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Academic Abstract

The hyporheic zone is the reactive interface between surface water and groundwater found
beneath streams and rivers, where chemical gradients and an abundant biological presence allow
beneficial attenuation of contaminants. Such attenuation often regeaetnts from surface
water and groundwater to mix, but few studies have explored the controls on mixing of upwelling
groundwater water in the hyporheic zone and its potential to foster rdejpgndent reactions.

The goals of this dissertation are therefto evaluate the effects of (1) hydraulic controls and (2)
reaction kinetic controls on hyporheic mixing and mixaependent reactions, and (3) use-two
dimensional visualization techniques to quantify patterns of hyporheic mixing and mixing
dependentegactions. These objectives were addressed by hyporheic zone simulations using a
laboratory sediment mesocosm and numerical models. In the laboratory, a hyporheic flow cell
was created to observe both conservative dye mixing and abiotic rdependent @ction. The
numerical models MODFLOW and SEAM3D were then used to simulate the experimental data to
better understand hydraulic and transport processes underlying laboratory observations and
provide sensitivity analysis on hydraulic and reaction kinetrameters. Visualization techniques
showed a distinct mixing zone developing over time for both conservative and reactive conditions.
Mixing zone thickness in both conditions depended on surface water head drop and the ratio of
boundary inflows of surfaceater and groundwater (inflow ratios). The abiotic reaction caused
the mixing zone to shift even under steatiyte hydraulics indicating that hyporheic zone mixing
dependent reactions affect the location of mixing as chemical transformations take pece. T
numerical model further showed the production zone to be thicker than the mixing zone and
located where reactants had already been depleted. Finally, mappingdifrt@arcsional microbial
respiration (i.e., electron acceptor utilization) patterns inastbeed sediments using dissolved
oxygen and carbon dioxide planar optodes showed that coupling multiple such 2D chemical
profiles can enhance understanding of microbial processes in the hyporheic zone. Temporal
dynamics for these chemical species reveaaldpment of spatial heterogeneity in microbial

respiration and hence microbial activity. Our results show key hydrologic and biogeochemical



controls on hyporheic mixing and mixistependent reactions. These reactions represent a last

opportunity for atgnuation of groundwater borne contaminants prior to entering surface water.
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General Audience Abstract

The boundary between surface water grudindwater beneath streams and rivers is known
to have an abundant biological presence that allows for beneficial reduction of contaminants when
chemicals combine. This combination of chemicals due to mixing of the waters is an important
characteristic othe boundary area (defined as the hyporheic zone). However, controls on mixing
and the impact on contaminant reduction are not fully understood. Therefore, the goals of this
dissertation are to evaluate (1) the effects of varying water level and flo{2)aihe effects of the
rates of the reaction on mixing of chemicals and chemical transformation, and (3) use two
dimensional visualization processes to quantify the reactions and mixing occurring at the boundary
area of surface water and groundwater. Wl usoth laboratory and numerical model simulations
to study mixing at the boundary area. The-ttumensional visualization in both laboratory and
numerical models show distinct regions where mixing occurred between the surface water and
groundwater. The ¢&nt of the mixing (mixing thickness) was most dependent on the flow ratio
between the upward groundwater and downward surface water. The observations were made with
nontvarying surface and groundwater flow rates but changes on the mixing thicknessaéind loc
were seen throughout the duration of the experiments revealing that chemical reaction dynamics
have an influence on the mixing process. Ultimately, these types of reactions represent a last

opportunity for attenuation of groundwater borne contamsanor to entering surface water.
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Chapter 1. Introduction

Understanding subsurface environmental processes has been of significant interest given
their influence on transport, physiochemical transformation, and biological transformation of
solutes. The interconnections among these processes are crucial inltve slfasurface as their
interplay dominates biogeochemical cycles (e.g., carbon, oxygen, nitrogen, and phosphorus).
Furthermore, shallow subsurface biogeochemical processes near stream and river systems interact
with groundwater, benefit ecosystem headting vary spatially and temporally with hydrological
and microbial conditions. Surface (stream/river) water and groundwater interact underneath the
channel in an area called the hyporheic zone (Figure 1.1). The hyporheic zone exhibits a unique
mix of chaacteristics of both surface water and groundwater and is affected by processes taking
place in both areas. Due to redox gradients and a diverse and abundant biological presence, the
hyporheic zone is often highly reactive relative to surface water aggedgroundwater for
attenuation of contaminant€aruso et al., 2017; Conant et al., 2004; Ellis & Rivett, 2007; Freitas
et al., 2015; Landmeyer et al., 2010; Stegen et al., 2016, 2018; Zarnetske et al., 2011)

(a) | surface
— water
| Wporheic zone
_ 9%oundwater |
(b)
® O O ©
O © ® @
00,000 0y
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O O ®
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Figure 1.1 (a) Schematic of the hyporheic zone showing the interface and exchange between
surface water and groundwater, and (b) interface elpsghowing compounds interacting within
the hyporheic zone to depict mixing and transformation. The blue and browepletsent surface



water and groundwater compounds, respectively. The black dots represent transformation that
occurs from a reaction between the blue and brown compounds due to the mixing.

1.1 Mixing, Dispersion, Dilution, and Spreading

One of the main dviers of biogeochemical processes in the hyporheic zone and deeper
groundwater is mixing. Mixing is defined as the meeting of different source waters and resulting
comingling of solutegAbarca & Clement, 2009; Hester et al., 2017; Rolle et al., 2018Ding
in porous media has been studied extensiyahyna et al., 2014; Bandopadhyay et al., 2018;
Cirpka et al., 2008, 2015; Hochstetler et al., 2013; B. A. Robinson & Viswanathan, 2003; G.
Robinson et al., 2016; Su et al., 2020; Ye et al., 2R6binson et al(2016) and Abarca and
Clement (2009) both looked at the influence of mixing on salt wedges in the setestterater
interface. Cirpka et al (2008), Anna et al. (2014), and Hochstetler et al. (2013) focused on mixing
in shallow groundwater, observing hdwdrological parameters control mixing. Mixing has also
been studied in the hyporheic zone, in particular how curvilinear flowpaths, sediment
heterogeneity, and varying flow conditions impact mixiBgndopadhyay et al., 2018; Hester et
al., 2017; Su et al., 2020)

Since mixing is an important process in the subsurface it must be distied@iem other
processes that also effect contaminant attenuation such as dispersion, dilution, and spreading
(Chiogna et al., 2012; Cirpka & Kitanidis, 2000; Hester et al., 201&), many studies lump
mixing together with these other processes, thus not distinguished their separate contributions. For
exampe, when transverse hyporheic dispersion has been modeled the coefficients used are large
and therefore may confuse mixing with spreadidgster et al., 2013, 2017; Laura K. Lautz &
Siegel, 2006) Spreading is the deformation of a solute plume without increasing its overall
volume (e.g., fingering), while mixing increases the plume volume by increasimijutien of
the plumedés solutes through the process of m ¢
along fingers)Cirpka & Kitanidis, 2000; Dentz et al., 2011; Kitanidis, 1994)

Mixing has been extensively studied in groundwé@riogna & Rolle, 2017; Cirpka et
al., 2008; Hochstetler et al., 2013; Lu et al., 2009; Rolle et al., 2013a; Ye et al. pR01&s in
the hyporheic zone. Yet theyporheic zone has unique characteristics due to its proximity to
surface water that may enhance mixing (e.g., solute mixing) such as rapid head fluctuations, shear

and curvilinear flow, sediment movement and its enhancement of heterogeneity, steep head



gradients, and turbulence. Thus, studies that focus on mixing specific processes in the hyporheic
zone are needed.

Moreover, mixing is important for chemical transformation and contaminant attenuation,
especially in the hyporheic zone as it is the lashcidor reduction of upwelling groundwater
contaminants before they enter surface water. Thus there is interest in controls that enhance
mixing-dependent (mixingontrolled) reactiongChiogna & Rolle, 2017; Hester et al., 2014;
Marzadri et al., 2016)Mixing-dependent reactions occur where mixing of source waters is
required to supply all nessary reactants/solutes. In the hyporheic zone, mdepgndent
reactions occur between reactants in upwelling groundwater and downwelling surface water
(Hester et al., 2013, 2014, 2019; Santizo et al., 2020; Sheibley et al., 2003)

Similar to mixing, mixingdependent reactions were first studied in deepefagwhere
groundwater contaminant plumes attenuate due to mixing of solutes along the plum@haurye
et al., 2009; Castrélcala et al., 2012; Cirpka et al., 1999, 20} diment heterogeneity has been
extensively studied as an enhancer to mixing, mixiegendent reactions, and groundwater
attenuation. Ye et al. (28) showed that mixing was enhanced by the presence of high
permeability zones and that spatial arrangement of the high permeability zone affects plume fringe
reactions (i.e., mixinglependent reactions). Werth et al. (2006) specifically showed that
hetergeneity through high permeability zone increased mixing and groundwater reactions. In
addition, they concluded that transverse mixing was variable and therefore an important control
for mixing-dependent reactions. Ye et al. (2016) studied mixing and rdepgndent reactions
under helical flows. The distortion of flow due to helical flow paths showed significant
enhancement to mixindependent reactions and reduction of contaminants. Finally, Bauer et al.
(2008) performed laboratory experiments to obserxeng-dependent biodegradation as a result
of chemical gradients and spatial distribution of microorganisms via solute port sampling in a
microcosm. These studies illustrate that there are multiple controls on mixing and-mixing

dependent reactions.

1.2 Attenuation of Upwelling Groundwater Contaminants in the Hyporheic Zone
Groundwater contaminants have been studied extensively to understand their extent,

chemical and physical characteristics, and flow patterns among other (@Gomnt et al., 2004;



Freitas et al., 2015; Hynds et al.,, 2014; Lapworth et al., 20b2}he last decades, how
groundwater contaminants affect the health and ecologlyedms as they upwell into the stream

has also been of intereBtiao et al., 2015; Zemo et al., 201 Additionally, how groundwater
contaminants interact within the hyporheic zone and their potential attenuation has been a growing
interest. Some of the groundwater contaminants of focus in these studies have been organic
compounds, chlorinated compounds, andcagiural compounds as these are some of the most
prevalent industrial contaminants to impair groundwgiesopou et al., 2015; Conant et al., 2004;

Ellis & Rivett, 2007; Feitas et al., 2015; Landmeyer et al., 2010; Rasmussen et al., 2016; Zemo et
al., 2017)

Attenuation of groundwater contaminants entering surface water is important for water
guality as they can impair the stream leading to ecological and human {iiHpads et al., 2014;
Landmeyer et al., 2010; Lapworth et al., 2012; Zhetngl., 2017)Groundwater is contaminated
in a similar manner as surface water through point anepboart sources. Common point sources
include landfill waste, industrial waste, and mining residual.-plaint sources, similar to surface

water, includeagricultural and storm runofKennedy et al., 2009; Zarnetske et 2015)

Groundwater contaminants can be attenuated and transformed through a range of processes
as they upwell into a river, depending on the type of contaminant. For instance, organic compounds
may either dissolve into the water mixture based on tlodibgity in water or sorb to sediment
media. Heavy metals and fertilizers also have the potential to be retained via Y@ pswell et
al., 2008; Gandet al., 2007; Mahar et al., 2016; Mulligan et al., 20@lgwever, studies have
shown that sorbed compounds can subsequently desorb in response to hydrological changes
(Herzog et al., 2018; Perujo et al., 2017; Schaper et al., 28d€jtionally, flora in streambeds
or stream margins can reduce contaminant concentrations \iargrimgdiation. Many of these
processes are physicochemical and could be reversed. Therefore, irreversible chemical

transformation is sought out for contaminants where reactions occur through natural attenuation.

Natural attenuation tends to occur due te thicroorganisms present in the subsurface
which therefore play an important role in the hyporheic zone and overall subsurface
biogeochemical processes. Redox reactions and gradients are often important, where electron
donors and acceptors drive many & tieactions as electron donors give an electron and energy

becoming oxidized while the electron acceptors receive the electron given becoming reduced.

4



When solutes from both surface water and groundwater interact with microorganisms contained
within the seéiment, redox gradients develop, where electron donors and acceptors are exchanged
as mixing takes place. Thus, redox gradients enhance the potential for attenuation. Many studies
focus on conditions where mixirdependent reactions may be responsibleobserved natural
attenuation of multiple groundwater pollutants that approach rivers via the hyporhef€ronat

et al., 2004; Danczak et al., 2016; Hester et al., 2014; Li et al., 2017; Sawyer & Cardenas, 2009)
The natural attenuation, however, is not always beneficial as hyporheic zone studies have also
shown methylation of mercury, nitrification, and Arsenic mobilization due to the redox gradients
formed (Brown et al., 2007; Creswell et al., 2008; Hartland et al., 2015; Hinkle et al., 2014;
Zarnetske et al., 2012)n all cases, beneficial and ndeneficial mixng-dependent reactions
require mixing of solutes to develop the conditions for redox gradient formation. While it has been
noted that both types of attenuation may occur, this dissertation thus focuses on beneficial mixing
dependent reactions in the hypeic zone where pollutants are reduced due to the reactions and

redox gradients formed.

1.2.1 Organic and Chlorinated Groundwater Contaminants
Organic and chlorinated groundwater contaminants are ubiquitous, especially near urban

rivers, due to their usen industry (e.g., dry cleaners, oil & gas, wastewater treatment plant
effluent). As such, natural attenuation and bioremediation of such compounds is important as these
compounds tend to be ecotoxic. Studies that have observed such contaminants hatkathown
attenuation and bioremediation is possible and that transformation into daughter products is

achieved when the groundwater contaminant plume transverses the hyporheic zone.

Landmeyer et al. (2010) showed that fuedhted contaminants (methyl tdadtyl ether
(MTBE), tertbutyl alcohol (TBA), and teramyl methyl ether (TAME)) discharging into a river
attenuated as it passed through the hyporheic zone. They concluded that hyporheic zone
attenuation should be considered for assessment of remediftids as these fuedxygenating
contaminants experienced substantial attenuation in the hyporheic zone under oxic and anoxic
conditions. In addition, Schaper et al. (2019) observed trace organic compounds (e.g., metformin,
epoxy-carbamazepine) in the hypeic zone and hypothesized that the oxic shallow hyporheic
zone would provide the largest potential for attenuation. They were able to demonstrate that most
of the tracer organic compounds under investigation were significantly reduced within the first 40

cm of the hyporheic zone.



Earlier studies by Conant et al. (2004) and Ellis and Rivett (2007) mapped the occurrence
of chlorinated volatile organic compounds (VOCs) along reaches of the streambed and bank.
Conant et al. (2004) measured vertical profdésetrachloroethylene (PCE) and its derivatives
and showed that in upgradient (deeper) locations the plume did not undergo appreciable reaction.
Instead, as the plume approached the surface water and traversed the hyporheic zone, chemical
concentrations ecreased and daughter products (e.g., dichloroethane (DCE)) were produced.
Freitas et al. (2015) showed a similar phenomenon at the River Tame with TCEEivinyl
chloride (VC), ethene, and ethane levels decreasing over time as contaminated greundwate
approached the riverbed from beneath. They demonstrated the ability to attenuate incoming
chlorinated substances, with attenuation capacity varying in space. Overall, organic and
chlorinated contaminants have been shown to have attenuation potentti@lhiyporheic zone
which may be further explored and managed as synthetic organics such as pharmaceutical and

personal care products seem to be an increasing contaminant concern.

1.2.2 Agricultural Groundwater Contaminants
The agricultural nutrients nitgen and phosphorus are a major focus in upwelling

groundwater due to their impact on habitats and inducing of eutrophication. Management and
reduction of agricultural nutrients in watersheds is of high concern in places around the world
where eutrophicatio frequently impacts species habitat and recreation opportufesander

et al., 2000; Cardenas et al., 2008; Dahm et al., 1998; Dodds, 2006; -Gelaezt al., 2015;
Harvey et al., 2013; Kennedy et,&009; Kessler et al., 2012Hyporheic zone management and

restoration is a focus to ensure reduction of agricultural nutrients in impacted watersheds.

Naranjo et al. (2015), observed nitrogen concentrations,(N8s) and dissolved oxygen
(DO) in the Truckee River to determineetmfluence of hyporheic mixing and mean residence
time on nitrogen transformations. They concluded that low flow inhibited the extent of mixing and
high flow (modeled through a storm event) allowed for an increase of mixing due to the increase
of surfacewater that flows through the hyporheic flow cell. Hester et al. (2014) simulated mixing
dependent and nemixing-dependent hyporheic denitrification, the reduction of nitrate to nitrogen
gas with nitrite and nitrous oxide as intermediates, and relate@dubgmical processes via
MODFLOW/SEAM3D. This study showed that mixhaigpendent denitrification of upwelling



NOszwas dependent on dissolved organic carbon availability and sufficient hydraulic conductivity.
In addition, Puckett et al. (2008) did an exteestudy of multiple sites to determine the influence

of water flow rates and residence times orsKgnoval. NQ in groundwater was reduced but not
entirely removed, therefore a portion flowed into surface water. Residence times and electron
donor avaihbility were key controls on N{demoval. The electron donor and residence times are
both characteristics of reactions kinetics as they deal with concentrations available for electron

transfers to occur for the reactions and inform the solute contacivithhecaction time.

Unlike nitrogen, phosphorus reduction takes place through retention mechanisms that reduce
phosphorus in surface water, the most significant being sorption, where phosphorus is neither an
electron donor nor acceptor but rather binds/adheres to the soik.ni&rujo et al. (2017)
observed the link between physiochemical and microbial processes, specifically the influence of
sediment heterogeneity on phosphorus transport. They determined that finer sediment with low
hydraulic conductivity allowed for greateamounts of phosphorus retention while reducing
microbial processes. The opposite was true for coarser sediments with higher hydraulic
conductivity. Jarvie et al. (2012) modeled phosphorus retention using the lllinois River under
varying flow rates. Thehowed that phosphorus retention was higher at low flow rates, but
retained phosphorus was then remobilized under high flows. Therefore, there is a balance between
optimal retained phosphorus and remobilized phosphorus that needs to be colSieie®gl et
al., 2018; Jarvie et al., 2012; Rer et al., 2018; Perujo et al., 2017)

1.2.3 Metals as Groundwater Contaminants
A variety of transformations of metals and related cations are known to occur in the

hyporheic zongCreswell et al., 2008; Gandy et al., 2007; Hinkle et al., 2014; L. K. Lautz &
Fanelli, 2008) Mining contaminants such as heavy metals are major source of pollution in areas
with a history of mining in the #@and 20" centuries. Mining contaminants are highly detrimental

to aquatic health of streams (Gandy et al., 2007), thus microbial and biegecahprocesses in

the hyporheic zone that can aid remediation efforts are of int&asdy et al. (2007jurther

showed that redox conditions are a main contribution to precipitation and adsorption processes of

metals in the hyporheic zone.



Lautz and Fanelli (2008) showed that redox conditions unique to the hyporheic zone (i.e.,
oxic/anoxic interfaces) allow for manganese and iron oxidation via microinmgtiated
reactionsFuller and Harvey (2000) showed that iron oxide concentrations decreasen gtudy
while sorption was insignificant. Mercury dynamics within the hyporheic zone have been
researched to determine their influence on mercury methylation (Creswell et al., (2008); Hinkle et
al., (2014)). Hinkle et al. (2014) studied the dynamicmefcury cycling in the hyporheic zone
and concluded that it is dependent on mobilization and attenuation of dissolved organic carbon
(DOC). Creswell et al. (2008) showed that mercury methylation peaked during late summer when

microbial reduction of ironrad sulfate ions were high.

1.2.4 Emerging Groundwater Contaminants
Emerging contaminants have received heighten attention due to their concern in water

bodies(Antweiler et al., 2014; Burke et al., 2014; Lapworth et al., 2012; Writer, et al., 2011a;
Writer, et al., 2011b)Lapworth et al. (2011) discussed the potential of the hyporheic zone to
address emerging organic contaminants. For example, Burke et al. (2014) demonstrated that the
hyporheic zone was able to reduce concentrations of organic compounds such as a&esulfam
diclofenac, and metoprolol. Writer et al. (2011a) demonstrated biodegradation of steroidal
hormones and alkylphenols in biofilms and sediments of streams. The study concluded that the
sediment was more effective than the water column at attenuatiegdh@p o u neabtsadidl, 7 b

e st r on ethynyledtradibl, <onylphenol, 4nonylphenolmonowxthoylate and - 4
nonylphenoldiethoxylate. In a follow up study, Writer et al. (2011b) concluded that stream
biofiims and sediments have similar attenuation ability hes ibteraction with the microbial
biomass and mixing of reactants allowed for attenuation. Therefore, understanding how to enhance

attenuation in the hyporheic zone via mixing will provide insight to benefit water quality.

1.3 Key Controls of Mixing and Mixing -dependent Reactions in Hyporheic Zones

Understanding controls on mixing and thus mixdependent reactions is important for
maximizing contaminant attenuation. Many controls are hydrological in nature, including
hydraulic conductivity, residencentes, and water exchange rat@zinheira et al., 2014;
Cardenas et al., 2004; Chen et al., 2018; Hester et al., 2019; Hester & Doyle, 2008; Hou et al.,



2017; Kalbus et al., 2009; Santizo et al., 2020; Saup et al., 2019; Stegen et al., 2018)tke16)
controls are biogeochemical such asekin rates, chemical concentrations, and microorganism
diversity and abundandgiou et al., 2017; Mermillod8londin et al., 2015; Saup et al., 2019;
Stegen et al., 2016)

The extat of gaining, heterogeneity, and residence times all influence the extent of mixing
(Crispell & Endreny, 2009; Fox et al., 2016; Galloway et al., 2019; Hester et al., 2019; Su et al.,
2020) Su et al(2020) measured effects of heterogeneity, surface water velocity, and upwelling
groundwater on hyporle mixing. It was determined that upwelling groundwater and surface
water velocity influenced and enhanced mixing more than sediment heterogeneity. In Hester et al.
(2019), the influence of surface water fluctuations and sediment heterogeneity on-mixing
dependent denitrification were modeled. The models showed that surface water fluctuations led to
more enhancement of denitrification than did sediment heterogeneity because fluctuations
controlled mixing lengths. More recently, turbulence and bedform gelesite been shown to
impact mixing by controlling flow velocities and therefore rate of water entering the hyporheic
zone(Roche et al., 2019; Shen et al., 2020; Wolke et al., 2020)

Such hydrological controls have been linked to microbial processes in the hyporheic zone as
well. Stegen et al. (2016) showed that the mixing of waters changed organic caritediliaya
which altered microbial communities and enhanced microbial respiration (consumption of organic
carbon by microorganisms to produce energy). Saup et al. (2019) showed that mixing created
hotspots for microbial communities during spring snownTéle spring snowmelt increased flow
rates and downwelling surface water which enhanced oxygenation of subsurface media allowing
for higher microbial respiration. The connection between hydrological and biogeochemical

processes shows the importance of iragg both disciplines within hyporheic zone studies.

1.4 Measuring Mixing and Mixing-dependent Reactions

Accurate measurements of mixing in laboratory or field settings are an important
methodological foundation needed for research on midemendentaactions. Over the years, a
variety of complementary methods have been devised. These include mixing zone

thickness/length, mixing areas, dimensionless numbers, dispersivity, dilution indereléited



dilution index, and critical dilution indefChiogna et al., 2011, 2012; Hesteakt2014; Marzadri
et al., 2016; Rolle et al., 2009; Santizo et al., 2020; Ye et al., 2016)

Chiogna et al(2011) used critical dilution index to relate conservative tracer mixing to an
instantaneous mixindependent reaction in a heterogeneous aquifer. They concluded that critical
dilution index successfully developed a relationship between conservative ranghqixing
dependent reaction with the critical dilution index also informing the amount of mixing needed for
a complete attenuation. In a follawp study, Chiogna et al. (2012) observed how mixing could
be quantified using a flurkelated dilution indexn the context of a reactive plume. They concluded
that the fluxrelated dilution index varied based on the evolution of the concentration profile of the
plume but independent of plume location. However, ther@liated dilution index may be hard to
obtan from field and laboratory experiments as it relies on detailed knowledge of location and
magnitude of mass fluxes. In comparison, mixing, mixing widths, and location are more practical
measurements that can be taken in field, laboratory, and modeliegire&pts. Using these
measurements to relate mixing to attenuation can be helpful in understanding what processes are

occurring and therefore what may enhance the attenuation.

Multiple visualization techniques have been used to estimate dispersion ieatsfic
dispersivities, concentration profiles, and mixing processes (Abarca & Clement, 2009; Bauer et
al., 2009; Castrd\cala et al., 2012; Robinson et al., 2016). A recent visualization technique is
planar optodes, which are thin reactive films that glewwo-dimensional mapping of chemical
concentrations from which mixing zones, areas, and thicknesses can be measured (Galloway et al.,
2019; Kaufman et al., 2017; Lehto et al., 2017; Santizo et al., 2020; Wolke et al., 2020). Wolke et
al. (2020) and Gatlway et al. (2019) both calculated mixing areas betweef526 DO
concentration whereas Santizo et al. (2020) calculated miang thickness from 184% DO
concentration. While visualization techniques are practical for laboratory or field studiess there
a lack of consensus regarding which concentrations and locations should be used for mixing
calculations. Therefore, additional theory linking mixing studies and metrics will allow a more
rigorous analysis of mixing zones, mixxig@pendent reactions,@applications such as enhancing

contaminant attenuation.
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1.5 Research Motivation and Summary of Attributions

1.5.1 Research Motivation
The motivation for this dissertation was to observe mixing and mixamendent reactions

in the hyporheic zone and address knowledge gaps in the current literature to provide insight into
their controls. As stated earlier, mixing is an important subseigavironmental process that aids
contaminant attenuation and as such understanding what controls mixing anddep@nglent
reactions will further implementation of hyporheic mixing for attenuation of contaminants entering
surface water. Chapter 2 foaus conservative mixing in the hyporheic zone and Chapfeio8us

on an abiotic mixingdependent reaction in the hyporheic zone. Chapter 5 explores using coupled
planar optodes to observe biotic reactions in the subsurface.

1.5.2 Organization of Dissetation and Attributions
This dissertation entails three studies that enhance our understanding of mixing and

mixing-dependent reactions in the shallow submerged sediments of the hyporheic zone. An
additional study builds a framework to use a new technotogimprove visualization and

measurements of microbial processes in the hyporheic zone. The chapters are as follow:

1 Chapter 2: Hyporheic transverse mixing zones and dispersivity: laboratory and numerical
experiments of hydraulic controls
Simulates hyporéic mixing zones using visualization of conservative tracers in laboratory
experiments and numerical simulations to understanding underlying processes. This
manuscript has been submitteditmrnal of Contaminant Hydrology.

0 Abenezer Nida performed théblaratory experiments; Katherine Santizo developed
analysis methods and performed analysis of laboratory results, helped with
numerical model set up and calibration, and edited the manuscript; Erich T. Hester
took the lead in writing the manuscript and cddting dilutionindex and Peclet
number; and Mark A. Widdowson was the lead in creating numerical model and
model outputs.

1 Chapter 3: Abiotic mixingdependent reaction in a laboratory simulated hyporheic zone

11



Simulates hyporheic mixing zones using vigetlion of abiotic mixingdependent oxygen
consumption reactions in laboratory experiments. This manuscript was publishaten
Resources Researah August 2020.

o Katherine Santizo took the lead on writing the manuscript, developed laboratory
methods, onducted the laboratory experiments and data analysis; Erich T. Hester
and Mark A. Widdowson helped develop the manuscript and guided laboratory
experiments.

Chapter 4: Numerical modeling of an abiotic hyporheic mbdegendent reaction:
chemical evolutia of mixing and reactant production zones

Simulates laboratory abiotic mixirdependent hyporheic oxygen consumption reactions
from Chapter 3 using a humerical model and conducts a sensitivity analysis on reaction
kinetics and hydraulics. This manuscripin preparation for submission.

0 Katherine Santizo took the lead on writing the manuscript, performed the numerical
simulations and data analysis, Mark A. Widdowson helped develop and calibrate
the model and provided feedback on analysis and manuscriplh, E Hester
helped develop the manuscript and guided analysis on the numerical model.

Chapter 5: Imaging of biotic reactions in the subsurface: Two dimensieramdCQ
dynamics of aerobic respiration

Builds a framework to use planar optodes to oltt@ordimensional dissolved oxygen and
carbon dioxide concentrations from microbial respiration in the hyporheic zone. This study
is not currently being prepared for publication.

o Katherine Santizo performed the experiments, collected the staaples, and
performed data analysis. Erich T. Hester and Mark A. Widdowson guided

laboratory experiments and provided feedback on written chapter.
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Chapter 2. Hyporheic transverse mixing zones and dispersivitytaboratory and numerical
experiments of hydraulic controls

Erich T. Hester,* Katherine Y. Santizo, Abenezer A. Nida, and Mark A. Widdowson

Key Points

1. Mixing zones in shallow (hyporheic) sediments between advected surface water and
groundwater were simulated in a lab and model

2. Mixing zone thickness and dispersion rate increased with rate of surface water intrusion
and during transient conditions

3. Peclet number simultaneously increased while dilution index decreased, indicating

increa®s in advection outpaced increases in dispersion

Keywords: hyporheic zone, hyporheic exchange, dispersion, midemendent reactions, mixing

controlled reactions
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Abstract
Mixing in shallow sediments is important to biogeochemical cycling and contaminant

migration and is often used to define the hyporheic zone. Yet knowledge of mixing processes in
hyporheic zones is supported by surpriginigw rigorous lab or field observations, and differs

from deeper groundwater with enhanced head gradients, sediment heterogeneity, and temporal
fluctuations. In a laboratory sediment (sand) tank we photographed a conservative dye to analyze
transverse ming zones between upwelling groundwater and bidirectional hyporheic exchange
flows. We then conducted numerical modeling to investigate processes behind observed
phenomena and estimate dispersivities. We found mixing zones weré<hinon), consisten

with asmall, calibratetkransverse dispersivity (~0.1 mm) and prior lab studies conducted at similar
scales. In steadstate experiments and simulatioisand estimated dispersion coefficients
increased with the surface water head drop driving exchange flows. Given relatively constant
deeper groundwater heads, increased @bktattead 1t ¢
and transient conditiongndicating larger bedforms or weaker gaining conditions enhance
subsurface mixing. However, Peclet number and-félated dilution index simultaneously
increased and decreased, respectively, indicating that enhancement of subsurface advection
outpaced hat of dispersion. In transient experiments and simulatibm&s greater than for
steadystate, probably from temporary addition of longitudinal dispersiGrduring transient
experiments in the sediment tank exhibited temporal noise, perhaps deieigittg zone moving

past varying patterns of sediment packing. Our results provide basic knowledge of mixing zone
behavior in hyporheic zones with implications for hyporheic zone definitions, solute transport,

mixing-dependent reaction, and water quality
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2.1 Introduction
Surface wategroundwater interaction is widespread, occurring beneath and adjacent to

many types of aquatic and marine water bo{Wgster et al. 1998, Cardenas 2008, Kwon et al.
2014) Bidirectional exchange across the sedinveater interface is typically known as hyporheic
exchange in streams and riveStanford and Gaufin 1974, White 1993jut such shallow
exchange flows also occur in estuarine and marine sediifiéuntstel et al 1996, Bianchin et al.
2011, Musial et al. 2016)These exchange flows create hyporheic zones where hydrologic,
thermal, biologic, and water quality characteristics #éferént than both surface water and deeper
groundwater(Brunke and Gonser 1997, Boulton et al. 1998, Hester and Gooseff. 20hé)e
characteristics mak the hyporheic zone more chemically reactive with unique microbial
communities(Brunke and Gonser 1997, Lowell et al. 2Q0®)th implications for freshwater
aquatic organismgBaxter and Hauer 2000hutrient balancéGomezVelez et al. 2015)and
attenuation of pollutants originating in surface wéktster et al. 201@&nd groundwatgiConant

et al. 2004, Hest et al. 2014) Shallow exchange processes similarly affect chemical reactions
and biogeochemistry in marine settir{§secht et al. 2004, Cook et al. 2006, Cardehas. 2008,
Weinstein et al. 2011, Knights et al. 2017)

Common hyporheic zone definitions include where surface water advects through sediment
(Thibodeaux and Boyle 1987, Harvey and Wagner 208 where surface water and
groundwater mix within sedimelfTriska et al. 1989Winter et al. 1998, Bencala 2000 hese
definitions are related but conceptually disti(idester et al. 2013)Here we focus on the latter
because it has receivégbs rigorous analysis. Yet mixing is critical because it controls a variety
of water quality functions, including concentrations of biogeochemically important elements
(Naranjo et al. 2015and penetration of surface water solutes into the sedi(fessler et al.
2012) Transverse mixing zones in particular enable mixiagendent reactions of groundwater
pollutants exiting to surface wex (Hester et al. 2014, Trauth et al. 2015, Santizo et al. 2020)

Field scale transverse mixing and dispersion studies from the general groundwater
literature(Pickens and Grisak 198iay conflate mixing with spreading caused by differential
advection. Similarly, trasverse hyporheic dispersion has been modeled, but often with large
coefficients that conflate spreading with true mix{hgutz and Siege2006, Hester et al. 2013,
Hester et al. 2017 and references therein, Shuai et al..20o&t prior field and lab studies that

track reactive compounds in shallow sedmsesuggest medium (> 5 cm) to large (>1 m) hyporheic
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mixing zoneqTriska et al. 1989, Hedin et al. 1998, Conant et al. 2004, Landmeyer et al. 2010,
Freitas et al. 2015, Kaufman et al. 2QlyBt have not resolved the specific processes responsible
(e.g., mixing vs. reactant flux). Thus, more focused studies that spatially resolve individual
hyporheic mixing processes are needed.

