literature. This knowledge gap is largely due 

to the technical complexity of producing representative estimates of in situ contaminant 

removal, including, for example, nitrate (Groffman et al. 2006; Orr et al. 2014) and organic 

micropollutants (Lewandowski et al. 2011). Stream nutrient cycling experiments have 

historically been conducted at the reach scale (Böhlke et al. 2004; Butturini and Sabater 

1999; Mulholland et al. 2004, 2008), which lumps disparate stream compartments (i.e. 

thalweg, eddies, etc.) together rather than considering the unique properties and processes of 

each zone individually. However, recent efforts have been made to determine denitrification 

rates within hyporheic sediments by direct measurement. Harvey et al. (Harvey et al. 2013) 

studied nitrogen (N) cycling in first and second order reaches of a Midwestern agricultural 

stream and determined first order denitrification rate constants of 3-0.003 hr-1. The authors 

noted significant differences between denitrification rates in sediments underlying the stream 

thalweg versus more stagnant side-channels, and suggested denitrifier density and DOC 

concentrations as controlling factors. Analyzing data from Zarnetske et al. (Zarnetske et al. 

2011) in a pristine stream, Gomez et al. (Gomez et al. 2012) determined a first order 

denitrification rate constant of 0.038 hr-1, within the range of Harvey et al. (Harvey et al. 

2013).  
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Figure 2.1. Drivers of hyporheic exchange. From (Stonedahl et al. 2010). 

 

2.5 Reactive geomedia may increase sediment reactivity 

Contaminant removal may be further enhanced by the incorporation of reactive 

geomedia into hyporheic sediments. For example, because denitrification depends in part on 

quantity and type of DOC (Fork and Heffernan 2014), adding carbon sources to hyporheic 

sediments could enhance the reaction. In column and field bioreactor experiments with 

woodchips providing excess DOC, Robertson and Merkley (Robertson and Merkley 2009) 

and Robertson (Robertson 2010) found denitrification to be zero order for nitrate 

concentrations above 1 mg L-1. Fresh woodchip reactors achieved denitrification rates of up 

to 0.97 mg N L-1 hr-1, which declined over time before leveling off at 0.38 mg N L-1 hr-1 after 

seven years. First-order fits to the degradation data were also acceptable (R2 ≥ 0.93) and 

yielded rate constants of 0.1 of 0.05 hr-1 with 13.2 mg N L-1 influent (Robertson 2010). Penn 

et al. (Penn et al. 2007) also implemented flow-through reactors in agricultural drainages 

using industrial byproducts such as fly ash for phosphate (P) attenuation. For reactors in 

Robertson and Merkley (Robertson and Merkley 2009) and Penn et al. (Penn et al. 2007) 
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subsurface flow was driven by in-channel obstructions (cobble berms, dams) rather than K 

modifications. Other notable geomedia (although not yet used in streambed applications) 

include iron oxide coated sands for E. coli removal (Zhang et al. 2010), green sands, 

manganese oxide coated sands, and zero valent iron (ZVI) for metal immobilization (Han et 

al. 2006; Lee et al. 2003, 2004; Moraci and Calabrò 2010; Wilkin and McNeil 2003), and 

biochar, zeolite/lime, and sulfur/limestone for nutrient removal (Li et al. 2014; Montalvo et 

al. 2011; Yao et al. 2011). These studies often report rate constants for contaminant removal 

that facilitate estimates for potential attenuation within an engineered HZ. 

2.6 Need for translation of hyporheic science to hyporheic engineering for stream 

restoration and stormwater management 

Hyporheic reconnection during stream restoration is a growing practice, but it often 

still lacks clear goals (e.g., improved stream water quality, enhanced fish and biota habitat, or 

aesthetics) and the explicit consideration of physical and biogeochemical controls to achieve 

them (Argerich et al. 2011; Lawrence et al. 2013; Wohl et al. 2015). Calls to increase 

hyporheic exchange fluxes during river restoration efforts (Boulton 2007; Hester and Gooseff 

2010) are laudable for promoting the translation of hyporheic science into practice; however, 

increasing hyporheic exchange fluxes alone may not result in improved reach-scale water 

quality (Gordon et al. 2013; Harvey et al. 2013; Mendoza-Lera and Datry 2017; Veraart et al. 

2014; Violin et al. 2011). Many studies have since emphasized the importance of matching 

hyporheic residence times to reaction timescales of interest to optimize contaminant 

attenuation (Grant et al. 2014; Marzadri et al. 2013; Merill and Tonjes 2014; Quick et al. 

2016; Zarnetske et al. 2011, 2012), but no study has attempted this in practice. Different 

contaminants can have dramatically different reaction timescales (Dirk Löffler et al. 2005; 

Gooseff et al. 2003), especially when site-specific conditions are considered (Krause et al. 

2011; Lawrence et al. 2013). To further complicate matters, hyporheic residence times in 
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field studies span at least 6 orders of magnitude, from seconds to days (Wörman et al. 2002), 

but are also difficult to measure due to complex and variable spatiotemporal patterns 

(Lewandowski et al. 2011). Thus, both residence times and hyporheic fluxes at the reach 

scale are often modeled using a conceptual (rather than physics-based) mass transfer 

approach wherein hyporheic exchange is represented by transient storage (Haggerty and 

Reeves 2002; Robert L. Runkel 1998). 

The top three causes of total maximum daily load (TMDL) 303(d) impairment in the 

US are pathogens (indicators), nutrients, and metals (other than mercury) (U.S. 

Environmental Protection Agency 2016b). Each of these contaminant classes has different 

biogeochemical attenuation processes (Fuller and Harvey 2000; Gandy et al. 2007; Garzio-

Hadzick et al. 2010; Hellerich and Nikolaidis 2005; Jarvie et al. 2008; Pfenning and 

McMahon 1997). Most pathogens and metals/phosphorus can generally be attenuated (e.g., 

via sorption and inactivation/predation (Boutilier et al. 2009) or (co)precipitation (Jarvie et al. 

2008; Palumbo-Roe et al. 2017; Withers and Jarvie 2008), respectively), and ammonia 

oxidized (Jones, et al. 1995), under aerobic conditions relevant to short hyporheic residence 

times. Conversely, nitrate removal (denitrification) occurs predominantly under anaerobic 

conditions, which require 1) longer hyporheic residence times to develop in the bulk (Briggs 

et al. 2014; Zarnetske et al. 2011) or microzone (Briggs et al. 2015) domains, or 2) mixing 

with anaerobic groundwater. Unfortunately, there is no hyporheic or stream restoration Best 

Management Practice (BMP) that explicitly controls hyporheic residence times or stream-

groundwater mixing dynamics. Likewise, BMPs intended for stormwater quality 

improvement have essentially ignored the potential of HZ modifications. Currently, 

practitioners that want to tailor hyporheic restoration to target site-specific contaminants of 

concern lack appropriate technologies to do so. 
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Despite this lack of effective BMPs, the magnitude and scale of water pollution in the 

US necessitate action. In 2014 a crediting system for hyporheic denitrification via stream 

restoration was established as part of the Chesapeake Bay Nutrient TMDL (Berg et al. 2014). 

This innovative framework grants hyporheic denitrification credits—based on volumetric 

denitrification rates derived from local studies—to restored sub-reaches with demonstrated 

hyporheic exchange (Berg et al. 2014; Chesapeake Stormwater Network 2015). However, 

practitioners need better BMPs to optimize hyporheic treatment of contaminants, especially 

for nitrogen. For example, cross-vanes are one of the most popular and effective hyporheic 

restoration BMPs (Hester and Doyle 2008; Radspinner et al. 2010) and are specifically 

mentioned by the Chesapeake Bay TMDL program (Berg et al. 2014), yet they have minimal 

impact on in-stream nitrate concentrations at the reach scale (Azinheira et al. 2014; Hester et 

al. 2016). Even when cross-vanes drive large hyporheic exchange fluxes, hyporheic residence 

times tend to be too short to create anaerobic, net-denitrifying conditions (Gordon et al. 

2013). Cross-vanes have other benefits such as channel stabilization, habitat heterogeneity, 

stream aeration, and improved aesthetics (Radspinner et al. 2010), but their hyporheic 

denitrification performance is underwhelming. Cross-vanes and similar structures also have 

minimum spacing requirements depending on discharge and slope (e.g., 1 structure every 10-

200m of channel length (Radspinner et al. 2010)) and create only localized effects (Azinheira 

et al. 2014; Gordon et al. 2013), restricting the fraction of streamwater that can be treated in a 

given reach length. Taken together, these constraints suggest that meaningful water quality 

changes could require tens of kilometers of stream restoration, even in low-order streams 

(Azinheira et al. 2014; Hester et al. 2016). As stream restoration crediting evolves (Bloom 

2016; Wright Water Engineers; Geosyntec Consultants; Colorado State University; 

University of Georgia 2016), new and improved BMPs are needed to meet site-specific water 

quality goals. 
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2.7 Streambed engineering for enhanced hyporheic connectivity 

To effectively target removal of any given contaminant, hyporheic residence times 

should be tailored to promote appropriate biogeochemical conditions for the reaction of 

interest, and ensure the reaction proceeds meaningfully toward completion (e.g., Damköhler 

number, DaI ~1) (Grant et al. 2014; Harvey et al. 2013). Building on the concept of 

streambed hydraulic conductivity (K) modifications to drive hyporheic exchange (Vaux 

1968; Ward et al. 2011; Zhou et al. 2014), we propose direct engineering of streambed 

sediments with Biohydrochemical Enhancements for Streamwater Treatment (BEST) as a 

novel means to enhance hyporheic exchange and control hyporheic residence time 

distributions. In concept, BEST modules include alternating regions of relatively low- and 

high-K to drive hyporheic exchange, with reactive geomedia amendments (e.g., biochar, 

woodchips, recycled industrial materials) to increase contaminant attenuation rates. In a 

separate study, Pryshlak et al. (Pryshlak et al. 2015) found that abrupt permeability 

heterogeneities (analogous to BEST) drive greater hyporheic exchange than gradual 

transitions, and that in some cases these effects can be more important than bedform-driven 

exchange at the reach scale. Designing hydraulic conductivity modifications for residence 

time control combined with use of engineered geomedia for pollutant-specific treatment in 

BEST modules is a novel concept. BEST modules have potential to control residence time 

distributions via the 1) spacing of low-K regions, and 2) careful selection of the permeability 

of high-K regions. Together with reactive geomedia amendments, BEST have the potential to 

increase hyporheic exchange and contaminant removal, thereby improving streamwater 

quality. If successful, BEST could be a complementary HZ BMP that practitioners need to 

improve the specificity of their stormwater management and stream restoration efforts. 
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CHAPTER 3                                                                                                                  

NUMERICAL MODELING OF ENGINEERED STREAMBEDS FOR INDUCED 

HYPORHEIC FLOW: ENHANCED REMOVAL OF NUTRIENTS, PATHOGENS, AND 

METALS FROM URBAN STREAMS 

Modified from an article published in the Journal of Environmental Engineering with minor 

additions1 

Skuyler P. Herzog,2,3,4 Christopher P. Higgins,2,4 and John E. McCray2,4 

This chapter is based on a 3-D numerical modeling study of water flow in streambed 

porous media. A description of the numerical model design and assumptions are provided, 

followed by simulation results. 

3.1 Introduction  

In this study, we modeled the impact of modular streambed hydraulic conductivity 

(K) modifications, termed Biohydrochemical Enhancement for Streamwater Treatment 

(BEST), on induced hyporheic exchanges and corresponding hyporheic residence times (RT). 

Simulated hyporheic flowpaths were analyzed for potential contaminant attenuation based on 

first-order attenuation reactions and reaction rate constants from literature. BEST efficacy 

was compared for several combinations of in situ sediment K and slope, and results were 

placed in the context of enhancing removal of several metals, E. coli, N, and P. BEST are 

particularly suited to urban channels, where modules with native sediments or geomedia 

would have potential to remove these contaminants from stormwater or recycled water.  

                                                 

1 Reprinted with permission from Journal of Enivironmental Engineering. 

(http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001012#sthash.jbnNWkVU.dpuf) 

2 Department of Civil and Environmental Engineering, Colorado School of Mines 

3 Primary researcher and author 

4 Engineering Research Center (ERC) for Re-inventing the Nation’s Urban Water Infrastructure (ReNUWIt) 
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3.2 Methods 

3.2.1 Basic Model 

The steady-state HZ model was constructed using MODFLOW (McDonald and 

Harbaugh 1988) and MODPATH (Pollock 1994) for particle tracking. The saturated 

streambed was modeled as a simplified, idealized system with dimensions matching a 

constructed stream facility at the Colorado School of Mines intended to mimic an urban 

stormwater channel. The quasi-2D nature of the model assumes homogeneity with width and 

no lateral flow across the streambanks. Homogeneous, isotropic sediments had a uniform 1m 

depth to an impermeable boundary. Slopes and surface water were applied using a constant 

head boundary at the top of the model that decreased along the length of the stream.  

Boundary conditions produced slight perturbations throughout the model, but these declined 

rapidly with distance from the boundaries. To minimize the effects of the boundary 

conditions, all structures were evaluated at the center of a 1000m model, as in Ward et al. 

(Ward et al. 2011). The BEST-induced flows were orders of magnitude larger than the 

boundary perturbations. Subsurface K modifications were the only cause for hyporheic 

exchange considered in the model. Therefore, a simulated streambed with no BEST structure 

experienced no hyporheic exchange besides perturbations from the boundary conditions and 

numerical error. While this is clearly a simplification, it is a reasonable approach to isolate 

the effect of BEST structures on enhancing water flow through the streambed. Similar 

assumptions have been used to model the influence of bedforms on hyporheic flow (Boano et 

al. 2010). Using MODPATH, 100 particles spanning the downwelling zone of each structure 

were released at the sediment-water interface and tracked until they returned to the stream. 

100 particles provide satisfactory spatial coverage without excessive bias of mean RT toward 

longer flowpaths. 
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In MODFLOW, cell-by-cell flows are calculated using Darcy’s Law. Thus for a given 

surface area, downwelling and upwelling depend on the sediment K and the hydraulic-head 

gradient. MODPATH water velocities are calculated by dividing flows by the cell’s porous 

cross-sectional area in the direction of flow. RTs are therefore inversely correlated with flow 

and K and directly correlated with sediment porosity.  

3.2.2 Enhanced Flow through BEST Structures 

Ward et al. (Ward et al. 2011) evaluated single rectangular and “wedge” subsurface 

streambed K structures for their impact on hyporheic flow and RT. The K and dimensions of 

the structures were varied in a sensitivity analysis because these would be design parameters 

in a field implementation. Other parameters such as slope and in situ sediment K were held 

constant, because these would be fixed (and presumably measured) in a modest stream 

restoration application. However, these variables may influence the flow through the BEST 

structure and could be manipulated in constructed urban streams and large restoration 

projects.  We modeled more complex, modular structures specifically tailored to maximize 

hyporheic exchange, and explored their sensitivity to variations of in situ sand K and bed 

slope. As the downwelling and upwelling fluxes within each structure are inherently equal, 

only downwelling is considered in calculations. We performed an initial analysis of five 

modular structures (Figures 3.1A-E), considering the induced downwelling flow (QBEST) per 

meter of channel width, mean RT (tBEST) along hyporheic flowpaths, modular length, and 

whether the structure created complete hyporheic exchange. Other less effective geometries 

were also explored but are not presented. Complete exchange was defined as return of all 

hyporheic water to the stream after passing through BEST. In cases with incomplete 

exchange, water that is initially in the HZ upstream of the BEST can remain in the HZ 

through and downstream of the BEST, without interchanging with streamwater.  Complete 

exchange is critical for controlling HZ RTs and maximizing BEST contributions to 
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streamwater quality. Triangular low K blocks, with the base of the triangle positioned at the 

bottom of the streambed (or at the sediment-water interface for the center low K block in 

Figure 3.1B), would minimize deadspaces within BEST structures and make flow path RTs 

more uniform. Triangles would likely provide better performance than rectangular blocks, but 

are ungainly to construct in MODFLOW, thus they are shown as 0.5m long rectangles to 

reserve space for the triangular base. The length of the low-K block has a negligible impact 

on hyporheic exchange relative to the penetration depth (Ward et al. 2011), so replacing low 

K rectangles with triangles would likely make RTs more uniform without altering QBEST. For 

the initial analysis, the respective K and porosities of the sediments were 0.01 ms-1 and 0.44 

for high K blocks (gravel), 5.8•10-3 ms-1 and 0.39 for the sand, and 10-12 ms-1 and 0.01 for the 

low K blocks (boulders, concrete).  

 

Figure 3.1. Cross sections of stream (lightest gray) and HZ showing BEST structure initial 

analysis. Water preferentially flows around low K blocks (black) and into high K blocks 

(dark gray); medium gray boxes are intermediate K representing in situ sediments. 

After the initial analysis, further simulations were performed on the optimal BEST 

design to examine sensitivity of both downwelling flow and particle RT to in situ K and 

model slope. Stream velocity is not considered in the model because BEST flow dynamics 

depend only on pressure gradients; the subsurface structures do not directly contact the 
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stream, unlike bedforms or in-channel obstructions. In situ K was varied from 5.8•10-5 (K1) 

to 5.8•10-3 ms-1 (K3) with respective porosities of 0.29 and 0.39. The end members were 

based on actual sands (Concrete sand, Rio Grande Sand and Gravel, Denver, CO and #16 

Accusand, AGSCO, Wheeling, IL, respectively); a theoretical intermediate (K2) was also 

tested with K of 5.8•10-4 and porosity of 0.34. Slope was varied from 0.1% to 2%. This range 

is much lower than the 5% grade used by Ward et al. (Ward et al. 2011) for a mountain 

headwater stream, but is reasonable for urban streams (Pizzuto et al. 2000). 

3.2.3 Contaminant attenuation 

Representative contaminant removal rate constants were collected from the literature, 

with values and references provided in Table 3.1. Among metals, pathogens, and nutrients 

considered in this study, nitrate is unique in having directly measured removal rate constants 

reported for both natural sediments and geomedia.  While we recognize that denitrification is 

controlled by complex biogeochemical interactions, its correlation to hyporheic (Pinay et al. 

2009; Zarnetske et al. 2011) has allowed RT to inform estimates of denitrification (Gomez et 

al. 2012). Other reactions with geomedia are primarily abiotic and less variable than 

denitrification. In this study, model hyporheic RTs are used to estimate contaminant removal 

according to reported kinetics.  

Contaminant degradation along each flow path follows standard first-order decay for 

plug flow reactor conditions according to: 

� = � �−��                                                                                                                                                               (3.1) 

where C is the resulting concentration, C0 is the initial concentration, k is the reaction 

rate constant, and t is the RT. However, because flow paths in BEST present a distribution of 

RT rather than plug flow, the reaction along each flow path should be averaged. The change 

in reach-scale contaminant concentrations is approximated by averaging and then flux-
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weighting HZ contaminant removal by the ratio of BEST discharge to stream discharge 

according to: 

=  ∑ −�−����= � × ���� ���� ×                                                                            (3.2) 

where R is the percent contaminant removal from the stream per BEST module, ti is 

the RT of the ith hyporheic flowpath within BEST, n is the number of flow paths, QBEST is 

the downwelling flow into a single BEST module, QStream is the stream discharge, and 100 is 

a multiplication factor to convert to percent removal. 

Denitrification is inhibited by the presence of dissolved oxygen, but recent studies 

indicate that local anoxic niches facilitate denitrification even in oxic, net-nitrifying regions 

of the HZ (Harvey et al. 2013; Zarnetske et al. 2011). To predict the onset of complete 

anoxia, Gomez et al. (Gomez et al. 2012) estimated the first order rate constant for oxygen 

depletion at 0.0083 hr-1, again based on Zarnetske et al. (Zarnetske et al. 2011). However, 

oxygen rapidly decreased from 7 to 2 mg L-1 within one hour in woodchip column 

experiments (Robertson 2010), suggesting that elevated DOC can also enhance aerobic 

respiration. Simplified estimates of denitrification potential utilize the findings of Briggs et 

al. (Briggs et al. 2014), who determined that net denitrification typically begins after 2.3 

hours of hyporheic RT. Thus 2.3 hours were subtracted from the RT (ti) of each BEST model 

simulation run to yield a denitrification-reaction time (tdenit,i). Exponential decay rates were 

applied to the tdenit,i to yield a conservative estimate of percent nitrate removal. This approach 

should clearly not be generalized to all streams and BEST structures, but it is appropriate for 

the illustrative analysis presented here.   

For metals, E. coli, and P, removal rate constants are only reported for geomedia. As 

the attenuation of these contaminants should not be substantially influenced by oxygen 

concentrations, ti rather than tdenit,i were used to estimate removal potentials. 
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Table 3.1. First order removal rate constants and ideal hyporheic RT yielding DaHZ = 1 for 

select nutrients, metals, and E. coli reported in literature. 
 

 

Contaminant Geomedia k (hr-1) Ideal Mean RT (hr) 

NO3
- i. None (in situ sediments)1 0.038 26.3 

NO3
- ii. Woodchipsb 0.092 10.9 

PO4
3- Biochar (sugar beet tailings)c 0.155 6.5 

Zn(II) i. Green Sandsd 0.040 25.0 

Zn(II) ii. Zero valent irone 0.070 14.3 

Cu(II) i. Mn-oxide sandsf 0.019 52.6 

Cu(II) ii. Zero valent irone 0.270 3.7 

Pb(II) Mn-oxide sandsf 0.018 55.6 

Ni(II) i. Zero valent irong 0.606 1.7 

Ni(II) ii. Zero valent iron/pumice mixg 0.197 5.1 

Ni(II) iii. Zero valent irone 0.080 12.5 

Al(III) Zero valent irone 0.350 2.9 

As(V) Zero valent irone 0.250 4.0 

Cd(II) Zero valent irone 0.120 8.3 

Hg(II) Zero valent irone 0.250 4.0 

E. coli Fe-oxide sandsh 4.240 0.2 

  

3.3 Results 

3.3.1 Initial Structure Analysis 

All simulated BEST structures induced hyporheic exchange, but the downwelling 

flows were substantially higher in structures A and E because of the low K bookends (Table 

3.2). In addition to the hyporheic flow induced within the BEST, structures A, B, and E 

created upwelling upstream of the structure and downwelling downstream of the structure. 

This causes complete exchange but was conservatively not included in the reported 

downwelling flow value because our objective is to quantify effectiveness of a single BEST 

module.  The RT of this additional exchange would not be controlled by a single module, or 

                                                 

1(Gomez et al. 2012), b(Robertson 2010), c(Yao et al. 2011), d(Lee et al. 2004), e(Wilkin and 

McNeil 2003), f(Han et al. 2006), g(Moraci and Calabrò 2010), h(Zhang et al. 2010) 
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would be associated with an adjacent structure in a series of BEST modules. Structure C had 

the longest mean RT but the least downwelling, and neither high K box (C and D) created 

complete exchange. Additionally, because C and D lack built-in low K bookends, they 

require longer footprints so that in situ sediment between modules will cause upwelling of 

treated water. Structure E, hereafter referred to simply as BEST, was determined to achieve 

the optimal balance of hyporheic RTs, large and complete exchange flows, and minimal 

structure footprint. However, Structure A performed nearly as well as Structure E and should 

be considered in future studies, because the lack of a high K component may make Structure 

A less costly and easier to install. 

 

Table 3.2. BEST Initial Analysis. 

Structure 

Downwelling per meter of 

channel width (L/s) 

Mean RT 

(hr) 

Modular 

length (m) 

Complete 

exchange 

A 0.135 3.69 3 Yes 

B 0.087 4.10 3 Yes 

C 0.038 5.30 5.5 No 

D 0.060 3.77 5.5 No 

E 0.151 3.70 3 Yes 

 

 

3.3.2 Downwelling 

Induced hyporheic flows show a linear relationship to both in situ sand K (Table 3.3, 

Figure 3.2) and channel slope (Figure 2), as expected according to Darcy’s Law. 