Pore scale mixing studies from the gehgraundwater literaturée.g., Huang et al. 2002,
Bijeljic and Blunt 2007, Luo and Cirpka 2011, Rolle et al. 2Qdr@yide useful insights but lack
aspects unique to hyporheic sediments such as steep head gradients, high sediment heterogeneity,
and rapid head fluctuatiorjslester et al. 2017, Bandopadhyay et al. 20858)me prior pore scale
laboratory studies of hyporheic processes have shown thinr{gsisk 5 cm) transverse mixing
zones(Fox et al. 2016, Kaufman et al. 201 But mixing was not their focus, and dispersive flux
or mixing-dependent reactions were not simulated. More rec&lytizo et al. (202@onducted
a laboratory simulation of pore scalansverse hyporheic mixing, but mixing processes were
obscured by mixinglependent reactions, transient conditions were not included, and numerical
simulations were not utilized to interpretation underlying processes. Furthermore, we are unaware
of tranwerse dispersivities determined for hyporheic sediments, either in the field or laboratory,
yet they are critical to accurate simulation of hyporheic transport and reaction. Lastly, to our
knowledge, prior laboratory or field studies have not linked kegng metrics such as mixing
zone thicknes§Abarca and Clement 2009, Robinson et al. 20di#) dilution index(Rolle et al.

2009, Chiogna et al. 2011b, Cirpka et al. 2ab5nore fully interpret mixing processes.

Here we used conservative tracersaindratory and numerical experiments to 1) simulate
hyporheic transverse mixing zones, 2) confirm thin (< 5 cm) mixing zones found in the few
hyporheic and larger number of general groundwater laboratory conservative tracer mixing
studies,3) determine tragverse dispersivities, 4) quantify the effect of varying stesate and
transient hydraulic boundary heads and flows on relative dominance of advection and
mixing/dipersion processes, and 5) relate directly measureable mixing metrics (e.g., mixing zone
thickness) with theoretical (e.g., fluelated dilution index) mixing metrics. Addressing these
objectives will provide insight into how shallow exchange zones function, with implications for

mixing-dependent reactions that affect water quality.
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2.2 Methods
2.2.1 Laboratory Experiments

2.2.11 Sediment Tank and Experimental Treatments

We used a HM 169 Drainage and Seepage Tank from GUNT (Hamburg, Germany) or
Asedi ment tanko to simulate the mixing zone
advecting through the sediment due to pressure gradients along the sediteenhterfaceand
upwelling groundwater (Figur@.la). This scenario represents situations where curvilinear
transverse mixing zones develop in shallow sediment beneath gaining surface water bodies, for
example from dunes in rive($hibodeaux and Boyle 1987, Canas and Wilson 20QRigure
2.1b), instream structures in streaifisutz and Siegel 2006, Hester and Doyle 2008, Azinheira
et al. 2014(Figure2.1c), and bedforms in marine settingiduettel et al. 1996, Cardenas et al.
2008)

We used a conservative tracer dye, rnodamine WT, to visualize the mixing zone and focus
on mixing of source waters. Clean tap water flowed into the inflow reservoir to simulate surface
water inflow (Figure2.1a). To simulate the upwelling groundwatenvds necessary to modify
the GUNT tank by adding the upwelling reservoir at the bottom. The upwelling reservoir was
connected to a constant head tank that provided the upwelling source water 2HigireWe
mixed Epart rhodamine WT liquid dye with ZI0 parts tap water in the constant head tank to
visualize groundwater upwelling through the sand. We chose US Silica Ottawa Flint Silica #12
sand for its white color to enhance dye visualization, rounded grains consistent with river settings,
and grain ge (&c=0.53 mm) similar to other hyporheic laboratory stuqieiott and Brooks
1997, Marion et al. 2002, Packman and MacKay 2003, Packman et al. 2004, Tonina and
Buffington 2007) Similar to these prior studies, thisdgaent is essentially homogeneous as a
useful conceptual starting point. We estimated hydraulic conductivity as &.6wA0 using
permeameter tests. We filled the tank with tap water prior to placing the sand to avoid trapping
air. We placed the divide0 cm to the right of the inflow reservoir boundary to both minimize
transverse mixing zone formation time and minimize head drop needed to create a flow cell in the
sediment. We set the divider depth to 6 cm below the sedwwest interface to elimate

blowout of sand and also keep the mixing zone centered in the tank to avoid boundary effects.
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Figure21a) Schematic (not to scale) of modified
tanko) . We madadk by adéird) thé upwellirig eskefvoir at the bottom to simulate
upwelling groundwater. The upwelling reservoir was connected to an adjustable constant head
tank that provided source water to simulate upwelling groundwater. Water levels were controlled

in the inflow and outflow reservoirs by adjustable standpipes. Solid black lines are dividers that
span the thickness of the tank and prevent flow. Dotted black lines are screens that allow
movement of water and dye. The dimensions of the overall sediamand just the sand region

is 160 cm x 10 cm x 72 cm and 121 cm x 10 cm x 40 cm, respectively (length x width x height).
Water flowed through the system as shown by t
water o through atthet hienflleodfw raensde riivgoriorundwat er 0 t
at the bottom) and one combined water output (through outflow reservoir at the right). A
transverse mixing zone developed along the interface between upwelling groundwater (red portion

of sedment in panel a) and hyporheic flow cell (white portion of sediment). Mixing zone size was
guantified by mixing zone |l ength (mps) and thioc
of U analyses (4.2 c¢m ben emlhhyposhaafldwpaths ndueed e ) .
by riverbed dunes and -stream structures, respectively. They show locations (indicated by
dashed lines) where hyporheic mixing zones form that are hydraulically similar to those in our
experiments (compare panels a, bd&). For dunes and marine bedforms in particular, our
induced flow cell represents chealf of the flow cell (e.g., panel c) where a stagnation points exists

at the bottom of the flow cell. In our laboratory setup, this stagnation point exists wehbogttm

of the hyporheic flow cell meets the barrier between the sand and the inflow reservoir (panel a).
Inverted triangles indicate water surface.
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We induced a hyporheic flow cell by creating a hydrostatic head drop across the divider
(ph i n21hi.gurWe <created oh by increasing the I
constant head in the outflow reservoir (Table ) . This increase i n oh i1
hence velocities in the hypor hreouslyirfcleased the e | |
head in the constant head tank feeding the upwelling reservoir, but by less than we increased the
inflow reservoir head. This allowed the head gradient between the upwelling reservoir and the
inflow reservoir to decrease (Talel), which increased the size of the hyporheic flow cell and
hence the length of the mixing zone, while simultaneously avoiding direct flow between the two
reservoirs.

We varied steadg t at e og@h among three scenarios, whi
highsur f ace water head drop (h=3.5, 5.5, and 8
physical constraints of the equipment, in particular, 3.5 cm is almost the smallest that could induce
a coherent hyporheic flow cell while 8.0 was the largedtithpossible with this size sediment
tank. This range of oh 1is consi stastream wi t h
structuregElliott and Brooks 1997, Hester and Doyle 2008, Endreny et al. 2011, Azinheira et al.
2014) We also conducted a transient experiment where we rapidly watiedapproximate rapid
stage changesuch as those from rapid changes in reservoir release Taté®. this, we lowered
the inflow reservoir water level, causigghto decrease from 8 cm to 0 cm in less than 20 seconds,

similar toKaufman et al. (2017)
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Table2.1. Sediment tank laboratory and simulated boundary heads (seeZigui@r locations).
Surface Head in|Head in|Head in| Head in| Upwelling | Upwelling

water head inflow outflow upwelling | constant | reservoir reservoir
drop reservoir | reservoir | reservoif | head tank| head minug head minug
(inflow inflow outflow
reservoir reservoir reservoir
head minug head head
outflow
reservoir
head,

Observed | Observed | Simulated | Observed

and and

Simulated | Simulated
cm cm cm cm cm cm cm
+3.5 48.0 44.5 48.4 49.4 +0.4 +4.0
+5.5 50.0 44.5 49.2 49.8 -0.8 +4.7
+8.0 52.0 44.0 49.8 50.5 -2.2 +5.8

IMODFLOW boundaries heads for the inflow and outflow reservoirs were set to values measured
in the laboratory experiments.

2From the perspective dflODFLOW, this value is technically for the top side of the screen
separating the upwelling reservoir and the sand above. We did not measure head in the upwelling
reservoir during the experiments. Instead, we manually adjusted upwelling reservoir heads in
MODFLOW until we matched the observed mixing zone position at the downgradient end of the
hyporheic flow (i.e., where mixing zone thickness was determined from laboratory observations,
see Section 2.1.2). The upwelling reservoir heads differ from healols constant head tank due

to head loss in the piping between the upwelling reservoir and the constant head tank, as well as
in the screen between the upwelling reservoir and the sand. See Section 2.2 for further discussion

of model calibration.

2.2.1.2Image Capture and Data Analysis
We photographed the dye and sand through the glass front of the sediment tank using a

Nikon D80 camera placed 1.67 m away, automated by Control My Nikon v4.2, with 75 mm focal
length, ISO speed 100, aperture /10, dmakter speed 1/6 s to maximize photo resolution while

maintaining proper exposure. Image resolution was 3872 x 2592 (horizontal x vertical), which
corresponded to 0.014 x 0.015 cm (horizontal x vertical) of the sand matrix per pixel. We

illuminated the sdiment tank diagonally from above using two Genaray Spectro LED 9.0
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photographic studio lights, and surrounded the tank, camera, and lights with a black duvetyn fabric
enclosure. We acquired images during the stasalg and transient conditions desedtabove,

and also before dye was introduced (background). During the stestdyexperiments, we took
photos well after the sediment tank achieved stestale transport, which varied between about
30 and 60 minutes, d e p e mt dxpanirgents, we topk photos Bvery % n g
seconds from the time the tube was moved until flow cell disappeared.

We converted raw (.nef) images tdoB .tiff images using Nikon ViewNX2 software, and
used the red channel intensities2@b, dimensionless) fanalysis due to strong response to dye
presence. Even with careful control of lighting, some spatial and temporal variation of background
light intensity is unavoidabléCastreAlcala et al. 2012) We corrected spatial variation within
each image by dividing the light intensities for each pixel by those from the background image
taken without gle tracer using MATLAB(CastreAlcala et al. 2012)This inverted the intensity
scale so thatells with dye had lower rather than higher normalized intensities. We corrected
temporal variation among images by scaling the range of intensities in each image from 0.0 to 1.0.
Next, we addressed background light intensity noise from sand grainshlsakgprocessing
(Robinson et al. 2015)This replaced pixel values with the averages within larger blocks, and we
chose 20x20 pixel (2.8 mm) blocks because these preatly 2-4 sand grains across, which
eliminates noise but still maintains maximum spatial resolution.

We calculated transverse mixing zone thicknasgaé well as transverse dispersion
coefficients (B), Peclet numbers (Pe) and the fietated dilutionindex (&) to understand how
dispersion and mixing processes varied among experimental treatments, as well as to conceptually
link directly observable mixing metrics with more theoretical ones. Here we describe how we
measured], and we discuss calculati of I, Pe and Ein Section2.4.1. In two dimensiong]
together withmixing zone lengtlf qps ) @.F) cogmpriseanixing zone sifklester et al. 2013)

But U increases in the downgradient directi@omenico and Schwartz 1998, Huang et al. 2002,
Rolle et al. 2012, Van Breukelen and Rolle 20%2¢h that measurementdiait the downgradient
end of the mixing zone (i.e., dashed horizontalilmEigure2.1) also account for effects gfon
mixing zone size. We thus uges a surrogate for mixing zone size when looking at the effects
of controlling factors. To calculate transver§ewe linearly interpolated normalized light
intensities beteen adjacent 2pixel blocks along a series of five vertically adjacent horizontal

rows of blocks where the mixing zone is vertical (average of 4.2 cm depth: red dashed line in
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Figure2.1a). We picked this location because a vertical mixing zone siggplifie process of
calculatingl from gridded pixels, and because this location is at the downgradient end of the
mixing zone, so calculated valuestofepresent the cumulative effect of mixing along the length
of the mixing zone.

We quantifiedi using pecentagebased threshold€hiogna et al. 2011a, Pool et al. 2014)
We determined the spatial distance between 16% and 84% Q@46 of the maximum light
intensity, and repeated tipeocedure using 10% and 90% (0A.00). The 0.19.84 cutoffs are
commonly used to delineate 2D plume margins, and can be derived from gaussian plume
dispersion theoryDomenico and Schwartz 19983} we discuss further in Secti@@.1. The
0.100.90 cutoffs are more arbitrary but have been used in thgAdaastca and Clement 2009,
Pool et al. 2014)and provide a second set of metrics to confirm that observedstege not
specific to a particular threshold. Regardless, both sets of cutoffs represent the core of the mixing
zone rather than the fringe. We chose this approach because the fringe is more difficult to measure

given the greater importance of noisehe light intensities.

2.2.2 Numerical Modeling
We constructed a numerical flow and transport model of our laboratory sediment tank

experiments using MODFLOWHarbaugh 2005and MT3DMS(Zheng and Wang 1999)The
model domain was the sand portion of the tank (Figute Z’he main purposes of theodeling
were to interpret processes behind obgferr ved
the hyporheic zone to see if they are consistent with prior values for this scale of groundwater

flow. We simulated both our steadtate and tragient experimental results.

downwelling

surface water upwelling groundwater and
boundary hyporheic water boundary -

<+—r <« >

hydraulic model
boundary conditions

= divider
SpeCIerd EEEEEEEER
head hyporheic
no flow flow cell

»
< »>

upwelling groundwater boundary

Figure 2.2 Schematic of numerical model of sediment tank flow and transport. Figure not to
scale.
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2.22.1 Flow Model
MODFLOW is a finitedifference groundwater hydraulic code that solves ttiree

dimensional groundwater flow equation

—+ — 7 33— (2.1)

whereKii is hydraulic conductivity (L/T) in the&irection of respective Cartesian coordinate axes
xi (L), h is thepiezometric head (L), W is a water sousiek term (T), S is specific storage (L
h, and t is time (T). We constructed the 2D computational domain to match the internal
dimensions of the sediment tanko minimize numerical dispersion while also nmmizing run
times, we systematically reduceduaiform modelgr i d si ze unti | model ed
changed with further refinement. This resulted.2b mm x 1.25 mm model cells, yielding a total
of 304,512 computational cell§he sufficiency of tis grid size is consistent with prior modeling
studies at similar spatial scales that showed minimal numerical dispersion with larger
discretization(Hester et al. 2013, 2014)We used the MODFLOW Preconditioned Conjugate
Gradient method to solve Equatidhl().

We used specified head boundary conditions for the influent boundaries (upwelling
groundwater at the bottom, downwelling surface water portion of the hyporheic flow cell at the
top left) and the effluent boundary (upwelling groundwater and hyporheic #tivatcthe top
center and right, Figur.2). The remaining perimeter of the model consisted of -Homo
boundary. The hydraulic head values for the two specified head boundaries at the top of the model
for the three steadstate model runs were setttmse observed in the sediment tank (see Section
2.1.1 including Tabl®.1). We then manually adjusted the head at the upwelling groundwater
boundary of the steaeltate flow model to match the observed position of the tracer front in the
transport mode(see Table2.1 and Section 2.2.2). This tracer front matching was done at the
downgradient end of the hyporheic flow cell, i.e., at the location where we determined mixing zone
thickness from the laboratory data (dashed line in Figulra).

Once the mawual calibration was complete, we varied the upwelling groundwater head (and
thus the Ainflow ratioo between upwelling and
sensitivity analysis to test its influence on mixing zone characteristics. Inuphbrtecr , f or eac

we varied the upwelling groundwater head from a high value that made the hyporheic flow cell
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nearly disappear to a low value that enlarged the hyporheic flow cell as much as possible without
inducing edge effects at the bottom boundafmyor the transient simulation, a tirrarying
specifiedhead condition was applied at the downwelling surface water boundary with constant
specifiedhead maintained at the upwelling groundwater boundary.

K was set to homogeneous at 6.6%10/s per labatory measurements (Section 2.1.1).
Ss was set to homogeneous at 0.000%5, m reasonable value for sa(@omenico and Mifflin
1965) but we also varied this parameter in a sensitivity analysis and found our transient flow

simulation to be insensitive.

2.22.2 Transport Model and Calibration
MT3DMS is a dissolved solute transport code which utilizes the MODFLOW results to

solve theadvection, dispersion, and reaction equation in groundwater

— —[$ — —JO# 7# B2 (2.2

where & is porosity of the porous media (dimensionless),i<Cconcentration of dissolved
constituent k (ME®), t is time {), x; j is distance along respective Cartesian coordinate axes (L),
Djj is the hydrodynamic dispersion coefficient tensai (1), vi is linear pore water velocity (LT
b, # is the sourcesink flux concentration for constituent k (ML.andB 2 is the clemical reaction
term (ML3TY). We used the MT3DMS Advection Package (THdaler TVD method) and
Dispersion Package with the Generalized Conjugate Gradient Solver to solve Equa}iomtie
Dispersion Package calculates D in each direction using the classic me8ubetofegger (1961)
by adding the apparent or bulk molecular diffusion coefficient (3T™?) to the product of v and
adispersivity U, L) . mtoeOx1® eld (1016x10°° m?/s) as a typical or medium value
for dissolved solutes in porous me@faeeze and Cherry 1979, Domenico and Schwartz 1998)
Boundary conditions for the MT3DMS model includedfhux conditions coinciding with
the noflow boundaries in MOBLOW. A constant concentration of 100 mg/L was assigned along
the upwelling groundwater boundary for convenient data analysis (R2g2)reln contrast, the
downwelling surface water boundary was 0 mg/L. This concentration differs from the lab

experimentout is arbitrary because in our results we report model concentrations normalized to
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the maximum. Concentrations along the upper upwelling groundwater and hyporheic water
boundary were assigned to specified head cells to equal the tracer concentitiigogeidiment

tank using the MT3DMS Source/Sink Mixing Package. The transport model domain was smaller
than the flow model domain (116,543 grid cells) to decrease run times while still including the
mixing zone in the simulated domain. This was donenbgtivating columns of model cells on

the right side of the model domaiar awayfrom the mixing zone. This does not change the
accuracy of the transport model because as the underlying hydraulics did not change (i.e., the
MODFLOW input files were stilfor the full domain discussed above) and grid resolution of
remaining cells did not change.

We manually calibrated the flow model boundary conditions to match the position of
mixing zone for the three steadtate scenarios (Section 2.2.1). We atsmually calibrated the
longitudinal and transverse dispersivity values (1.0 mm and 0.1 mm, respectively) to match the
observed mixing zone thicknessY f or -t$theteste@ldy 3.5 cm scenar.i
were done at the downgradient end of itiging zone(dashed line in Figurd.1la). There were

no solute sources/sinks or reactions (i.e., rightmost two terms in Equation (2) = 0).

2.3 Results

2.3.1 Steady State Conditions
Mixing zones in the laboratory appeared quite thin to the eye, as indicated by the sharp

change in color (Figur@.3abc). The steadstate model runs showed mixing zones that also

appear thin (Figur@.3def), although perhaps somewhat thicker than tho#igei laboratory. We
believe any such visual di screpancy 1is due to
concentrations on the left side of the laboratory mixing zones. By contrast, our camera was able

to see these lower concentrations,iéated by good agreement between measured and modeled

mixing zone thicknesses as discussed more below (Fatire

33



laboratory MT3DMS MODFLOW

Head, m
0.52
0.51
05
048
048
047
0.46
045
0.44
05
0.495
049
0.485
048
0475
047
0.465
0.46
0.455
045
0.445

w 0.485
048
0475
047
0.465

Concentration, % of max

- - .
Figure 2.3. Tracer patterns in laboratory sediment tank (a, b, ¢c) and MT3DMS model output (d, e,
f) along with hydraulic heads from MODFLOW model (g, h, i) for high surface water head drop
(p k8.0 cm, a, d, g), medium surface water head dilg3.5 cm, b, e, h), anldw head surface
water drop 3.5 cm, c, f, i) steadgtate conditions. Panels do not present full sand box
consistent with our focus on that portion of the mixing zone to the right of the divider; for
laboratory images (panels a through c)2-&@m ofsand at left side is covered by black electrical
tape, and model results (d through i) are similarly cropped. Note that MODFLOW calibration
matched observed and simulated mixing zone position at the location where mixing zone thickness
was determined.€., the downgradient end of hyporheic flow cell to the right of the divider). Thus,
model results and observations agree best at that location, and larger deviations elsewhere are
likely due to our choice of uniform constant head along the upwelling gn@ated boundary,
given head likely varied somewhat long this boundary in the laboratory, a variation which we did
not measure.
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Figure 2.4. Simul ated vs. obser ved -stmte gasen grrozbara e
indicate +# one standard deafion, where mean and standard deviation are from five rows-of 20

pixel blocks centered vertically at 4.2 cm depth.

t

hi

Mixing zone length @s ) i ncreased with surface water

e X ¢ h a n duing thepsteadgtate experimeni@igure2.5a) because simultaneous variations

in upwelling reservoir head were comparatively smaller, with the net effect that head gradient from

the upwelling to inflow reservoirs decreased, allowiloyv cell size to increase (Figui23).
Mixing zone hickness ) measured between 1.0 and 1.5 cm for @2B0 and between 0.8 and
0.9 cm for 0.160.84 thresholds (Figurg5b). U increased witipph a n d matd steeply for
0.100.90 than 0.19.84. Var i at measured across the five vertically amnt horizontal
rows of blocks was minimal (standard deviation shown as error bars in Bighje

As hincreased, the trends in the laboratory and mddeledil values matched each
other reasonably well. This match is best forghb = 3 . 5 ¢ mbesauseéhe aumerioal
transportmodel was fit to experimental observations by tuning dispersivity lata t ph .
di screpancy between modeled and si mul aheed
difference betweeni for 0.100.90 andi for 0.16-0.84 increased more for the laboratory

measurements than for the model results (Figue). This can be seen when plotting observed
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and model values against one another (Figutg although there is also some systematic bias in

the 0.160.84 resul in that the model slightly ovgredicted the lab results in many cases.
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Figure 2.5. Steadystate a) observed mixing zone lengiis)and position (distance from divider),

and b) observed and si muersastswfdce watexhead dropg p ne t hi
a) mixing zone length is for that portion of mixing zone visible in Figdr@abc. In b) we show

0 foahr0.100.90 and 0.1®.84 red channel light intensity ranges. Simulated and laboratory
values were all tadn at same location (i.e., 4.2 cm below the surface of the sand, dashed line in
Figure 1). Err or b aonsstahdard deuiationnwhereanreanlandistandardn d i ¢

deviation are from five rows of 20ixel blocks centered vertically at 4cgh depth.

We used MODFLOW ZoneBudgétiarbaugh 19900 determine steadstate flow rates
of water coming into the model through the top boundary (surface water) and the bottom boundary
(groundwater). The ratio of upwelling groundwater to downwelling surface water boundary flows
was always >1 (Figur2.6) because of the larger groundwater boundary (Fig@)ead to prevent
the hyporheic flow cell from getting too large (i.e., mixing zone approaching bottom model

boundary). Figur6 shows that a major contr ol on U in

flows from the surface water and groundwater boundaries. This makes sense because the ratio of
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boundary flows controls the size of the hypor
25a), which in tasm).conit r e leddastizengitdity tm the &tio of

boundary flows as the balance between groundwater and surface water flows decreased toward

uni ty. Conversely, U approached asymptotic m
of upwelling) exceeded surfaceidoy an order of magnitude and greater.
@) 2
<
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Figure 2.6. Simulated mixing zone thickness | f or -stdieecase asedudcyion of the
Ainflow ratioo, i.e., ratio of water inflows ¢
to waterinflows along the top boundary (i.e., downwelling surface water that enters the hyporheic
flow cell ). Range of points for each surface

(upwelling groundwater) specified head and thus upwelling boundawg fh the model.

2.3.2 Transient Conditions
In response tohe transient drop iaph and the simultaneous <co

head gradient from the upwelling reservoir to the inflow reservoir, the mixing zone shifted steadily
toward the divider (Figur@.7a), rapidly at first and then slowing down. The simulated and
observed ®nds line up well, indicating that MODFLOW reasonably simulated the transient
experi ment s. ini#ally inqeeased feom the steadyate value for the 8.0 cm head
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drop (~1 cm) to somewhere between 1.6 and 1.8 cm at ~300 sec for the obselrggdulated

case (Figure2.7b). U then declined to around 0.6 cm at ~1000 sec. Thusgthee at e st a
concurrent with the fastest movement of the mixing zone (compare FRjdeeand?2.7b). And

the response time in the sediment (~1000 sec) wasthard¢en times that of the change in surface

water head (<20 sec). The MT3DMS model results matched the observations reasonably well both

in magnitude ofti and timing of the peak (Figura7b). In addition to this longer tirmgcale

response ofi ( ~ 2@ Bidgure2s7b), there were shortescale fluctuations ai, on the order of

5-20 seconds (Figura7c). This shorterm variability was greater at highggett han at | ower
(Figure2.7b).
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Figure 2.7. Observed and simulated transient mixing zone a) position (distance of 0.84 contour
fromdivider)andbc ) t hi ckness (U0) versus time since sul
b) and c) 0.18.84 red channel light intensity ranges are shown. hbys full experiment

duration, and c) shows example subset of full experiment duration with higher temporal resolution.
Each laboratory data point is for esécond interval across sample periods of 1 minute and is the

mean of five 2€pixel block rows cetered vertically at 4.2 cm depth, i.e., near the dashed line in

Figure 1. Simulated values were taken at same location as laboratory measurements in the sediment

tank.
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2.4 Discussion and Analysis

24.1 Dispersion Coefficient, Peclet Number, anBilution Index, and Relation to Mixing
Zone Thickness
Because an easily observable metric such as mixing zone thickhesadt sufficient by

itself to understand variation in transverse mixing in nonuniform flow figkidle et al. 2009)

we calculated a series of additional more theoretical transport and mixing parameters to fully
guantify and interpret transport processes (T&i¢. Here in Sectior2.4.1, we present the
calculations and basic results, including comparing the relativility of observable and
theoretical mixing metrics. In subsequent sections we then use these metrics to interpret processes
occurring in the physical and numerical experiments, including the effect of controlling hydraulics.

We first calculated trasverse dispersion coefficieni3(m/s) using Santizo et al. (2020)

o &= 8 (2.3
8
w h e h.180.841% observed mixing zone thickness for 684 (Figure2.5 b ) 42 (mdads distance
along the mixing zone visible in the sedi ment
Figure25a | ess the 4.2 c¢cm depth in thesisttedi ment

porewatetvelocity along the mixing zone (m/sjdm the numerical model also at 4.2 cm depth.
We calculated:f or t he downgradient end of the mixing
where our numerical model was calibrated and hence is most accurate (32c2pmand because

doing so quaifies the cumulative mixing processes occurring along the length of mixing zone

upgradient i.e. calcul at e@®ahmanettbh2d@pr ent 6 di s p
Table2.2. Transport and mixing parameters, including input parameters for Equati®Re6).
Observed Simulated
Observed length of| velocity at
. o O | Transverse o
Experimental mixing mixing zone|l oc at i di ; Peclet Dilution
. ispersion )
treatment zone to location off measuremen - number index
. o coefficient
thickness| Uo.160.84 at 4.2 cm
measuremeht depth
ph Uo.16084 | (PS2 V4.2 Dt Pe Eo
cm cm cm m/d m?/s - m°/d
3.5 0.77 26.0 35.4 7.97x10% | 1.54x16 0.157
5.5 0.91 36.2 37.6 9.02x10° | 1.98x16G 0.147
8.0 0.94 38.4 43.1 1.04x10" | 2.06x16 0.142

IDistance along the portion of mixing zone visible in the sediment tank (Fig3asc) to point
where U0 was o0bser v eZbalésstheed.2 cm defttoirstiee sddimentrat vihichg u r e
U was measured) .
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Next, we calculated the Peclet numfRe, Bear 1972, Schnoor 1996)

0Q 22 (2.4)

whichagain is calculated with input values from the downgradient end of the mixing zone. Finally,
we calculated the fluxelated dilution index &(L%/T) from the model output using@Rolle et al.
2009)

0O Qon, n/ dimaén adrm A dnn Qo (25)
where the limits of integrationixand % are the xcoordinates (L) of the top layer model cells
immediately to the right of the divider and at the righhd side of the transport model domain,

respectively. q is the upward vertical Darcy velocity across the top of model domain (IdT), an

po is calculated by
. AR
N~ %% &n

(2.6)

where c is concentration of tracer exiting the top of the model domairf\M/L

Pe i ncr eas e @8)wnditaling that 4skdvection iacreasingly dominated over
dispersim al ong the mixing zone, U simultaneously
increased, but advection increased more than dispersion. At the same time as Pe ingreased, E
decreased. This is consistent with advection increasing comparativedytiman dispersion. This
emphasizes that when quantifying the role of dispersion in transport, a practical and readily
observable metric such as mixing zone thickness provides an incomplete picture, and at best can
guantify changes to dispersion in idaa but cannot set them in the context of other transport
processes such as advection. A more complete picture requires metrics such asdPe/kicti E

are more challenging to measure in the lab or field, and often require numerical simulations.
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2.4.2 Magnitude of Hyporheic Transverse Dispersion
Our results showed thin transverse mixing zoes (=-2 em} and advection dominance

(Pe >>1, TablR.2), consistent witlsteadystate results from prior hyporheic stud{8swyer and
Cardenas 2009, Jin et al. 2010, Hester et al. 2@t@) low opportunity for mixinglependent
reactiongHester et al. 2014)For example, a numerical model of steathteconservative tracer
transverse mixing based on local dispersion coefficients in aiddoeed hyporheic zone showed
the mixing zone occupying 8.2% of the domain, and wiilas not quantified, it appears to be
<5 cm for the base case scendRaure2.3 in Hester et al. 2013)Consistent with thin mixing
zones, by manually calibrating MT3DMi® our sediment tank data, we determined that the
transver s e i fbiosrpsteadystatevséenayios Wad approximately 0.1 mm. This is the
f i r.determided from observational data that were explicitly intended to simulate the hyporheic
zone, b our knowledge. There are observational data for shallow sediments that quantified
longitudinal dispersivity from either laborato(Zhou and Wyseure 2009y field (Shuai et al.
2017, Liu et al. 2019ettings. And there are many hyporheic studies that have simulated transpor
including dispersiorfe.g., Lautz and Siegel 2006, Qian et al. 2008, Gomez et al. 2012, Hester et
al. 2013, Naranjoetal. 2013) but wused | arger U

However, both the thin mixing zones we observed in the laboratory sediment tank and the
magnitude of the cidronrteescalbrated irangportvnadeluase sonsistent U
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with the broader range of general groundwater literature. Previoussrakdllaboratory studies
(longest dimension measuring-21Im) of conservative tracer transverse mixing in homogeneous
sand have shown mixing zones that appear to range from adotrinlhick (Huang et al. 2002,
Bauer et al. 2009, Chiogna et al. 2010, Rolle et al. 2@1i2)t  ranglig down to ~0.1 mife.g.,
Gaganis et al. 2005cansistent with low mixing(Rolle et al. 2013, Ballarini et al. 2014)
Similarly, our value of 0.1 mm is ~19% of our mean grain size (0.53 mm), consistent with
percentages previously reported for homogeneous(8amEkos et al. 2006, Cirpka et al. 2006)
Finally, the resultindd: values (Tabl@.2) are consistent with the range of values observed in other
laboratory experiments of transverse dispersion of similar @dalgado 2006, Rolle et al. 2009,
Rolle et al. 2013)

By contrast, field studies of hyporheic or shallow mixing typically show geochemically
defined mixing zones as thickéfriska et al. 1989, Sawyer et al. 200Byt likely account for
additional processes such as spreading, dynamic head boundaries, longitudinal dispersion, and
density gradients. Similarly, extensive dispersivity data exist in the general groundwater literature
for | arger spati al scal es . t(hofizorgaboe verdicalevalwe$ t en f
down to 1.010 mm(Gelhar et al. 1992, Zheng and Bennett 2002, Zech et al. ,20hh is still
10-100 times the values we found. Such dispersivities freid flata often also account for
spreading and thus plume stretching and distortion (i.e., macrodispersivity). In other words, the
c o nt r avalies ariges due to finscale characterization of concentration gradients in the lab
relative to typicallyarger scale field studi¢dolz and Widdowson 1988) Field studies generally
do not approach the spatial resolution of lab studies, so cannot be diregtigredimalthough a
few come closée.g., Anneseet al. 2008) Thus, even the smaller end of the range of dispersivities

from field studies may include some degree of macrodispersivity.