Downwelling per meter width for a single BEST module ranged from effectively zero (3•10-4 

Ls-1) at the minimum slope of 0.1% and minimum in situ K of 5.8•10-5 ms-1, to 0.311 Ls-1 at 

the maximum 2% slope and the highest value used for sand K of 5.8•10-3. A 1% slope 

matching the constructed stream produced downwelling of 0.152 Ls-1 at K = 5.8•10-3 ms-1. 
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Table 3.3. Induced hyporheic downwelling, per meter of channel width, for different 

combinations of in situ sand K and number of BEST modules in series at 1% slope. Flows are 

reported as both gpd and Ls-1 for ease of interpretation. 

Modular 

Units 

BEST Length 

(m) 

Induced Flow (gpd) Induced Flow (Ls-1) 

K1 K2 K3 K1 K2 K3 

1 3 57.7 531 3,466 0.003 0.023 0.152 

10 25.5 584 5,381 35,112 0.026 0.24 1.54 

40 100.5 2,348 21,592 140,448 0.103 0.95 6.16 

 

 

Figure 3.2. Sensitivity of induced downwelling, per meter width, to in situ K and slope. 

 

3.3.3 Residence Times 

Cumulative frequency diagrams of MODPATH simulations (Figure 3.3) show particle 

mean RT decreased with increasing sand K, as these higher K values augmented 

downwelling flows by 1-2 orders of magnitude more than the corresponding decreases in 

porosity. Additionally, particle flowpaths are influenced by the ratio of in situ sand K to that 

of BEST structures (Ward et al. 2011), so path length varies slightly between K1-K3. 

Specifically, at larger in situ K values, high K zones have less impact and hyporheic 

flowpaths are shorter in distance (i.e., shallower). These results highlight that QBEST and tBEST 
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are inversely related and therefore must be balanced by selecting the proper K for a given 

reaction of interest. 

The maximum observed mean RT (3,766 hr) was observed for the combination of the 

smallest in situ K and minimum slope, whereas the converse was true of shortest mean RT, 

(1.56 hours). At 1% slope and K = 5.8•10-3 ms-1, the mean RT was approximately 3.27 hours, 

while RTs of the majority of specific flowpaths varied between about 0.5 hours and 19 hours 

(Figure 3.4). 

 

Figure 3.3. CDF of particle RTs within BEST. 1% slope, n = 100. 

 

 

Figure 3.4. Example flow paths and RTs within BEST at 1% slope and K = 5.8•10-3 ms-1. 
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3.3.4  Contaminant Removal Potential 

DaHZ for all reactions in K1 BEST were well above 1, ranging from 3.78 for Lead (II) 

removal via Mn-oxide sands to 891 for E. coli attenuation by Fe-oxide sands (Table 3.4). 

These Damköhler numbers (>> 1) indicate transport limitation, where contaminants are 

degraded relatively quickly along unnecessarily long hyporheic flowpaths. Such conditions 

are inefficient and waste hyporheic RT that could be decreased in favor of higher flows, as 

with K2 and K3 BEST.  In other words, the BEST unit could be made more efficient and 

potentially smaller (using fewer materials) by increasing K.  DaHZ are closer to 1 for K2, or 

even below for several of the slowest reactions, suggesting the BEST dimensions and 

materials are better matched to optimize treatment for the specified geomedia. Finally, with 

K3, all but the fastest reactions have DaHZ less than 1.  

Although divergence from unity in either direction is theoretically considered 

nonideal, reaction rate limitation (DaHZ  < 1) is more preferred relative to transport limitation. 

For reaction rate limitation, the reaction is occurring along the entirety of each flow path and 

QBEST is higher. Conversely, a lower QBEST is not fully offset by higher contaminant removal 

due to wasted HZ flow under conditions of transport limitation. This is well illustrated by EQ 

(2). The first term is constrained between 0 and 1 depending on reaction completion, whereas 

QBEST/QStream is potentially boundless and generally further from 1. Excessively long RTs 

cannot increase the reaction completion term above 1, but they cap removal with a low QBEST. 

In contrast, increasing K raises QBEST slightly more than it decreases RT. This is due to the 

relatively small increase in sediment porosity compared to sediment K; the result is 

consistently greater contaminant removal at higher values of K. Surprisingly, these results 

indicate that DaHZ < 1 is actually better for maximizing removal than DaHZ ≅ 1. However, 

this finding is contingent on assumptions such as consistent rate constants independent from 

varying K. Reactions such as denitrification that require anoxic conditions, are a notable 
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exception to this finding. As K increases RT may no longer be sufficiently long for oxygen 

removal, thereby limiting the reaction of interest.  

Figure 3.5 shows the percent removal of each contaminant from a 1 L/s, 1m wide 

stream at 1% slope with a single BEST module, calculated via EQ (2). K3 BEST 

substantially outperform K2 and K1 BEST for faster reactions due to transport limitation at 

lower K values. For example, all reactions are transport limited within K1 BEST, and 

removal is effectively capped at approximately 0.3%, the ratio of QBEST/QStream. In cases 

where transport limitation does not occur (i.e. Pb(II) for K2 and K3), removal is only slightly 

improved by increasing K. This suggests that a range of K values can be considered similarly 

effective, rather than one single, optimized value. Using the rate constant for natural 

sediments, simulated denitrification in K2 BEST exceeds that of K3 BEST. This is because 

the first 2.3 hours of aerobic conditions represent a much larger portion of the K3 BEST RT 

relative to the K2 BEST, and removal converges (toward 0) for K1-K3 BEST at very low 

reaction rate constants. When using woodchips to increase the denitrification rate, the K3 

BEST is more comparable to the K2 BEST. 

The number of BEST in series needed to completely remove a given contaminant can 

be estimated as the reciprocal of its modular percent removal. This method unrealistically 

assumes no downwelling of streamwater previously treated within BEST, but is reasonable to 

illustrate the concept. Due to transport limitation, K1 BEST would require a prohibitive 

number of modules (>200) for all contaminants. K2 and K3 BEST, however, are much more 

practical. Using K3 BEST, the majority of modeled contaminants could be completely 

(several log orders) removed with only 50m of BEST in series (Table 3.5). Cd(II), Zn(II), 

nitrate, and Pb(II) require 55.5, 85.5, 138, and 293 m, respectively. As noted above, K1-K3 

BEST are similarly ineffective for very slow reactions (i.e. Pb(II) removal via Mn-oxide 
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sands). In such cases even K3 BEST at 2% slope would require an excessive number of 

modules, so alternative reactive geomedia should be explored.  

 

Table 3.4. Reaction rate constants and HZ Damköhler numbers for each reaction under each 

BEST K scenario. 

Contaminant k (hr-1) 

DaHZ 

K1 K2 K3 

NO3
- i. 0.038 7.90 0.83 0.04 

NO3
- ii. 0.092 19.12 2.02 0.09 

PO4
3- 0.155 32.57 3.75 0.51 

Zn(II) i. 0.04 8.41 0.97 0.13 

Zn(II) ii. 0.07 14.71 1.70 0.23 

Cu(II) i. 0.019 3.99 0.46 0.06 

Cu(II) ii. 0.27 56.74 6.54 0.88 

Pb(II) 0.018 3.78 0.44 0.06 

Ni(II) i. 0.606 127.36 14.68 1.98 

Ni(II) ii. 0.197 41.40 4.77 0.64 

Ni(II) iii. 0.08 16.81 1.94 0.26 

Al(III) 0.35 73.56 8.48 1.14 

As(V) 0.25 52.54 6.06 0.82 

Cd(II) 0.12 25.22 2.91 0.39 

Hg(II) 0.25 52.54 6.06 0.82 

E. coli 4.24 891.08 102.69 13.86 
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Figure 3.5. Modular percent contaminant removal from 1m wide, 1 L/s stream at 1% slope. 

 

Table 3.5. Most efficient geomedia and BEST K for each contaminant considered, number of 

BEST modules in series, and stream length required for complete contaminant removal from 

a 1m wide, 1 L/s stream at 1% slope. 

Contaminant Geomedia BEST K Modules Length (m) 

Nitrate Woodchips K2 55 138 

Phosphate Biochar (sugar beet tailings) K3 18 45.5 

Zn(II) ZVI K3 34 85.5 

Cu(II) ZVI K3 13 33 

Pb(II) Mn-oxide sands K3 117 293 

Ni(II) ZVI K3 9 23 

Al(III) ZVI K3 11 28 

As(V) ZVI K3 14 35.5 

Cd(II) ZVI K3 22 55.5 

Hg(II) ZVI K3 14 35.5 

E. coli Fe-oxide sands K3 7 18 
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3.4 Discussion 

3.4.1 Fluxes and Residence Times 

Numerical simulations enabled a BEST modular design that can increase complete 

hyporheic exchange while controlling hyporheic downwelling and RT. QBEST and RT are 

highly sensitive to sediment K and channel slope, as well as BEST design and dimensions. In 

practice, slope can be difficult to modify, whereas BEST media properties may be easier to 

select, especially in constructed urban channels (i.e., for stormwater or recycled water 

conveyance) or as part of river restoration efforts (i.e., for daylighting urban streams). Lower 

values of K for BEST sediments provide long RTs but diminished downwelling and may be 

less effective for stream water quality enhancements due to transport limitation. Conversely, 

increasing K decreases mean RTs in the subsurface and yields larger downwelling flows. 

High K BEST thereby expose greater fractions of streamwater to treatment within the HZ and 

typically have greater potential for reach-scale improvements in contaminant levels, even 

when DaHZ drops below 1. These results differ from conventional wisdom that DaHZ ≅ 1 are 

ideal (Harvey et al. 2013). However, high K BEST RTs may be too short to deplete 

dissolved oxygen, as required by anaerobic reactions such as denitrification. Our results 

suggest that further increasing K and slope would improve removal, but there is an upper 

limit to the K of BEST sediments and to the slopes at which bed sediments are stable. High K 

end members may not have adequate contact times or equal reaction rate constants compared 

to lower K sediments as assumed in the model. Thus, hydraulic considerations and 

contaminant reaction efficiency of the BEST geomedia are equally important. Enhancing 

streamwater quality by improving hyporheic exchange requires the optimization of hyporheic 

flow with RT distribution and reaction rates specific to a given sediment and particular 

contaminant(s). That is, the hyporheic RTs should match with biogeochemical processes 

relevant to the contaminants of concern such that water remains in the HZ only long enough 
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to remove contaminants, and enabling a sufficient volume of water to be treated to meet 

design goals. If RTs greatly exceed reaction rates then water parcels are spending 

unnecessary time within the HZ at the expense of greater downwelling flows.  

3.4.2 Reaction Rate Constants 

The denitrification rate constants measured by Harvey et al. (Harvey et al. 2013) 

differ by three orders of magnitude, and Miehr et al. (Miehr et al. 2004) found similar 

variability for Cu(II), Cr(VI), NO3
-, and other contaminant removal by various commercially-

available ZVI products. Such ranges of values hamper the ability to find an optimal K range 

that will prevent transport limitation. It is also important to consider how rate constants may 

change with flow rate through BEST, media grain size, and environmental conditions such as 

temperature, ionic strength, dissolved oxygen, and pH (Rangsivek and Jekel 2005). Clearly 

the rate constant for any reaction of interest is a critical parameter that needs to be determined 

before rigorously optimizing BEST design. Once an ideal K range is determined, a value at 

the high end should be chosen since there is a distribution of RTs to accommodate, and K 

may gradually decrease over time. Likely, geomedia will need to be carefully engineered to 

meet expectations for both K and reaction rates. For most urban streams or stormwater 

conveyance channels emptying into an urban stream, there are typically only a few 

contaminants of concern, thus reducing complexity associated with designing geomedia to 

achieve a specific RT. Multiple BEST in series with different geometries and geomedia may 

be necessary to treat multiple contaminants. 