2.4.3 Effect of Hydraulic Controls
Our results show that steadiate mixing zone thickness (ncreased with the head drop

(ph) driving hypor 25) dhisemalked semsg keca(s€ the simukaneous
variations in upwelling reservoir head (TaBl&) were smaller by comparison, which meant that

i ncreased oh tr andsgradignefldm theoupvweling reseavsirealthe hnéloav
reservoir, which in turn i nc25a)awshehlis knowkitong =z o

increase the thickness of a mixing zone at its downgradien{Camdenico and Schwartz 1998,
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Huang et al. 2002, Rolle et al. 2012, Van Breukelen and Rolle 20h®&indicates that increasing

height of bedforms such as steps, weirs, debmssdand log dams can lead to thicker mixing

zones, assuming relatively constant deeper groundwater heads. On the other hand, variation in
deeper groundwater heads by themselves can strongly influence hyporheic flow (Ehsiemas

and Wilson 2007Hester and Doyle 2008, Azinheira et al. 2Q1a)d hence mixing zone length

and thickness. In our experiments, the head gradient between the upwelling reservoir and inflow
reservoir was not constant, but rather decreased with incregeing ( T24)bwhieh in turn

i ncreasaé@ad dasTdmnsisentdith Figur2.6, which shows that as groundwater upwelling
increased relative to flow through the hypor
simultaneous decreasesyrs .

D¢ also increased wittp h(Figure2.9a). This makes sense bhase we calculated:Bs an
Aapparento dispersion coefficient from U0 meas
zone (Equation2.3)), meaning it represents mixing that occurred along most of the length of the
mixing zone. Our results are thus consistent Witjure 2.11c in Hester et al. (2013yhich
showed thatoverathi xi ng zonmubtiel (edebyps8) correl ates
flux across the mixing zone. Increased transverseedis@ flux in turn enhances mixing
dependent reactions. For examplester et al. (201%howed increasingurface watedepth lead
to increased head gradient betwearface wateand groundwater that drove hyporheic exchange,
increased s, adepgendenn denitefieatioa.d Thutallex bedfgrms or lesser

upwelling or gaining to surface water would lead thaced mixingdependent reactions.
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Pe al so incr eag@yj Thisindibateggthat whiteithg dispersion process itself
increased; its importance relative to advect.
than dispersion, as velocitys(2) increased (Tabl2.2). This may explain why fluxelated dilution

index (Ep) simultaneously decreased (Tablg, Figure2.9b). This indicates reduced dilution of

the upwelling tracer by adjacent flowpaths that were initially trées.  Thus, changes in
dispersion and dilian cannot be understood in isolation, but only in the context of simultaneous
changes in advection. I n sum, increased oh I
(Dy), and while comparatively smaller variations in upwelling reservoir héaels deeper
groundwater heads) meant that increased @h <ca
out weighed the increase @®@s and thus reduced t

can act, leaving advection as the dominant proslessn by increased Pe and decreasgd E

2.4.4 Effect of Transient Head Variation
During our transient experimentswas greater wheqph was greater (i . e.,

of the high to low experiment). This is consistent with our stestale results in that upwelling
reservoir heads were constant during the transient experiment, thus transient decrpdsesline d

to simultaneous irreases to the head gradient from the upwelling reservoir to the inflow reservoir,
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which decrease@pbs and t her ef o mwasgneater dufthg chanpesgrhmd rhea,n W u r |
steadystate conditions (compare Figured®b and2.7b). This may be due tthe temporary

presence of longitudinal dispersion as both the flow field and mixing zone adjust to the change in
hydraulic boundary conditions. When the dividing line between the hyporheic flow cell and
upwelling groundwater contracts upward, an advedtimet may form between the old location

of the dividing line and the new one, and longitudinal dispersion may temporarily occur in that
zone. Such advective fronts are temporary and will dissipate as the system comes into a new
hydraulic and transportesadys t at e . Thus, our measurements o
may include the effects of both transverse and longitudinal dispersion. In other words, transient
conditions increased overall dispersion, even if our data do not sort out the radatirieutions

of transverse and longitudinal dispersion.

We also observed shortere r m f | uct u a t2ircd nThesei nray bé dug toithg u r e
effects of tortuositfde Anna et al. 2014)n the movement of the dye through spatiatyying
patterns of sand grain packing. Theseshoetr m f | uct uati ons were great
rate of change n oh Z.7B)i Yvhbile o prior lab studies have evaluated these transient
dynamics for hyporheic settings to our knowledge, they are consistent with modeling studies which
found that transient dynamics enhanced mixing, even in homogeneous sé&owtind Dentz
2018) This is also consistent with studies showing tidal oscillations enhance nmxougstal
settings(Pool et al. 2014)although density gradients were also present in that case.

Such increased mixing during transient dynamics would in turn enhance rdeqregdent
reactions in shallow and/or hyporheic sedimdirtester et al. 2014, Trauth et al. 2015yet
reactions have many other controls which cocttifound such expected trends, for example
availability of required reactants or presence of an active microbial community and necessary
biogeochemical/redox conditions. For examphester et al. (2019fonducted numerical
experiments of mixinglependent denitrification in hyporheic zones with twaeying boundary
heads. They found that fluctuating surface water boundainablics increased mixindependent
reactions, but not as substantially as might be expected from the result of our current study. Thus,
in those numerical experiments, other factors may have partially cancelled out the enhancement to
mixing from longituwinal dispersion during responses to head changes. One such possible factor

includes the requirement that oxygen is depleted before denitrification occurs. Another possible
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explanation for the discrepancy is that the head fluctuatiohtegter et al. (2019)ere slower

than in our current experiments.

24.5 Limitations and Applications
Calculating mixing metrics directly from light intensities rather than concentrations

introduces some error into the process. Studies that have generated light Hotersstytration
calibration curves, while often having substantial linear subsectanshe somewhat nonlinear
overall(Huang et al. 2002, Castlcala et al. 2012) However, this issue should not affect our
major conclusions. Manof our conclusions involve how changes in mixing are caused by
changes in hydraulic conditions. Even if the light/concentration calibration curve were nonlinear,
these conclusions would not change (e.g., Fig@res2.6, 2.7, and much of Tabl@.2). We
recognize that our conclusions involving the magnitude of mixing zone thickness, particularly
calculated dispersivities, would be somewhat more sensitive to the shape of the calibration curve.
This may be one possible explanation for the modest bugrsgst overprediction dii by the
model (Figure.4,2.5b). Yet because dispersivities range over several orders of magnitude, the
deviations resulting from assuming linear calibration curves would be comparatively minor, and
the agreement between outatdated dispersivities and those of prior literature discussed earlier
further support their validity.

Oursteadyst at e model st mmbi bt abed wothhe& | owest
match the laboratory results as well for the middle and higipdst ( F2.5Q)u There are a
number of possible explanations. For example, the interpolation of blocked concentrations during
i mage processing may introduce error that var.i
possible explanation relates MT3DMS using the conventional formulation 8theidegger
(1961)t o cal cul ate D where U is a function only
assumes D is a linear function of v under4muertial or Darcyflow conditions, and only becomes
a nonlinear function of v under inertial conditions, i.e. for Reynolds numbers (Re, Equaipn (

> 1-10 (Bear 1972, Freeze and Cherry 197Rk is calculated for porous media flow as
YQ — (2.7
where | is de rf)sdigayepresentativa poeeror partdle timension (L), and p is

dynamic viscosity (M/TL). Yet some recent studies suggest that even undeénenibe
conditions U it setheivisewedates reineavly to (Chiogna etal 201D,
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Scheven 2013, Ye et al. 2015Because our flow conditions were rioertial (Re = 0.210.26
usingd=dpand assuming 20 AC), this is another pos
one oh did not apply as well to another h.

Nevert hel es s ;determimed ftos eur siebayateunodelldalibrations in our
transientmodel did in fact capture the increase in mixing width during the transient conditions
(Figure 2.7 b ) . This seems  generataddfiom steaebtate thaasport u s i n g
observations in transient transport models generates results that are not particularly inaccurate.
Yet clearly any dispersivity data drawn from the literature for use in modeling hyporheic processes
must come from &ld or laboratory studies of similar spatial scale and resolution.

There are many important future directions to pursue. Subsequent studies could expand
upon this work by using heterogeneous sediment including preferential flowBatimke 1999,
Cardenas and Zlotnik 2003, Song et al. 2010, Le Borgne et al. 2014, Menichino et al. 2014,
Menichino and Hester 2015, Briggs and Hare 2018, Lotts and Hester. ZR2a§tions coulbe
added, either abiotiSantizo et al. 202@r microbially mediate@Hester et al. 2019)Particulate
carbon sources could be added that would form reactive micr{Saeger 2015)

More fundamentally, our choice of a 2D analysmsposed limitations on the possible
modes of mixing. The most effégt way to enhance transverse mixing in 2D flow fields appears
to be flow focusing from spatial heterogeneity of hydraulic conductjVitgrth et al. 2006, Rolle
et al. 2009)possibly enhanced by temporal fluctuati@iiester et al. 2017)However, in 3D flow
fields, an additional mixing mechanism which is not possible in 2D is helical flows from non
stationary anisotropy which creates twisting streamlines and ultimately greater stretching of solute
into thin ribbons or fingers that infuallow greater opportunity for molecular diffusion to enhance
true mixing(Cirpka et al. 2015, Ye et al. 26)L These concepts applied to the hyporheic zone is
an important area of future research.

Our results have many potential implications for ngamg water resources. For example,
hydropower operations that create rapid stage shifts may enhance-gexiegdent hyporheic
reactions in rivers. Prior studies have shown the significance of such conditions for reactions in
bank sedimenfStegen et al. 2016, Shuai et al. 2QDbt our results indicate their significanfor
reactions in bed sediment. Stream and river restoration practices sutraanm structures and
pootriffle sequencegAnderson et al. 2005, Hester and Doyle 2008, Azinheira et al. 20414)

enhance the length of mixing zones nadso enhance such reactions. Finally, fluctuating stage
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and velocity from waves or tides may enhance such reactions in coastal g€ttirdgnas et al.
2008, Lamontagne et al. 2018, Hester et al. 2019)

2.5 Conclusions
In a laboratory sediment (sand) tank we used a conservative dye to simulate transverse

mixing zones between upwelling groundwater and bidirectional (hyporheic) exchange flows. We
photographed the experiments and performed image analysis to quantigrdypett and mixing.

We then manually calibrated numerical models to the laboratory experiments to investigate
processes behind both steatgte and transient observed phenomena and estimate transverse
dispersivities. We calculated mixing zone thickné3s as it is proportional to transverse
dispersive fluxes, and therefore controls biogeochemical zonation and +deqegdent
reactions. We found mixing zones were thisg cm) in the sediment tank, consistent with prior
numerical modeling studies tfansverse mixing between hyporheic flow cells and upwelling
groundwater(e.g., Hester et al. 2013)Calibration of our numerical transport model to sediment
tank transport indicated transverse dispersivity values (~0.1 mm) smaller than those derived from
field studies of deeper groundwater, but consistent with prior lab studies conducted at similar
spatia scales.

In both laboratory and modeling results, for both stestd{e and transient conditions,
increases in the surface water head drop that
and velocities in the induced hyporheic flow cell. At g@@me time, comparatively smaller
variations in head gradients with deeper grour
upward head gradient s, | eading to inciuramdased n
dispersion coefficients. Tku larger bedforms or reduced strength of gaining can enhance
Ssubsurface mixing. However, as @h increased,
and the dilution index (& simultaneously decreased, indicating that advection processes were
enhanced even more than dispersion. More generallyndPeasedand k decreased with
increasingu indicating that advec twithointreasimg r eagdéad s m
tend emphasizes that readily observable metri
relative importance of mixing. A complete picture requires more theoretical metrics such as Pe
and Eq, which are more challenging to measure in the lab or fald, often require numerical

simulations.
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U was greater for transient than steatigte conditions, probably because the change in
boundary conditions shifted the location of the flowpath dividing the hyporheic flow cell from
upwelling groundwater, whichmiturn likely added a transient advective front that experienced
longitudinal dispersion.t during transient experiments in the sediment tank exhibited temporal
noise, perhaps due to the mixing zone moving past varying patterns of sediment packing.
Numeical modeling showed that a major controltoih shallow sediments is balance between
flows from the surface water and groundwater boundaries.

Our results provide basic knowledge of mixing zone behavior in hyporheic sediments, with

implications for hypadheic zone definitions, solute transport, reaction, and water quality.
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Abstract
Groundwater (GW) contaminants upwelling toward surface water (SW) can attenuate in

the hyporheic zone, with dissolved oxygen (DO) frequeadgtrolling the attenuation. In a
laboratory mesocosm, we induced downwelling of SW into the sediments to create a hyporheic
flow cell (HFC). We added DO to downwelling SW and sodium sulfite;5d8 to anoxic
upwelling GW to induce an abiotinixing-dependent reaction along the mixing zone between the
HFC and upwelling GW. Using planar optodes and @@asurements, we observed movement

of the DO mixing zone (oxic front position), extent of DO mixing (mixing zone thickness), and
location of MDreaction (S@peak concentration). Oxic front position and mixing zone thickness
were stable during nereactive control experiments, indicating that dispersion of DO across the

mixing zone had come into equilibrium with supply of DO to the mixing z&yecontrast, mixing
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zone thickness shrank over time during the reaction experiments, as MD reaction consumed DO
in the mixing zone. The decrease in mixing zone thickness for the reaction experiments indicates
steeper DO gradients and greater dispersicangport) limitation, quantified by Damkohler
numbers farther above unity. Maximum Sf@ncentrations always occurred further from the
center of the HFCi.g¢., more toward surrounding upwelling GW) than did the oxic front. In most
riverbeds, transport dnmixing dynamics are thus superimposed upon existing hydraulic

dynamics, with implications for monitoring and attenuation of contaminants.

Plain Language Summary

Groundwater (GW) contaminants approaching surface water (SW) can be removed in
shallow sednents (hyporheic zone), with dissolved oxygen (DO) frequently a controlling factor
in the removal. These reactions sometimes require mixing of chemicals coming from SW and GW.
We simulated such a mixing zone in shallow laboratory sediments, includingdt}raactive
control experiment where DO coming from SW mixed with water without DO coming from deeper
GW, and 2) a noibiological mixingdependent reaction of sodium sulfite ¢N&x) in GW with
DO in surface water (SW) to produce sulfate {SQVe foundthat the concentration patterns for
the control experiments were stable over time, but those for the reaction experiments were more
dynamic. This was confirmed by differences in location of peak produg} (®@centration and
that of the current DO mirg zone. Thus, in most riverbeds, transport and mixing dynamics are
superimposed upon hydraulic dynamics, with implications for monitoring and attenuation of GW

contaminants approaching surface water.

Key Points
1. Hyporheicmixing-dependent reactions are simulated in a laboratory mesocosm and
observed with dissolved oxygen planar optode
2. Mixing zone position and thickness varied during reaction experiment but not control;
reaction product peak concentration occurred outsisdergizone
3. Even with steady hydraulics, interaction and feedback between reaction and dispersion

created dynamic biogeochemical patterns
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3.1lIntroduction

The hyporheic zone is the riverbed interface where surface water (SW) and groundwater
(GW) exchange and mixnhancing biogeochemical processes in the presence of a diverse and
abundant microbial communifCardenas et al., 2004; Caruso et al., 2017; Sawyer & Cardenas,
2009; Stegen et al., 2016; White, 2006; Zarnetske et al., 20Hgporheic exchange forms
hyporheic flow cells (HFCOGs edorms (efg.hrpples,dunesur f ac
bars, riffles), instream structures, meanders and large vaiéaye morphologyAzinheira et al.,

2014; Elliott & Brooks, 1997; Hester et al., 2014, Kiel & Bayani Cardenas, 2014; Landmeyer et
al., 20D; Naranjo et al., 2015)Some of the most important factors controlling exchange and
function are sediment hydraulic conductivity, strength of river gaining, and depth of alluvium.

GW contaminants in upwelling flowpaths are known to attenuate ihyperheic zone
even in the absence of attenuation in the upgradient aquifer, reducing impacts to SW quality
(Conant et al.2004; Freitas et al., 2015; Landmeyer et al., 2010; Stuart et al., ZoBips et al.

(2015) observed the natural dechlorination of a discharging chloroethene GW plume in an urban
streambed. Conant et al. (2004) showed reduction in a tetrachkmegilume concentration as it
approached SW and simultaneous production of daughter prodeigis dichloroethene).
Landmeyer et al. (2010) showed attenuation of-flezlved contaminants in the hyporheic zone
prior to discharging to a river.

Other studies have focused on nutrient dynamics in the hyporheic zone, particularly
nitrogen(Azinheira et al., 2014; Gomezelez et al., 2015; Harvey et al., 2013a; Hester et al.,
2013; Naranjo et al., 2015; Puckett et al., 2008; Sawyer, 2015; Stelzer et al., 2011; Triska et al.,
1989; Zarnetsketal., 2011b, 2011a, 2012Naranjo et al. (2015) conducted a field study showing
that hyporheic mixing increased with channel flow rate as more SW cycled through the HFC, and
this in turn increased nitrification due to increased downwelling flux sgadved oxygen (DO)
and NH. Zarnetske et al. (2011a) demonstrated that injecting labile DOC in an anoxic HFC
enhanced net denitrification. These studies indicate the master role DO plays in reactions that
affect contaminants in the hyporheic zone, yetse studies did not fully quantify the relative
contributions and interaction of processes such as mixing, dilution, and reaction that may

contribute to observed changes in concentration.
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3.1.1 Hyporheic Mixing-Dependent Reactions and Their Quantificathn

Mixing-dependent (i.e. mixingontrolled or mixinglimited) reactions in porous media
were first studied in deeper aquifers where transverse mixing and dispersion along the plume fringe
is thought to contribute to GW contaminant plume attenugBawer et al., 2008, 2009; Castro
Alcala et al., 2012; Cirpka et al., 1999; Cirpka & Kitanidis, 2000; Kitanidis, 1994; F. Molz, 2015;
F. J. Molz & Widdowson1988; Rolle et al., 2009, 2012Rolle et al. (200Pinterpreted 2D tracer
and reactia data from a laboratory flothrough tank with a numerical model to show that high
permeability zones had a greater influence on mixing than transient flow condianer et al.
(2008 concluded that toluene biodegradation along the plume fringe in a lab experiment was
mixing-dependent due to the steep redox grnaidi Molz (2015) cited various field studies of GW
plumes in which steep vertical concentration gradients (i.e., thin mixing zone) persisted over
relatively large travel distances for reactive GW constituents. Molz and Widdowson (1988)
demonstrated locdtansverse dispersivity values on the order of 1mm or less were required to
maintain these gradients. Yet these studies were not conducted in the unigue conditions (e.g., steep
hydraulic gradients, curvilinear flowpaths) of the hyporheic {btester et al., 2017)

Most studies of hyporheic reactions evaluate-mixing-dependent reactions in which
SW constitients enter the hyporheic zone, undergo transformations, and then return to the SW
body (Cardenas et al., 2004, 2008; Dentz et al., 2011; Kalbus et al., 2009; Kessler et al., 2012;
Tonina & Bellin, 2008; Zhou et al., 2014)ew studies evalt@ mixingdependent reactions as the
mechanism behind observed natural attenuation of GW pollutants that enter the hyporheic zone
(Hesteret al., 2013, 2014, 2019; Trauth & Fleckenstein, 20CHntaminant transformations
observed in upwelling flowpaths by studies discussed ef@mrant et al., 2004; Kennedy et al.,
2009; Landmeyer et al., 2010; Naranjo et al., 20h&Yy have ben mixingdependent reactions,
but the datasets involved are inconclusive.

Using numerical models with local (rather than macro) dispersivities, Hester et al. (2013)
guantified the extent of conservative tracer mixing between upwelling GW contamindriteean
HFC at ~10% of upwelling GW, a result influenced by mixing zone length, transverse dispersivity
and heterogeneity. Hester et al. (2014) added midamendent and nemixing-dependent
denitrification, showing that mixirgependent reactions could ignificant for upwelling GW
nitrate but were often less than remxing-dependent reaction of advected SW nitratauth and
Fleckenstein (20)7and Hester et al. (2019) used models to show that mdepgndent
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denitification increased with SW stage, with implications for storms, seasons, and river
hydromodification. Yet to our knowledge, prior studies have not observed nugpgndent
reactions in the laboratory that allow careful 1) control of driving factor2agdantification of

flow, transport, and reaction processes.

Mixing zone size (e.g., thickness, area) is an important metric of transverse dispersion
(Hester et al.,, 2013and hence potential for characterizing mixohgpendent reactions. For
example, Abarca and Clement (2009) observed migdemendent reaction between aikel
freshwater and acidic saltwater in a 2D benchle experiment and determined mixing zone
thickness defined as 4% volumetric fraction of saltwater to be about 1.5 cm. Bauer et al.
(2008) also estimated mixing zone thickness between 0 and 1.2tkra miaximum of over 2.4
cm, however, no concentration range is mentioned. Chiogna et al. (2011) quantified mixing zone
as 1684% of maximum concentrations for a mixidgpendent reaction modeled in a confined
aquifer.

While these GW studies provide ugibackground for mixinglependent reactions, they
cannot be directly applied to reactions in the hyporheic zone due to greater temporal fluctuations
in head gradients, greater spatial heterogeneity of hydraulic conductivity, and higher head
gradients alog the SW boundary that lead to greater porewater velocities, curvilinear flowpaths,

and greater shear flo@andopadhyay et al., 2018; Hesteakt 2017)

3.1.2Imaging in Subsurface Experiments

Many of the laboratory studies mentioned above used imaging to aid in observing the
mixing processes and quantify mixing zone thickness. Robinson et al. (2016) useespeaidh
camera to image salttrusion and a light intensigoncentration conversidio calculate mixing
zone thickness. Castidlcala et al. (2012) used a similar procedure to image rhodamine
concentrations in a heterogeneous aquifer constructed in a laboratory sadusmet al. (2009
used planar optodsrips to observe aerobic biodegradation of a GW toluene plume. Cardenas et
al. (2016) used planar optodes to observe the spatial pattern of DO irsilniated fish nests
with varying SW velocities.

More recentlyKaufman et al. (20)7used planar optodes to explore dynamic behavior of
DO distribution in a dundénduced hyporheic zone due to changes in SW velocity. Similarly,
Galloway et al. (219) and Wolke et al. (2020) used planar optode for oxygen dynamics using
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stream water and natural stream sediment. Galloway et al. (2019) evaluated oxygen dynamics
under unsteady flow with various gaining and losing conditions and evaluated oxygen
concentations with the planar optode to calculate oxygenated areas. Likewise, Wolke et al. (2020)
guantify oxygenated areas to determine oxygen dynamics and consumption based on migrating
bedforms (i.e., bedform celerity). While these studies have helped wamtkostygen dynamics in

the hyporheic zone they do not analyze mixilgpendent reactions.

3.1.3Purpose of Study

We are not aware of prior studies that rigorously evaluated hyporheic ra&pendent
reactions and their controls in a physieaperiment, including any which took advantage of the
expanded quantification possible with planar optodes. Here we simulated a hyporheic zone in a
laboratory mesocosm to understand the evolution of mixing zones and fdepegdent
reactions, particularlyhose involving DO. Given the role of DO in mediating a wide range of
important environmental water quality reactions and the availability of a DO planar optode for
imaging, we purposefully chose to design the misxdiegpendent reaction experiment to repre
oxygenlimited conditions.

Our objectives were to 1) simulate an abiotic-Bd@suming hyporheic mixingependent
reaction in a laboratory mesocosm; 2) quantify the extent of mixing (mixing zone thickness and
oxic front) and mixingdependent reactiamsing DO planar optodes over timen3asure mixing
dependent reaction products and their evolution over time; and 4) evaluate the effect of varying
the driving SW head gradient ( ph).
3.2Materials and Methods

3.2.1 Laboratory Apparatus

We simulated a HFC typical of those induced bstiream structurefAzinheira et al.,
2014; Cardenas et al., 2004, Crispell & Endreny, 2009; Gooseff et al., 2006; Hester et al., 2017,
Hester & Doyle, 2008)n a modified GUNT HM169 drainage and seepage tank (Figiife.
These flowpaths are also similar in shape and thus mixing zone characteristics to those induced by
ripples and duneCardenas et al., 2004, Elliott & Brooks, 1997; Hester et al., 208Bice this
study is the first physical experiment to simulate mixiiggpendent reactions in the hyporheic
zone, we intentionally created hydraulics that were ststatg as a useful starting point. To
provide a lightcontrolled environment for imaging e optode, an enclosure of black duvetyn

fabric over a black polyvinyl chloride pipe framework was used.
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We created an HFC within the porous media (Figui®) using an embedded partition
that i nduced a @h 31n ThelpartitioB Was (ocpted 22 om flom the lefte
boundary and penetrated the sediment to a depth of 6.5 cm vertically. The sand was homogeneous
Ottawa Flint silica #12 @@=0.53 mm) from US Silica. We estimated hydraulic conductivity (57
m/d) using a constaititead permeameter, and porosity (0.4) by measuring volumes of sediment
and porewater (Tabl@1l).

The mesocosm contained two source water infloves, SW and GW), neither of which
recirculated, but instead flowed through the mesocosm from their respective sources and then
exited to the drain in order to simulate field conditions. Surface water was fed into the inflow
reservoir (Figure3.1A) from an ex¢rnal 45liter feed tank (Figure3.1B) through a valve
controlled builtin pump running 1.14+0.12 liters per minute as measured by an inline needle valve
flow meter (Table3.1). Surface water then flowed through the HFC and exited via the outflow
reservoi (Figure3.1L). Groundwater entered via the upwelling reservoir (Fi@utel) from an
external 46iter constant head tank that was fed from a-R2r upwelling GW reservoir by a
peristaltic Geotech pump. Groundwater from the upwelling reservoirlihneed through the sand
and exited the mesocosm via the SW outflow reservoir. The height of the constant head tank
allowed for the flow of upwelling GW to be gravithivenandvas set f or each @h
heads in the inflow and upwelling reservoirsre similar, in order to prevent direct flow through
the sand between those two reservoirs, which in turn would prevent formation of an HFC. An
inline upwelling flowmeter (Saim LZT) with a metering valve was inserted in the line connecting
the constantédmd tank and upwelling reservoir and used to maintain a flow rate of 1.15+0.05 liters
per minute (Table&.1) to insure a stable steadiate HFC. The inflow and outflow reservoirs
together maintained constant amdmpltomdmnre |l dhdder
on the physical constraints of the mesocosm and ensuring that the HFC was within the optode
boundaries, and are consistent with those measured in field séttigfseira et al., 2014, Elliott
& Brooks, 1997; Hester & Doyle, 2008)

Built-in manometers (Figurg1K) were used to measuhneads in the upwelling reservoir
(Figure3.1 H) . We installed a fAsamplero at t-he top

piezometers and-tL needle syringes for chemical sampling (described in Se8t8 below)

66



(Figure3.1F). The sampler was consttad from an acrylonitrile butadiene styrene plastic sheet

with placements drilled with equal spacing for precise and repeatable sampling.

Table3.1 Mixing-dependent reaction experiment-gptvalues

Temperature ( ) 1822 1822
SedimenHydraulic Conductivity (m/d) 57 57
Sediment Porosity-) 0.4 0.4

SW Hydraulic Head Drop (cm) 4.5 6.0
Upwelling Inflow Rate (liters per minute) 1.15+0.05 1.15+0.05
Downwelling Inflow Rateite., HFC flow rate, liters 1.14+0.12 1.14+0.12
per minute)

Sampling Depth (cm) 2-3 2-3
Sodium Sulfite (NgS0s) Concentration (mol/L) 0.04 0.04

3.2.2 Experiments

A mixing-dependent reaction was designed to occur at the interface of the HFC and the
upwelling GW within the porous media (Figu&1D&E). Sodium sulfite (Nzg5Gs) from
upwelling GW mixed and reacted with DO from SW to form sodium sulfateS®&. This
reaction is kinetically favorable and produces a product that is feasible to meass)re®Qvas
limited exclusively to the SW reservoir (FiguBelB). The upwelling GW reservoir was purged
with Argon during the full duration of all experiments to remb¢@, while NaSQ; was dissolved
in the GW constant head tank and reservoir (Figurg after DO had been purged, allowing SO
to form only where the two source waters mixed in the porous media. This rde@@gpdent
reaction would not be common in theld but rather was designed to allow us to evaluate the
extent of and controls on mixirdependent reactions and DO dynamics. We intentionally chose
an abiotic reaction because it is a simpler starting point for use in the unigue conditions of the
hyporhec zone. In addition to the abiotic reaction, we conducted control experiments where oxic
and anoxic water mixed without b#0s to compare nomeactive mixing with mixingdependent
reaction.

Deionized (DI) water was used for all experiments. Thus, GWAdchere refer to the

location of water in the reservoirs and not the source of experimental water. DI water in the GW
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tank/reservoir was continually deoxygenated with Argon gas throughout the duration of all
experiments to minimize N&Gs reacting with anyDO and producing background $@vels.

The GW tank/reservoirs were also covered with lids to limit DO diffusion into the reservoir. Once
DO levels were below 0.5 mg/L in the GW tank/reservoin30a was added at a concentration

of 0.04M and upwelled tlbugh the system. To maintain a constant upwelling concentration, the
GW tank/reservoir was continuously mixed by a 26.4 liters per minute submersible pump and by
turbulence induced by the introduction of Argon gas.

HFC6s were inducedOwictmh &ma4l ®rcuophamwer . at
hard to observe with the planar optode as the HFC was close to the partition boundary and did not
provide adequate area for s® a mp | i ng . Significantly | arger
confines of the mesocos. The values of oh used in this ex
bedforms such as dun@slliott & Brooks, 1997; Fox et al., 2014; Harvey et al., 2013b; Marzadri
et al., 2016and instream structurg@zinheira et al., 2014)Experimental runs we 63minutes
in duration (after hydraulic steagate was achieved), with sampling and imaging ahiifute

time steps.

3.2.3 Measurements

We monitored DO in the GW tank/reservoir throughout each experiment using HOBO
U26-001 DO meters. We similarly onitored DO in the SW reservoir at the beginning and end of
each experiment with a YSI ProPlus. DO distribution was measured in porous media using a
planar optode between the sediment and the glass (Bdu®¢ (Ballarini et al., 2014; Bauer et
al., 2009; Cardenas et al., 2016; Galloway et al., 2019; Kaufman et al., 2017; Kessler et al., 2012;
Wolke et al., 2020)SQ, concentration was measured in water samples collected at the sampler
(Figure3.1F). Samples were collected in the vicinity of the imijxzone established between the
HFC and upwelling GW (Figur8.1D&E). Both planar optode images and mixing zone SO
samples were taken after a steady state HFC had developed 8@ Nad been added for the
reaction experiment. Steady state HFC cond#ivere determined by constant head manometer
and piezometer measurements (Fig@&& and3.1F, respectively; andppendix B.Figure S4),
and confirmed by stability in optode images (FigBiEG). The time at which N&O; was added
is time zero (t=0) fowrll reaction experiments. In the reaction experiment, th&S®awas not
added into the reservoirs until the DO reading was below 0.5 mg/L from the purging of oxygen
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with Argon, which in turn did not occur until after steagtgte hydraulics had been established. In
contrast, t=0 for control experiments is when thadyestate HFC was achieved and upwelling
GW was anoxic from Argon purging, again after stestdye hydraulics had been achieved.

Concentrations of SOproduced from the N&O; mixing and reacting with DO were
obtained by collecting 1 mL of sample3Zcm below the sediment surface using needle syringes
to minimize sediment disturbance. Seven samples were taken along the sampler3Ekjure
during each time step for each expent. Background SQOconcentrations from the GW
upwelling lines and GW reservoirs were attempted but not reported due to water leaks from the
flow line and oxygen leaks through opening the GW reservoir lids. Samples were diluted in 9 mL
of DI water, theranalyzed using a Hach Sulfate kit and read by a Spectronic 20 spectrophotometer
to obtain S@concentrationsAppendix B,Figure S1 and S2).

The planar optode used in the experiments was 22.5 cm by 17.2 cm and placed across the
mixing zone (Figure 1G)Ballarini et al., 2014; Bauer et al., 2009; Cardenas et al., 2016;
Frederiksen & Glud, 2006; Glud et al., 1996; Kaufman et al., 2017; Klimant et al., 1997; Larsen
et al., 2011; Santner et al., 201Bhe planar optode was produced in the laboratoryroRDGlud
at the University of Southern Denmark and consisted of a light reactive dye of platinum (II)
octaethylporphyrin (PtOEP) and coumarin, a common gain medium that fluoresces, coated onto a
plastic sheet.

We used a Canon EOS Rebel T5i DSLR cameraapture the 2D optode color and
intensity patterns. The optode was excited using 225 blue LED lights with a peak wavelength of
450 nm evenly spaced in a 28.6 x 28.6 cm lamp head. The light was angled downward at 45°. A
f3.5-5.6 lens equipped with a 53trong pass Schott filter was used. The camera was additionally
modified to ensure that the full color spectrum was captured by removing the fiastatied near
infrared blocking filter. The software application Look@RGB (sbhips.de) was used to
automate the lighting and camera. Images were taken in triplicate at each time step, averaged by
Look@RGB, and split into red, green, and blue channels.

We used the modified SteMolmer EquationKaufman et al., 2017; Larsen et al., 2011)
to make the greered light intensity ratio versus concentration (calibration) curepéndix B,

Figure S3 and Table S1 Appendix BSection 1b) that allowed us to convert light intensities to
DO concentrationsAppendix B,Equation S1). Calibration was conducted in the mesocosm tank

using Argon gas and MN&GOz in combination to incrementally varydlDO concentrations from
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0.0 to 9.0 mg/L. We measured DO concentrations throughout the calibration duration using a YSI
ProPlus probe and two HOBO UR2®1 DO sensors. To ensure accurate conversion of light
intensities to DO concentrations, calibrationaitions were identical to experimental conditions,
including light angles and intensities. We also determined that optode response varied little (<5%)

in the range of 1:22°C, so we kept all mesocosm temperatures in this range.

3.2.4 Data Analysis

MATLAB was used to analyze optode images. A gigdéngth conversion was employed
to show spatial scales of the oxygen distributions/profiles. The images were smoothed by
averaging neighboring pixels together in blo@RastreAlcalé et al., 2012; Kaufman et al., 2017;
Robinson et al., 2015)Block size wa2x2 pixels (0.44mm) because it reduced noise from grain
and boundary influences but did not affect the resolution of mixing zone at mm to cm scales.

Mixing zone thickness and position (oxic front position) were determined for each image
time step by angking planar optode images at rows of pixels located at an average depth of 3.5
cm. Values from three consecutive rows (at depths of 3.45, 3.50, and 3.54 cm) were averaged to
minimize the effect of smalcale natural noise resulting from sediment graiftsee mixing zone
was approximately vertical at this depth, and it closely corresponds in space ta Saping
A vertical mixing zone simplified our analysis by allowing us to calculate mixing zone thickness
only in the horizontal direction (along@w) rather than diagonally across rows and columns. We
normalized DO concentrations in each optode image by dividing DO concentrations in each pixel
by the maximum DO concentration in that image to facilitate comparison between the experiments
since theyhad varying starting DO concentrations. The normalized DO profiles at this depth were
interpolated to obtain the spatial location of a given percent of maximum concentration. Mixing
zone thickness was then calculated as the horizontal distance alomgfilechetween the 16%
and 84% normalized DO concentrations. These percentages are one standard deviation from the
median in a normal distribution and thus are widely used to define 2D groundwater plume
distributions(Abarca & Clement, 2009; Chiogna et al., 2011; Lu et al., 2009; Lu & Luo, 2010;
Robinson et al., 2016)

The oxic front and peak S@ositions were determined as horizontal distances relative to

the partition (Figure8.1C). The oxic front position was based on the location of the 84% DO
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concentration. The peak $Qosition was the location of the highest measureglce@centration

from each time step and not necessarily the overall highest@®entration for that experiment.

3.3 Results

Consistent with our experimental design, the hydraulics were essentially steady state
throughout the duration of each experiment as indicated bstananflow rates (Tabl8.1) and
constant headsAppendix B, Figure S4) over time. This allowed us to attribute solute
concentration changes over time to transport and reaction dynamics alone which itself may have

time-dependency as discussed below.

3.3.1 Sediment DO Distributions (Planar Optode)

Pl anar optode iIimages show 2D normalized LT
conditions that capture mixing in both a a@acting control (mixing between oxic and anoxic
water) and the mixinglependent redion of Na&SQOs; and DO (Figure8.2). Three distinct areas
are noted: 1) quarter ellipses of upwelling oxic SW within the HFC (red, orange, yellow), 2)
upwelling anoxic GW (deep blue), and 3) mixing zone between SW oxic and GW anoxic zones
(greenishbandaf ol or gradati on) . The size of the HFC
Figures 2AC with 2BD), consistent with greater downwelling into the subsurface, which in turn
lengthens the mixing zor{élester & Doyle, 2008; Nida, 2015)

Although subtle to the naked eye, the DO concentration distributions are different between
control and reaction cases, as verified by image analysis. The intensity of the red coloration within
the HFC (.e., oxic region) is slightly greater for the controls (Fig@&2AB) than the reaction
images (Figure8.2CD), indicating that maximum DO concentrations decreased proportionally
more within the reaction HFC. Estimations of the number of pixelsethegeded 75% DO
concentration showed that for ®@h=4.5 ¢cm the <c
reaction i mage while for @h=6.0cm the control
effect is greatest near the lower part mixing z¢ree, deeper in the sediment), indicating that
excess Ng50s in the reaction case may be diffusing far into the HFC at low levels.
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Figure 32.Nor mal i zed DO spati al di stributions from

cm (A, C) and 6.0 cm (B, D). (A, B) are controls where neS@a was present; (C, D) are
experiments where N80z was introduced and thus $@roduced. The pixel row (3.5 cdepth)

used for image analysis (Secti83.2) is shown below each respective full optode image. Colors
represent DO concentrations normalized to initial maximum concentration for each experimental
run (DGnax=7.8, 7.3, 6.8, 8.2 mg/L for panels a, b, agdpectively), thus colors represent changes

in each experiment relative to initial baseline conditions. Variation in maximum DO concentration
among experiments does not noticeably impact final DO distribution as shown by similar trends
in mixing zone titkness and oxic front (Sectiods3.2 and3.3.3). Optodes show some edge
effects; colors within a few mm of the optode boundary (we have shown full optode) may not be

as accurate, but do not affect oxic front and mixing zone thickness estimates.
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3.3.2Concentration Profiles and Oxic Fronts

Figure3.3A shows normalized DO concentration profiles rendered as 1D horizontal slices
through the optode images at a depth of 3.5 cm below the sediment surface for the four
experimental conditions. Steep Oncentration gradients are noted for each case reflecting a
limited effect of transverse dispersion in the horizontal direction. The reactive effect op8@&Na
is reflected in steeper DO concentration gradients (approximately 3%) compared to thbee for
contr ol case. The oxic fronie,phs=6f.a0r tchne)r o oon st
with larger HFC.
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Figure 3.3. Normalized DO (A, reaction and control cases) and &fDcentrations (B) versus

di stance from partition for @h=4.5 c¢cm and 6.0
at depth=3.5 cm and t=60 minutes and normalized per F&ureDO profiles are shown for only

onetime step because those for othieres are similar. S£concentration profiles (B) show two

times, including that of maximum S©@oncentration at t=30 minutes (359.2 mg/L and 320.0 mg/L

for ph=4.5 cm and 6.0 cm, respsz {mav 8 vy) , a
concentration=320.0 mg/L and 292.5 mg/L, respectively)s €&ple locations were unevenly

spaced to capture sampleghin the HFC, in the mixing zone, and outside HFC.

SQ4 concentration profiles are shown in Figur@Bfor a line of samples collectedcm
below the sediment surface at times of 30 and 60 minutes following the introductiopSkNa

The position othe SQ concentration peaks to the right of the oxic front in Figure 3 for each
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experimental run. This means $S@roduction was occurring further out from the center of the

HFC than the location of the oxic front at the time of measurements.
MaximumSQsconcentrations (359.2 mg/ L and 320. (

respectively) occurred at t=30 minutes (FiguigB3. Peak S@concentrations had decreased by

t=60 for both hydraulic conditions. This decrease in max &0centration occurs concantly

with stabilization of the mixing zone thickness and oxic front position at t > 30 min (Figdres

3.5). Differences in the position ofthe S @eak concentrations refl ect
As oh i ncreased from 4. Ractiverexgemmer@ds (€g., Eignrei n t I

3.2A t03.2B and3.2C t03.2D), the HFC increased in size and thus the mixing zone and oxic front

both shifted to the right (Figur&3A, 3.4A). For example, the distance between the partition and

the 84% concentraticzontour oxic front increased on average from 5.83 to 9.31 cm for the control

experiments (Figur84 A) . As oh i nc rie.psgagatigap) between dontmltamdn c e (

reaction oxic fronts increased (FiguBdA, AppendixBFi gur e S6) . wotldieduckei gher

higher porewater velocities along the mixing zone, which in turn would allow less time for the

system to reach steadyate transport and reaction in the mixing zone. This is consistent with

higher maximumS©@c oncentr at i o w4.5emh FFigurey38d f or h
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Figure 3.4. Distance from partition to oxic front (84% of peak/normalized DO concentration): (A)

ver sus oh; boxes are averages and errors bar
analyzed (3.45, 3.50, and 3.54 cm) and over the full experimental duirnof) and 3670 min

range (reaction), (B) versus time since steady state hyporheic flow cell (HFC) was observed
(control) and since N&QO:; was added (reaction); boxes are averages and errors bars are standard

deviations across the three depths analyzed.
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Over the course of the control experiments
(Figure34B) and thus is considered steady. By con
case moved slightly away (~2 ciinpm the mesocosm partitioto(the right in Figure8.2-3.3),
whereas for @h=4.5 ¢cm it moveidk,tcthelleft mFiguyes t owar
3.2-3.3). These shifts occur mostly at t < 30 minutes becaus8®as added at t=0, and the
systemimmediately begins to adjust to the reaction taking place. The observed trend may also be
explained in part by the differences in advec
velocities along the mi32)atiagv DOcosaniption lwyithe §h =4 . 5
oxidation to shift the mixing zone and oxic front toward the HFC (to the left in FiG2e%3).

Yet this effect would occur | ess 32 dacreaghthe6. 0 ¢
potential for reactions to occun@ thus limit the rate at which the hydraulics and mass transport

bal ance each other as was seen with the | ower
reduce leftward migration of the mixing zone, although we are unsure why the mixing zone
actualy went as far as to move to the right. This kinetic limitation is indicated by the opposing
changes seen in the oxic f didnotshiffcloserto thie pattion goh ,

as the reaction proceeds.

3.3.3 Mixing Zone Thickness

The average mixing zone thickness for the control experiments (BdiAgare 1.03 cm
to 1.06 cm for @h=4.5 c¢cm a3b4). Tiph differenBe ircrmxing e s p e c
zone thickness is minor for %% concentrations, although tbigference is larger for 200%
(1.71 cm to 2.21 cmAppendix BFigure S5). These trends are consistent with prior experiments
of hyporheic mixing zone@dNida, 2015) The increase in mixing zone thickness may occur because
increased oh | eads to | onger mixing zone | eng

along a greater lengtiNida, 2015)
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ar e st

(reaction), (B) versus time since steady state hyporheic flow cell (HFC) was observed (control)

and since Ng&5Oz was added (reaction); boxes are averages and errors bars are standard deviations

across the three depths analyzed.

Mixing zone thi&kness was overall greater for the control than the reaction case (Figure

3.5A). We calculated the difference by subtracting the control values from the reaction values;

thus, positive means reaction was larger and vice versa for negative values. The valt@9were

cmand0. 15 c¢cm for @h=4.5

c m aiffedencé be@veen oontrolramds p e ¢ t

reaction values was caused by the different mechanism taking place during the experiment. During

the control experiments, mixing occurs as dispersion determines the gradient between source

waters of different oxygen levels (oxand anoxic). During the reaction experiments, a reaction

is superimposed upon the dispersion process. Thus, it is expected that if kinetics rates are faster or

equal to dispersion rates (as they are, see dimensionless analysis below in33kthdrat the

mixing zone would shrink (which it did, FiguBs5b).

Mixing zone thickness did not change substantially over time for the control experiments

(Figure 5B), although a decrease was observed from 1.17 cm (t=0 min) to 0.87 cm (t=60 min) for

h=4m,5 a&and 1. 31 c¢cm (t=0

mi n)

t o

1.

02

cm

(t=60

zone thickness decreased over time by roughly half for the reaction experiments, from 1.42 cm to
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0.83 ¢cm for @h=4.5 c¢m, and from Hhlued decreased t 0 O .
below the corresponding control values as3 continued to react with DO in the mixing zone.
The net effect was mixing zone narrowing; therefore, reaction outweighed any increased
dispersion, an indication for high Damkohler numbers, (dispersion limitation, see Section
34.1). The rate of decrease in the reaction mixing zone thickness declined with time, with the

|l ower ®h (4.5 ¢cm) stabilizing before the high

3.4Discussion and Analysis

3.4.1 Relative Dominance oAdvection, Dispersion, and Reaction Processes

The relative importance of advection, dispersion, and reaction and processes can be
guantified with dimensionless numbers and characteristic timescales. We calculated Peclet (Pe)
and Damkohler (Da) numbedhmerkamp et al., 2015; Dykaar & Kitanidis, 1996; Haggerty et
al., 2014; Harvey et al., 2013a; Taylor & GuB817; Zarnetske et al., 201&)hich first require
calculating a dispersion coefficient, D4is). In this study we focus on transverse mixing across
the mixing zone, thus we calculated the transverse dispersion coeffigient/§). Weusedthe
dispersion model equations for conservative adveetigpersionHester et al., 2013; Rolle et al.,
2013)

SO QE Qi 4 (3.1)

o — (3.1a)

where mixing zone thicknessés) are those fronthe control experimenivp is the velocityof
porewater movement along the length of the mixing zone (m/s) and L (m) is the length of the
mixing zone (Table.2). L/v is the residence time of water travelling along the length of the
mixing zone,.e.,time available for transverse dispersion tow. We estimated yby applying
Darcyods Law t o hydr Appdndix®BFidgure §4) anditbezbsttom of theevatérs  (
column immediately above, together with hydraulic conductivity and porosity from Bdble

Thus, these are overestimates feerage y along the mixing zone flowpath. We estimated L as

the length of mixing zone captured by the optode images. These are underestimates but are the
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only direct way to measure mixing zone length and capture both the majority of the true length as
wel | as i ts var i 2a2.iToenunderestinhate éphL agdRhe guerestimate for v
means that calculated valuednfare overestimates. Calculated valueBofaried little between

the two ohobés, primarily becausepincreases 1in

We calculated Pe using the version in Haggerty et al. 2014,

0Q — (3.2)
where L (m) is again the flowpath length along which advectiortrandverse dispersion operate.
The resulting values (TabB2) were > 1, indicating dominance of advection rather than dispersion
for both mh. This is consi st en323B)aséxpecttde t hi
for clean sand porous mii@ (Rolle et al., 2013) Other studie¢Ballarini et al., 2014; Haggerty et
al., 2014; Rolle et al., 2013; Taylor & Guha, 20ti@monstrate that large Pe numbers indicate

solute stretching but low mixing.

We estimated Da based on the approach okaBiyand Kitanidis (1996) arthylor and
Guha (201,

Da =Dl (3.3)

where & is t heoxkiidnaettiiocn r(alt/es )of SME esti mated &
using the same reactant concentrations in DI water as those used in the mesocosm experiments
presented heréAppendix BSection 3a, Figure S7 and Table S2). The resulting Da values were
substantially > 1 (Tabl8.2), indicating reaction was dispersibmited, this is consistent with thin

mixing zones (Figure8.2-3.3) and Pe values > 1. Thus, in our experime@ and SQ advect

along the mixing zone, but reaction to S®limited by minimal dispersion. Because our chosen

reaction has inherently fast kinetics, disperdiomtation is also consistent with declines in mixing

zone thickness with time (FiguB5B). In particular, because reaction occurred beforec8@d

disperse very far from upwelling groundwater into the hyporheic flow cgi;a® consumed only

in a narrow band on one side of the mixing zone. This in turn limited the width of the band in

which SQ production occurred.
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Table3.2. Dimensionless numbers, characteristic process timescales, and related input data

Parameter oh = 4.5 c¢cph = 6.0 ¢
> (1/s) 0.33 0.33

L (m) 0.193 0.261

Dt (m?/s) 9.8 x 10° 1.0 x 10’
v (cm/min) 1.08 141
Mixing Zone Thickness (m) 0.0103 0.0106
Pe € 360 610

Da (-) 1.3x 16 2.2x 16
Characteristic advection (residence) timeg 20-30 20-30
along mixing zone (min)

Characteristic dispersion time of @ across| 18.0 18.4
mixing zon€" (min)

Characteristic reaction time of SGISOs | 3.0 3.0

(s)

At location of mixing zone thickness calculations (3.5 cm beneath secinagert interfacei.e.,
AFO in Figure 1).

We also estimated characteristic timescales of relevant processes (J.2hle
Characteristic advective transport time along the mixing zone was estimated from optode images
captured every ten minutes, showing the time elapsed from when SW was switthéoramthe
hyporheic flow cell (HFC) and when the steady HFC was fully formed. Characteristic times for
O, reaction and dispersion across the mixing zone were estimated as tHigknasd 15;
respectively. This is consistent with Pe>1 and thin mixing zones. More importantly, characteristic
reaction timescales are substantially lower than either advemtidespersive times, consistent

with high Da numbers.

All of this is consistent with the thin mixing zones (~1 cm) in this study and with prior
work (Abarca & Clement, 2009; Ballarini et al., 2014; Chiogna et al., 2011; Hester et al., 2014;
Marzadri et al., 2016}or exanple,(Nida, 2015)found mixing zone thickness of roughly 4106
cm (1690% range) in laboratory simulated hyporheic zones whose substrate and hyporheic flow
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cel | are the same as t hi s mixing doped 8 the fkadsemceofa et

density gradients in laboratory studies and found mixing zone thicknesses of a few cms with a

head drop of 8 cm and porosity of 0.39. Hester et al. (2013, 2014), which has similar head drops

and hydraulic conductivity, obseed mixingdependent reactions and found mixing zones (10
90% range) occupying ~10% of the model domain, consistent with thin mixing zone thicknesses.
Marzadri et al. (2016) used an analytical model of gaining conditions, and found mixing zone
thicknessedrom 1-10 cm. This range seen in Marzadri et al. (2016) is larger than the studies
mentioned above, due to their wider range of hydraulic conditions. Yet many field studies present
data consistent with substantially larger mixing zofB¥&ygs et al., 2014; Cardenas et al., 2004,
2008; GomeVelez et al., 2015; Gooseff et al., 2006; Kasahara & Wondzell, 2003; Malcolm et
al., 2005) implying additional conditions or process$agher enhance mixing in real rivers (e.g.,

heterogeneity of sediment texture and microbial abundance that affects residence times and

flowpaths). This is an area ripe for future research to understand the interplay between ecology,

hydrology, hydraulicsand chemistry on mixinfHester et al., 2017)

3.4.2 Dynamic Hyporheic Reactive Mixing Zones

The position of the sulfate peak to the right of the oxic front in FiguBec8uld be
explained by the interplay of GW flowpaths and reaction in the mixing zone. At the beginning of
each reaction experimental run, steady state hydraulics are establishédsethithe location of
the boundary between the HFC and upwelling GW, with this boundary further to the right for
hi gher @h. The mixing 2z oniee., dieftont)eveund therxinitially a n d
set up at this hydraulically induced boundhocation (Figure3.6A). Mixing-dependent N&Os
oxidation in turn would occur first at this initial mixing zone location, consuming DO and
producing S@ DO consumption would then move up the mixing zone/flowpath toward the top of
the sand (Figur8.6B). This process would happen continually, moving the oxic/anoxic mixing
zone up and to the left in Figure33ultimately leading to a measured Si@ak toward the top of
the sand that is to the right of the oxic front in Figu®(8igure3.6C) (.e., in the anoxic blue

area just outside the quarter ellipse in Figg&). This can also be thought of in terms of time,

i.e.,there is delay between where the oxygen front is and where the highest amount of product is

measured, such thatitcan be thougla af a 0 t sthatifollows tleefoxicHdnt. Thus, steady
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state hydraulics would set the location for where the migieggendent reaction first occurs, but

then the reaction would shift the mixing zone as reactants are consumed. We acknowledge that
this theory only partially predicts the mh=6.0
of the latetime mixing zone, but the mixing zone itself did not move left during the period for

which we have measurements (FigB#4B).
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Figure 3.6. Schematic of the S{)green) to S®@(maroon) reaction. As the reaction starts, the
reaction takes place at the established mixing zone (A), then as (b€ gets consumed $0
remains at the location of the initial mixing zone boundary (B), and thes8iOtion moves

towards the @front, further separating the oxic front ands3@ak (C). Drawings not to scale.

Mul ti ple hyporheic zone studies indicate t

(e. g., fluctuating S-Weépement) attecuationHastarcet al.a 2089; mi x i |
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Newcomer et al., 2018; Shuai et al., 201HApwever, these studies did not explore how reactions
taking place also influence the mixing zone. Our results show that even with -stately
hydraulics (Figure S4), reactions in the subsurface also influence the mixing zone. In other words,
shifts in chemical boundary conditions, in addition to shifts in hyldréoundary conditions will

affect mixing zones. In our study, we saw that stestd{e transport (rate of DO dispersion being
equaltorateof S&d i sper si on) was eventually achieved
response times to these diface types of boundary shifts make understanding muokepgndent

reactions more complicated.

This has important implications for understanding temporal variations in reactions, and
pollutant attenuation in the hyporheic zone as chemical gradientsashifiyer stage is always
changing due to storms, dam operation, tides, and diel cycles of snowmelt or evapotranspiration
(GomezVelez et al., 2015; Harvey et al., 2013b; Hester et al., 2019; Knights et al., 2017; Krause
et al., 2013; Loheide & Lundquist, 2009; Malzone et al., 2016; Schmadel et al., Z8WS6) in
most rivers, transport amdixing dynamics are superimposed upon hydraulic dynamics, adding to
the complexity of interpreting field data and estimating net reaction rates.

3.4.3 Novelty and Limitations of Approach

Our results are thiérst to observe mixinglependent reactions ugrthe unique conditions
of the hyporheic zone using a controlled physical experiment. We were able to simulate and control
an abiotic DGconsuming mixingdependent reaction, quantify oxic front location and mixing
zone thickness in a laboratory mesocoammd eval uate the effect of
zones. This allowed careful quantification of hydraulic, transport, and reaction processes which in
turn enabled us to recognize the decoupling of the stetatly hydraulicalhdefined hyporheic
flow cell where SW and GW meet from the dynamic movement of theamagic mixing zone
(i.e., oxic front) due to mixingdependent oxidation of excess:86s from GW. We were able to
perform this quantification for t wohydsaWic gh,

conditions may influence mixindependent reactiormdhence mixing zones.

The optode images provided in this study are some of the first shown for hyporheic zone,
particularly the first to use planar optodes to analyze and measure oxygenasyimaanmixing

controlled hyporheic zone reaction. Bauer et al. (2009) and Ballarini et al. (2014) used planar
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optodes in their GW studies, however, they did not present the images to illustrate the 2D
representation of DOKaufman et al. (200)Avas the first to use optodes to shepatially explicit

DO dynamics in a dunmduced HFC. However, their system was recirculating, and experiments
lased days as opposed to our study which was not recirculating and had a maximum observation
time of 2 hours. Wolke et al. (2020) and Galloway et al. (2019) are the first known studies of the
hyporheic zone that analyze oxygen data over time with planaresptoctalculate oxygenated

area of sediments. These studies provide great insight into subsurface oxygen dynamics, but do
not observe mixinglependent reactions or clearly analyze the reaction kinetics influence on
oxygen profiles. This study along withose mentioned here demonstrate a clear delineation

between the oxic mixing and anoxic regions.

NaSQ; easily transforms to N8Qu, thus excess N8G; is needed, so we used about 20
times the amount necessary for deoxygenation to ensure the quantificationpb&axtion and
ensure abiotic conditions given $@xicity to microorganisms. The excess>S8@&; added and
the instantaneous and irreversibledation results in higher concentrations of products measured
than for slower and reversible reactions. The excesS®allowed for a larger amount of SO
to be transformed to S@s there is a larger chance for the interaction between the DO #8@:Na
and thus it influences both the mixing zone thickness and peak@Dentration. Yet mixing
zone reaction dynamics would likely vary with stoichiometric ratio of 8@, with lower ratios
leading to lower S@concentrations. The stoichiometric ratmuld also influence the mixing zone
thickness and oxic front location as the reaction was shown to influence these variables, with lower
ratios potentially resulting in less shrinking of mixing zone and movement of the oxic front.
Therefore, the concemttion of the NaSOz or any groundwater pollutant will impact the mixing

zone and chemical fronts.

We calculated mixing zone thickness and measurea¢&@entrations at an average depth
of 3.5 cm because that is at the downgradient end of the mixingwbags the mixing zone is
most developed, and thus is the best metric for overall mixing zone dynamics. The mixing zone
is also the most vertical at that location, simplifying calculation of mixing zone dimensions from
gridded pixel data. Yet obtainingd% concentrations and mixing zone thickness over multiple
depths would expand our understanding of hyporheic mixing dynamics and how they evolve along
individual mixing fronts in the hyporheic zone. $S®as not measured during the experiments
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because S¢reacts with any oxygen present making it very difficult to collect samples without
contamination. In addition, SGsampling would require withdrawing >1 mL, which would
increase disturbance of the mesocosm flow field. Future efforts to collect suchrensasis

could facilitate mass balances of reactants and products.

Obtaining S@ measurements across a wider transeet, tarther to the right in Figure
3.3B) would ensure the S@eak and plume extent was consisteaflgtured andllow calculation
of the mass flow rate exiting the sediment to surface water on both sides of the mixing zone.
Understanding the expected relative positions of peak and plume are also important for designing

future field studies of hyporheic reactive mixing zones.

Our expemme nt a l set up | imited Hhhattcduld beloleservedt mb e r
The optode placement di d n averelanlted bywhe infow pipe o we r
i n t he infl ow reservoir. A wider ran @re of (
characterization of trends versus oh but woul
changing the upwelling flow rate would show how gaining flow rates affect mixing and mixing
zone thickness. Future studies could also address response of bkiagior to transient

dynamics in boundary heads.

We acknowledge that syringe sampling could have impacted groundwater flow fields.
However, this was minimized by the small sample volume (1 mL translates to a 6.2 mm diameter
sphere, which is less thdte 1.5 cm spacing between sampling), the upwelling gradient which
flushes any perturbation upward away from the mixing zone being studied, and syringe needles
which are <5 mm in diameter and are removed and reinserted within a few minutes. The latter
ad so minimized influence on surface water f1l ov
500(Chaudry, 2008)see Sl Section 3b for details. Laminar surface flow conditions also prevented
reactants or products exiting to surface water from circulating back down into the sediments and
influencing sample results. Yet, caution is advised to not stir up sediment when inputting and

removing the syringe needle which can impact the @ak location.

Finally, we acknowledge possible artifacts in the planar optode images. For example, in
Figure 33d, there is unexplained color variation from approximately 0.5 to 0.8 normalized DO
concentration between the lower left and upper right portions of the HFC. These two points fall

approximately along a hyporheic flow path, and the only possihbieeass of DO are advection
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from the upgradient water column and dispersion from adjacent flowpaths, yet the observed color
pattern is not organized along flowpaths, equipotential lines, or dispersion fronts. By contrast,
slight variations in color intensitare also visible in the blue upwelling anoxic region, and there is
often continuity of these patterns across the mixing zone, consistent with a cause unrelated to flow
and transport processes in the sand. For this reagsodpelieve this particular calgattern to be

an artifact of the optode rather than a real trend in DO occurring within the mesocosm. We are
not certain the cause of the artifact, but one possibility is mild warping of the optode from the tape
that holds the edges of the optode todlesss or leakage of water through the tape to the space
between the optode and the glass. Furthermore, this artifact is exacerbated by our normalization
to the range of DO concentrations in each individual optode image, rather than to DO saturation.
Redaardless, our conclusions are built upon measurements of mixing zone thickness and position
which are based on large DO differences over short distances measured normal to flowpaths. By
contrast, the artifacts described above represent larger scale rhtleeesdtects longitudinally

along flowpaths. Thysve believe that the artifacts do not affect the conclusions of this study.

3.4.4 Application

Since some upwelling GW contaminants require mixing with SW to degrade, this study
can aid in informing river managemeft@raf, 2006; Herzog et al., 2018; Hester et al., 2017;
PeraltaMaraver et al., 2018)We demonstrate how hyporheic mixing zones are affected by both
SW head conditions and mixirdgpendent reactions. SW head controls the advective flowpath
length and residence time along the mixing zone (advection timescale), which determines the time
available or opportunity for dispersion (dispersion timescale)ctwin turn determines the
opportunity for mixingdependent reaction. The actual degree of reaction that occurs is then
determined by the interaction of this dispersion timescale and kinetic rate of the reaction (reaction
timescale). Thus, dispersion arghction need to be in balance to maximize transformation of

mixing-dependent reactions.

Our results show attenuation is a complex system where both hydraulics and kinetics need
to be optimized and balanced to maximize attenugBamdopadhyay et al., 2017; Dentz et al.,
2011) Pollutant #enuation can therefore be enhanced by manipulating residence time

distributions (advection timescales) via increasing hyporheic exchange and/or varying hydraulic
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conductivity to match the kinetics (reaction timescales) of the desired refctarenas et al.,
2004; Herzog et al., 2018; Sawyer, 2Q1B)estoration efforts, heterogeneiyn be implemented

by varying the layering or distribution of different sediments to enhance heterogeneity or create
pockets of a different conductivity for specific residence time requirements.

Our study also has implications for pollutant monitoring dodumenting attenuation,
including monitored natural attenuation (MNA). To accurately quantify the extent of
transformation, choice of monitoring location is crucial. In this study, we observed how peak SO
production was located at the boundary of the HFC rather that at the oxic front. Yet the oxic front
will be more readily observed in the field than the boundary of the HFC, and the oxic front may
shift with time even with steaestate hydraulics. We a@bserved that the S@roduction zone
spans a larger width than the mixing zone, which could be confusing to interpret without the
theoretical background provided here. Furthermore, with thin mixing zones, precise placement of
monitoring locations is keyTrhus, capturing both the mixirdgpendent reaction production zone
and peak concentrations would indicate the location of mixing and extent of mixing taking place,

both crucial for monitoring and enhancing natural attenuation.

In multiple hyporheic zonstudiegConant et al., 2004, Ellis & Rivett, 2007; Freitas et al.,
2015; Graham et al., 20; Landmeyer et al., 2010; Peralfaraver et al., 2018; Tonina et al.,
2015) measurements are sited within the HFC, yet they do not always indicate how reactions are
affecting the position of chemical gradients within hyporheic zone, with implicatfon
monitoring. Knowing how the reaction affects the biogeochemical patterns in the subsurface may
be key to evaluating the success of a restoration project.