3.4.3 Design Considerations 

Kasahara & Hill (Kasahara and Hill 2008) observed that siltation (colmation) can 

reduce K around river restoration structures, diminishing hyporheic exchange. Thus BEST 

structures may not be feasible in streams with high silt loads. However, BEST are far less 

susceptible to siltation compared to surface structures that cause ponding and reduced stream 
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water velocities, such as that in Robertson and Merkley (Robertson and Merkley 2009). Sites 

with low silt loads may even be maintained by occasional scraping or by natural scouring 

during high flow events. On the other hand, sites with moderate scouring may require shorter, 

bottom-based BEST structures, whereas intense scouring may preclude the installation of 

BEST structures entirely. Biofilm formation within BEST may also reduce K, but this can be 

mitigated by selecting a grain size that is resistant to clogging (Wakelin et al. 2010). Even if 

the K does change, as long as it remains within an acceptable range the BEST may function 

just as effectively. 

Hyporheic exchange is also reduced by gaining and losing conditions along streams 

(Fox et al. 2014), which limits HZ biogeochemical reactions (Trauth et al. 2014). At sites 

lacking no-flow boundaries at the bottom and sides of the active HZ, BEST installation may 

require impermeable liners or a layer of silt/clay adjacent to the module. This step would also 

prevent hyporheic flow from circumventing low K structures within the HZ, thereby ensuring 

complete exchange. The constraint on hyporheic RTs, possible using low-K blocks or liners, 

is a critical aspect of BEST. For example, a recent study (Azinheira et al. 2014) found that 

cross-vanes do not meaningfully impact reach-scale water quality. This result is unsurprising 

given that most surface structures, unlike BEST, simply cause downwelling without complete 

exchange or consideration of appropriate RT. Interestingly, Kiel and Cardenas (Kiel and 

Bayani Cardenas 2014) estimate that nearly 100% of the water in the Mississippi basin cycles 

through the streambanks HZ at some point in the watershed, but that is not adequate to fully 

attenuate N pollution. As the authors note, many of the hyporheic flow paths are inefficient – 

either too short or too long. BEST could play an important role in controlling hyporheic 

flowpaths for improved efficiency and less export of N and other contaminants.  
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3.4.4 Geomedia 

The incorporation of geomedia into BEST sediments may enhance reaction rates 

relative to in situ sediments alone, but this comparison is limited by a dearth of reaction 

kinetics reported for natural HZ. However, their lifespan and replacement costs would be 

additional factors to consider. Thus practitioners can decide between using in situ sediments 

of varying K to construct BEST, or also incorporating geomedia. The former is a passive 

treatment that could conceivably operate ad infinitum, while the latter is likely to boost 

performance and consistency, but comes at the cost of additional maintenance. If using 

geomedia, designers should likely start with a geomedia that is highly effective at 

contaminant removal and has (or can be milled/aggregated to have) a relatively high K value. 

If necessary, the K can then be reduced using non-reactive materials. Many possible 

geomedia are sustainably sourced from recycled waste products. For example, Lim and Aris 

(Lim and Aris 2014) catalogue several low-cost, recycled materials for removal of heavy 

metals, and Chang et al. (Chang et al. 2010) demonstrate a mixture of sand, recycled tire bits, 

and sawdust for removal of N, P, and E. coli. In addition, stable carbon-based geomedia such 

as biochar or activated carbon may provide carbon credits or offsets. BEST design can draw 

on the extensive, growing body of geomedia literature, but the efficacy and sustainability of 

each option within BEST should be further explored.  

It is also important to consider possible unintended consequences of BEST. Robertson 

and Merkley (Robertson and Merkley 2009), for example, found low dissolved oxygen levels 

downstream of their denitrification structure. This would not be an issue with BEST, because 

only a fraction of the streamwater cycles through BEST at a time, and the stream is 

continuously reaerated. If concerns still arise, standard mixing or aeration features (e.g., 

waterfalls or riffles) could be incorporated between BEST modules in series. Similarly, 
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anaerobic regions could turn iron filings into a source of dissolved iron, so BEST with ZVI 

should limit RT via media K and structure dimensions. 

3.5 Conclusions 

Based on modeling results, BEST structures show great promise for attenuating urban 

water contaminants from stormwater and recycled water, especially E. coli. Due to rapid 

removal via Fe-oxide sands, E. coli could be reduced by several log units from a 1 L/s, 1m 

wide stream with an estimated 7 modules at 1% slope or 4 modules at 2% slope. Most other 

modeled contaminants are predicted to be removed in 20 modules or less, equivalent to 

approximately 50m of stream length. BEST modules may also be designed using geomedia 

capable of attenuating other contaminants in urban or agricultural runoff. Due to their 

location within the streambed, BEST are particularly suited to attenuate nonpoint source 

pollution from the entire watershed upstream of the structure. 

As noted by Ward et al. (Ward et al. 2011), K modifications, such as BEST structures, 

produce greater relative effect in smaller streams.  The optimized BEST produces a 

downwelling flow above 6 Ls-1 per m width along a 100m reach with 1% slope, which is 

relevant to many small urban drainages. With appropriate geomedia and reasonably small 

stream discharges, targeted contaminants could be completely removed from streamwater by 

BEST in series along tens of meters, especially in wide channels. Downwelling on the order 

of 6 Ls-1 could accommodate flow-controlled releases from storm-water detention ponds, 

ephemeral channels that contain dry-weather flow, or a substantial fraction of other small 

urban streams. Although this particular BEST design was found to be ideal among the few 

options considered, more effective structures are likely possible, particularly when site-

specific conditions are considered. 

To promote the knowledge that solute exchange between streamwater and HZ provide 

contaminant attenuation and biogeochemical cycling, Bencala et al. (Bencala et al. 2011) 
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directly stated that streams are not pipes; they do more than simply convey water 

downstream. However, HZ in urban streams are not currently managed to provide water 

quality benefits (Lawrence et al. 2013). For example, lining channels with concrete for rapid 

transmission and flood control effectively destroys the HZ. In contrast, daylighting can 

contribute to urban greenspace, which can improve recreation opportunities, aesthetics, 

property values, human health metrics, and social (Halaburka et al. 2013; Wendel et al. 

2011). Urban streams in place of pipes could route stormwater and recycled water to 

irrigation or infiltration sites, all while utilizing HZ BEST modules as a novel Best 

Management Practice (BMP) to improve water quality. 
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CHAPTER 4                                                                                                                  

PERFORMANCE OF ENGINEERED STREAMBEDS FOR THE INDUCTION OF 

HYPORHEIC TRANSIENT STORAGE AND ATTENUATION OF RESAZURIN IN 

CONSTRUCTED FLUMES 

This chapter is based on a pilot-scale flume experiment and modeling study. A 

description of the flume facility, experimental setup, tracers (salt, resazurin, resorufin), and 

dual-porosity model are provided followed by experimental and modeling results.  

4.1 Introduction   

The objective of this study was to evaluate the ability of physical BEST modules in 

constructed stream flumes to increase hyporheic transient storage compared to an all-sand 

control condition. This analysis was based on mass transfer modeling of conservative (salt) 

and reactive (resazurin, “Raz”) tracers. While conservative tracers provide information on 

physical transient storage dynamics, Raz can be used as a model aerobically degrading 

compound as it transforms irreversibly into a daughter product, Resorufin (Rru), in aerobic 

hyporheic sediments (Haggerty et al. 2008, 2009). Raz removal therefore carries information 

about hyporheic biogeochemical processes, and its correlation to oxygen uptake (González-

Pinzón et al. 2012) makes it a relevant model compound that can be related to biological 

oxygen demand and other aerobic processes (González-Pinzón et al. 2012). Flume data were 

used to calibrate and validate a transient storage model, which allowed us to extrapolate 

physical results to simulate the impacts of BEST compared to all-sand, concrete-lined, and 

two urban channels for water quality over longer reach lengths than could be accomplished in 

our constructed flume facility.   
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4.2 Material and Methods 

4.2.1 Stream Flume Construction and Operational Conditions 

Experiments were conducted in outdoor stream flumes at the Mines Park Water 

Reclamation Facility at the Colorado School of Mines in Golden, CO. Two identical streams 

were constructed, each 15m long, 30cm wide, at a 1% slope, and separately contained within 

impermeable ethylene propylene diene monomer (EDPM) liners. The upstream boundary 

condition for each flume was a 1m long, 30cm deep gravel compartment for flow dissipation, 

bounded by a 4cm thick coarse, permeable mesh (Matala USA, Laguna Hills, CA). 

Downstream boundary conditions consisted of no-flow walls in the streambed to maintain 

saturation; surface water spilled over the wall through another coarse mesh. One stream was 

filled to 30cm depth with 99.6% silica sand (6/9 Colorado Sand, Premier Silica, Irving, TX) 

and contained no BEST modules as a control condition (“Control”). The other stream utilized 

custom triangular plastic blocks, caulked to the EDPM, to form impermeable BEST modules 

(“BEST”). These blocks (13 in total; 2λcm tall, 30cm wide, and 14.5cm long at the triangular 

base), were placed at 1m intervals from x = 0.5m to x = 12.5m in the BEST stream to create 

12 BEST modules (high-K regions bookended by blocks) in series (Figure 4.1). The BEST 

stream was filled to a depth of 28cm with a mixture of the same silica sand as the control, but 

also amended with woodchips (Medium Decorative Bark, Permagreen Organics, Arvada, 

CO) at a ratio of 67/33 v/v, respectively. The BEST stream was topped with 2cm silica sand, 

which completely covered the plastic blocks, and resulted in identical aesthetics for both 

streams from the surface. Woodchips were included in BEST to provide a long-lasting 

biofilm substrate and slow-release of dissolved organic carbon for biofilm metabolism (Lo 

and Liao 1987; R. A. Nordstedt and M. V. Thomas 1985; Robertson 2010; Robertson and 

Merkley 2009).  
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Figure 4.1. Schematic of BEST stream showing low-K blocks (black triangles) in between 

sand/woodchip geomedia (speckled white) and gravel boundary conditions. The BEST 

stream had 13 blocks in total at uniform 1m spacing. The Control stream had identical 

dimensions, but no low-K blocks nor woodchips. 

This use of woodchips in the BEST stream introduced an additional test variable compared to 

the Control stream (i.e., impermeable walls and media mixture), which is justified for a 

functional comparison of one potential embodiment of BEST to a reference case, recognizing 

that other BEST module designs may incorporate additional media or sand alone (Herzog et 

al. 2016). The approximate K and porosity of the Control stream media were 0.48 ± 0.02 

cm/s and 0.39, respectively, and 0.44 ± 0.01 cm/s and 0.44, respectively, for the BEST stream 

high-K media.  

The flumes were operated continuously with recycled water from an onsite 

sequencing batch membrane bioreactor (SB/MBR). SB/MBR effluent used in this study is 

relevant for streams in the western US, which can often exceed 50% recycled water during 

low-flows (Fono and Sedlak* 2005; Lawrence et al. 2013; Rice et al. 2013). All SB/MBR 

effluent, including water diverted into flumes, was eventually sent back to municipal sewers 

for standard wastewater treatment. SB/MBR effluent was dosed into the flumes using 

centrifugal pumps (#4011K11, McMaster-Carr, Elmhurst, IL), which were restricted by flow 

meters to achieve a flow rate of 0.35 L/s in each flume. Tracer breakthrough curves were 

monitored at x = 12.5m in each stream, where surface water was funneled using an EDPM 

sheet to create a “thalweg” with representative concentrations. These outdoor stream flumes 

were constructed in August 2015 and operated in recirculation mode for 3 months. Flow was 
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temporarily halted for 5 months due to winter weather conditions. Both stream flumes were 

restarted in April 2016, and operated continuously with the exception of brief periods of 

maintenance (e.g., fixing pump leaks). 