3.5Conclusions

Hyporheic zones can naturally attenuate upwelling groundwater (GW) contasnamaht
may play an important role in maintaining water quality in streams/rivers. In this study, we
simulated a mixinglependent abiotic reaction for the first time in a laboratory hyporheic zone.
The experiments maintained steady state hydraulics to toctreinsport and kinetics in mixing
dependent reactions. The abiotic reaction of sodium sulfiteS@ and dissolved oxygen (DO)
was observed for 6fhinutes using a planar optode and multiples S&mples were collected in a

mesocosnrsimulated hyporheiflow cell. We observed mixing zone thickness, concentration
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profiles, and oxic fronts under two driving s
cm. Mixing zone thickness was defined as 16% to 84% of max DO concentration and oxic fronts

were he position of 84% of the max.

Under steady state hydraulics, oxic front position and mixing zone thickness were stable
during nonreactive control experiments, indicating steathte transport. By contrast, the
mixing-dependent reaction influenced tinéxing zone thickness and oxic front over time (Figure
3.4 and3.5) indicating feedback and interplay between transport and kinetics even under steady
state hydraulics (Figur8.6). In particular, mixing zone thickness shrank over time during the
reactiveexperiments (Figur@.5B) as mixingdependent reaction consumed DO in the mixing
zone. The decrease in mixing zone thickness for the reaction experiments 3Egliiadicates
steeper DO gradients and greater dispersion (transport) limitation foatiiereecase, quantified
by Damkohler (Da) numbers farther above unity. PeakcB@centrations always occurred on the
upwelling GW side of the oxic front (to the right in Figur848), indicating a dynamic process of
DO consumption and resulting mixingreoshifts. In addition, S{&zoncentration profiles (Figure
33B) demonstrate that the | ower scqgneentmtionduett cm p
| ower porewater velocities and hence greater
Future studies could extend this work with a rigorous mass balance; gr&fction andelate

that to oh and residence times.

These esults illustrate the importance of understanding the balance of transport and
kinetics of mixingdependent reactions in the hyporheic zone (e.g., quantified by Da) when
interpreting contaminant concentrations patterns from field st¢@msant et al., 2004; Freitas et
al., 2015; Landmeyer et al., 201)hese dynamics be further study, including the effect of
additional controls such as sediment heterogeneity. Two major constraints of this study were limits
on the possible range of oh due to the size of
rate we chas to minimize experimental time required given the-remirculating mesocosm. Yet
this is the first study that observes chemical concentrations of a rugjmgndent reaction the
hyporheic zone in a physical experiment. In most riverbeds, the transganix@ng dynamics we
observed are superimposed upon existing dynamic hydraulic, with implications for attenuation and

monitoring of contaminants in the hyporheic zone.
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Abstract
The hyporheic zone can be defined as were upwelling groundwater mixes with surface

water in shallow submerged sediments. Such mixing may allow reactions dependent on chemicals
in both source watergmixing-dependent/mixingontrolled reactions) which can attenuate
contaminants along upwelling flowpaths, reducing transport to surface water. This study used
MODFLOW/SEAM3D to numerically simulate earlier laboratory observations of mixing zones
and mixng-dependent reaction between sodium sulfitex @) in upwelling groundwater and
dissolved oxygen (DO) in downwelling surface water (i.e., hyporheic flow cell) to produce sodium
sulfate (NaSQu). This reaction does not occur in nature, but rather astsragate for mixing
dependent reactions, thus allowing evaluation of basic controls. We evaluated how location and
thickness of mixing zones and reaction product production zones dynamically respond to
variations in 1) hy dr o(upwalingcgroimdwaterda downwellingn f | o w
surface water that formed the hyporheic flow cell); 2) inflow boundary concentrations of DO,
NaSQO; and SQ; and 3) reaction kinetic rate. Sensitivity analysis showed that mixing zones,
production zones, and front ltions were most sensitive to changes in the inflow ratio and least
sensitive to background S©oncentrations. Mixing zone thickness for reactive DO calibrated to
experi ment al data was thinner than that for
concentration as DO but conservative tracer), indicating that as DO is consumed its mixing zone
narrows. The S©production zone was consistently larger than the DO mixing zone and located
further toward the periphery of the hyporheic flow cell, i.e., whatior reactant consumption
occurred. Small changes in mixing/production zone thicknessedinlazd tolarge changes in

mass consumed and produced. This study improves understanding of the evolution of hyporheic
mixing-dependent reaction zones thatuwoeven under steady state hydraulics, emphasizing their
complex controls. It further links practical field metrics such as reactant production widths to their

contaminant management implications such as mass consumed.
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4.1 Introduction
The hyporheizone occurs where surface water and groundwater interact below or adjacent

to stream and riverbeds. It is a key interface within the river corridor where important chemical
reactions occur in the presence of unique biological communities. Mixing alosgriade
flowpaths is an important process that influences contaminant attenuation in the hyporheic zone
(Bandopadhyay et al., 2018; Hester et al., 2014, 2017; Li et al.,.20iXMg of source waters is
particularly important for upwelling groundwater contaminant plumes which may undergo natural
attenuation via mixinglependent (mixingontrolled) reactions in the hyporheic zone and thus
protect surface watéBoano et al., 208; Conant et al., 2004; Ellis & Rivett, 2007; Freitas et al.,
2015; Hester et al., 2014, 2019; Krause et al., 2013; Weatherill et al., 2019)

Controls on natural attenuation of upwelling pollutants in the hyporheic zone have been of
growing interest, ialuding how such attenuation may be enhanced. For example, Weatherill et al.
(2019) observed that areas where nitrate plumes had already denitrified were more favorable to
reductive dechlorination of upwelling chlorinated ethenes due to lowered redoxtigdoten
Similarly, Burke et al. (2014) studied temperatdependent attenuation of micropollutants and
showed that the presence of colder surface water allowed for deeper penetration ofrickygen
water into the subsurface. This is in turn aided -oldpendent attenuation as the mixing of the
oxic water and micropollutants enhanced reactions and mass consumption. Finally, Krause et al.
(2013) showed the greatest denitrification in upwelling groundwater occurred where low hydraulic
conductivity led to higar residence times which allowed for longer mixing times and hence DO
depletion. These studies demonstrate that attenuation may be dependent on mixing of solutes that

provide ideal location for reactions to occur.

Given the importance of mixindependenteactions for natural attenuation of upwelling
contaminants in the hyporheic zone, analysis of variables that influence hyporheic mixing
processes is an important area of study. Previous studies have shown that key parameters that
enhance mixing and themee mixingdependent reactions include heterogeneity, transiency, and
residence time@Bandopadhyay et al., 2018; Hester et al., 2013, 2014, 26b8example, Hester
et al. (2014) employed a numerical model to study mixiegendent denitrification in the
hyporheic zone and observed that mixing zone thickness was relatively small with values
approximately 1 cm. A follovup study showed that surfasater fluctuations increased mixing
dependent reaction of denitrification by roughly 8(Mester et al., 2019Fu et al. (2020), used a
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stochastic approach to determine that surface water velocity and groundwater flux were more

influential than heterogeneity at inducing hyporheic mixing.

While these studies show the relative importance of physical parameters on-mixing
dependent reactionia the hyporheic zone, the influence of transport variables such as reactant
concentrations and kinetic rates have received less attention, as have quantitative analyses of
mixing, mass transformation, and mixing locations. Further, many prior studesdtaised on
the overall influence of controlling parameters but have not carefully evaluated the dynamic
evolution of reactive hyporheic mixing zones over time, including how that informs knowledge of
process. Finally, the relationship between mixing attenuation in the hyporheic zone has not
been fully exploredChiogna et al., 2011, 2012; Rolle et al., 2013)

Chiogna et al. (2012) studied how mixing could be quantified using adlated dilution
index to relag to a reactive plume. They concluded that theflated dilution index varied based
on the progression of the reaction plume without having to know have the location of concentration
distributions. However, the fluselated dilution index may be hard bbtain from field and
laboratory experiments as it relies on detailed knowledge of location and magnitude of mass fluxes.
In comparison, mixing, mixing widths, and location are practical measurements that can be taken
in field, laboratory, and modelingxperiments. Using these measurements to relate mixing to
attenuation carclarify what processes are occurring and therefore what may enhance the

attenuation.

In this study, we aim to determine the effects of varying reaction concentrations, kinetic
rates,and hydraulic parameters on mixing and mixdependent reactions in a model simulated
hyporheic zone modeled based on laboratory observationgdfhapter 3 $antizo et al. (202])

We varied the kinetic rate, initial chemical concentrations, surfacaewate SW) head dr oy
and inflow ratio (ratio between the upwelling GW flow rate and the downwelling SW flow rate,

i.e., the amount of gaining). We then quantified the relative influence of these controlling
parameters on mixing and reaction production uttderstand the influence on chemical
transformation, reduction, and potential attenuation. Our specific objectives were to (1) simulate
mixing-dependent abiotic reaction of sodium sulfite {8&) and dissolved oxygen (DO) to

sodium sulfate (N&5Qs) obseved in laboratory data from Santizo et al. (2020); (2) quantify

variation in the location and thickness of both reactant mixing zones and resulting production
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zones of mixingdependent reaction products in response to variations in controlling factors
incudi ng SW oh, inflow ratio, reactiongzdndnetic
SQy; (3) determine the relative influence of such controlling factors through sensitivity
coefficients; and (4) analyze the relationship between mixing and praiaone thicknesses and

mass consumed/produced.

4.2 Methods
We used MODFLOW to simulate hyporheic flow and SEAM3D to simulate hyporheic

transport and mixinglependent reactions. The model was calibrated to the laboratory experiments
of Santizo eal. (2020). A sensitivity analysis was then performed to determine relative effects of

controlling factors.

4.2.1 Model Domain and Governing Equations
The model simulated the experimentalgetfrom Santizo et al. (2020) where a mixing

dependent reactiooccurred in shallow submerged sediments between a hyporheic flow cell and
upwelling groundwater. The model domat mea&m@ om
partition from Santizo et al. (2020) (Figure 4.1a). The model domain was 80 cm by#81dn

cm with the partition placed 20 cm from the left boundary and to 6 cm depth in the sand.
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Figure 4.1.(a) Mesocosm set up from laboratory experiments of Santizo et al. (LIzdpter 3)
showing model domain used in this study (outlined by red dotted line), modified from Santizo et
al. (2020). (b) Clos@p conceptual schematic of mixing zone thickness, production zone thickness,
mixing front location, and production front location metriektive to one another and hyporheic
flow cell (not drawn to scale).

MODFLOW was used to simulate the porewater flow and system hydraulics of the
laboratory experiment of Santizo et al. (2020). MODFLOW solves the 3D groundwater equation
(equation 4.1)

— 0 — @ Y— (4.1)

using a finitedifference method wherK;i is hydraulic conductivity (L/T) inthe direction of
respective Cartesian coordinate axg4.), h is the piezometric head (L)Y is a sarcesink term
(T}, Sis specific storage (L), andt is time (T).

SEAM3D (Widdowson et al., 2002)yas used to numerically model solute transport and

reaction. The reaction in Santizo et al. (2020) was the abiotic raiddpgndent reaction of sodium
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sulfite (Na&SQs) from GW with dissolved oxygen (DO) from SW to produce sodium sulfate
(NaSQy) in the mixing zone. This reaction was chosen by Santizo. €2@20) for its use of
oxygen as its electron acceptbke many hyporheic reactiongs well as its simple kinetics.
SEAM3D simulated the three reactive chemical
tracer entering the model at the sdomation and concentration as the reactive DO) to compare
mixing-dependent reaction to n@aactive mixing.

SEAM3D incorporates the MODFLOW cdily-cell flow output to solve the advection,
dispersion, and reaction equation in groundwater (equation 4.2).

- — O — — 8 @& BY (4.2)

where is the porosity (dimensionles€) is concentration of dissolved componkiiML 3), t is
time (T), X j is distance along respective Cartesian coordinate axeBi(li$,the hydrodynamic
dispersion coefficient tensor{LY), vi is linear pore water velocity (L), 6 is the sourcesink
flux concentration for constitueki{ML ) andB 'Yis the chemical reaction term (M 2). In this
case, the chemical reaction term (equation 4.3) is the abiotiofidst reaction of N&O; and
DO to NaSQs which takeshe form of:

2 1# (4.3)
where & is the r e a cftinveosatime asrwe havea first artleereastiort. h  u n i

The cell grid size for both MODFLOW and SEAM3D was 0.0025 m by 0.0025 m by 0.10
m. Several grid sizes were tested for accuracy in matching observed values and numerical
dispersion. The chosen grid sizedraded these concerns against run times; larger grid sizes had
too much numerical dispersion and run times for smaller grid sizes were too long given minimal
improvement in matching observed valugquations 4.1 and 4.2 are the general 3D case, but in

this study,we simulated the mesocosmab.

The model simulated al® period that matched the experiments. In the experiments, the first two
hours were used to ensure enough time had elapsedytolfaibrve dynamic evolution of transport

and reaction zones followed by approach to steady state transport, and the third hour was used for
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reaction imaging and sampling. MODFLOW was run in stegd{e mode and SEAM3D
simulated dynamic transport with anééstep of 5.9x10days (0.51 s).

4.2.2 Model Inputs, Calibration, and Outputs
MODFLOW and SEAM3D input parameters were initially determined from the laboratory

experimental data of Santizo et al. (2020) and then certain parameters were varied shiglgtly du

calibration wunti/l the mixing thickness and f

observations (Table 4.1). Here we first lay out the model outputs that were used to evaluate

calibration, and then we systematically go through the modetsripemselves. DO mixing zone

thickness (Figure 4.1b) was calculated using linear interpolation to estimate locations of the 0.16

and 0.84 normalized concentratiqivsarzadri et al., 2016; Santizo et al., 20208.5 cm depth in

the sand (model row 14), and then calculating their spatial separation. Thisimethalso used

to determine S@and DO tracer mixing zone thickness®8y production zone thicknesses were

calculated as the spatial separation between the two 0.16 concentrations on each side of the plume.

The mixing front location for all chemical species was taken as the position of the 0.84

concentration, including the latton of SQ production which used the descending front (right

side in Figure 4.1b) again at 3.5 cm depth. We used the 0.84 concentration for mixing front

location rather than 0.16 or 0.5 because it represents the end of the bulk concentration providing

an fiendo |l ocation of mixing. swekRalackestimated.at i on an
The left and right MODFLOW boundaries of the model domain weriéomo The top and

bottom boundaries were constant head boundaries that produced the two diffeteddiivops

( ph, Figure 4. 1a) of 4.5 ¢cm and 6.0 cm from

MODFLOW and the longitudinal to transverse dispersivity ratio in SEAM3D were not measured

in the experiments and were set to match the observed mixingroohéocation and thickness,

respectively. Kinetic rate, and DO and S@ncentrations, were varied in SEAM3D until

simulated concentrations to the right of the partition matched the laboratory observations of DO

mixing zone thickness and DO concentati pr of i |l e at 3.5 c¢cm depth (

(4.5 cm and 6.0 cm). Concentration calibration used concentrations normalized by the maximum

concentration value found to the right of the partition. Production zone front was not calibrated

since theobserved values from laboratory experiments did not provide sufficient spatial accuracy.
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Table 4.1. Model input parameters used for calibration.

Parameter/Variables Initial Estimate* Model Input

Hydraulic conductivity, K (m/d) 57 57

Kineticr at e, @& (1/ s) 0.33 0.305

DO concentration (/L) 2.3x 10 2.8 x 10

SOs concentration (rol/L) 0.04 0.04

SO concentration (rol/L) 0 0

Effective porosity {) 0.37 0.30

Longitudinal: Transverse Dispersivity Ral 0.10 0.11

Transverselispersivity (m) - 0.00011

Top constant head to the left of the oh = 0.045|gph = 0.045

partition (m) h = 0.060|gph = 0.060

Top constant head to the right of the 0.497 0.497

partition (m)

Bottom constant head (m) - oh = 0.045
ph = 0.060

*estimates are values from experiments in Santizo et al. (2020). Values are averages from

measured values during experiments and benchtop trials.

4.2.3 Sensitivity Analysis and Coefficients
A sensitivity analysis of 26 model runs was conducted in SEAM3D to determine the

influence of model input parameters (Table 4.2) on mixing and production zone thickness and
front location for NaSG;, DO, SQ and tracer DO. In this analysis, the calibratediet® were

deemed the basecase as they were the scenarios that matched the laboratory experiments.

The inflow ratio, which is the ratio between the upwelling GW flow rate and the
downwelling SW flow rate, was varied by adjusting the bottom boundary head, and values below
and above those of the basecase were used. The inflow ratio was maintained dtigh@rehan
1.0 since any value below that would indicate a losing condition and a hyporheic flow cell larger
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than the model domain. This ratio indicates the degree to which GW inflow exceeds downwelling
flow rate for a gi ven n8aiks gilthe tod df the ntodeh weteanot t h e

changedomai nt ain constant h.

The upwelling S@concentration was varied to determine if background values influenced
mixing and production zone thickness and front location. Lower concentrations were chasen rath
than higher concentrations to maintain :S& the excess chemical species, consistent with
experimental conditions. The reaction observed is considered instantaneous due to the kinetic rate,
however, kinetic rates due vary thus we wanted to obsenmmpiaet of a lower and higher kinetic

rate on the mixinglependent reaction.

Table 4.2. Modeling sensitivity analysis parametBaded values are basecase (experimental)
conditions.

Model Input Parameter Input Values for Sensitivity Analysis

SurfaceVat er Head Drop |45,6.0

Inflow Ratio (GW inflow: SW inflow,-) 1.143.47 .94, 3.22f or @h=6. 0
cm, respectively)

Downwelling DO Concentration (oi/L) 1.4x10% 2.8x10% 4.1x10*

Upwelling SQ Concentration (rol/L) 0, 1.0x10%, 2.1x10*

Upwelling SQ Concentration (rol/L) 0.01,0.02 0.04

Kinetic Rate, & (1/]0.1,03051.0

We calculated sensitivity coefficients to compare the influence of each sensitivity analysis
parameter (Table 4.2) on changesixing/production zone thickness and front location relative

to the basecase. Sensitivity coefficients were calculated for all parameters and time frames using:

" y
(CVI - v 71 (44)

where Xnnis the sensitivity coefficient of the dependent variatlevith respect to the th
parameter at théftobservation point (DO, SOSQ;, tracer at basecase),isithe parameter value

f or the bisackange in the pargnaeter from the basecdse,\ando 0 andw
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Y& are the values of the moea¢pendent variable obtained for the basecase and for the-varied
parameter case, respectively. The values were calculated per parameter changed and per head drop.
However, the maximum and ninum value calculated among all timesteps and head drops was

used for the comparison of sensitivity coefficients.

4.3 Results
Our results focus on four main outcomes: (1) basecase head and concentration distributions

and their match with laboratory expaental observations, (2) temporal trends of mixing zone and
reactant production zone thicknesses and front locations for the basecase, (3) zone front locations
from model sensitivity analysis compared to the basecase scenarios, and (4) zone thicknesses f
model sensitivity analysis compared to the basecase scenarios.

4.3.1 Basecase Head and Concentration Distributions and Match to Laboratory
Observations
MODFLOW and SEAM3D head and concentration distributions are shown in Figure 4.2.

SEAMB3D results show the hyporheic flow cell with high DO concentration (~10 mg/L, red color),
upwelling GW below and to the right with low DO concentration (~0 mg/L, blueg)¢@lnd a thin
mixing zone between{® mg/ L) (Figure 4. 2cdef) . The DO nt
(Figure 4.2cd) illustrate a | arger zone of A
oxic and anoxic values, whereas in the readii@concentration distributions (Figure 4.2ef) this
greenish band has narrowed demonstrating the influehtiee reaction on the concentration

profiles.
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Figure 42. MODFLOW head distributions for head dr o)
Basecase SEM3 D DO Atracer o concentration distribut

Basecase SEAM3D reactive DO concentration dis
All i mageshave beerropped to 30 cm (vertical) by 40 cm (horizontal) to prowdgail in areas

of interest. For comparison, concentration distributions from the laboratory experiments can be
found in Figure 3.2n Chapter 3$%antizo et al. 2090 Upstream is to the left in each panel, and
downstream is to the right.
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There was god agreement between model results and laboratory observations (Figure 4.3).
The observed and modeled profiles were in good agreement (Figure 4.3a), with the region of
normalized DO concentrations of €019 having the best match. DO mixing zone thickesssd
fronts were calculated within this QL9 region (i.e., 0.16.84) and thus were also in good

agreemenfFigure 4.3bc).
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Figure 4.3.Basecase simulated versus observed (a) normalized DO concentration profiles, (b) DO
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4.3.2 Temporal Trends
Chemical concentratiohistoriesrevealed dynamic changes in transport and reaction

processes despite steaghate hydraulics (Figure 4.4). Both the DO mixing front and @Gme
moved upstream with timeq( theleft in Figure 4.4) a the reaction consumed DO from the
downstream sidefrfom theright in Figure 4.4). The concentration profiles for DO (limiting
reactant) and SO(reaction product) did not fully overlap. The £@eak was located
approximately where DO concentrations wanizero, and thus approximately half of thesSO

plume was in anoxic conditions.

—*—804: Ah=86.0cm - 1hr
X S04: Ah = 6.0 cm - 2hr
- % - 804: Ah =6.0 cm - 3hr
—=—02: Ah=6.0cm - 1hr
0 02: Ah =6.0 cm - 2hr

1 | eoee

o
o)

06 % ' - 8- 02: Ah =6.0 cm - 3hr
:. —e—S04: Ah=4.5¢cm - 1hr

04 i -~ @ 504: Ah = 4.5 cm - 2hr
! -.@.-804: Ah = 4.5cm - 3hr

. —_ E
rawem RIS - o E
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+ 02: Ah=4.5¢cm - 2hr
--%-02.Ah=45cm - 3hr
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Distance from Partition [cm]

e
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Figure 4.4. Basecaseoncentration profiles (normalized to maximum concentration) at 3.5 cm
depth versus distance to the right of the partition for DO anda®@®, 2, and 3 intervals for
each he adUpdtreanpis tq tiggHejb the plof and downstream is to the right.

The SQ concentration profiles exhibited a gaussian distribution, as commonly seen in
groundwater plumes. The shift upstream wirtetis seen in both the DO and £0The 2hr and
3-hr profiles are similar, indicating balance between kinetics and transport was being approached.

This match was better (i.e., this transport b

When anbyzing mixing/production zone thickness and front location over time for all

chemical species, some trends emerge (Figure 4.5). First, the tracer is constant with time consistent
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with steadystate hydraulics. Second, the trends for zone thickness andoitatibn vary among
chemical speci es. For example, the DO mixing
closer to each other than each r esThelargestve v al
relative change over time for either zone khiess or front location is the increase insSO
production zone thickness with time (Figure 4.5b), probably reflecting the larger&iction in

the system. There is no $@ the system prior to the reaction therefore when iIS@roduced,

the zone thickness quickly increases whereas the already established D& andeSthickness
changed minimally. The S&@hange is likely even less so than the DO due to the excesgyuant

of S&s in the systemwhere SQ@ consumption has less relative effentzone thickness. The zone

front locations changed minimally in all cases regardless of the reauioatingthat hydraulics

have a larger influence on the zone front location tleaction kinetics.
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Figure 4.5. Mixing/production zone (a) front location and (b) thickness versus elapsed time for
chemical species DO, S(5Q;, and DO tracer for both head dr

4.3.3 Mixing and Production Zone FrontLocation Sensitivity
Sensitivity coefficients relative to the basecase (Table 4.2) were calculated for each model

scenario for mixing front and production zone locations (Figure @@grall, one front locations
were most sensitive to changes in infloatiosand relatively insensitive to changes in chemical
concent r aBxeemions iaclude®®-mixing frontadditionallyresponéhg to changes in

SO concentrationandSOQs production zonadditionally respondgtoc hanges t o o
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Figure 4.6. Sersitivity coefficients for (a) S@mixing zone front location, (b) SQproduction
zone front location, (c) DO mixing zone front location, and (d) DO tracer mixing zone front
location. Bars in each panel encompass all 26 model runs for the given chenties, spel show
minimum, mean, and maximum sensitivity coefficient values. Inflow ratio is ratio of GW inflow

to SW inflow to model domai n. & i s reaction

Mixing fronts moved upstrearti.e., left in Figure 4.1) with increasing inflow ratio for all
chemical species (Figure 4.7). This is consistent with negative sensitivity coefficients (Figure 4.6)
and is expected as stronger upwelling/gaining shrinks the hyporheic flow cell. In addition, all
chemical species had the same trend with the tracer front position trends falling in line closely with
the SQ line.
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Figure 4.7. Mixing and production zone front locations for all chemical species versus inflow

ratio.
basecase (Table 4.2) fiast time steft = 3.0 hours)

4.3.4 Mixing and Production Zone Thickness Sensi

tivity

Inflow ratio is ratio of GW inflow to SW inflow to model domaiWalues show are for

Sensitivity coefficients indicate that mixing and production zone thicksessre most

sensitive to inflow ratio for all chemical species (Figure 4.8). The next largest sensitivity was to

SQO; concentration for D and S@mi xi ng

Z0one

t hi

ckness

(sFi gur e

production zone thickness (Figure 4.8b). DO tracer was only affected by inflow ratio (Figure 4.8d).

All mixing and production zone thicknesses were insensitive to concentration of upwékng S
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Figure 4.8. Sensitivity coefficients for (a) S{mixing zone thickness, (b) S@roduction zone
thickness, (c) DO mixing zone thickness, and (d) DO tracer mixing zone thickness. Bars in each
panel encompass all 26 model runs for the given chespeales, and show minimum, mean, and
maximum sensitivity coefficient values. Inflow ratio is ratio of GW inflow to SW inflow to model

domai n. & IS reaction kinetic rate.

Trends of mixing and production zone thickness versus inflow ratio reveal thBCthe
trend was opposite that for $&Q and the DO tracer (Figure 4.9s the mixing zone thickness
for DO increased with inflow ratio, the mixing zone thicknesses afé8@ DO tracer as well as
production thickness of SQill decreased. However, the magnitudehaftrend for DO mixing
zone thickness was larger than those of &t DO tracer. The thickness value also differed based
on chemical species where S@oductbn thickness was in general double the value of the SO
and DO tracer. The smallest mixing zone thickness was for DO, most likely due to DO being a
limiting reactant and therefore having shegmcentratiomgradients. In addition, the S@nd DO
tracer tends overlapped each other likely due to the fagti$Si@ such excess that it is not changed

by changing inflow ratios. The fact that increasing DO mixing zone thickness corresponded with
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decreasing S©oproduction zone thickness may indicate that deexk& production left more
DO in the mixingzone. In other wordsthe SOz reactionconsunes DO in such a spatial pattern
that itdecreasethemixing zone thicknessiow the DO mixing zone thickness may be influenced
by mass consumption and productionliscussed in Sectich4.2.
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Figure 4.9.Mixing and production zone thickness versus inflow ratio. Inflow ratio is ratio of GW

inflow to SW inflow to model domain. Data correspond to the 8me step.

4.4 Discussion and Analysis

4.4.1 Temporal Evolution of Reactive Mixing Zones
Mass consmption and production exhibited temporal dynamics (Figured)4.1 DO

consumption began at5-1.0 hours and levelled offat~1.5hours (Figure 4Q ab). As a result,
cumulative consumption increased linearly from5+fours until the end of the experiment (Figure
4.10a). Mixing zone thicknesalsoleveledoff, but perhaps slightly latdsy (~ 2 hous, Figure
4.5b), confirming that DO mixing zone thickness responded to DO consumptiarprdiDction
rate, cumulative productn, and production thickness followed very similar trends (Figur€s4.1

d, 4.5b), again confirming that S@roduction zone thickness responded ta f@duction itself.
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Consumption rate, production rate, and thicknesses thus come into equilibriurinmoaer
Achieving such equilibria likely requires steashate hydraulics and/or short reaction timescales.
We expect this is a general finding that applies to other chemical species/reactions, in particular

contaminants and their attenuation in the hyparkene.
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Figure 4.10. (a) Total (cumulative) DO consumed, (b) DO consumption rate, (c) total
(cumulative) S@produced and (b) Sroduction rate versus elapsed time for series of inflow
ratios.Inflow ratio is ratio of GW inflow to SW inflow to model domaifhe values in (b) and

(d) are the slopes of (a) and (c), respectively.

While temporal aspects of abiotic mixiaigpendent @ctions were explored in our earlier
laboratory study (Santizo et al., 2020), simulations in this study allowed more complete analysis
of how variations in concentration, kinetic rate, and hydraulics affect mixing and production zones
over time (Figures 4, 45 and 410), particularly the relationship between mixing and production
zones. For example, this study showed that production zone thickness is larger than mixing zone

thickness which was not fully captured in Santizo et al. (2020).
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This study futher confirms tentative conclusions in Santizo et al. 2020 that even in the
presence of steady state hydraulics, transport and reaction processes create dynamic evolution of
concentration patterns that influence hyporheic zone processes (Figude54add 4.10. As
reactions occur, concentration gradients shift, potentially influencing the extent of surface water
derived oxic zones. This transiency tiansport and reactiomfluences potential for natural
attenuation of contaminants and would be furdrdranced with unsteady flowrates and sediment
heterogeneity. Unsteady hydraulics in either surface water or groundwater would move the mixing
zone and potentially enhance mixing with more solutes coming in contact with one éHegter
et al., 2017; Lewandowski et al., 202@patial heterogeneity of grain size distribution, sediment
hydraulic conductivity, carbon saes, or microbial populations can create microzones or hotspots
which affect residence times and reactant availalfiigrvey et al., 2013; Newcomer et al., 2018
Roy Chowdhury et al., 2020)Previous studied-ox et al., 2016; Galloway et al., 2019; Su et al.,
2020; Wolke et al., 202@)ave shown how transport transieand heterogeneity affect hyporheic
processes but not specifically mixhdgpendent reactions. One exception was Hester et al. (2019),
but their model was not calibrated against laboratory data and did not analyze temporal evolution
of mixing and reactiozones in detail.

Moreover, DO is a major biogeochemical driver of hyporheic chemistry which is
frequently a limiting reactant. The temporal variations in DO concentrations and mixing zones
shown here (Figure 4.4) are therefore relevant to understgghadim DO concentration profiles are
shifted, depleted, and consumed in the hyporheic Z00emixing zone thickness (Figure 4.5b)
and consumption (Figure 4.10& steadied out with time as the simulations progressed similar to
Santizo et al. (2020)Theseéemporal trendsdicate potential behavior changes in the system that

couldinfluenceother redox reactiorsuch of thosénvolving nutrients or metals

Finally, it is important to note that the location of high DO concentration at a given point
in time was not where the most $Sg@roduction was taking place at that time, but rather reflected
the oxic interface as DO is consumed. In other words, the location of ther&@{Diction peak at
any given time refleed the location where DO was consumedtl® past. This has direct
relevance to how field measurements are done, particularly how areas of analysis and observation
are chosen and used to determine chemical concentrations and reactions taking place (Santizo et
al. 2020, Figure 3.6). Thereforenderstanding how hyporheic exchange and flowpaths are

influenced by the reactions and chemical concentrations may allow more accurate spatial targeting
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of chemical gradient characterization. In addition, the fact that the mixing front location stayed
fairly constant regardless kinetic parametersuch as concentration and reaction (atgure 4.6
isuseful in field monitoring in that changing kinetics due to varying conditions such as temperature
fluctuations may not require changes in field sampling locations.

4.42 Mass Consumption and Production
Mass analysis was completed to determine whetieretwas a relationship between mass

consumed/produced and mixing/production zone thickness. Such relationships could help interpret

reaction processes based on more practical system observations such as zone thickness. This

analysis was not possible inettoriginal lab study (Chapter 3, Santizo et al. 2020) due to

insufficient mass balance data, highlighting the value of this analysis.

The relationshig between inflow ratio and theates of S@ mass production and DO mass

consumption were complicated (Figure 4.11). There was a wealoverall decrease in

consumption/productiomas surface watextph decr eased f r oninfl@v.r&tio cm t

correspondingly increased, indicating an overall weak trend of decreasing consumption/production
with increasing inflow ratio. These trends are consistent with the instantaneous nature of the

reaction and the excess of S@hich together allew the extra DO advecting in from the SW

0]

boundary in | ower inflow ratio/higher oh cond

times along the mixing zone. This illustrates the importance of having matching timescales
between transport and kinetito maximize natural attenuation as the relatively small change in
oh (1.5 ¢ m)nolapfactordofl 6edifferemce in Sproduced. The higher DO mass
consumption and SOnass production at lower inflow ratios (Figure 4.11) may explain why the
DO mixing zone thickness was smaller for the lower inflow ratios than the higher inflow ratios
(Figure 4.9).