4.2.2 Specific Conductivity, Resazurin, and Resorufin 

To examine transport behaviors, tracer tests with solar salt (99.6% NaCl, Diamond 

Crystal Solar Naturals, Cargill Inc., Minneapolis, MN) and Raz salt (Product #R7017-5G, 

Sigma-Aldrich, St. Louis MO) were conducted in September 2016. Solar salt was used as a 

conservative tracer to test for differences in transient storage between the BEST and Control, 

whereas Raz and its transformation product Rru were used as indicators to evaluate whether 

any differences in transient storage between the Control and BEST streams could translate 

into changes in water quality. Approximately 2.9kg solar salt and 1.8g Raz were mixed into 

170L of SB/MBR effluent in a reservoir, and dosed into each stream simultaneously for 2 

hours with a two-channel peristaltic pump (Cole-Parmer, Vernon Hills, IL). Despite identical 

tubing, the two-channel pump produced slightly different flow rates: 8.4x10-3 L/s to the 

Control stream, and 8.2x10-3 L/s to the BEST stream, which was accounted for in the Raz and 

Rru model simulations (discussed below). The injection solution was chosen to produce peak 

concentrations of 2x background for electrical conductivity (EC) and <300 g/L (~1.3 mol) 

for Raz. EC and temperature were monitored at 1-minute intervals using EC/Temperature 

probes and data loggers (ES-2 and Em-50, Decagon Devices, Pullman, WA). EC was then 

converted to specific conductance (SC) to account for changes in water temperature using the 

following equation (Eaton et al. 2008): � = �� × − � × 5 −                                                                                  (4.1) 

where SC is specific conductivity (mS/cm), EC is electrical conductivity (mS/cm), r is 

a coefficient set to 0.0171 (Eaton et al. 2008), and T is temperature (°C). Triplicate (or more) 

samples for Raz and Rru were collected using disposable syringes (#30λ653, BD, Franklin 
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Lakes NJ), immediately filtered through 0.45 m disposable filters (#28145-485, VWR, 

Radnor PA), and collected in sterile amber glass vials (Agilent Technologies, Santa Clara 

CA). Samples were sent overnight on ice to the University of New Mexico overnight for 

fluorescence spectrophotometry following established protocols (González-Pinzón et al. 

2012). The timing of sample collection was designed to provide higher frequency data at the 

start and end of tracer injections based on preliminary experiments (data not shown). 

4.2.3 Mathematical Modeling 

Tracer breakthrough curves were modeled using STAMMT-L (Haggerty and Reeves 

2002), a dual-porosity transient storage model that can simulate conservative and reactive 

transport in stream hyporheic zones (Haggerty et al. 2009; Zarnetske et al. 2015). At the flow 

rate in this study, no surface transient storage (i.e., pools, eddies) was observable, so all 

transient storage identified in the model is interpreted to represent subsurface (hyporheic) 

transient storage. First, conservative SC data were used to calibrate the physical exchange 

models for each stream. For ease of comparison, observed SC data for each stream were 

normalized by subtracting average background SC from each time point and then dividing 

each value by the average peak SC. Normalized breakthrough curves were analyzed in 

STAMMT-L and separate models for each stream were calibrated in inverse mode. Stream 

velocities were observed to be equal for both streams at 6m/min. The models were minimally 

sensitive to longitudinal dispersivity, so this parameter was set to 10% of reach length 

(1.25m) in both streams following standard practice (ASTM 2002). The ratio of 

immobile/mobile domains, β, and mass transfer parameters for various mass transfer 

functions (e.g., α1, α2, α3) were varied during the optimization, using root mean square error 

(RMSE) as the objective function. STAMMT-L provides 10 different mass transfer functions 

for exchange between mobile and immobile domains. These functions were designed to 

account for different diffusion scales and bed geometries. Fitting of the data with all 10 
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functions was attempted, and the 7 functions that converged successfully were compared. 

After calibrating mass transfer parameters based on observed SC breakthrough curves, 

observed Raz and Rru data were compared to STAMMT-L simulations to validate the 

models. In other words, literature values for Raz and Rru transformation were applied to the 

calibrated exchange model to evaluate whether the simulated exchange could explain 

observed Raz and Rru concentrations. The reactive transport component of STAMMT-L uses 

separate reaction rates for each solute in the mobile zone ( m,Raz and m,Rru) and immobile 

zone ( im,Raz and im,Rru). Model validation was performed using: (Validation 1) reaction rates 

for Raz and Rru set equal to those used in Haggerty et al. (Haggerty et al. 2009) and 

(Validation 2) temperature-adjusted rates from Haggerty et al. according to a modified form 

of the Arrhenius equation: � = � × � � −�                                                                                                        (4.2) 

where 2 is the reaction rate at the new temperature, 1 is the reference reaction rate, θ 

is a temperature activity coefficient, T2 is the new temperature (°C), and T1 is the reference 

temperature (°C). The temperature activity coefficient, θ, was set to 1.06 to be representative 

of generic biological oxygen demand (Siegrist 2017), based on the correlation of Raz 

transformation with oxygen uptake (González-Pinzón et al. 2012). The average water 

temperature in Haggerty et al. (Haggerty et al. 200λ) was λ.5°C compared to 25°C in the 

current study, thus all reaction rates were 2.47 times larger in Validation 2 compared to 

Validation 1.  

After calibrating the physical exchange models and validating Raz and Rru 

simulations to observations, additional scenarios were simulated to evaluate the impact of 

BEST over longer stream reaches. First, it should be noted that the Control condition used in 

our experiments can itself be considered a BMP (i.e., a sand filter) for stormwater treatment 

or stream restoration. Accordingly, it is important to contrast the Control and BEST streams 
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to additional baseline conditions. Thus, we considered a concrete-lined channel with no 

immobile zone (i.e., a typical constructed stormwater channel), as well as previously 

characterized urban streams. Concrete-lined conditions (“Concrete”) are popular for flood 

prevention and channel stability (Bernhardt and Palmer 2007), and were simulated by making 

the transient storage ratio, β, arbitrarily low (i.e., 1x10-10, as STAMMT-L cannot run with a 

value of zero), while setting exchange parameters to arbitrarily slow rates. Second, 

STAMMT-L α and β parameter values for two urban Rocky Mountain streams from Gooseff 

et al. (Gooseff et al. 2007) were also compared to the BEST, Control, and Concrete channels 

as illustrative examples (mass transfer parameter values in Table 4.1). These five models 

were extended to simulate longer stream reaches up to 300m, which is a scale more relevant 

for stormwater management and stream restoration. 

4.3 Results 

4.3.1 Specific Conductance, Resazurin, and Resorufin 

The conservative SC breakthrough curves demonstrated that both BEST and Control 

streams had velocities equal to 6 m/min (Figure 4.2). Both streams had much longer tails than 

the theoretical concrete channel, which is indicative of greater transient storage in the former 

streams. This is not surprising given the arbitrarily small β value assigned to the concrete 

channel due to its lack of HZ. However, the BEST stream also exhibited a slightly longer tail 

than the Control. This difference was difficult to discern due to the short reach length of 

12.5m, but the SC breakthrough curves were significantly different (α = 0.05, p = 5.4e-4) 

from each other. Additionally, the ratio of BEST/Control SC averaged 0.98 (+/- 0.1) during 

the tracer injection, which matches the ratio of injection pump rates. However, BEST/Control 

SC increased to an average of 1.80 (+/- 1.4) during the 60 minutes post-injection, indicative 

of greater (relative) tailing in the BEST stream. These findings are consistent with Raz and 

Rru data that were collected simultaneously with salt injections. Raz breakthrough curves 
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showed significantly (p = 2.7×10-6) higher mean peak concentrations in the Control stream 

(877 nM) than in the BEST stream (712 nM) (Figure 4.3). This gap in peak concentration 

(BEST/Control Raz ratio 0.81) was not fully explained by slight differences in the pump 

injection rate, which were calculated to result in 1057 nM versus 1031 nM Raz in the Control 

and BEST streams, respectively. This suggests that both streams were attenuating peak 

concentrations of Raz, and the effect was greater in the BEST stream. As expected, neither 

stream demonstrated substantial tailing of Raz, because transient storage of Raz that would 

create tailing would presumably also decay Raz into Rru. In contrast, more pronounced tails 

were observed for Rru in both streams, and the tailing was particularly pronounced in the 

BEST stream. This is most evident when comparing the ratio of BEST/Control 

concentrations for Raz and Rru over time. The ratio of BEST/Control Raz (measured at the 

end of the reach, x = 12.5m) and Rru both remained approximately 0.8 throughout the 

injection phase of the experiment (Figure 4.3). Post-injection, however, both streams showed 

rising Rru/Raz ratios, indicative of Raz transformation into Rru. Once again, this effect was 

significantly (p = 1.8×10-7) greater in the BEST stream than in the Control, with 

BEST/Control Rru ratios reaching 10.3 ± 0.7 by t = 240 minutes. Given that Raz degradation 

is negligible in surface waters (Haggerty et al. 2009), these ratios are metrics of mass transfer 

similar to those used by Haggerty (Haggerty 2013), demonstrating semi-quantitative 

increases in reaction and/or transient storage in BEST compared to the Control. 
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Figure 4.2. Normalized SC breakthrough curves with calibrated STAMMT-L simulations for 

Control and BEST streams and theoretical concrete-lined channel. 
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Figure 4.3. Observed and simulated Raz and Rru breakthrough curves for Control (top) and 

BEST (middle), and BEST/Control ratios for Raz and Rru (bottom). Tracer injection ended at 

t = 120 minutes (vertical bar). Error bars represent 1 standard deviation. 
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4.3.2 Tracer Simulations using STAMMT-L 

The seven mass transfer functions that converged during calibration all produced 

reasonable fits to observed data. The models slightly underestimated SC concentrations 

during the rising limb, but more closely followed the tracer tails (Figure 4.2).  Because the 

data in breakthrough curve tails are associated with transient storage (Gooseff et al. 2003), 

which is the most relevant for our study objectives, we consider the model fits to be very 

good for this analysis. The power law- and lognormal- distributions of first-order mass 

transfer coefficients generated the lowest RMSE for both Control and BEST streams (Table 

4.1), and the RMSE values were within ~1% of each other for both streams. Thus, the 

lognormal mass transfer model (“Lognormal model”) was selected for further study because 

it was more parsimonious (two mass transfer parameters compared to three for power law), 

had lower standard deviations for optimized parameter values, and has been previously 

shown to match breakthrough curve data well in hyporheic studies (Marzadri et al. 2016; 

Wörman et al. 2002). Therefore, the parameters optimized for each stream were 1) the ratio 

of immobile/mobile storage (β), 2) lognormal mean mass transfer rate ( ), and 3) skewness of 

lognormal mass transfer rate distribution (σ). As shown in Table 4.1, the optimized BEST β 

value was 54% higher than that of the Control. Although the exact magnitudes of each 

parameter were sensitive to the mass transfer model selected, BEST β values were 

consistently 34-75% larger than corresponding values for the Control stream in the six other 

mass-transfer model fits.  The models estimated that the BEST stream had 54% larger 

effective HZ size, despite identical flume dimensions. Notably, the impermeable BEST 

triangles actually reduced the porous media volume in the BEST stream by 15%, but more 

than compensated for this reduction through greater hyporheic exchange. The Control and 

BEST streams had comparable lognormal mean exchange rates ( ) of 0.037 and 0.041 min-1, 

respectively, but the Control stream had considerably less skew (σ)μ 0.57 versus 0.λ6, 



 

49 

respectively. The larger skewness in BEST is associated with a greater proportion of 

relatively long residence times, likely due to increased effective hyporheic zone depth 

(Wörman et al. 2002) in the BEST compared to the Control. 

 

Table 4.1. STAMMT-L mass transfer parameter values (standard deviations) for each mass 

transfer type optimized to Control and BEST observations, and for Concrete and example 

urban streams (Jackson Hole and Teton Pines). 

Mass Transfer 

Functiona 

Parameter 

(std. dev.) 
β par(1)b,c,d par(2) par(3) RMSE 

  Units - 1/min - - - 

Type 0 

Single rate 

Control 2.86 (0.039) -3.26 (0.046) - - 0.314 

BEST 3.91 (0.042) -3.40 (0.049) - - 0.401 

Type 1 

Multirate 

(layered) 

Control 3.13 (0.036) -4.25 (0.052) - - 0.316 

BEST 4.25 (0.038) -4.39 (0.052) - - 0.396 

Type 2 

Multirate 

(cylindrical) 

Control 3.27 (0.035) -5.21 (0.062) - - 0.323 

BEST 4.41 (0.036) -5.36 (0.061) - - 0.398 

Type 3 

Multirate 

(spherical) 

Control 3.38 (0.035) -5.85 (0.074) - - 0.327 

BEST 4.54 (0.034) -6.00 (0.072) - - 0.398 

Type 8 

Power law 

Control 3.16 (0.188) 2.79 (0.822) 0.008 (5.248) 0.087 (0.627) 0.308 

BEST 5.49 (4.130) 2.47 (0.122) 0.001 (110) 0.112 (1.236) 0.373 

Type 10 

Diffusion 

Control 1.02 (43.9) -1.70 (87.7) - - 0.366 

BEST 9.26 (7.86) -5.74 (15.7) - - 0.439 

Type 11 - 

Lognormal 

Control 3.11 (0.053) -3.20 (0.068) 0.57 (0.267) - 0.309 

BEST 4.79 (0.069) -3.30 (0.097) 0.96 (0.212) - 0.378 

Type 11 Concrete 1.00E-10 -10 1 - - 

Type 0 Jackson H.e 0.38 0.557 - - - 

Type 0 Teton P. 0.24 0.026 - - - 

a See Haggerty and Reeves (Haggerty and Reeves 2002) for further description of functions. 

b For Mass Transfer Types 0-3, 10, par(1) is the single mass transfer rate. 

cFor Mass Transfer Type 11, par(1) is the natural log of the mean mass transfer rate, and 

 par(2) is skewness of lognormal distribution. 

dFor Mass Transfer Type 8, par(1) is the power law exponent, and par(2) and par(3) are the 

 minimum and maximum coefficients. 

eMass Transfer Parameters taken from Gooseff et al. (Gooseff et al. 2007) 
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The Lognormal physical exchange models, optimized to fit conservative tracer data 

for each stream, were used as the starting point for reactive tracer analyses. Validation 1 used 

Haggerty et al. (Haggerty et al. 200λ) reaction rates (Table 4.2) and produced acceptable fits 

for Raz (RMSEs of 34 and 104 nM Raz for Control and BEST, respectively), but these were 

improved with the Validation 2 temperature-adjusted rates (RMSEs of 33 and 58 nM for 

Control and BEST, respectively) (Figure 4.3). Conversely, both Validation 1 and Validation 2 

models underestimated observed peak Rru concentrations by 60-70% in both streams, 

indicating that Rru was not as quickly degraded in either the BEST or Control streams as was 

predicted by the models and literature-derived reaction rates.  

 

 

Table 4.2. Log10 Raz and Rru reaction rates for validation models. 

Reaction Rate Constants 

(min-1) 

Validation 1: Haggerty et al. 

(Haggerty et al. 2009) (9.5°C) 

Validation 2: T-Adjusted 

Values (25°C) 

m,Raz -4.78 -4.39 

im,Raz -1.87 -1.48 

m,Rru -4.52 -4.13 

im,Rru -1.57 -1.18 

 

 

The Rru degradation rate constant within the HZ ( im,Rru) is the largest reaction rate 

constant in the Raz-Rru system, and is therefore a sensitive parameter. At the elevated im,Rru 

rates used in our validations models, most of the Rru generated by Raz degradation was also 

degraded within the simulated  HZ. Our observed data suggest that the im,Rru rate term should 

be decreased in our system, so that a higher fraction of Rru generated in the HZ could return 

to the surface and match observed Rru tailing. However, our experimental setup did not 

provide mechanistic or flowpath-specific information for us to rigorously estimate reaction 

rate constants. Ultimately, Rru was not critical to our study because Raz provided a well-

characterized model compound. Therefore, we proceeded with the validated Raz models 
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(Validation 2), but did not continue Rru simulations. Rru reaction mechanisms and rate 

constants should be investigated further in future studies. 

4.3.3 Extended Reach Lengths 

Differences between calibrated BEST and Control models became more obvious 

when reach length was increased to simulate a length more realistic for implementation into 

an urban storm channel (i.e., 100m – 300m). Figure 4.4 shows simulated steady-state Raz 

concentrations as a function of reach length for calibrated BEST and Control stream models, 

the simulated Concrete channel, and two urban streams (Jackson Hole and Teton Pines) 

where STAMML parameters were previously determined by Gooseff et al. (Gooseff et al. 

2007) As observed by Johnson et al. (Johnson et al. 2015), steady-state Raz concentrations 

were inversely related to β, with larger transient storage ratios resulting in lower downstream 

Raz concentrations in the mobile (surface) domain. The simulated Concrete channel showed 

negligible Raz transformation, even at extended distances (C/C0 = 99.6% at x = 300m) 

demonstrating that the Concrete channel primarily conveyed Raz without attenuating it due to 

the lack of hyporheic transient storage. This is consistent with literature describing minimal 

transformation of Raz in surface waters over experimental timescales (Haggerty et al. 2008), 

and underscores the efficacy of hyporheic transient storage treatment in the other simulated 

channels. Both the Control and BEST stream simulations demonstrated substantial Raz 

attenuation, but BEST presented a clear improvement relative to the Control. Notably, BEST 

achieved 1-log removal of Raz at approximately 125m compared to 190m for the Control. In 

other words, a simple sand-filled stream would need to be 50% longer than a BEST stream to 

achieve 1-log removal. However, as discussed above, the Control stream itself could be 

considered a sand filter BMP. Thus it is not surprising that the Control also exhibited 

substantial Raz attenuation, or that both urban streams from Gooseff et al. (Gooseff et al. 

2007) provided intermediate water quality benefits relative to the Control and Concrete 
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channels. These example urban streams–Jackson Hole and Teton Pines–required 460m and 

750m, respectively, to achieve 1-log Raz removal. This was likely due primarily to their 

smaller β terms, which were only 12% and 8% of the Control value, respectively. 

 

Figure 4.4. Steady-state Raz concentrations as a function of downstream distance in 

simulated Control, BEST, Concrete, and urban channels (Teton Pines and Jackson Hole Golf 

Streams; Gooseff et al.73). 

 

4.4 Discussion 

Our results are the first demonstration of BEST in a physical system, and show that 

BEST increased the effective subsurface transient storage by 50% compared to the Control 

condition, and greatly exceeded other reference cases: two Rocky Mountain urban streams 

and a simulated Concrete channel. Additionally, this increased transient storage translated 

into correspondingly greater Raz transformation. Given that Raz serves as a model 

aerobically degradable contaminant, these results indicate that attenuation of other 

contaminants (e.g., ammonia, biochemical oxygen demand) may be improved by oxic BEST 

modules. Anaerobic reactions may also be targeted if the modules are properly designed.  
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Reach scale water quality improvements depend on numerous factors including 

stream discharge and the number of BEST modules in series, but the potential for high 

density installation of BEST modules (e.g., 1 module every meter) can maximize hyporheic 

restoration compared to existing BMPs such as cross-vanes. Hester et al. (Hester et al. 2016) 

estimated that cross-vanes at 50m spacing could achieve 30% nitrate removal in a 2nd order 

stream if sediments were highly permeable and background surface-groundwater pressure 

gradients were near neutral (or the stream was lined). Although these optimal hyporheic 

exchange conditions (Fox et al. 2014; Kasahara and Hill 2006) are not always present, they 

are relatively common in the western US and urban channels. Optimized BEST modules with 

geomedia designed to attenuate nitrogen could be placed in series between cross-vanes (e.g., 

every 1-5m of channel length), increasing the density of hyporheic restoration by an order of 

magnitude. In this case, in-stream hyporheic restoration could conceivably provide the same 

>30% nitrate removal as above, but for reach lengths of hundreds of meters rather than 

kilometers. Future studies will evaluate the potential of BEST to control residence times of 

hyporheic exchange as modeled in Herzog et al. (Herzog et al. 2016) for realistic stream 

conditions, thereby evaluating diverse BEST configurations to tailor treatment to specific 

contaminants of concern. 
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CHAPTER 5                                                                                                                       

PERFORMANCE OF ENGINEERED STREAMBEDS FOR THE ATTENUATION OF 

NITRATE, AMMONIA, AND ATRAZINE IN CONSTRUCTED FLUMES 

This chapter is based on a pilot-scale flume experiment that monitored attenuation of 

ammonia, atrazine, and nitrate. A description of the flume facility and experimental setup are 

provided, followed by experimental results.  

5.1 Introduction 

The objective of this study was to evaluate the ability of physical BEST modules in 

constructed stream flumes to increase attenuation of stormwater contaminants compared to an 

all-sand control condition. Chapters 3 and 4 demonstrate proof of principle and proof of 

concept for BEST, respectively, but practitioners require physical demonstration of 

contaminant attenuation before adopting new technologies. This evaluation tracked 

concentrations of nitrate and ammonia (nutrients) and atrazine (herbicide) over time in the 

constructed stream flume facility.  

5.2 Material and Methods 

5.2.1 Stream Flume Facility 

The stream flume facility is described in detail in Chapter 4. In brief, the facility 

features two separate flumes. One flume is an all-sand Control condition, the other features 

BEST modules made from impermeable plastic triangles and a mixture of sand and 

woodchips. All experiments herein were conducted in recirculation mode at a flow rate of 

0.35 L/s (5.5gpm) in each stream flume, which produced stream velocities of 6m/min. For the 

6-hour experiments described below, this flow rate corresponds to approximately 2.16 km of 

linear stream length. However, some of the water in each flume system is held in the end-of-

flume 208 L (55 gal) reservoirs and plumbing at any given time (i.e., not flowing in stream 

flume). In other words, at any given time >25% of the total water in each flume system (~800 
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L) is not exposed to hyporheic treatment. This storage component is necessary for flume 

operation, but the residence time of water in the relatively inert reservoir and plumbing is not 

accounted for, so the approximate value of 2.16 km is a conservative high estimate. In 

recirculation mode, water exiting each flume was continuously pumped back into the 

respective stream headworks. Separate plumbing systems were constructed for each flume to 

ensure no mixing of the two streams during recirculation. Basic water quality parameters 

(e.g., dissolved oxygen DO, EC, T) were also monitored at various locations throughout the 

experiments. 

5.2.2 Nitrogen Attenuation  

Two different experiments were conducted (each using both the Control and BEST 

streams) to assess nitrogen attenuation dynamics in the constructed stream flumes. The first 

was a high nitrate, low ammonia initial condition ([NO3
-] ~6.5 mg-N/L, [NH3] <1 mg-N/L). 

The second was a low nitrate, high ammonia initial condition ([NO3
-] ~1.5 mg-N/L, [NH3] 

~3.75 mg-N/L). These different water qualities were due to intentional operational changes in 

the onsite membrane bioreactor (SB/MBR) effluent quality, and were chosen to represent 

streams with different forms of nitrogen pollution (e.g., streams receiving nitrified vs. non-

nitrified wastewater effluent). Prior to the recirculation experiment, both streams were 

flushed with the same fresh SB/MBR effluent for 1 hour. Each stream has a 55 gallon 

reservoir at the end of the flume; these were also pumped out and flushed so that both flumes 

would begin the experiment with comparable water quality. After flushing, both streams were 

set to recirculate in separate closed loops and allowed to equilibrate for 30 minutes before 

sampling began (i.e., t0 = 30 min after flushing ended). This equilibration period was 

necessary to produce consistent initial samples after reconfiguring the circulation pattern, but 

resulted in slightly different initial conditions between the two streams. Triplicate water 

quality samples were collected at the headworks of each stream at irregular intervals (up to 6 
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hours after the first sample) using disposable syringes, 0.45um filters, and 15mL 

polypropylene tubes. Samples were analyzed immediately using a Hach spectrophotometer 

and Hach ammonia and nitrate kits (TNT 830, 831, and 835; Hach Company, Loveland CO). 