Along with the overall trentvith qph ,  wabh @&so a trend within the cluster of inflow ratios
corresponding to each rapdsthe dormsumptioo andhproducten imte t s

increasd with increasing inflow ratio. The increase in rate@as most noticeable with the lower

mph t hat corresponds to the | arger oh of 6.0
production ratesth e val ues were most dependent on the

thickness whichwvas most sensitive to inflow ratio (Figure 4.8).
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and thus thinner mixing zones. Thus, we hypothesize that reaction rates and therefore reactive

consumption control mixing zone thickness. Yet we acknowledge that the opposite may also be

true, i.e., that thinner mixing zonesall faster mixingdependent reaction to occur due to steeper

concentration gradients. In end, itis likely

Within theclustero f i nfl ow

that both are occurring simultaneously.

r ave also see & small trend af mcregeing average

DO consumgpbn rate with increasing average mixing zone thickn@sgure 4.12a) DO
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consumption and S(roduction are of course themselves related (Figure 4.11), with arelaé
ratio DO consumed to SOproduced regardless of inflow ratio as determined through

stoichiometric analysis.
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to2. 25 hours. Data shown in red is for oh = 6.

4.5 Novelty and Limitations
Our results expandur process$ased understanding of transport and reaction processes

behind mixingdependent reaction dynamics observed during steady state hyporheic zone
hydraulics. We conceptually link the evolution of mixirdependent reactions to readily
observable mixing zone parameters such as mixing zone thickness and mixing front location. We
matched the model to the laboratory observations of DO mixing zone thickness and mixing front
location. The model then allowed us to calculate mixing or produztoe thickness for SOSQ,

and a DO tracer which enhances our understanding of how mixing zones differ based on chemical
species, concentration gradient, and mass flux. Inflow ratio of groundwater to surface water inflow
rate was a key control, leading improved understanding of how both hydraulic and reaction
parameters influence mixirdependent reaction in the hyporheic zone. This indicates that the

balance between upwelling and downwelling flowpaths is crucial to optimize attenuation.
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Prior studiedocused on hydraulic influences on hyporheic mixing and midiegendent
reactions, which this study complements through basic insights regarding the influence of reaction
kinetics. Chiogna et al. (2012) observed the relationship between mixing andrmeactporous
media in ways more specific to deeper aquifers. They quantified mixing on the margins of reactive
plumes using fluxelated dilution index which aided in interpreting reaction processes. In this
study we quantify mixing in the hyporheic flavell using mixing/production zone thickness and
front locations and they gave us insight into how mixing influences reaction processes thus they
can also provide useful information on reactions.

This study focused on simulating and interpreting a spemifor laboratory experiment.

An important extension of this work would be varying hydraulic conductivity and introducing
spatial heterogeneity. We expect a potentially large influence of heterogeneity on flow fields,
mixing, and reaction kinetiqgBandopadhyay et al., 2017; Li et al., 2017; Navel et al., 2011; Roy
Chowdhury et al., 2020However, basic relationships among mixing/production zone thickness,
fronts, and chemical transformations would likely remain the same due the infloWwanaitig the
largest influence. Su et al. (2020) showed the largest impact on mixing to be upwelling
groundwater rather than heterogeneity, consistent with inflow ratio being a dominant control that
emerged from our results.

While the abiotic mixingdepenént reaction evaluated here provides useful insight into
mixing/production zone thickness and reaction kinetics, abiotic reactions are simple compared to
the complexity of bioticallymediated reactions. For example, our abiotic reaction was
instantaneouand first order, which makes it simplistic and ideal for observation. Yet because
prior analyses of mixinglependent reactions and their influence on attenuation in the hyporheic
zone are rare, starting from this simple reference point provides fundanresiggots and
interpretations that build understanding that is useful for future analyses of more complex biotic
mixing-dependent reactions. Thus, many of our methods and calculations can be applied to

understanding biotic mixingdependent reactions andtaral attenuation in the hyporheic zone.

4.6 Conclusions
Mixing can enhance natural attenuation of groundwater (GW) contaminants in the

hyporheic zone as they upwell toward surface water (SW) bodies. Here we numerically simulated

prior laboratory expements in Santizo et al. (2020) of abiotic mixidgpendent reactions of
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sodium sulfite (S@ in upwelling groundwater and dissolved oxygen (DO) in surface water
downwelling into the hyporheic zone to create sodium sulfatg) (8@he mixing zone. Hyporhei
hydraulics were maintained at two different steady at e condi ti ons (i . e.,
that drove hyporheic exchange) while chemical transport and reaction were simulated for the 3
duration of the laboratory experiments. DO, sS@nd SQ@ concentrations were varied in a
sensitivity analysis. Reaction kinetic rate and groundwater constant head were also varied to
determine their influence on mixirdependent reaction. Extent of mixidgpendent reaction was
guantified via mixing/production zen thicknesses (184% normalized concentration) and
mixing/production zone front locations (84% normalized concentration position).

Results show that under steady state hydraulics, mixing/production zone thickness and
front locations varied over time alset reaction progressed (Figure 4.4 and 4.5). A relationship
resulted between the DO mixing zone thickness andp8@luction zone thickness and amount
of SQy produced (Figure 8). The more S@was produced over time the larger thes$@Dduction
zone thickness while DO mixing zone thickness shrank as DO was simultaneously consumed.
Overall, small changes in mixing/production zone thicknesses led to large changes in mass
consumed and produced.

In addition, mixing/production zone thickness and mixing/production zone front location
were most sensitive to inflow ratio (upwelling GW to downwelling SW, Figuéeand4.8).
However, the sensitivity of inflow ratio on mass produced and consumed wesehelower
infl ow ratios (i .e., omh = 6. 0Astnna)thedowerinflow g h er
ratios had similar mass production and consumption and the same was true of the higher inflow
ratios. Therefore, mass consumption and producti@remo st sensitive to sur
opposedo inflow ratio.

Overall, this study emphasizes that mixthgpendent reactions in the hyporheic zone
depend on matching transport and kinetics. This underlines the complexity of controls on
hyporheic b ne attenuati on, such as inflow ratios,
variations can either interfere or enhance reactions. This is important for understanding controls
on attenuation in the hyporheic zone and their implications for watertyjuainagement and

ecosystem health.
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Chapter 5. Imaging of biotic reactions in the subsurfae: Two-dimensional & and COz
dynamics of aerobic respiration

Status: This chaptevill be prepared for publication.

5.1. Introduction

5.1.1 Relations among Hyporheic Hydrology, Biogeochemist, and Microbiology
Biogeochemical processes in the subsurface are of great importance to understanding

contaminant attenuation in groundwater and shallow submerged sediment. These processes are
vital to maintain water quality both for groundwater and surface water. Yetdulogeical
conditions for attenuation and remediation have been observed more extensively in groundwater
(Bauer et al., 2009; Molz & Widdowson, 198%lle et al., 2009)Molz et al.(1986) numerically
simulated microbial based degradation in porous media, concluding that biodegradation influenced
transport as microbial growth changed. Molz and Widdowson (1988) described the need to
expand understanding of transport processes inupomeedia and their relation to properties

including biological activity, chemical concentrations, and velocity distributions.

In the decades that followed, studies that observed biogeochemical processes in benthic
biolayers and the hyporheic zone were Ighied with more frequencyHendricks, 1993)
Hendricks (1993) was one of the first studies to mention relationships between the hydrology and
biology of the hyporheic zone. The author discussed the importance of understanding chemical
and biological process in the hyporheic zone to understand wistteam ecosystems. Valett et
al. (1997) also provided an extensive study on the influences of hydrological changes on the
groundwateisurface water ecotone. They attributed differences in nutrient availatailitize
extent and rate of interaction between groundwater and surface water. In cultivated benthic
biofilms, Shanon et al. (2007) observed rates of nitrate uptake and biomass distributions due to
substrate geometries and overlying velocities. They detednihat both factors had a large

influence (up to 149old) on nitrate uptake.

More recently, Stegen et al (2016) observed the coupling of groundsuatace water
mixing, microbiology, and biogeochemistry to relate heterotrophic respiration and orgdioa ¢

composition. They used various methods from different fields (DNA sequencing, organic carbon
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profiling, piezometers, etc.) to connect hyporheic zone processes and microbial ecology. Caruso
et al. (2017) modeled biofilms attached to sediment to mi@ter the relationship between
microbial growth and permeability, microbial metabolism and pore water fluxes. The authors
concluded that bioclogging regulated reactions which were dependent on nutrient fluxes and

distribution of microorganisms, sedimentdamutrients.

5.1.2 Advances in Observational Methodology
The studies discussed above show the importance of interdisciplinary approaches to

understanding hydrologic, biogeochemical, and microbial dynamics in subsurface and shallow
submerged sedime(€aruso et al., 2017; Stegen et al., 20MJ)< of these studies used paint
measurements, sampling, and numerical modeling. In addition, various visualization techniques
have been used for dispersivity coefficient estimations, concentration profiles, mixing processes,
and bacterial transpofAbarca & Clement, 2009; Bauer et al., 2009; Casticala et al., 2012;
Robinson et al., 2016pne visualization technique is planar optodes, which ame¢hictive films

that provides twalimensional mapping of chemical concentrations. Optodes have been used to
study the subsurface interaction of hydrologic and chemical procgSalisway et al., 2019;
Kaufman et al., 2017; Lehto et al., 2017; Santizo et al., 2020; Wolke et al., Zb2§)are able

to produce fine scale spatial resolution of concentradiistributions by using a quenchable

fluorophore that is sensitive to the species of interest.

For example, Kaufman et al. (2017) used DO optodes linked to numerical simulations of
DO dynamics in shallow sediments with overlying surface water flow vamsatid/olke et al.
(2020), Lehto et al. (2017), Galloway et al. (2019) and Santizo et al. (2020) also used DO optodes
in shallow submerged sediments to observe chemical mixing dynamics under a variation of
hydrological and biogeochemical conditions such asfase water fluctuations, bedform

migration, mixingdependent reactions, and microniches.

Optodes have also been developed for p@@rtial pressure of COn surface water), pH,
and NH" (Blossfeld et al., 2013; Borisov et al., 2011; Jiang et al., 2017; Larsen et al., 2011;
Santner et al., 2015; Thomas et al., 2017; Zhu & Aller, 204@)this far have seen limited use
in hydrologic studies. Studies in marine sediments or the rhizosphere have mentioned their

application but do not present the 2D chemical profiles in their results. Blossfeld et al. (2013) has
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the most extensive images of pHdapCQ in a time series in the rhizosphere. Optodes have
therefore been underutilized in hydrology, leaving great opportunity to further our understanding
of biogeochemical processes in subsurface and shallow submerged environments, particularly
where DO § a major driver of chemical processes. For instance, using optodes to couple DO and
pCQ; profiles of aerobic reactions would further the understanding of the relationships between
biogeochemical conditions and hydrology showing the relationship betweemvdhchemical

profiles and their response based on changing conditions.

5.1.3 Objectives of Chapter
In this chapter we address the use of DO andyyif&har optodes to observe subsurface

environments using natural streambed sediment and stream wateitheoNew River near
Blacksburg, VA. We used a simple microbiathediated biotic reaction, aerobic respiration, to

determine DO and pCGQesponses.

We also suggest future optode research that would advance hyporheic zone science. Its
feasibility and adapbility in subsurface environments are considered as pptode ranges are
limited to 625%. Since no study to date has shown p@l DO optode profiles in submerged
sediments beneath streams or rivers, we expect that as DO is consumed #hprquiDCedin
aerobic respiration would be shown through changes in the g@@de signals. Thus, we expect
to be able to relate DO and p&€hemical concentrations in aerobic respiration that occur in a
simple laboratory tank. Adaptions of these methods along mitihobiology and hydrological
techniques are discussed.

5.2 Methods

5.2.1 Planar Optodes, Chemical Sensors, and Aquarium Tank
Planar optodes are thin fluorescent films that change fluorescence intensity based on

analyte concentrations. The planar optodes used in the previous chapter were made by Ronnie
Glud and Morten Larsen at the University of Southeemmark andused with anindependent

image capture system. For this chapter, we used planar optodes purchased from a commercial
company, PreSens (PreSens Precision Sensing GmbH, Regensburg, Germany), along their own

custommade camera and lighting system. Two different typesawfgrloptodes were purchased,
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DO and pCQ. These have setdhesiveo place them on the front panel of a-lit@r aquarium
tank used for experiments. The DO optode was 10 cm x 15 cm whereas thegeCID cm x 10
cm.To capture DO and pC£On close vicinty, the optodes were cut into strips of 10 cm x 1.5 cm

and alternated.

All calibration (Section 5.2.6) and batch experiments (Section 5.2.7) were performed in a
10-L aquarium tank (0.31 m long by 0.16 m deep by 0.21 m tall) (Figure 5.1). HOBO DO loggers
(Onset Corporation, Bourne, MA) were placed in the back corners of the aquarium tank, and an
Eosense Cé&sensor was placed in the middle of the tank, before conducting calibration (just water,

Section 5.2.6) and batch experiments (water and sedimenr&e5tR.4, 5.2.7).

Back
M HOBO
DO
logger/
Front
HOBO
DO Eosense GP
logger/ CO, sensor

sensor

+«— DO optode —»

+—— CO, optode ——— >

Figure 5.1.Schematic of optodes, HOBO dissolved oxygen (DO) sensor/loggers, and Eosense GP
COe sensor setip in aquarium tank where DO and pfdptode strips are added in pairs to the
front for visualization. This shows set up before water or sediment was added for calibration or
batch experiments (Sections 5.2.4, 5.2.6, 5.2.7).

Dissolved oxygen (DO) optodes can measure the full rangel6D% saturation, and
measurements (and therefore calibration curves) are temperature dependent. Partial carbon dioxide
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(PCO) pressure can measure%% pCQ, and measurements are sensitiveetagderature, pH,
salinity, and ionic strength. Calibration curves (Section 6.2.6) were generated for four different
gas mixtures of varying pGQconcentration. Each gas mixture contained the required. pCO
percentage between2b6% andwas balanced with th@ert gas of nitrogen. pG@ptodes from
Presens require media with ionic strength > 50 mM, therefore the nutrient source utilized (Section

6.2.5) also served to ensure proper ionic strength.

5.2.2 SternVolmer Method
The SterAvolmer method (StervVolmer equation, equation 5.1) is used to translate

fluorescent intensities to analyte concentrations. The -$telmer method takes advantage of the
fluorescence excitation ability where observed excitation is proportional to concentration. An
excitation light is used to excite thfuorescent moleculand gives off an energy proportional to

an intensity value. However, when a photo chemical reaction occurs, a portion of the fluorescent
is quenched (absorbed by the chemical reactant) therefore a relatialestelops between
guenched/excited intensities and concentrations. Thus, the\Bikner equation was modified

to calculate analyte (quenching molecule) concentration (equation 5.2),

— p 1+ 6 (5. 1)

¥ — (5.2)

where C isthe quenching chemical concentration (%), RilRthe ratio of the intensity of the
fluorescent molecule at a specific quenching chemical concentration to that when the quenching
chemical concentration is equal to zero (i.e., no quencher prédenénsimless). kvand U ar e
constants, the Steiviolmer quenching constant (1/Molarity) and the ftquenchable fraction of

the light signal (dimensionless), respectively.

5.2.3 Camera, Lighting, and Software System
Multiple types of camera and lighting systems have been used for optodes based on type

of optode, budget, and resolution needs. In Chapter 3, a DSLR camera was used with the DO
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planar optode. A similar set up could have been used with the DO andp@aes used for this

study, yet we opted to purchase the VisiSens system by PreSens (Figure 6.2) because of its greater
ease of use. VisiSens is a camera made by PreSens to use specifically with their optodes and
software system VisiSens ScientifiCal. Since fioftware system and camera were integrated it
allowed for easy control of the lights and camera as well as the image analysis. This saved
processing time as the calibration curve and concentration conversion were done within the
software system. For thgpecific cameraetup, the most important factors were the gain (signal
amplification) and | ight exposure (amount of
had to be optimized to provide enough signal with the least amount of noise. Tharexpos

each optode varied while the gain remained the same at a value of 3. Exposure used\f@spCO
95,000 €S while for DO it was 170,000 ¢€S. I n
capture and therefore could switch between lighting #ié&adeach optode.

b

Figure 5.2.VisiSens camera and lighting system for DO and pCO

Lighting is specific to each fluorescent molecule in the optodes, and because fluorophores
vary among optode types, different optodes require different excitatioslemgths. When using
multiple optodes simultaneously e.g., DO and pGfuwltiple lighting requirements must be met.
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Calibration curves to convert intensities to concentrations require not only correct light
wavelengths, but also vary with camera and lighgle, distance, and exposure time. These
variables must be optimized to ensure proper calibration where enough excitation is provided so
that the excitation occurs, and the fluorophore quenched. Overexcitation skews the response,
leading to difficulty detrmining a proper intensity ratio. Overexcitation can also result in
photodegradation of the fluorophore, thus exposure time and type are crucial to maintaining a
stable optode. Over its lifetime (typically-Bb months), the optode response falters addesned
unstable as the response does not provide a wide enough range between the concentrations
allowing for over and underestimations of concentrations. Therefore, calibration curves must be
performed frequently and are recommended with each new expéri@wece the intensity ratio
decreases with age (i.e. 81d R were reaching similar values), optode accuracy diminishes and
the optode must be replace. Excitation wavelengths and fluorescent molecule used for each analyte

(DO and pCQ) are not providedythe manufacturer, and thus are unknown.

Table 5.1. Lighting and Camera Parameters

Variable DO optode value | pCQO; optode value
Camera distance from tank [n 0.39 0.39

Light Intensity [uS] 170,000 95,000

Gain [] 3 3

Temperature [°C] 20-22 20-22

Optode Light Dim None None

5.2.4 Sediment and Water Collection
Streambed sediment and stream water were collected from New River at Kentland Farms

near Blacksburg, VA (Figure 5.3). Streambed sediment was taken from the top 20 cm near the
r i v e refStreambedysediment and stream water were collected during the months of August to
November 2020 as needed for each experiment (approximately 8 times). Stream water was taken
from the water column close to the location of sediment collection, and wasetakerfirst to

minimize sediment in the collected stream water. Stream water was collectedgaléiopQ_DPE
container while streambed sediment was collected hgallbn bucket. During stream water and

135



streambed sediment collection, Collection aoed after a minimum of 24 hours since most recent

precipitation, and in the afternoon after maximum surface temperatures had been reached.

Figure 5.3.New River at Kentland Farms near Blacksburg, VA where sediment and water
collection took place in latafternoon an average 24 hours before experiments.

5.2.5 Assembly of Water, Sediment, Nutrients, and Carbon Source
As mentioned in Section 5.2.1, a nutrient source was inocutatestream water and

streambed sediment to ensure microlpapulations were present during experiments and to
maintain ionic strength required for pe@®easurements. Usually, a nutrient source is a mixture

of salts, however, because the experiment would prod&d@éeds of water with such salts every

few days tlat required disposal, and because many of the salts are ecotoxic to certain organisms,
proper disposal would be difficult to get permitted. Thus, as the nutrient source, we used the salt,
potassium dihydrogen phosphate @) at concentrations approved lthe Virginia Tech
Department of Environment Health & Safety for drain disposal {0.08 M KHPQy). KH2PO

is commonly used as a fertilizer and therefore deemed safe and provides enough of a nutrient
source for the microorganisms present in the stream water collected. BRKMas added to
stream water rather than the sediment to ensure full and uniforohudiigs into the stream water

for the experiments. It was added and mixed wistirabarfor approximately an hour. After the
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two hours the sediment was added and mixed into the aquarium tank. Glugds€{Cwas

added as the carbon souarl electromlonorfor aerobic respiration by microbes in the subsurface
(equation 5.3). Glucose was dissoh&dpwiseas the streambed sediment was added to the
aquarium tank because if not it would result in a highly stratified carbon source as the only way
the glicose could get into the streambed sediment would be through dispersion. The streambed
sediment was added in 3 steps, and glucose was added at the end of each step. The nutrient and
carbon source were added using different methods since the nutrient woutdehave to be
available to all microorganisms present and the ionic strength as to be uniform so that the planar

optode response does not vary due to stratification of the nutrient source.
#( |/ o/ ©° o#l o@(/ (5.3)

In summary, the steps in orde perform the experiments once optodes were on the tank and had
been checked were: (1) Add stream water to aquarium tank, (2) Aded@tdnd mix, (3) Once
KH2PQ; fully dissolved and an hour had elapsed, add sediment mixture and glucose stepwise.

It is assumed that DO consumed and p@f@duced during the experiments is the result
of microbial aerobic respiration. Glucose concentrations measurements during éhenexis
were attempted, but concentrations were beyond the limits of avaiabiementation. A range
of glucose concentrations (0.0:011 M GH120e) were tested in separate bench scale experiments
to determine the rate of consumption which in turavedl identification of the ideal concentration
for batch experiments in the aquarium tank (see Section 5.2.7 below). However, ultimately,
concentrations from the extremes of 0@M10 M GH1.0e range were tried as there was enough
response in both the DO é&pCQ. TOC and DOC measurements were attempted but the
concentrations used were too large for the instrument and differences in concentration could not

be discerned.

5.2.6 Calibration Curves
Calibration curves were constructed to convert light interssitbbtained from the

photographs of the planar optodes to concentrations of p@®DO. DO calibration curves were
created using a twstep deoxygenation method, argon/nitrogen gas followed by sodium sulfite.

The gas was effective at removing the oxygeml the sodium sulfite ensured the water was
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maintained anoxic. pCfcalibration curves were done with specialized Airgaschased gas
mixtures. Both calibration curves were done in stream water with nutrient source added (no
sediment). The resulting chiation curves were sent to PreSens R&D division to be verified prior

to use.

For the DO calibration, DO concentrations were monitored using HOBO DO loggers
(Figure 6.1) to ensure a match between the DO logger and planar optode. The DO calibration curve
shows that the intensity ratio is high at low DO concentrations and low at high DO concentrations
(Figure 65.4, top). The HOBO logger indicated DO concentration in the water column range during
the DO calibration from Q0 mg/L at 2622°C. The concentraticior DO is based on saturation
from 0-100% therefore 100% is the maximum (i.e., 10 mg/L) saturation of DO for a specific
temperature. However, ratio response has been shown to be consistent over small ranges of
temperature (Chapter 3). For the PreSens Oi@ration curve, only two points are needed and

therefore we use the two extremes (Figure 5.5, top).

For the pCQ calibration, four gas mixtures were purchased to obtain an adequate pCO
calibration curve: 1.729%, 9.989%, 14.78%, and 24.62%pTkese far concentrations were
chosen since the pG@lanar optode is able to capture betweé®% pCQ (Figure 5.4, bottom).

Gas mixtures were introduced into the 0.08 MRB water in the aquarium tank using gas lines
and left on until a constant pG®ignal occurred and was imaged. A Hach.@Dwas used in

initial studies to determine GQoncentration, however, the @@oncentration was above the
detection limits and once the nutrient salt was added it interfered with the ability to measure CO
with the kit even if dilution was possible. Thus, pGfeasurements were checked against those
from an Eosense GP G@ensor in the aquarium tank (Figure 5.1). The Eosense GRd&D&or
ended up being faulty; however, the p@libration curve was verifiechd approved by PreSens

and is thus considered valid.
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Figure 5.4.Calibration curves for DO (top) and pe®ottom) obtained from VisiSens

ScientifiCal software.

5.2.7 Batch Experiments
Two small batch experiments (trials) were used to observe atrmonsumption of DO

and glucose (Sections 5.254£.5). Batch experiments included 3.0 L of stream water and
approximately 5 kg of sediment added at beginning. The tank was static during the experiments,
with no inflows or outflows, or other inputs agttl The two trials had 0 kg and 2.5 kg of streambed
sediment, respectively (Table 5.2). The total sediment for both trials was 5 kg (Figure 5.5), with
the remaining sediment being silica sargt€8.53 mm, US Silica Ottawa Flint Silica #12). Upon
colledion, the stream water and streambed sediment were taken to the lab to equilibrate to room
temperature before commencing the experiments. The sediment was also checked to remove

miscellaneous artifacts that were sometimes found such as nails, trashalehtess.
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Figure 55. Aquarium tank filled with 1:4 mixture by mass of streambed sediment and silica
sand submerged. Planar optodes adhered to front panel and alternated between DO (left) and

pCQO: (right) for each section.

The sediments were thorougmixed before the experiments began. The two trials lasted
72 and 18 hours, respectively, from when the full amount of sediment was in the tank (Table 5.2).
The time difference was because addition of streambed sediment in Trial 2 hastened DO

consumptiordue to greater microbial biomass.

Sensors and optode strips were arranged as shown in Figure 5.1. Photographs using the
camer ads set e xgopandaperturs weretautamgticallyichosen),andflighting of
the appropriate excitation wavagh for pCQ and DO were taken consecutively every 20
minutes. Resulting .jpg images were transformed using the VisiSens ScientifiCal software using
the calibration curve for each analyte. All experiments were conducted in the dark to reduce
photosynthesis and prevegtode photobleaching from natural or artificial light. The only lighting
source used during the treatments was the excitation lights used to capture planar optode images.

The tank, camera, and lighting system were placed inside a black duvetyn falit\é@hdusing.
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Table5.2. Summary of trial variables for batch experiments

Variable Trial 1 Trial 2
Stream Water Amount (liters) | 3.0 3.0
Streambed Amount (grams) 0 2,500
Silica Sand Amount (grams) | 5,000 2,500
CsH120s Concentration (Molar) | 0.01 0.10
KH2PQOs Concentration (Molar) | 0.13 0.08
Experiment Length (hours) 72 18

5.3 Results and Discussion
Trial 1 had no streambed sediment and was fully silica sand submerged in New River

stream water with 0.01 Mg8120s and0.13 M KHPOy that was observed for 72 hours. Trial 2
entailed 1:1 streambed sediment; silica sand mixture with 0.3H¥GOs and 0.08 M KHP Qs that
was observed for 18 hours.

5.3.1 Trial 1: 72hr DO/pCO2 Distribution in Silica Sand with 0.01 M GsH1206 and 0.13 M
KH 2PO4
This experimental trial lasted 72 hours because that was necessary to see both a full DO

response (Figure 5.6) and a full €f@sponse (Figure 5.7). Both figures show a subset of the
experimental duration to best illustrate changes in concentration. The images reveal that noticeable
DO depletion began at 4 hours whereas noticeable gg@uction began at 14 hours after the
experment commenced, indicating a-b@ur lag between the start ob Consumption and CO
production. DO was fully depleted by 16 hours and maximur é@@centrations are seen at 47
hours. The relatively long duration needed to see a response (comparet2pseegbelow) may

be due to the use of stream water and silica sand. The silica sand was clean and likely contained
negligible microorganisms, therefore microorganisms were supplied only from stream water. The
time lag likely occurred due to the timeqtered for microorganisms from the stream water to

inoculate the silica sand.
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In addition, while DO first decreased noticeably at about 4 hours, the rate of DO reduction
is slow until 9.7 hours when the DO begins to deplete faster shown by larger afm@antdo the
optodes. This indicates that at those early hours microbial abundance was not substantial, and once
the microbial concentrations increased, respiration correspondingly increased. While both optodes
show that the rate of DO reduction increaae8.7 hours, the rate is not the same at both optodes,

with the rightside optode experiencing larger rates than thesigé.

% Air Sal.

104.0

91.0

Figure 5.6. Spatial DO concentration distribution (%) shown on DO optodes frorhr72
experiment in silica sand with 0.01 MH120s and 0.13 M KHPQs.  Note that pC@optodes are
also visible but are shown in black and white because this photograph was takenewvaihepth

that emitted the correct excitation wavelength for the DO optode was turned on.

Similar to DO, the rate of C{production is low until about 36.3 hours (Figure 5.7). At
36.3 hours C@production occurs throughout the depth of the sediment ansisatwfull optode.
The CQ distribution is not uniform across the optode, and rather production begins first the in the
deeper section of the sediment and spreads upward over time. Blopto@e range is from-1

25%, meaning that if amounts > 25% are picet], they will still look like 25%. Therefore, at
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time 44.3 hours the rigiside optode has reached the 25% threshold while thsidiefthas not and

is able to still show differences. This coincides with the DO reduction being higher on the right
side han the left side (Figure 5.6). This shows the heterogeneity of microbial growth and density
since the substrate was the homogenous silica sand. The glucose was dissolved into the water and

therefore the carbon source was evenly distributed.

23-hr 25.7-hr R

Figure 5.7.Spatial pCQdistribution (%) shown on pCptodes from 7zhr experiment in silica
sand with 0.01 M €H1206 and 0.13 M KHPQ:. Note that DO optodes are still present but not
visible because this photograph was taken while the lamp that emitted the eciation

wavelength for the pC{bptode was turned on.
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5.3.2 Trial 2: 18hr DO/pCO: Distribution in Streambed Sediment andSilica Sand with 0.1
M CsH1206 and 0.08 M KH2POa.
This experiment resulted from the desire to shorten tha @2periment (Trial 1) to under

24-hrs. The desire to shorten the experiments was because we wanted to translate this to
flowthrough experiments and decreasing the time would reduce the amount of water, nutrient and
glucose needed. In order to achieve atelmad response, streambed sediment was mixed with the
silica sand and the glucose increased by a factor of 10 to 0sHMQ. Figures 5.8 and 5.9 show

DO and CQ distributions, respectively, for an 48 experiment using a 50/50 mixture of
streambed sedtient and silica sand submerged with 0.1 BHGOs and 0.08 M KHPQw. The

figures show selected timesteps from the fulht&xperiment to highlight periods of greatest

concentration change.

Figure 5.8 shows that DO concentrations wagh up until 10hours with values above
91%. DO began to noticeably decrease starting at about 11 hours. DO decreased first at
intermediate depths and expanded upward and downward from there, yet areas of high DO were
still present at the end of the experiment. This gregppatial heterogeneity relative to Trial 1 is
likely caused by heterogeneous substrate media and microbial density.
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% Alr Sal.

104.0

Figure 5.8. Spatial DO optode concentration distribution (%) fromht&xperiment using 1:1
ratio of streambed sediment to silica sand with 0.10dM160s and 0.08 M KHPQ;. Note that
pCQO, optodes are still present but not visible because this photograph was talethe/ lamp
that emitted the correct excitation wavelength for the DO optode was turned on.

Similar to Trial 1, DO took over 12 hours for full depletion and large changes of DO began
at 11.7 hours. However, while both took the same amount of timegio bebstantial depletion,
Trial 2 had larger concentrations than Trial 1 (91%+ verst&1#8 DO) therefore microorganisms
in this trial depleted more DO in the same amount of time. This indicates that adding streambed
sediment (and the microorganisms widhincreased the amount of DO reduced. Nonetheless,
within the 16hr timespan, Trial 1 depleted all the DO present while Trial 2 mostly did not.
Additionally, the DO reductions over time were more heterogeneous for the streambed sediment.
Anoxic/oxic miciozones have been found in subsurface studies and therefore it is not unexpected
(Briggs et al., 2015; Harvey et al., 2013; Lautz & Fanelli, 2008; Roy Chowdhury et al., 2020)
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Figure 5.9.pCQ distribution (%) shown on pC{ptode from 1&r experiment in 1:1
streambed sediment to silica sand with 0.10 BHEOs and 0.08 M KHPQyw. Note that DO
optodes are still present but not visible because this photograph was taken while the lamp that

emitted the correct excitation wavelength for the p6@iode was turned on.

In contrast to Trial 1, C&in Trial 2 is seen at earlier timesteps, yet still coincides with DO
consumption. Like for DO consumption, @roduction also begins at the center of the optodes
and expands outward. The levels and extent of @@duction renained low until the DO was
reduced. The large number of visual changes forwitich occurred at 11.7 hours matched those
at the same time step where DO showed considerable reduction (compare Figures 5.8 and 5.9), in
which large amounts of red can be seehcating larger than 10% pGCOSuperimposing the two
distributions for each timestep during this experiment would show the match between the two
analytes. As seen in the last p£i@age in Figure 5.9 (17.7 hr), the maximum Q®@easured

coincided with tle anoxic section of the DO optode (Figure 5.8) and vice versa with oxic regions.
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5.3.3 Comparison of Trials
When trying to understand the observed differences between Trials 1 and 2, the carbon

source concentration was increased in the shorter experiment and this larger amount of glucose
may have fAactivatedo the micr oocondactivitysohtgse f ast e
sediment was different between the two trials; in particular, the silica sand was coarser than the
sediment from the streambed such that the tighter packing of the streambed sediment may create
a higher density of microorganisms. In doih, the streambed and stream water both had
microorganisms alreagyresentand no inoculation was needed. Thus, more microorganisms were
present in the streambed sediment relative to the silica sand since the experiments with just silica
sand {.e., Trial 1) required microorganisms from stream water to inoculate the sediment. As a
result, control experiments where one variable is changed at a time or level of complexities are
tested would provide insights into the processes or parameters that caussigsuftdant
variations.