5.2.3 Atrazine Attenuation and Conservative Tracer 

Unlike ammonia and nitrate, atrazine was not present at background in MBR effluent 

and was therefore spiked into the flumes. Approximately 640 μg atrazine (Pestanal ® #45330, 

Sigma Aldrich, St. Louis MO) and 80g NaBr (Br- as a conservative tracer) were dissolved in 

1.8 L milliQ® water. This solution was divided into two equal aliquots that were injected as 

instantaneous slugs into the control and BEST streams. After 30 minutes of mixing the initial 

atrazine (t = 0 minutes) samples were taken from surface water at the beginning of the flume, 

followed by final samples at t = 360 minutes. Atrazine samples were collected in triplicate in 

methanol-rinsed 1L amber glass bottles, stored on ice, and filtered within 24 hours. Atrazine 

samples were then analyzed using automated solid phase extraction followed by liquid 

chromatography tandem mass spectrometry (LC/MS-MS). Two atrazine metabolites that are 

associated with microbially mediated transformation (Krutz et al. 2003), deisopropyl atrazine 

(DIA) and desethyl atrazine (DEA), were also analyzed by the same method to assess 

possible atrazine biodegradation. Bromide was used as a conservative tracer to account for 

dilution of the slug injection. Bromide samples were collected more frequently than atrazine 

samples (i.e., t = 30, 60, 180, 240, 300, 360 minutes), field-filtered with 0.45 m syringe 

filters ((#28145-485, VWR, Radnor PA), refrigerated, and analyzed by ion chromatograph 

within one week. Once the bromide concentrations stabilized (indicating complete mixing), 

the t = 0 minutes atrazine samples were scaled by the same factor to determine the effective 

initial atrazine concentrations for each stream.  
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5.3 Results 

5.3.1 Nitrogen Attenuation 

In the high nitrate, low ammonia condition, both streams attenuated substantial 

amounts of nitrate (Figure 5.1). Nitrate concentrations decreased by 29.1% ± 7.6% in the 

Control over the 6-hour recirculation period. Attenuation was higher in the BEST stream at 

38.1% ± 3.5%, but this difference was not significant (p = 0.08), likely because of variance in 

the nitrate measurements. Ammonia concentrations were below the detection limit of low 

range Hach kits (<1 mg/L NH3-N), but some low levels of ammonia may have been present. 

If this ammonia was nitrified, it may have slightly reduced the apparent percent removal of 

nitrate. In our simplified, idealized flumes there was no vegetation and no algal biomat above 

the sediment-water interface (i.e., minimal vegetative assimilation of N), thus nitrate 

attenuation is interpreted to primarily represent denitrification (i.e., apparent denitrification). 

Nonetheless, neither stream performed particularly well for nitrate attenuation: neither 

exceeded 40% nitrate attenuation in this experiment corresponding to approximately 2.16 km 

of reach length. DO probes inserted 10cm into the HZ at x = 12.85m, one of the strongest 

upwelling zones observed in any BEST module, consistently showed DO concentrations 

between 4-6 mg/L. This is reasonable given the coarse sediment (K ~0.5 cm/s) and 1-m 

module spacing, which are expected to produce relatively high hyporheic velocities and short 

residence times. In other words, the current modules are not especially conducive to 

denitrification (which is unlikely to progress sufficiently under net oxic conditions) and 

would need to be modified to provide more suitable redox conditions if denitrification is the 

desired function.   

Conversely, both streams performed much better for ammonia attenuation in the low 

nitrate, high ammonia condition. Ammonia concentrations decreased by 90.9% ± 0.1% in the 

Control (~1-log) and 98.9% ± 0.1% in the BEST (~2-log) during the recirculation 
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experiment, a statistically significant difference (p = 0.00024). As above, the lack of 

vegetation and algae in the stream flumes suggests that ammonia attenuation can be 

interpreted as nitrification (apparent nitrification). Using the same simple 1st-order model 

above, reach-scale ammonia attenuation rate constants were found to be 0.37 and 0.72 hr-1 for 

the Control and BEST, respectively. In this case, the first-order rate constant was 95% higher 

for the BEST than the Control, meaning that the BEST stream attenuated ammonium almost 

twice as fast as the Control. This difference is also reflected in the distance required to 

achieve 1-log removal of ammonium: 1,152m of stream length for BEST (192 minutes at 

6m/min) versus 2,244m for the Control (374 minutes at 6m/min). This result is consistent 

with previous work (Chapter 4) showing approximately 50% more effective hyporheic 

transient storage in the BEST versus Control stream, and a corresponding 50% increase in 

resazurin attenuation. It is also important to note that the flumes used in this study were 0.3m 

wide, compared to 1m wide simulated channels in Chapter 3. Given that BEST modules are 

uniform with width, the hyporheic exchange fluxes and contaminant attenuation potentials 

scale linearly with stream width (Chapter 3). In other words, a 1m wide BEST channel is 

expected to treat ~3.3 times as much streamwater per module as a comparable 0.3m wide 

BEST channel. Thus, our conservative estimates suggest that if the flumes were 1m wide, the 

BEST channel could achieve 1-log ammonia attenuation in 345m, compared to 673m for the 

Control. These estimates are reasonably close to simulations in Chapter 3 that showed BEST 

could attenuate a variety of urban water contaminants in reaches of 100-300m, especially 

considering that the hyporheic sediment depth in the flumes was also 0.3m, compared to 1m 

in Chapter 3 simulations. Increases in sediment depth are expected to increase hyporheic 

treatment, but this process likely does not scale linearly (Harvey et al. 2013), so we cannot 

account for the difference in flume and model depth with a simple scaling factor. 
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Figure 5.1. Percent removal of ammonia and nitrate in Control and BEST over 6-hour 

recirculation experiments. Ammonia and nitrate results shown here are for the high ammonia 

condition and high nitrate condition, respectively. Error bars represent 1 standard deviation. 

 

During the low nitrate, high ammonia condition, nitrate concentrations rose 

throughout the experiment as ammonia concentrations fell (Figure 5.2). This observation is 

reasonable given that the apparent nitrification rate constants were approximately one order 

of magnitude larger than the apparent denitrification rates at the reach-scale (although the 

high nitrate, low ammonia condition and low nitrate, high ammonia condition experiments 

were performed on different days, which limits their direct comparability). Oxic streambed 

sediments are well known to act as net sources of nitrate due to nitrification in ammonia-rich 

streams (Jones, et al. 1995; Zarnetske et al. 2012), so this result is not surprising. However, 

this potential condition is important to keep in mind when considering using engineered 

streambeds in streams that are rich in ammonia. Although the nitrate concentrations rose 

throughout the experiment in both streams, there was still evidence of apparent 

denitrification, albeit at a much slower rate than the apparent nitrification. Over the 6-hour 

experiment the sum of NO3-N and NH3-N decreased from 5.3 mg N/L to 4.2 mg N/L in the 
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Control, and from 6.0 mg N/L to 3.4 mg N/L in the BEST. This suggests that nitrification of 

ammonium occurred faster than denitrification, although some denitrification likely occurred 

to account for the loss of total inorganic nitrogen (nitrite was previously found to be 

negligible). 

 

Figure 5.2. Nitrate and ammonia concentrations in Control and BEST over 6-hour 

recirculation experiment. Solid lines are first-order models of observed data points. 

 

5.3.2 Atrazine Attenuation  

Atrazine attenuation in the Control stream was limited to -0.5% ± 7.4%, whereas the 

BEST stream reduced atrazine concentrations by 42.4% ± 5.3% (Figure 5.3). This difference 

was also statistically significant (p = 0.0008), however, neither atrazine metabolite (DEA, 

DIA) was detected in either stream. The lack of metabolite detection and negligible 

attenuation in the Control suggest that atrazine attenuation in the BEST stream was due to 

sorption rather than biotic or abiotic degradation. Torrents et al. (Alba Torrents et al. 1997) 
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observed 24% atrazine removal by photolysis in ultra-pure water over 60 hours (10x our 

experiment length), and this was reduced in DOC-rich waters such as those used in our 

flumes.  Therefore, direct photolysis was not likely a relevant process over our experimental 

time scale. The lack of atrazine attenuation in the Control, which was monitored 

simultaneously with the BEST flume, indicates that indirect photolysis was likewise not a 

significant process in our experiment. We hypothesize that the inclusion of woodchip 

geomedia in the BEST stream caused a substantial difference in atrazine sorption between the 

streams, and that this difference accounts for the atrazine attenuation performance gap.  

 

Figure 5.3. Percent removal of atrazine in Control and BEST over 6-hour recirculation 

experiments. 

 

Atrazine has been shown to preferentially sorb to woodchips (Kd = 24.1 L/kg) (Ilhan 

et al. 2012). Each flume contained approximately 800L of water and received approximately 

320 μg atrazine. The BEST flume contained approximately 75kg of woodchips, whereas the 

Control had none. Assuming atrazine acted conservatively, expected equilibrium 

concentrations of atrazine would be ~400 ng/L and 120 ng/L for the Control and BEST, 
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respectively. These expected values compare well to observed concentrations: 412 ± 17 ng/L 

in the Control and 222 ± 10 ng/L for the BEST (sorption to coarse woodchips is likely not at 

equilibrium after 6h). This analysis highlights the importance of selecting appropriate 

geomedia for attenuation of specific contaminants of interest. In other words, the simple 

addition of woodchips made a significant difference for atrazine sorption between the Control 

and BEST. This can likely be replicated for many more contaminants and media 

combinations. 

5.4 Discussion 

The relatively high apparent nitrification rate (and Raz attenuation in Chapter 4) and 

relatively low apparent denitrification rate in both streams are indicators of bulk oxic (net 

nitrifying) conditions within the HZ, which was confirmed with DO measurements. As 

described above, the current BEST configuration supports fast, aerobic reactions that require 

relatively short, oxic flowpaths. BEST was nearly twice as efficient for ammonia removal 

compared to the Control (an extended sand filter). These modules may also treat other 

aerobically attenuated contaminants such as phosphorus (Clark and Pitt 2009), trace metals 

(Fuller and Harvey 2000; Harvey and Fuller 1998), phthalates and polycyclic aromatic 

hydrocarbons (PAH) (Grebel et al. 2013), and glyphosate (Maillard et al. 2011). If other 

slower and/or anaerobic reactions are desired, different BEST module configurations that 

produce longer and/or anoxic flowpaths should be tested. For example, BEST residence times 

can be extended by increasing flowpath length and/or reducing the permeability of the 

treatment media (Figure 5.4). Decreasing geomedia permeability would also reduce 

hyporheic exchange fluxes, but more favorable redox conditions and/or improved sediment 

reactivity could more than compensate for lower treatment volumes. For example, reach-

scale denitrification simulations in Chapter 3 were higher for K2 (medium sand) than K3 

(coarse sand) BEST modules despite approximately 1 order of magnitude lower hyporheic 
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exchange fluxes. It is also important to note that although the BEST modules utilized in these 

experiments performed better for nitrification than denitrification, they have also not been 

rigorously optimized for nitrification and could likely be further improved for both reactions. 

Future work will further refine the BEST module design for both nitrification and 

denitrification. Likewise, the BEST greatly outperformed the Control for atrazine attenuation, 

but further testing is required for rigorous optimization and evaluation of long-term media 

lifespan. Future work should consider additional geomedia such as biochar or activated 

carbon, and also examine sorption/desorption kinetics, loading rates, and their impact on 

BEST performance over time.  

 

Figure 5.4. Conceptual diagram of alternate BEST designs to target nitrification (top) and 

denitrification (bottom). 
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CHAPTER 6                                                                                                                  

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Major Observations and Conclusions 

The focus of this dissertation was to better understand how HZ may be engineered to 

improve surface-subsurface connectivity and exchange, hyporheic contaminant attenuation, 

and, ultimately, surface water quality.  Unique numerical models and pilot-scale experimental 

data were generated and used to establish proof of principle and proof of concept, 

respectively, for Biohydrochemical Enhancements for Streamwater Treatment (BEST). The 

numerical model was utilized to understand processes and design considerations critical to 

tailoring BEST modules to target specific and varying contaminants of concern. The pilot-

scale constructed flume experiments were practical confirmation of BEST theory, 

demonstrating increases in hyporheic connectivity and contaminant attenuation in physical 

systems. Three hypotheses were defined to pursue the objectives of this dissertation. A 

summary of findings is presented under each hypothesis.  

Hypothesis 1: Streambed low K blocks will divert hyporheic flow into the stream 

(upwelling), creating efficient HE and causing downwelling (HF) downstream (the latter also 

enhanced by high K blocks), and if repeated in series will allow for controlled RT.   

Our numerical model showed that K manipulations within the streambed can drive 

hyporheic exchange, as shown previously by Vaux (Vaux 1968) and  Ward et al. (Ward et al. 

2011). Additionally, our simulations indicated that low-K blocks that span the entire 

hyporheic cross-sectional area could drive efficient turnover of hyporheic water (“complete 

exchange”) and control precise locations of upwelling and downwelling. When modular low-

K blocks were repeated in series, we were able to shift and constrain hyporheic residence 

times via the spacing of the low-K blocks and careful selection of (geo)media K. Depending 
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on BEST design, hyporheic exchange flux rates and residence time distributions could be 

varied by orders of magnitude, but our results also highlight the balance that must be selected 

between fluxes and residence times. These findings support Hypothesis 1. 

Our simulations generally agree with previous studies (Harvey et al. 2013) showing 

that Damköhler analysis can evaluate the tradeoff of fluxes and residence times as they relate 

to biogeochemical cycling. However, we also discovered an interesting scenario in which a 

relatively coarse and porous medium can substantially improve flux-weighted contaminant 

attenuation within the HZ. First, a relatively coarse medium can increase hyporheic fluxes 

compared to a generic base case. Normally this increased flux would result in faster 

hyporheic water velocities, which decrease residence times and offset treatment such that the 

flux-weighted contaminant removal is approximately the same as the base case. However, if 

the coarse medium also has a higher porosity (with the same reactivity), the porosity increase 

modulates the velocity increase, thereby offsetting the reduction in residence time and, 

ultimately, contaminant removal. In other words, a relatively coarse and porous medium can 

increase hyporheic fluxes without having these gains offset by faster flows; this scenario 

leads to greater flux-weighted contaminant removal. 

Our overall results show that BEST can drive hyporheic exchange fluxes with 

corresponding residence times that together can be effective for attenuation of multiple 

contaminants, particularly if reactive geomedia amendments are used to increase hyporheic 

contaminant attenuation rates. Specifically, we found that a 1% slope, 1m wide, 100m reach 

of coarse sand streambed with BEST modules can drive > 6 Ls-1 of hyporheic exchange, and 

achieve >1 log removal of multiple classes of stormwater contaminants from a 1 L/s flow. 

This is relevant for many small urban streams, and larger streams at baseflow. 
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Hypothesis 2: BEST engineered streambeds will have greater hyporheic transient storage 

(represented in transient storage model as greater ß) and correspondingly greater resazurin 

attenuation than an all-sand control streambed with the same dimensions and operating 

conditions. 

Results from conservative (NaCl) and reactive (resazurin) tracer tests were used to 

calibrate and validate, respectively, a transient storage model (STAMMT-L). The model 

outputs showed that the transient storage parameter ß was 50% larger in the BEST than 

Control streams, and that this difference in hyporheic transient storage was large enough to 

account for the 50% faster attenuation rate in the BEST stream compared to the Control. As 

an example, extrapolation of our results suggests that 1-log Raz removal would require 125m 

of BEST stream, but a comparable Control stream would require 50% more (190m) reach 

length, and even more for example real-world streams (460m and 750m). Thus, our 

experiments supported Hypothesis 2.  

Interestingly, the all-sand Control still had substantially more hyporheic transient 

storage than predicted by the numerical model (Chapter 4). Physics-based flux values from 

the numerical model cannot be directly compared to the conceptual transient storage 

compartment size (β, Chapter 5). However, the numerical model predicted that hyporheic 

exchange was effectively negligible in a homogeneous sand bed, whereas the calibrated 

transient storage model produced a β value of 3.11 for the Control (versus 4.79 for the BEST) 

– a smaller, but non-negligible value. This discrepancy is likely due to small, spontaneous 

bedforms that appeared in the Control flume naturally during operation. Effectively, the 

numerical model was too idealized: minor natural variations in the flume hydrodynamics 

caused substantial hyporheic exchange. If this interpretation is correct, it underscores the 

importance of including these processes in future simulations, so that BEST can be compared 

to an appropriate (non-negligible) base case for hyporheic exchange. 
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Hypothesis 3: BEST engineered streambeds will have greater attenuation of stormwater 

contaminants nitrate, ammonia, and atrazine than an all-sand control streambed with the same 

dimensions and operating conditions. 

Attenuation rates of nitrate, ammonia, and atrazine were all greater in the BEST 

stream than in the Control, which supports Hypothesis 3. However, the magnitude of 

difference between the streams varied by contaminant, likely because of differences in 

attenuation processes and the conditions that mediate those processes. For example, nitrate 

attenuation was 45% faster in the BEST stream than Control, which is approximately equal to 

the percent difference observed in the effective HZ size and Raz attenuation rates (Chapter 

4). However, neither stream removed more than 40% of the initial nitrate during the 6-hour 

experiment, so further optimization of BEST for denitrification is likely necessary to make 

BEST worthwhile as a nitrate attenuation BMP. Conversely, ammonia attenuation exceeded 

90% in both streams, and was significantly faster in the BEST (~2-log) than Control (~1-log). 

BEST could achieve 1-log removal of ammonia in 95% less reach length than the Control. 

Assuming the recirculation experiments in the flume system can be translated to reach length, 

we conservatively estimate 1-log ammonia removal in a 1,152m reach for BEST, compared 

to 2,244m in the Control. Finally, atrazine removal was minimal (-0.5%) in the Control, but 

significantly higher in the BEST (42.4%). The lack of detection of atrazine metabolites 

suggests that the difference in attenuation between the two streams is due to sorption, likely 

due to the incorporation of woodchips as geomedia in the BEST stream. This interpretation is 

plausible based on simple equilibrium sorption estimates. 

Broader Impacts and Implications 

Our results show that BEST 1) can drive hyporheic exchange, 2) can be designed to 

achieve specific residence times, and 3) can improve contaminant attenuation in real-world 

systems. These findings are directly relevant to stormwater management and stream 
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restoration, which are increasingly being used for treatment of contaminants of concern. 

BEST offers a simple, passive, and customizable process by which existing stream channel 

modification efforts can be improved for better water treatment function. Decentralized 

landscape-based treatment systems such as BEST can be developed modularly, be sited in a 

wide variety of places, and provide co-benefits to neighbors and the community while 

helping practitioners achieve water quality goals.   

This work has focused on the development of BEST as a stormwater and stream 

restoration BMP. In this capacity, BEST may be able to stand-alone or be complementary to 

other BMPs. A treatment train approach pairing BEST with other BMPs could be especially 

effective. For example, BEST could be sited in the effluent channels of detention ponds, 

thereby combining the strengths and offsetting the weaknesses of both BMPs. Ponds 

attenuate peak flows and settle suspended solids that could otherwise bypass (and scour) or 

clog BEST, respectively, but are unable to attenuate many dissolved contaminants. BEST 

could attenuate these dissolved stormwater contaminants from an entire design storm as it is 

slowly released from the detention pond. This application in particular sets BEST apart from 

distributed, “offline” BMPs that are outside of the stream channel and only treat small areas 

and point sources. BEST channels draining detention ponds could offer “inline” treatment for 

the entire subcatchment, thereby treating all nonpoint source pollution from upstream. As 

discussed in Chapters 1 and 2, urban nonpoint source pollution is the fastest growing cause of 

surface water impairment in the US and existing treatment options are limited. Therefore, 

BEST could provide an important, complementary tool for stormwater managers to meet 

water quality goals.  

BEST could also be used in many other analogous contexts, such as 

wastewater/recycled water polishing. For example, BEST streams could be used instead of 

pipes to convey recycled water to receiving water bodies or aquifer recharge zones, 
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improving the quality of the recycled water and potentially creating new habitat, greenspace, 

and recreation along the stream. In the arid and semi-arid West, conveyed recycled water 

could be blended with stormwater to provide consistent flows, thereby helping to resolve 

challenges with dry-season appearance of stormwater treatment systems that have previously 

limited their implementation in visible places such as streets, parks, and residential 

neighborhoods (where aesthetics or plant-uptake are important drivers). Mortensen et al. 

(Mortensen et al. 2016) highlight the potential of BEST to attenuate nutrients from recycled 

water and agricultural systems in the Rio Grande valley during the non-growing season. 

Helmstedt et al. (Helmstedt et al. 2015) also see uses for BEST for nutrient attenuation in 

agricultural systems. In rural settings and developing countries, BEST could be combined 

with waste stabilization ponds and wastewater treatment wetlands to provide cost-effective, 

low-tech, and low-maintenance attenuation of multiple dissolved pollutants. One illustrative 

candidate site the author is familiar with is the Nyarutarama semi-decentralized pond and 

wetland wastewater treatment plant in Kigali, Rwanda. The Nyarutarama plant effectively 

removes many contaminants of concern such as biochemical oxygen demand and suspended 

solids, but fails to meet discharge limits for pathogens, and nitrate levels are higher than 

desired (Nhapi et al. 2013). A grass ditch carries the Nyarutarama plant effluent from the end 

of the treatment train to a receiving water body. This ditch could be retrofitted with BEST 

modules designed to target E. coli attenuation and/or denitrification to improve water quality 

for downstream users. In short, BEST systems can 1) ensure that cleaner water leaves new or 

redevelopments before reaching regulated or sensitive receiving water bodies; 2) serve as 

conduits to route water from areas of generation to areas of beneficial use (i.e., landscape 

irrigation, aquifer recharge, recreation), improving water quality along the way; and 3) 

provide recreational and social health benefits.  
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6.2 Recommendations for Future Research 

One of the strengths of BEST is that it is a process rather than product; it is 

customizable to site-specific conditions and goals (determined by practitioners, communities, 

and regulators). This versatility is also an opportunity for myriad future projects to evaluate 

and optimize modules for different contexts and challenges. Our research demonstrated the 

potential of BEST for improved streamwater quality, but also raised a variety of new 

questions for future study.  

First, our flume results showed that the current BEST design increased the effective 

hyporheic treatment volume, and the combination of increased hyporheic exchange and 

woodchip geomedia enhanced nitrogen and atrazine attenuation. This suite should be 

expanded to include additional regulated and not-yet-regulated urban water constituents. E. 

coli/FIB, phosphorus, and metals are the other leading contaminants of concern (in addition 

to nitrogen) for 303(d) total maximum daily load allocations in the US, and therefore would 

be relevant to many practitioners across the country. Emerging organic contaminants such as 

herbicides, PAHs, and pharmaceuticals and personal care products (PPCPs) are also 

candidates for future study. Although they are not yet regulated in US stormwater, they are 

often found at or above advisory limits for surface water and drinking water (Grebel et al. 

2013). As contaminant suites and geomedia combinations are expanded, so should the 

mechanistic understanding of contaminant attenuation reactions within BEST. This PhD 

research had an applied focus on the reach-scale surface water quality impacts of BEST. 

Future work would benefit from hyporheic flowpath characterization (e.g., via pore water 

sampling) and more detailed modeling of reaction kinetics. These experiments could help 

parameterize better numerical models to enhance BEST module designs. 

In terms of barriers to implementation, construction of a real-world BEST pilot for 

stormwater treatment in Golden, CO is planned for August 2017. This work will provide data 
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on construction costs, maintenance actions and costs, and long-term contaminant attenuation 

– performance data that practitioners need to see before adopting BEST in practice. 

Numerical models should be refined and used to improve BEST design. However, Chapter 3 

highlighted that rigorous optimization of BEST modules requires precise estimates of 

contaminant attenuation rates, so numerical models should incorporate data from bench-scale 

tests specific to the geomedia and contaminants of interest. Countless reactive geomedia (that 

are also sustainable and low-cost) could be included in BEST, along with diverse 

contaminants. In particular, BEST modules effective for denitrification should be developed, 

because denitrification is 1) a reaction of tremendous ecological significance, and 2) difficult 

to promote using existing hyporheic BMPs (Chapter 2). Although many different module 

configurations are possible, one (or a subset of) module(s) may provide relatively efficient 

attenuation of a wide variety of common contaminants of concern. Any future research on 

BEST should consider this multifunctionality, and continue to adapt to shifting trends in 

water contamination. 
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