There could also be differences in biogeochemical processes occurring, given that
microorganisms can produce €@ multiple ways during respiration and growkor example,
the lag phase is dependent on initial microbial conceoms nutrients, and environment
conditions such as substrate, temperature, and pH. The microbial biomass, nutrient and carbon
source concentration are different between the two trials and therefore both Trials may experience
different lag phases. Howevéermentation could also explain the large amounts efft@uced
in the 72hr experiment. Anaerobic fermentation takes place in anoxic systems where glucose is
the carbon source that gets converted to alcohols and @&ermining whether the CQOs
produced by aerobic respiration or anaerobic fermentation would be difficult without additional
observation methods beyond the optodes, and it is likely that both processes play a role. Chemical
analysis would aid in sorting out the relative contributiorthe$e two processes, because alcohol
concentrations can be determined via high performance liquid chromatography (HPLC), mass
spectrometry (MS), and/or gas chromatography (GC).

While anaerobic fermentation may be worth exploring for these batch exptrithanhdo
not have water inflow or outflow, they may not be relevant when observing environments with
water exchange or flowpaths as the DO may be replaced. Conducting experiments in batch
experiments from stream sediment and water is unrealistic amstresaially have some sort of

flow or exchange occurring between the surface water and streambed or subsurface sediment.
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Experiments with varying flow rates or hydrological conditions would thus provide valuable

information regarding DO/Cg&dynamics.

5.4 Conclusion and Future Outlook
This chapter presents twimensional dissolved oxygen (DO) and carbon dioxidexJCO

optode concentration distributions from subsurface sediments in batch experiments. The
experiments used natural streambed sedimenstaeam water from New River near Blacksburg,

VA. Glucose (GH1206) and potassium dihydrogen phosphate {R&:) were used as carbon and
nutrient sources, respectively, to observe aerobic respiration. Two trial experiments were shown,
one with streambed sedént and silica sand mixed in equal parts, and one with clean silica sand.
The silica sand experiment was 72 hours long as there was a delay in DO ssidr@@, while

the streambed sediment mixture experiment was 18 hours long. The two trials atbovarnas

of nutrient and carbon source concentrations (Table 5.2).

In order to obtain DO and G&oncentrations, DO and pG@Ilanar optodes purchased
from PreSens were used with the VisiSens System and ScientifiCal software to capture and analyze
light intensity images from the planar optodes. Planar optodes use a thin fluorescent film that reacts
with different analytes, and the Stevielmer equation is then used to relate intensities from the
fluorescent films to concentrations of the analytes. As ,soalibration curves to relate light
intensity to concentration are created for each planar optode and checked to ensure stable optodes
over time. The calibration curves are created and developed using ScientifiCal; experiment images
are also uploaded tccentifiCal to transform to concentration and conduct analyses.

Both trials showed clear concentration gradients that formed over time as DO was reduced
and CQ was produced. DO images showed DO depletion within 12 hours for both experiments.
In particdar, large gradient shifts occurred at 11.7 hours where the optodes showed consistent
decrease of DO. C{»ptodes also showed clear visualization ok€@ncentration gradients that
form from its production. However, GQlistributions did not coincide witDO distributions
during the 7zhr experiment. The COproduction has a Bour delay from the start of DO
reduction in the 7:hr experiment. By contrast, in the-h8experiment, patterns of G@roduction
and DO consumption did match well. This shows #féect the different substrate and
concentrations had on the different experiments.

Additionally, the experiments showed that microbial heterogeneity exists as DO and CO

concentrations were not uniformly distributed across the optodes. The silicaxpanitnents had
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less such spatial heterogeneity which is consistent with the homogeneous media used, while the
streambed and silica mixture showed more heterogeneity along the optodes where both oxic and
anoxic microzones were found. In both cases, howevere were areas of full DO reduction and
maximum CQ concentrations illustrating the possibility of high activity.

While these experiments show how useful the paired optode system can be in providing
insightful information and details into glucosep®ation in natural water and sediments it lacks
specifics regarding how varying hydrological conditions such as flow rates may impact the
respiration. Batch experiments are unrealistic in this way for simulating stream ecosystems and
therefore offer onlypasic information. Yet these results can inform how optodes can be used and
adapted to provide more realistic experiment scenarios.

The two experiments differed in sediment texture, as well as nutrient and carbon source
concentrations, and their diffeteaffects are thus conflated. The streambed sediment showed
greater heterogeneity of DO and £distributions as well as microbial density as more DO was
reduced within the same time frame as the experiment with just silica sand. Yet, larger carbon
sourcescould also impact growth rates and thus microbial concentrations which would have
impacted the rate at which the DO waducedand CQ produced. Understanding the effects of
the variables and parameters that play a role in respiration is importanbgeding microbially
mediated reactions in subsurface sediments. Therefore, providing controlled scenarios where
different variables and parameters are changed one at a time would offer more detailed insight into
the processes taking place.

Ultimately, the optodes were able to show changes in concentration over time and space. In
addition, they represent some of the first thimensional DO and C{bptode images produced
for natural streambed sediment and stream water. The relationship between thessyiies
important in many environments and crucial when observing water quality. Understanding when,
where, and how microbial respiration occurs will aid understanding of contaminant attenuation,
refuge for organisms, and stream health, and will alilderdisciplinary and integrated approaches
to protecting water quality. Therefore, matching optode images with microbiology and
hydrological techniques will more holistically illustrate what processes are occurring in our natural

water body systems suchstseams and lakes.
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Chapter 6. Conclusion

6.1 Summary ofResearchWork

The variousresearch threads presented in this dissertation build on each other to inform
understanding of mixing and mixirdependent reactions in the hyporheic zone. Performing
different studies with narrow and controlled objectives allowed us to separate ountitodsoaf
mixing and mixingdependent reactions under different conditions.

In Chapter 2, we observed transverse hyporheic mixing zones with a conservative dye in a
laboratory sediment tank. The dye was photographed under steady state and transientztarface
head drops that drove exchange across the sedimatet interface. The images were then
analyzed to quantify mixing zone thickness. In general, the mixing zone thickness for steady state
experiments were thin and increased with increasing surfader vihead drop. Transient
experiments resulted in larger mixing zone thicknesses than those from steady state experiments.

A manually calibrated numerical model of the laboratory experiments was used to replicate
the conservative dye transport and estarieansverse dispersivities, mixing zone lengths, Peclet
numbers, and dilution indices. These values provide additional insight into mixing processes
behind the laboratory observations and demonstrate the importance of calculating mixing zone
thickness, tansverse dispersivities, and dilution index to provide comprehensive information on
mixing. Estimated transverse dispersivity was smaller than reported in the groundwater literature
for larger scales, emphasizing the crucial need for determining digpessapplicable to the
smaller spatial scales of the hyporheic zone. Inflow ratios (ratio of upwelling groundwater and
downwelling surface water) had a dominant influence with mixing zone thickness decreasing with
increasing inflow ratios. Unlike mixingone thickness, dilution index decreased with increasing
surface water head drop. Taken together, these practical and analytical mixing metrics provide
differing but complementary information on mixing.

In Chapter 3, we added complexity to mixing by diating a mixingdependent abiotic
reaction in a laboratory induced hyporheic zone. Planar optodes were used to observe the abiotic
reaction of sodium sulfite (N&QO;) and dissolved oxygen (DO) to sodium sulfate ;$@).

Optode images were analyzed toatDO concentration distributions and profiles, mixing zone
thicknesses, and oxic front positions under two stesale surface water head drop conditions of

4.5 cm and 6.0 cm. Image analysis showed that duringeamtive control experiments the mixing
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zone thickness and oxic front position stayed stable. This was not the case during the mixing
dependent reaction where oxic fronts shifted and mixing zone thicknesses decreased as DO was
consumed. S©concentration profiles showed that peaksS¥as produed where reactants had
already been consumed. This demonstrated that as the reaction progressed, the DO mixing front
shifted toward the partition and $@as produced where recent DO consumption had occurred.
Similar to Chapter 2, mixing zone thicknessraased with increasing surface water head drop
both with and without the reaction present. Overall, Chapter 3 shows the importance of transport
and kinetics on mixinglependent reactions in the hyporheic zone.

Chapter 4 extends the results of Chapter 3nbgnerically simulating the Chapter 3
laboratory abiotic mixinglependent reactions. Simulated mixing zone thicknesses and oxic front
positions matched well with observed values from Chapter 3.p&gdluction zone thicknesses
and production front positienwere additional outputs from the model that had not been feasible
to measure in the laboratory. Similar to DO, 4§foduction zone fronts moved towards the
partition with time. By contrast, production zone thicknesses showed the opposite trend from DO,
i.e., increasing with time. To quantify the influence of hydrologic and kinetic parameters on
mixing-dependent reaction, inflow ratios (the flow ratio between upwelling groundwater and
downwelling surface water) as well as DO, s5@nd SQ@ concentrations @re varied in a
sensitivity analysis. Inflow ratio showed the greatest influence and was therefore a key driver of
DO mass consumed and S®ass produced.

In this analysis, we were also able to look at mass balances between the reactants and
products andompare them to zone thickness and front position. The mare/&Jproduced over
time the larger the Syroduction zone thickness, while DO mixing zone thickness shrank as DO
was simultaneously consumed. For small changes in zone thickness, large aphauats
consumption and production occurred. Thus, zone thickness has potential as a practical indicator
of consumption and production in lab or field settings. Similar to mixing and production zone
thickness, reaction mass was sensitive to inflow ratiche lower inflow ratios had similar mass
production and consumption and the same was true of the higher inflow ratios. Variations of
controls on hyporheic zone attenuation, such as inflow ratios and chemical concentrations, are
complex and can intexfe and/or enhance reactions with implications for water quality

management and ecosystem health.
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Among chapters -2 we analyze dimensionless numbers to characterize dominant
characteristics within our domaim specific, the Peclet (Pe) and Damkohler (Da) number were
used to determine hydraulic and kinetic properties. All chapters have Pe numbers show that the
domain was advection dominant with dispersion limited due to the high Pe values. While the Pe
valueswere all high there was a range and magnitude difference among the values in the studies.
This is likely due to the differences in calculating the value. In Chapter 2 the mixing length and
thickness are calculated at a depth of 4.2 cm and across thggdathkic flow cell. Chapter 4
di ffers in the depth of calculation as it fol
in depth. The biggest difference among the chapters is among Chagtere@he mixing length
is truncated due to the limitah with the images that were taken. Chaptées ®here we see the
largest difference in values indicating that the full mixing length is needed to appropriately
compare the values among all the chapters.

Chapter 5 presents two trials of DO and carboridie (CQ) optodes in batch experiments
of submerged sediments. The objective of Chapter 5 was to determine the feasibility of using a
coupled DGCO, optode system to provide basic understanding of couple€€Dgpatterns and
processes to build towardtéwe understanding of hyporheic zone biogeochemical and microbial
function. The experiments used natural streambed sediment and stream water from New River
near Blacksburg, VA as well as silica sand. GlucoseH{€Ds) and potassium dihydrogen
phosphate (KEPQs) were used as carbon and nutrient sources, respectively, to observe aerobic
respiration in 7zhour and 1&our long trials. Trial times were different due to differences in
glucose and potassium dihydrogen phosphate concentrations. Both trials stearespatial
concentration gradients that formed over time as DO was reduced anda(@roduced. In
addition, the effect of different substrate and concentrations were also seen in the optode images.
However, there were areas of full DO reduction andimam CQ concentrations in both trials
illustrating the possibility of high activity. Additionally, the trials showed microbial heterogeneity

as DO and C&concentrations were not uniformly distributed across the optodes.

It is important to note the disttion between Chapter 3,4 and Chapter 5 in its reaction
kinetics. We expect some of the conclusions from the abiotic reaction in Chapter 3 and 4 regarding
mixing zone thickness and mass production/consumption to be applicable to biotic reactions like
tha of Chapter 5. However, the profiles may not look the same as reaction times are highly
different. The reaction time for the abiotic reaction explored is seconds while for the biotic reaction
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it may be minutes to hours. Thus, the mixing may look diffedleietto the extend reaction times.
Nevertheless, the current studies are not directly comparable due to biotic reaction in Chapter 5
taking place in a batch system with no flow. When the biotic reaction is transferred to the hyporheic
zone we may see chagin the reaction response time as there would be more controlling factors

(i .e.., pore scale velocities, hydraulic conc
introducing additional mixing dynamics as microorganisms alter the mixing zones. wéus,

expect that while the trends may be similar the timescales would be longer.

These preliminary trials show the feasibility and value of the coupled optode system in
detailing microbial processes. Ultimately, the optodes were able to show changesaintation
over time and space. In addition, they represent some of the firgtitwemsional DO and CO

optode images produced for natural streambed sediment and stream water.

6.2 EngineeringSignificance andI mplications

This dissertation provides fundamental insights into mixing processes in the hyporheic
zone. Mixing processes have been extensively studied for deeper groundwater contaminant
attenuation and ways to enhance mixing has been a key cq§Gogrka et al., 2015; Werth et al.,
2006; Ye et al., 2016)rherefore, understanding mixing processes is instrumental to enhancing
attenuation and maintaining ecosystem health. More recently, gniixithe hyporheic zone has
also been an area of growing research interest due to its biogeochemical img@#adeaas et
al., 2004, Hester et al., 2014, 2017; Lewandowski et al., 2019, 2020; Li et al., 2017)

Upwelling groundwater contaminants traversing the hyporheic zone undergo attenuation
as mixing of reactants occuiSorant et al., 2004; Ellis & Rivett, 2007; Hester et al., 20T8)s
process is somewhat similar to mixing on the fringes of a groundwater plume as it moves along an
aquifer transeqBauer et al., 2009; Liu et al., 2014; Werth et al., 2006; Ye et al., Z0ié)efore,
in Chapter 2 we explore mixing due to a conservative dye in the hyporheic zone and most
importantly verify thin mixing zones and relate mixing zone thickness to a groundwater parameter
of dilution index. This relationship had not yet been smamveither groundwater or hyporheic
zone literature. This comparison illustrates the complementary nature of practical visual
parameters on the one hand versus analytically derived parameters on the other, which together

provides more holistic descriptiasf mixing. Neither parameter wholly describes mixing zones
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and therefore both together better informs remediation, restoration, and attenuation in the

hyporheic zone.

Explicitly observing mixing and kinetics, Chapter 3 focuses on a midependent
readion (Santizo et al., 2020)While the reaction is abiotic and performed under ststate
hydraulics and homogeneossdiment, this was one of the first studies that looked at controls for
mixing-dependent reactions in the hyporheic zone usingdiwensional visualization techniques
(Cardenas et al., 2016; Galloway et al., 2019; Kaufman et al., 2017; Wolke et al.,2028judy
provides basic information on how reactions influence mixing and most importantly it shows that
reaction dynami changed the mixing zone thickness and mixing zone front location over time,
illustrating that even with steaebtate and homogeneous conditions, dynamic progression of
transport and reactions are seen. This directly impacts attenuation potential @otedzation
of chemical concentrations. In the field, transient hydraulics and heterogeneous sediment is the
norm, and these added complexities would further enhance the dynamics evolution of mixing zone
front locations and mixing zone thicknesses, paéint further enhancing chemical
transformations. Yet capturing this full range of dynamics would be challenging in the field, both
in terms of spatial and temporal resolution of monitoring efforts. The extent of attenuation could

be easily truncated ihe reaction dynamics are not considered.

Chapter 3 provided insight into reaction dynamics but did not relate these to production
zone thicknesses or mass balance. Thus, Chapter 4 addresses the relationship between reaction
dynamics, mixingdependent i&ctions, and mass consumption/production. In addition, sensitivity
to reaction kinetic and hydraulic parameters were measured. It demonstrated that small changes in
the flow balance changed the amount of mass consumed and produced, and that mass trends can
be inferred from zone thickness trends. This is a practical insight that is useful infer mass changes
in the system from simply observations, which could further provide insights into attenuation for

laboratory and field studies.

Ultimately, Chaptes 2-4 illuminate the relationships between mixing and its controls. Each
chapter builds on the previous in levels of complexity to show the importance of mixing for
attenuation and water quality efforts in the hyporheic zone. These studies could be usaddo prov
guidance to management decisions for river management and mitigating groundwater

contaminants.
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For example, because inflow ratios were a dominant factor in all chapters, this might be
leveraged to control and enhance mixing in highly impaired rindasy rivers across the U.S.
have substantial flow management which could be adapted to optimize flow and attenuation to
improve water quality and remove rivers from impaired lists. Weirs, dams, and ottezam
structures have long been used as flowtrobiieatures in rivers and therefore adapting their use,
placement, and flowelease timing to enhance mixing and attenuation could be studied and
implemented. Many times, these decisions are made with one goal in mind e.g., flow control.
However, proceses do not occur in a vacuum and flow control has impacts on biogeochemical
processes, thus optimizing both would have enhanced benefits relative to single purpose design or
management. Adapting and implementing such changes would also enhance recofjttigon
hyporheic zone as a location for attenuation and efforts to enhance attenuation by government
agencies either through regulations or acts. As such, remediation efforts that have traditionally

focused on deeper groundwater can also be applied hyploeheic zone.

Lastly, the information provided in Chapter 4 regarding mass production and consumption
in relation to mixing zone front locations and thickness could be an important tool in monitored
natural attenuatiofMNA). In MNA, understanding wheréo make observations regarding
contaminant concentrations is crucial thus having knowledge on the location and mixing dynamics
would aid in successful attenuation. In addition, providing the relationship between timescales and
its controls would improve NA as favorable conditions for the reaction of interest may be
implemented. Having the practical measurement (zone thickness) and relating it to the

concentration changes as done in Chapter 4 could provide an opportunity for MNA evaluation.

The last chager, Chapter 5, can be thought of a preliminary study that explored the
potential of coupling planar optodes for imaging biotic mixi@ependent reactions in the
hyporheic zone. The images of €@nd DO are some of the first from subsurface studies
measuring microbial respiration from streambed sediments. Implementing this coupled optode
technique could offer relationships on respiration and dynamics by providinrditvemsional
profiles with chenrcal spatial distributions. Numerical models and field experiments have shown
the importance of microbial respiration for attenuation and most recently the interplay between

mixing, microbial communities, and attenuation.

158



6.3 Future Work

There are manyvanues these studies can take to further understanding of hyporheic
processes relating to mixing and attenuation. Each chapter is addressed separately by expanding
on the future work already stated in each chapter.

Chapter 2 used homogeneous sedimentthacefore the next logical step would be to
address mixing in heterogeneous sediment and determine the relationships that evolve from
heterogeneity. Fluxelated dilution indices have been applied to heterogeneous aquifers and
therefore can also be usedyporheic settingéBallarini et al., 2014; Chiogna et al., 2012; Rolle
et al., 2013)In addition, threedimensional model domains could allow observation of additional
flow patterns such as helical floW¥e et al., 2016)Lastly, adding mixingdependent reactions
and using groundwater analytical parameters such as critical dilution index could inform the

relationship between mixing zone thickness and dilution indices under reactive conditions.

Chapter 3 could be extended with transient head boundaries to determine how they affect
the transport and kinetics dynamics already obsdBetiacinBusolin, 2019; Hester et al., 2019)
Observing different reactions such as microbially mediated, precipitation or decomposition
reactions with varying kinetic rates could also inform how mixing dynamics change due to a range
of kinetic rates. Ulmately, this will allow the ability to properly sample and map concentration
profiles in the laboratory and field and thus help determine relationships between mixing zones,
consumption, and production. To accomplish these goals, more robust samglicigearical

analysis procedures in laboratory and field settings are needed.

Similar to Chapter 2 and 3, Chapter 4 would benefit from heterogeneity analysis and
transient head conditions. Extending the numerical model to a wider range of surface vehter hea
drops, inflow ratios, and reactions observed would help expand the trends and connections found
in the study. Using larger and smaller head drops to expand from the two values observed would
help determine the limits of mixindependent reactions as fasvelocities may impede reaction
completion. Using a wider range of inflow ratios would help determine the relationships between
mass changes and mixing/production zone thickness and front positions. Lastly, using different
reactions that use DO as theaton acceptor such as degradation of halogenated hydrocarbons
and fuelderived compounds can inform what influence the reaction order may have on mixing

dynamics. Implementing biotic mixirdependent reactions allows for comparison on the effects
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of thetypes of reactions as attenuation depends on both abiotic and biotic reactions in the hyporheic

Zone.

Finally, considering the optodes tested in Chapter 5, implementing larger scale experiments
in laboratory flumes with circulating or namrculating flow conditions will more realistically
simulate processes in hyporheic zones. In addition, having controlled scenarios to test different
variables (nutrient, carbon and DO concentrations; ratio of sediment mixture) would provide
detailed insight into mixingnecesses. In addition, using microbiology techniques in tandem can
inform of microorganisms involved and their response to mixing. The coupled optode system
shows great promise to expand our understanding of biogeochemical processes that occur in the
hypotheic zone with greater spatial resolution.
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Appendix A. SteadyState MATLAB Codes for Chapter 2: Hyporheic transverse mixing
zones and dispersivity

Contents for High Head Drop: Steady State

1 1.Importing D ata

1 2.First Normalization
1 3. Block Processing
1
1

4. Second Normalization
5. Interpolation and Mixing Zone Width Calculation

%High Drop steady state analysis
%Analysis performed in this script:

%21. Import of déa (.e.,images) to be analyzed (background and
%experimental images)
%2. Normalization (converting images to ratios between experimental
%and background images)
%3. Block processing (averaging images into blocks for furthe
%processing)
%4. Second normalization (normalize intensities found in each image
%Dby color channel)

clear; clc; closalll

%created by: Abenezétida 2014/2015) edited by: Katherine Santizo (2017/2018)

1. Importing Data

%importing dataBackground
%This imports all ten background images that will be used for the first
%normalization. You can conversely load the folder and then call upon
%the images but the directory will have to match regardiEsso is
%using the script. As long as the images do not get renamed there will
%be no issue importing them onto MATLAB when the folder is in MATLAB's
Y%pathway.

B1 = double(importdat&{06953.tif));
B2= double(importdat&{06959.tif));
B3=double(importdaté&)06965.tif));
B4= double(importdat&{06971.tif));
B5= double(importdat&{06977 .tif));
B6= double(importdatd{06983.tif));
B7= double(importdatd{06989.tif));
B8= double(importdatd§06995.tif));
B9=double(importdata)07001.tif));
B10= double(importdat&]07007 .tif));

%importdata is théuilt-in function that MATLAB uses to open an image as a
%Matrix. double allows for the image values to have double precision.

%The firstnormalization just takes into account background differences
%that could have happenékhus,the background image is divided by the
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file:///F:/VT-CEE%20PhD%20Research/NMD%20Dye%20Mixing%20zones/Abenezer/Santizo_Abenezer_Steady%20State/High%20Head%20Drop%20Files/Abenezer_high_drop_SS_FINAL_truncated.html%232
file:///F:/VT-CEE%20PhD%20Research/NMD%20Dye%20Mixing%20zones/Abenezer/Santizo_Abenezer_Steady%20State/High%20Head%20Drop%20Files/Abenezer_high_drop_SS_FINAL_truncated.html%233
file:///F:/VT-CEE%20PhD%20Research/NMD%20Dye%20Mixing%20zones/Abenezer/Santizo_Abenezer_Steady%20State/High%20Head%20Drop%20Files/Abenezer_high_drop_SS_FINAL_truncated.html%234
file:///F:/VT-CEE%20PhD%20Research/NMD%20Dye%20Mixing%20zones/Abenezer/Santizo_Abenezer_Steady%20State/High%20Head%20Drop%20Files/Abenezer_high_drop_SS_FINAL_truncated.html%235
file:///F:/VT-CEE%20PhD%20Research/NMD%20Dye%20Mixing%20zones/Abenezer/Santizo_Abenezer_Steady%20State/High%20Head%20Drop%20Files/Abenezer_high_drop_SS_FINAL_truncated.html%236

%experiment concentration image.

%importing dataExperimental High drop runs
%This does the same procedure as th&dracind images (see above)

C1 = double(importdatd07313.tif));
C2= double(importdat&l07319.tif));
C3= double(importdat&]07325.tif));
C4= double(importdat&07331.tif));
C5= double(importdat&07337..tif));
C6= double(importdat&07343.tif));
C7= double(importdat&{07349.tif));
C8= double(importdat&07355.tif));
C9= double(importdat&07361.tif));
C10= double(importdat&07367.tif));

% Now that we have all the images we nerel can start working on
% normalizing. Begin by combinintipe images into one large file. Can do
% this by using imlincomb which stands for image linear combination.

2. Arst Normalization

k = 0.1;%this is the factor that will be used throughout the linear
%combination because we are working withiteages. In linear
%combinations, the value in front of the image file is usually (1/n) where
%n is the number of images that will be combined.

%BGH stands for background high drop
BGH = imlincomb(k,B1,k,B2,k,B3,k,B4,k ,B5,k,B6,k,B7,k,B8,k,B9,k,B10);

%ECH= experimental concetration high drop
ECH= imlincomb(k,C1,k,C2,k,C3,k,C4,k,C5,k,C6,k,C7,k,C8,k,C9,k,C10);

%Now for the normalization which asks to divide the images from BGH by ECH.
%There are multiple ways to carry such task out. Can do BGH ./ ECHilbut w
%use imdivide since that is the image processing tool to divide out

%images.

%FNH= first normalization of high head drop. Ratio of background and experimental images.
FNH = double(imdivide(BGH,ECH));

%Process filter to ensure reals numbers are cgilygodealt with. Since

%the first normalization is a ratio all numbers results should be between 0
%and 1. isinf=infinite values found in matrices; isnan=undefined value
%found in matrices.

fori=1:2592% i,j,m %i,j,m must match the matrix size of FNH.
forj=1:3872
form=1:3
if isinf(FNH(i,j,m))
FNH(,j,m) = 1;
elseifisnan(FNH(i,j,m))
FNH(i,j,m) = 0;
elseif FNH(i,j,m)>= 1
FNH(,j,m)=1;
elseif FNH(i,j,m)<=0
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FNH(i,j,m)=0;
end
end
end
end

3. Block Processing

%BLOCK PROCESSING: averages images in blocks of desired size. It creates a
%uniform size block for further processing. It divides the image for easier
%processing. Blockproc is the MATLAB built in function to block process
%images. Taeduce noise median filter can be used in this step.

%these first two lines are included to create a block processing function

%that the blockproc can than read. It tells it what kind of data it is processing
%block_struct.data is specifically used fortriees of block data which an image is.
fun = @(block_struct)..

mean2(block_struct.data) * ones(size(block_struct.data));

bl=20;

%BIlock processing for all three matrices from first normalization

%(based on the three intensity channels, RGB where R=2A aB¢ B=3 in MATLAB)

BPH(:,:,1) = blockproc(FNH(:,:,1),[bl bl],fun¥BPH=Dblock processing of high head drop
%BPHJ(:,:,2) = blockproc(FNH(:,:,2),[10 10],fun); %The G and B channels

%could beomittedsince we will only be working the red channel.

%BPHJ(:,:,3) = blockproc(FNH(:,:,3),[10 10],fun);

figure (1P6 displays figure to verify that image frame has been normalized and block processed
imshow (BPH);

=

e ey
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4. S2cond Normalization

The second normalization focuses on correcting intensity differences that may occur due to
changes in exposure. Onagain,the normalization is a ratio between 0 and 1. With it being set
for O to be the highest dye concentration and 1 lowest dye cortcantiae. no dye).

for a=260:bl:340%a is a check of the BPH along a set of rows, Abenezer decided to do calculations
%o0ff Row 300 so this gives a-20 rows for analysis. The range can
%vary based on needs. Recall the block process s8@B@rethe same
%value.
b=1900:bl:3300;

figure(2)

plot(BPH(a,b,1))%SNH1 is second normalization of high drop (1st figure)
%1700:3500 is the columns of interest, based on the hyporheic flow cell and
%figure (1)

hold on %hold on allows for a figure toebbuilt on based on multiple plots that are
%wanted to be placed in a figure together

xlabel({'Column#'(Row:283320 Col: 17068500)}, 'fontsize;12,fontweight,'bold);
ylabel({Normalized Intensity, I_N-I',}, fontsize/12,fontweight;'bold);
set(gcadXMinorTick','on’"YMinorTick','on));

set(gcdfontweight,'bold’,'fontsize,10);

% title({'High Drop Steady State Experiment','Normalized Intensity Profiles',...
% ‘fontweight','bold’,'fontsize’,14);

end

b=260:bl:340%matching the rowthat will be analyzed. To build a matrix of each row.
€=1900:bl:3300%columns of interest
BPHN=BPH(b,c)%41 by 1801 matrix with section of interest.

%Normalization calculation

%finding the maximum value in both dyed and undyed parts

UndyedValueHigh= maBPHN(:,:)"); % The undyed section of the image has the highest
%and thus will have the highest value in the matrix of observation. Finding

%the max for each row using the max function means the matrix must be
%transposed as the max function takes maximatlwevfrom each column.
UndyedValueHigh = UndyedValueHigl®%This retransposes the matrix to present
%maximums for each row as a 41 by 1 matrix

DyedValueHigh= max(BPHN(:,51:71)");

DyedValueHigh=DyedValueHigh';

for i=1:1:length(b)%i,j must match the max size of BPHN
for j=1:length(c)
if (BPHN(i,j))>=(UndyedValueHigh(iUndyedValueHigh(i)*0.01))
BPHN(i,j) = UndyedValueHigh(i);
elseif (BPHN(i,j))<= (DyedValueHigh()(DyedValueHigh(i)*0.01))
BPHN(i,j) = DyedValueHigh(i);
end
end
end
% UndyedValueHigh= mean(BPH(300,2075,1),2); %Values for mean were decided by Abenezer
% %thus understanding is limited. Undyed value is sand wittyroThis
% does not make sense as there is no mean to a singleNawalue high
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% was a single value taken from row 300,column 2075.

% DyedValueHigh=mean(BPH(300,2625,1),2); %area with dye

% BPH(300,1700:2100,1)=UndyedValueHigh; %Why/how were these decided? 2100, 2600
% BPH(300,2600:3500,1)=DyedValueHigh;

% DbNormalizedBlcproc50High=BPH;

% for i = 1:1:5 % i,j, %i,j must match the matrix size of BPHN.

% forj=1:91

% if (BPHN(i,j))>= (UndyedValueHigh@jUndyedValueHigh(i)*0.04))
%  BPHN(,j) = UndyedValudigh(i);

% elseif (BPHN(i,j))<= (DyedValueLow({DyedValueLow(i)*0.01))
%  BPHN(,j) = DyedValueLow(i);

% end
% end
% end

%%%JUST NORMALIZE BASED ON HIGH NO NEED FOR SMOOTHING VARIATION LOOP

%In this for loop, in every cell alortipe row of interest it calculates
%the double normalized intensity so that the maximum is at 1 and minimum at
%zero

DbNormalizedBlcproc10High={(UndyedValueHighBPHN)./(UndyedValueHigiDyedValueHigh));
Horizontal_axis=0+(200*0.014):(bI*0.014):25(2000.014);

for v=1:length(b)
for w=1:length(c)
if DbNormalizedBlcproc10High(v,w)<=0
DbNormalizedBIcproc10High(v,w)=0;
end
end
end

for v=1:length(b)

figure(3);

plot(Horizontal_axis,DbNormalizedBlcproc10High(v,1:length(c)));

hold on

xlabel({'Horizontal Distance [cm](Row:280320 Col: 17083500)}, ‘fontsize,12,fontweight;'bold));

ylabel( Double Normalized, |_D_NT,'fontsize;12,fontweight;'bold);

set(gcdXMinorTick','on}"YMinorTick','on);

set(gcdfontweight,'bold’,'fontsize,10);

axis([0 25.2 0 1.0]);

title({'High Drop Steady State Experim¢ribouble Normalized Intensity Profilgs'.
‘fontweight;'bold’,'fontsize;14);

end
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5. Interpolation and Mixing Zone Width Calculation

%cannot do loop for this because the unique formula provides different
%lengths for each row in analysis therefore cannot set a specific size for
%the an output matrix

[x1, index] = uniqgue(DbNormalizedBlcproc1@ih(1,:),stabley; %rowl from Db..

y90_1 = interp1(x1, Horizontal_axis(18:31), 0.90); y10_1 = interp1(x1, Horizontal_axis(18:31), 0.10);
[x2, index] = uniqgue(DbNormalizedBlcproc10High(2s)able); %row2 from Db..

y90 2 = interpl(x2Horizontal _axis(17:32), 0.90); y10_2 = interp1(x2, Horizontal _axis(17:32), 0.10);
[x3, index] = unique(DbNormalizedBlcproc10High(3shable); %row3 from Db..

y90_3 = interp1(x3, Horizontal_axis(19:33), 0.90); y10_3 = interp1(x3, Horizontal_axis(10:33);

[x4, index] = unique(DbNormalizedBlcproc10High(4shable); %row4 from Db..

y90 4 = interp1(x4, Horizontal_axis(14:30), 0.90); y10_4 = interp1(x4, Horizontal_axis(14:30), 0.10);
[X5, index] = unique(DbNormalizedBlcproc10High(5sable); %row5from Db..

y90_5 = interp1(x5, Horizontal_axis(17:32), 0.90); y10_5 = interp1(x5, Horizontal_axis(17:32), 0.10);

MZW_10 90 =[y10_21y90 1;y10 290 2;y10 3y90 3;yl10 4y90 4 ;yl0 5/90 5];

MZW_10_90_avg = mean(MZW_10_90);
MZW_10_90_std = std(MZW_a 90);
CV = 100*(MZW_10_90_std / MZW_10_90_avg);

formatSpec =The average mixing zone width for the low head drop is %3.2f cm with standard deviation of %3.2f
cm and coefficient of variation of %2.1f percert

fprintf(formatSpec,MZW_10_90_avg,MZW_10_96td,CV)

The average mixing zone width for the low head drop is 1.47 cm with standard deviation of 0.07 cm and coefficient
of variation of 4.6 percent

Contents for Mid Head Drop: Steady State

1. Importing Data

2. Hrst Normalization

3. Block Processing

4. Second Normalization

5. Interpolation and Mixing Zone Width Calculation

=A =4 =8 -4 =4

%Mid HeadDrop steady state analysis
%Analysis performed in this script:

%21. Import of data (i.e. images) to be analyzed (background and
%experimental images)
%2. Normalization (converting images to ratios between experimental
%ard background images)
%3. Block processing (averaging images into blocks for further
%processing)
%4. Second normalization (normalize intensities found in each image
%by color channel)
%5. Mixing thickness calculatien(Calculate dyed and undyed mixing)
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clear; clc; closalll

1. Importing Data

%importing dataBackground
%This imports all ten background image that will be used for the first
%normalization. You can conversely load the folder #ueeh call upon
%the images but the directory will have to match regardless of who is
%using the script. As long as the images do not get renamed there will
%Dbe no issue importing them onto MATLAB when the folder is in MATLAB's
Y%pathway.

B1 = double(importdatag05981..tif));
B2= double(importdatdf05987 .tif));
B3= double(importdatd§05993.tif));
B4= double(importdatd§05999.tif));
B5= double(importdat&{06005.tif));
B6= double(importdat&{06011.tif));
B7=double(importdat&)06017.tif));
B8= double(importdat&{06023.tif));
B9= double(importdat&f06029.tif));
B10= double(importdat&{06035.tif));

%importdata is the built in function that MATLAB uses to open an image as a
%Matrix. double allows for themage values to have double precision.

%The first normalization just takes into account background differences
%that could have happened. Thus the background image is divided by the
%experiment concentration image.

%importing dataExperimentalmid headrop runs
%This does the same procedure as the background images.

C1 = double(importdat&]06338.tif));
C2= double(importdat&]06344.tif));
C3= double(importdat&l06350.tif));
C4= double(importdat&]06356.tif));
C5=double(importdata)06362.tif));
C6= double(importdat&{06368.tif));
C7= double(importdat&l06374.tif));
C8= double(importdat&06380.tif));
C9= double(importdat&{06386.tif));
C10= double(importdat(06392.tif));

% Now that we have all thenages we need we can start working on
% normalizing. Begin by combining the images into one large file. Can do
% this by using imlincomb which stands for image linear combination.

2. FArst Normalization

%BGH stands for background high drop

k = 0.1;%this is the factor that will be used throughout the linear
%combination because we are working with ten images. In linear
%combinations, the value in front of the image file is usually (1/n) where
%n is the number of images that will be combined.
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BGH = imlinoomb(k,B1,k,B2,k,B3,k,B4,k ,B5,k,B6,k,B7,k,B8,k,B9,k,B10);
%ECH = experimental concetration high drop
ECH= imlincomb(k,C1,k,C2,k,C3,k,C4,k,C5,k,C6,k,C7,k,C8,k,C9,k,C10);

%Now for the normalization which asks to divide the images from BGH by ECH.

%There ag¢ multiple ways to carry such task out. Can do BGH ./ ECH but will
%use imdivide since that is the image processing tool to divide out
%images.

%FNH= first normalization of mid head drop. Ratio of background and experimental images.
FNH = double(imdivideBGH,ECH));

%Process filter to ensure reals numbers are only being dealt with. Since
%the first normalization is a ratio all numbers results should be between 0
%and 1. isinf=infinite values found in matrices; isnan=undefined value
%found inmatrices.

fori=1:2592% i, j, m

forj=1:3872
form=1:3
if isinf(FNH(i,j,m))
FNH(i,j,m) = 1;
elseifisnan(FNH(i,j,m))
FNH(i,j,m) = 0;
elseif FNH(i,j,m)>= 1
FNH(,j,m)=1;
end
end
end
end

3. Block Processing

%BLOCK PROCESSING: averages images in blocks of desired size. It creates a
%uniform size block for further processing. It divides the image for easier
%processing. Blockproc is the MATLAB built in function to block process
%images. To reduce s median filter can be used in this step.

%these first two lines are included to create a block processing function

%that the blockproc can than read. It tells it what kind of data it is processing
%block_struct.data is specifically used for matriceblo€k data which an image is.
fun = @(block_struct)..

mean2(block_struct.data) * ones(size(block_struct.data));

bl=20;

%Block processing for all three matrices from first normalization

%(based on the three intensity channels, RGB where R=1, G=B=ghith MATLAB)

BPH(:,:,1) = blockproc(FNH(:,:,1),[bl bl],fund»BPH=block processing of high head drop
%BPH(:,:,2) = blockproc(FNHY(:,:,2),[10 10],fun); %The G and B channels

%could beomittedsince we will only be working the red channel.

%BPH(:,:,3) = blockproc(FNH(:,:,3),[10 10],fun);

figure (14 displays figure to verify that image frame has been normalized and block processed
imshow (BPH);
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4. S2cond Normalization

The second normalizatn focuses on correcting intensity differences that may occur due to
changes in exposure. Once again the normalization is a ratio between 0 and 1. With it being set
for O to be the highest dye concentration and 1 lowest dye concentration (i.e. no dye).

for a=260:bl:340%a is a check of the BPH along a set of rows, Abenezer decided to do calculations
%off Row 300 so this gives a-20 rows for analysis. The range can
%vary based on needs. Recall the block process s8@B@are the same
%value.
b=1900:bl:3300;

figure(2)

plot(BPH(a,b,1))%SNH1 is second normalization of mid drop (1st figure)
%21700:3500 is the columns of interest, based on the hyporheic flow cell and
%figure (1)

hold on %hold on allows for a figure to be built on basechauitiple plots that are
%wanted to be placed in a figure together

xlabel({'Column#,'(Row:283320 Col: 17068500)}, 'fontsize;12,fontweight,'bold);
ylabel({'Normalized Intensity, |_N-[',}, fontsize;12,fontweight,'bold);
set(gcdXMinorTick','on’"'YMinorTick','on);
set(gcdfontweight;'bold’,'fontsize,10);

% title({'Mid Drop Steady State Experiment’,'Normalized Intensity Profiles'},...
% ‘fontweight','bold’,'fontsize’,14);

end
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b=260:bl:340%matching the rows that will kenalyzed. To build a matrix of each row.
€=1900:bl:3300%columns of interest
BPHN=BPH(b,c)2641 by 1801 matrix with section of interest.

%Normalization calculation

%finding the maximum value in both dyed and undyed parts

UndyedValueHigh= max(BPHN¥Theundyed section of the image has the highest
%and thus will have the highest value in the matrix of observation. Finding

%the max for each row using the max function means the matrix must be
%transposed as the max function takes maximum value from eashrcol
UndyedValueHigh = UndyedValueHigl#%This retransposes the matrix to present
%maximums for each row as a 41 by 1 matrix

DyedValueHigh= max(BPHN(:,51:71)";

DyedValueHigh=DyedValueHigh’;

for i=1:1:length(b)%i,j must match the matrix size of BPHN
for j=1:length(c)
if (BPHN(i,j))>=(UndyedValueHigh(iUndyedValueHigh(i)*0.01))
BPHN(i,j) = UndyedValueHigh(i);
elseif (BPHN(i,j))<= (DyedValueHigh()(DyedValueHigh(i)*0.01))
BPHN(i,j) = DyedValueHigh(i);
end
end
end

%In this for loop, in every cell along the row of interest it calculates
%the double normalized intensity so that the maximum is at 1 and minimum at
%zero

DbNormalizedBIcproc10Mid={(UndyedValueHighBPHN)./(UndyedValueHigiDyedValueHigh));
Horizortal_axis=0+(200*0.014):(bl*0.014):25.200*0.014);

for v=1:length(b)
for w=1:length(c)
if DbNormalizedBlcproc10Mid(v,w)<=0
DbNormalizedBlcproc10Mid(v,w)=0;
end
end
end

for v=1:length(b)

figure(3);

plot(Horizontal_axis,DbNormalizedBlcpc@OMid(v,1:length(c)));

holdon

xlabel({'Horizontal Distance [cm](Row:2803320 Col: 17063500)}, ‘fontsize,12,fontweight;'bold);

ylabel( Double Normalized, |_D_NT,fontsize;12,fontweight;'bold);

set(gcaXMinorTick','on’"'YMinorTick','on);

set(gcdfontweight;'bold’,'fontsize,10);

axis([0 25.2 0 1.0));

title({'Mid Drop Steady State ExperimehDouble Normalized Intensity Profilgs'.
‘fontweight;'bold’ fontsize;14);

end

174



Normalized Intensity, |, [-]

Double Normalized, IDN [-]

0.95f

=
w
—

0.85

=
o
———

0.75

|

0.65 ————

10 20

30 40 50 60 70
Column#

(Row:280-320 Col: 1700-3500)
Mid Drop Steady State Experiment
Double Normalized Intensity Profiles

80

0.8 F

0.7

0.4 F
0.3 F

0.2 F

10 15 20

Horizontal Distance [cm]
(Row:280-320 Col: 1700-3500)

175

25



5. Interpolation and Mixing Zone Width Calculation
%cannot do loop for this because the unique formula provides different
%lengths for each row in analysis therefore cannot set a specific size for
%the an output matrix

[x1, index] = uniqgue(DbNormalizedBlcproc10Mid(1'sjable); %rowl from Db.

y90_1 = interp1(x1, Horizontal_axis(17:34), 0.90); y10_1 = interp1(x1, Horizontal_axis(17:34), 0.10);
[x2, index] = uniqgue(DbNormalizedBlcproc10Mid(2'sjable); %row2 from Db..

y90 2 = interp1(x2, Horizontal_axis(16:36), 0.90); y10_ 2 = interpl(x2izdotal _axis(16:36), 0.10);

[x3, index] = unique(DbNormalizedBlcproc10Mid(3'sjable); %row3 from Db..

y90 3 = interp1(x3, Horizontal_axis(16:30), 0.90); y10_3 = interp1(x3, Horizontal_axis(16:30), 0.10);
[x4, index] = unique(DbNormalizedBlcproc10Mid(}'stable); %row4 from Db..

y90 4 = interp1(x4, Horizontal_axis(16:32), 0.90); y10_4 = interp1(x4, Horizontal_axis(16:32), 0.10);
[X5, index] = unique(DbNormalizedBlcproc10Mid(5's}ablej; %row5 from Db..

y90_5 = interp1(x5, Horizontal_axis(17:33)90); y10_5 = interp1(x5, Horizontal_axis(17:33), 0.10);

MZW_10 90 =[y10_21y90 1;y10 290 2;y10 3y90 3;yl10 4y90 4 ;yl0 5/90 5];

MZW_10_90_avg = mean(MZW_10_90);
MZW_10_90_std = std(MZW_10_90);
CV = 100*(MZW_10_90_std MZW_10_90_avg);

formatSpec =The average mixing zone width for the low head drop is %3.2f cm with standard deviation of %3.2f
cm and coefficient of variation of %2.1f percert

fprintf(formatSpec,MZW_10 90 avg,MZW_10 90_std,CV)

The average mixing zone width for the low head drop is 1.30 cm with standard deviation of 0.26 cm and coefficient
of variation of 19.8 percent

Contents for Low Head Drop: Steady State

1. Importing Data

2. Frst Normalization

3. Block Processing

4. Second Normalization

5. Interpolation and Mixing Zone Width Calculation

=A =4 =8 -4 =9

%Low Dropsteady state analysis
%Analysis performed in this script:

%21. Import of data (i.e. images) to be analyzed (background and
%experimental images)
%2. Normalization (converting images to ratios between experimental
%and bakground images)
%3. Block processing (averaging images into blocks for further
%processing)
%4. Second normalization (normalize intensities found in each image
%by color channel)
%5. Mixing thickness calculations (alate dyed and undyed mixing)

clear; clc; closalll
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1. Importing Data

%importing dataBackground
%This imports all ten background images that will be used for the first
%normalization. You can conversely load the folder and tadirupon
%the images but the directory will have to match regardless of who is
%using the script. As long as the images do not get renamed there will
%be no issue importing them onto MATLAB when the folder is in MATLAB's
%pathway.

B1 = dauble(importdatd(006398.tif));
B2= double(importdat&f06404.tif));
B3= double(importdatd&f06410.tif));
B4= double(importdat&{06416.tif));
B5= double(importdat&{06422.tif));
B6= double(importdat&{06428.tif));
B7= double(importdat&{06434.tif));
B8= double(importdat&f{06440.tif));
B9= double(importdatd{06446.tif));
B10= double(importdat&l06452.tif));

%importdata is the built in function that MATLAB uses to open an image as a
%Matrix. double allows for the image values to have doul®eipion.

%The first normalization just takes into account background differences
%that could have happened. Thus the background image is divided by the
%experiment concentration image.

%importing data-Experimental low drop runs
%This does the sanpocedure as the background images.

C1 = double(importdat&(06893.tif));
C2= double(importdat&]06899.tif));
C3= double(importdat&]06905.tif));
C4= double(importdat&06911.tif));
C5= double(importdat&06917 .tif));
C6=double(importdata)06923.tif));
C7= double(importdatd06929.tif));
C8= double(importdat&{06935.tif));
C9= double(importdat&{06941.tif));
C10= double(importdat&(06947 .tif));

% Now that we have all the images we need we can start working on
% normalizing. Begin by combining the images into one large file. Can do
% this by using imlincomb which stands for image linear combination.

2. FHrst Normalization

%BGH stands for background low drop

k = 0.1;%this is the factor that will be usdéiaroughout the linear
%combination because we are working with ten images. In linear
%combinations, the value in front of the image file is usually (1/n) where
%n is the number of images that will be combined.

BGH = imlincomb(k,B1,k,B2,k,B3,k,B4,k ,B5,k,B&B7,k,B8,k,B9,k,B10);
%ECH = experimental concetration low drop
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ECH= imlincomb(k,C1,k,C2,k,C3,k,C4,k,C5,k,C6,k,C7,k,C8,k,C9,k,C10);
%Now for the normalization which asks to divide the images from BGH by ECH.

%There are multiple ways to carry such task Can do BGH ./ ECH but will
%use imdivide since that is the image processing tool to divide out
%images.

%FNH= first normalization of low head drop. Ratio of background and experimental images.
FNH =double(imdivide(BGH,ECH));

%Process filter to ensure reals numbers are only being dealt with. Since
%the first normalization is a ratio all numbers results should be between 0
%and 1. isinf=infinite values found in matrices; isnan=undefined value
%foundin matrices.

fori=1:2592% i, j, m

forj=1:3872
form=1:3
if isinf(FNH(i,j,m))
FNH(i,j,m) = 1;
elseifisnan(FNH(i,j,m))
FNH(i,j,m) = 0;
elseif FNH(i,j,m)>= 1
FNH(,j,m)=1;
end
end
end
end

3. Block Processing

%BLOCK PROCESSING: averages images in blocks of desired size. It creates a
%uniform size block for further processing. It divides the image for easier
%processing. Blockproc is the MATLAB built in function to block process
%images. Taeduce noise median filter can be used in this step.

%these first two lines are included to create a block processing function
%that the blockproc can than read. It tells it what kind of data it is processing
%block_struct.data is specifically used fortriees of block data which an image is.

% %Block processing for all three matrices from first normalization
% %(based on the three intensity channels, RGB where R=1, G=2 and B=3 in MATLAB)

fun = @(block_struct)..
mean2(block_struct.data) * ones(sizeft®_struct.data));
bl=20;

%Block processing for all three matrices from first normalization

%(based on the three intensity channels, RGB where R=1, G=2 and B=3 in MATLAB)
BPH(:,:,1) = blockproc(FNH(:,:,1),[bl bl],fun¥BPH=block processing of high heaapr
%BPH(:,:,2) = blockproc(FNHY(:,:,2),[10 10],fun); %The G and B channels

%could beomittedsince we will only be working the red channel.

%BPH(:,:,3) = blockproc(FNH(:,:,3),[10 10],fun);

figure (16 displays figure to verify that image frame has been abized and block processed
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imshow (BPH);
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4. S2cond Normalization

The second normalization focuses on correcting intensity differences that may occur due to
changes in exposure. Once again the normalization is a ratio between 0 and 1. Withsiétbeing
for O to be the highest dye concentration and 1 lowest dye concentration (i.e. no dye).

for a=260:bl:340%a is a check of the BPH along a set of rows, Abenezer decided to do calculations
%off Row 300 so this gives a-20 rows foranalysis. The range can
%vary based on needs. Recall the block process s@2Bare the same
%value. 280,290,300, 310, 320 are going to be processes only.
b=1900:bl:3300%full area starting from divider

figure(2)

plot(BPH(a,b,1)) %SNH1 issecond normalization of high drop (1st figure)
%21700:3500 is the columns of interest, based on the hyporheic flow cell and
%figure (1)

hold on %hold on allows for a figure to be built on based on multiple plots that are
%wanted to be placed in a figure &iger

xlabel({'Column#'(Row:2806320 Col: 17063500)}, ‘fontsize/12,fontweight;'bold);
ylabel({Normalized Intensity, I_N-[',}, fontsize;12 fontweight;'bold);
set(gcaXMinorTick','on’"'YMinorTick','on);
set(gcdfontweight;'bold’,'fontsize,10);

% title({'Low Drop Steady State Experiment’,'Normalized Intensity Profiles,...
% ‘fontweight','bold’,'fontsize’',14);

end
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b=260:bl:340%matching the rows that will be analyzed. To build a matrix of each row.
€=1900:bl:3300%columnsof interest
BPHN=BPH(b,c)2641 by 1801 matrix with section of interest.

%Normalization calculation

%finding the maximum value in both dyed and undyed parts

UndyedValueHigh= max(BPHNYThe undyed section of the image has the highest
%and thus will havehie highest value in the matrix of observation. Finding

%the max for each row using the max function means the matrix must be
%transposed as the max function takes maximum value from each column.
UndyedValueHigh = UndyedValueHigl#%This retransposes the matrix to present
%maximums for each row as a 41 by 1 matrix

DyedValueHigh= max(BPHN(:,51:71)";

DyedValueHigh=DyedValueHigh';

for i=1:1:length(b)%i,j must match the matrix size of BPHN
for j=1:length(c)
if (BPHN(i,j))>=(UndyedValueHigh(iUndyedValueHigh(i)*0.01))
BPHN(i,j) = UndyedValueHigh(i);
elseif (BPHN(i,j))<= (DyedValueHigh()(DyedValueHigh(i)*0.01))
BPHN(i,j) = DyedValueHigh(i);
end
end
end

DbNormalizedBIcprocl0Low=1(UndyedValueHighrBPHN)./(UndyedValueHigiDyedValueHigh));
Horizontal_axis=0+(200*0.014):(bl*0.014):25(200*0.014);

%lIn this for loop, in every cell along the row of interest it calculates
%the double normalized intensip that the maximum is at 1 and minimum at
%zero

for v=1:length(b)
for w=1:length(c)
if DbNormalizedBlcproc10Low(v,w)<=0
DbNormalizedBlcproc10Low(v,w)=0;
end
end
end

for v=1:length(b)

figure(3);

plot(Horizontal_axis,DbNormalizedBlcproc10Low(v,1:length(c)));

holdon

xlabel({'Horizontal Distance [cm](Row:2803320 Col: 17063500)}, ‘fontsize,12,fontweight;'bold);

ylabel( Double Normalized, |_D_NT,fontsize;12,fontweight;'bold);

set(gcaXMinorTick','on’"'YMinorTick','on);

set(gcdfontweight;'bold’,'fontsize,10);

axis([0 25.2 0 1.0));

title({'Low Drop Steady State ExperimehDouble Normalized Intensity Profilgs'.
‘fontweight;'bold’ fontsize;14);

end
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5. Interpolation and Mixing Zone Width Calculation
%cannot do loop for this because the unique formula provides different
%lengths for each row in analysis therefore cannot set a specific size for
%the an output matrix

[x1, index] = uniqgue(DbNormalizedBlcpec@OLow(1,:);stable); %rowl from Db..

y90_1 = interp1(x1, Horizontal_axis(1:6), 0.90); y10_1 = interp1(x1, Horizontal_axis(1:6), 0.10);
[x2, index] = uniqgue(DbNormalizedBlcproc10Low(2s)able); %row?2 from Db..

y90 2 = interp1(x2, Horizontal _axis(1:%),90); y10_2 = interp1(x2, Horizontal_axis(1:5), 0.10);
[x3, index] = unique(DbNormalizedBlcproc10Low(3s)able); %row3 from Db..

y90 3 = interp1(x3, Horizontal_axis(1:5), 0.90); y10_3 = interp1(x3, Horizontal_axis(1:5), 0.10);
[x4, index] =unique(DbNormalizedBlcproc10Low(4,stable}; %row4 from Db..

y90 4 = interp1(x4, Horizontal _axis(1:5), 0.90); y10_4 = interp1(x4, Horizontal_axis(1:5), 0.10);
[X5, index] = unique(DbNormalizedBlcproc10Low(5s)ableg); %row5 from Db..

y90_5 = interpIX5, Horizontal_axis(1:5), 0.90); y10_5 = interp1(x5, Horizontal_axis(1:5), 0.10);

MZW_10 90 =[y10_21y90 1;y10 290 2;y10 3y90 3;yl10 4y90 4 ;yl0 5/90 5];

MZW_10_90_avg = mean(MZW_10_90);
MZW_10_90_std = std(MZW_10_90);
CV = 100*(MZW_10_90_std MZW_10_90_avg);

formatSpec =The average mixing zone width for the low head drop is %3.2f cm with standard deviation of %3.2f
cm and coefficient of variation of %2.1f percert

fprintf(formatSpec,MZW_10_90_avg,MZW_10_90_std,CV)

The average mixing zenwidth for the low head drop is 0.76 cm with standard deviation of 0.02 cm and coefficient
of variation of 3.3 percent
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Appendix B. Supporting Information on Chapter 3 publication

The supporting information content here is part of the manuscript accepted and published in
Water Resources Researdhis reprinted in this dissertation under license number
5047880480141.

Supporting Information

Abiotic mixing-dependenteaction in a laboratory simulated hyporheic zone
Katherine Y. Santizo, Mark A. Widdowson, and Erich T. Hester,

Charles E. Via Jr. Department of Civil and Environmental Engineering, Virginia Tech

Corresponding author: ehester@vt.edu

This supporting document contains three sections: (1) calibration data for sulfaje (SO
spectrophotometer and dissolved oxygen (DO) optode results, (2) supplemental figures that
extend the results in the main manuscript, and (3) details of estimating trgeponeters from
laboratory data.
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B.1 Calibration Information

B.la. Sulfate Spectrophotometer Calibration
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Figure S1. Absorbance versusSfOncentration calibration curve for $€bncentration
measurements in mesocosm. Linear trendlines are shown with equation next to each line. The
average slope was used to transform absorbance values to concentration values seen in Figure

3b.
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Figure S2. lon chromatography (IC) measured $alculated S@via spectrophotometer. The
linear trend fit shows that the calculated,s$@atches well with the IC measured SO

B.1b. Dissolved Oxygen (DO) Planar Optode Calibration
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Figure S3. DO optode calibration curve using Argon to removefid@ water in mesocosm.
R?=0.98 (Table S2).

From Figure S3 we were able to obtain the parameters needed for th&/&teen Equation
(Equation S1(Larsen et al., 201} jo transform image ratio values (Equation S2) to concentration
values. The values obtained from the curve are shown in Table S1.

# _— (Equation S1)

2 (Equation S2)

The parameters used for the transformation are the ratio of the image when DO is depleted (R
i.e. DO=0 mg/L), the ratio of red to green light for a given DO concentration (R), the\&tiener
guenching constant g4, and the nomquenchable fraction oftHei ght si gnal (V).

Table S1. Calculated parameters (Equation 1) from optode calibration curve in Figure S4.
Obtained by curve fit of DO as mg/L.

Parameter from Equation 1 Estimated Value

U-][ 0.08
Ksv[1/M] 0.182
Ro[-] 3.45

r2 0.9781
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B.2 Supplemental Results
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Figure S4. (A) Manometer heads (cm) from mesocosm (Figure 1K) over time for both control and
reaction experiments. Taken at four different positions: position 3 is outside of the sandbox located
within theinflow reservoir (Figure 1A), position 6, 9, and 12 are below the porous media (Figure
1D) in the upwelling reservoir (Figure 1H). (B) Piezometer heads (cm3 an2depth for reaction
experiments, taken at five different locations across the samplewréFig). Time on the-axis

is duration since a steady state hyporheic flow cell was observed (control) and whesmiaSO
added (reactive).
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Figure S5. Average mixing zone thickness versus head drop for two concentration ranges (0.16
0.84 and 0.10.90). Values are averaged over three rows and error bars represent standard
deviation.
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Figure S6. Average oxic front distance from partitionsusrhead drop for two concentration
values (0.84 and 0.90). Values are averaged over three rows and error bars represent standard
deviation.
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B.3 Parameter Estimations and Dimensionless Numbers
B.3a. Values calculated from experiment
Reactionrate o = 0. 33/ sec

This parameter came from bench top experiments in DI water with Naféd at time zero. A
YSI ProPlus meter was used to measure DO with 1 second recording interval.

[EnY
N

DO In(DO)
10 1/DO Linear (In(DO))
-
Es)
£ 8
S 6
=
X 4
O
§ 2
Ke) N —
2 0
(S y = -0.3158x + 2.279
R? =0.9931
-4
0 5 10 15 20
time [sec]

Figure S7. DO versus time for resulting reaction of Na&®@l DO in vater with first and second
order fits. Resulting DO rate coefficients are found in Table S2, the values were averaged for the
resulting reaction rate value found in Table 1.

Table S2. Firsorder fitting of DO kinetics in reaction of Nag@nd DO.

Trial DO Rate Coef, DO R
[1/sec]

1 0.340 0.989

2 0.313 0.976

3 0.340 0.990

4 0.316 0.993
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Porosity n = 0.4

This parameter came from bench top experiments with the same silica sand used in the
mesocosm and DI water, based on volumeticulations.

Average porewater velocity {¥

oh = 4.5 ¢cm: 1.08 N O0.07 cm/ min
oh = 6.0 cm: 1.41 N 0.08 cm/ min

The porewater velocity calculations come from head values in Figure S4, hydraulic conductivity
from a permeameter using the same silica and usthe mesocosm (57 m/d), and porosity from
above.

Characteristic transport time across the: @H30 min

Characteristic transport time across the cell was estimated from optode images. Optode images
were captured every ten minutes from the beginning of the experiments (i.e. before steady state
developed). Thus, the value comes from the oxic hyporheic fldwWleetlopment as it reached
steady state.

Characteristic dispersion time fop @cross the mixing zone

oh = 4.5 c¢cm: 18.0 min

oh = 6.0 cm: 18.4 min

Estimated as thickne®B: from characteristic dispersion with solute mass

Characteristic reaction tim8 sec

Characteristic reaction time is estimated as
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Transverse dispersion coefficient estimation based on adveliiparsion equations, using
control experiment§Hester et al., 2013; Rolle et al., 2013)

O

s ¥ s o, QW
0w Qe Qi

“f

Dy is transverséispersion coefficient, x is the mixing zone lengthisvthe porewater velocity,
thickness is the mixing zone width (average values from control experiments).
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B.3b. Dimensionless number calculations

In open channel flow, laminar flow exists feeynolds humbefRe) <500, while turbulent flow

exists for Re>2000. For flow in the rectangular channel in our experimental mesocosm above the
sedimemwater interface (flow toward the right in Figure 1 of the main manus¢@p@udry,

2008)

. TYU
YQ —
T

where R is hydraulic radius (= A/Pw, m), A is the cresstional flow area of the channel (27
cm?) and Pw is the wetted perimeter (15.4 cm), v is the average water velocity in the channel
(m/s) calculated by dividing total flow in channel (Table 1, upwelling inflow rate only because
area of inambeshdi efichathnel , i . e-iskihemdtit si de
viscosity (1x16 m?/s at 20°C).

T Ot p X va®r Ttk 7O
pg&t pm |l TO

YQ
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Peclet numbeto describe advection versus dispersion dominédaggerty et al., 2014)alues
greater than one indicate advection dominance while values less than one indicate dispersion

dominance.
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Damkohler numbetdlescribes kinetic versus dispersion limitat{&aufman et al., 2017; Rolle et
al., 2013) A Damkohler number greater than one indicates a dispersion limited reaction, whereas

a value less than one indicates a kinkmited reaction.
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Appendix C. MATLAB codes for analysis of laboratory simulatednixing-dependent
abiotic reaction

Controls: Fall 2018, head drop: 6.0cm
clear; clc; closall

%row and column used for cropping images so only optode visible for
%analysis

row=450:1300;

column=700:2020;

%Using SterAvolmer equation, only need to ugeeen and red channels

%SternVolmer equatiormodified: C = (ROR)/(Ksv*(R-(alpha*R0))) where R= (Re@reen)/Green

%R0 is the Ratio when DO=0 mg/L, Ksv is the St¥mimer quenching constant, and alpha is the-qoanchable
fraction of the light signal

%images are from Look@RGB software

%Ratio of red and green channel (R) for concentration calculation
%time-10 min

Red1 = double(imreapntrol60_0000_S0001_10002_R)f'

Greenl = double(imreadfntrol60_0000_S0001_10002_G)f'

Ratiol = (Red1(row,columrpreenl(row,column))./Greenl(row,column);

%time 0 min

Red2 = double(imreapntrol60_0000_S0002_10002_R)jf'

Green2 = double(imreadbntrol60_0000_S0002_10002_G)f'

Ratio2 = (Red2(rev,column}Green2(row,column))./Green2(row,column);

%time 10 min

Red3 = double(imreatdpntrol60_0000_S0003_10002_R)if'

Green3 = double(imreadfntrol60_0000_S0003_10002_G)f'

Ratio3 = (Red3(row,columepreen3(row,column))./Green3(row,column);

%time 20 min

Red4 = double(imreapntrol60_0000_S0004_10002_R)jf'

Green4 = double(imreadfbntrol60_0000_S0004_10002_G)f'

Ratio4 = (Red4(row,columspreend(row,column))./Greend(row,column);

%time 30 min

Red5 = double(imreadpntrol60_0000_S0005_10002_R)jf'

Green5 = double(imreadfntrol60_0000_S0005_10002_G)f'

Ratio5 = (Red5(row,columrgreen5(row,column))./Green5(row,column);

%time 40 min

Red6 = double(imreadpntrol60_0000_S0006_10002_R)ijf'

Green6 = doublé&fread{control60_0000_S0006_10002_G)if'

Ratio6 = (Red6(row,columsreen6(row,column))./Green6(row,column);

%time 50 min

Red7 = double(imreaontrol60_0000_S0007_10002_R)jf'

Green7 = double(imread6bntrol60_0000_S0007_10002_G)f'

Ratio7 =(Red7(row,columnfGreen?(row,column))./Green7(row,column);
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%Time 60 min

Red8 = double(imreadpntrol60_0000_S0008_10002_R)jf'

Green8 = double(imread6ntrol60_0000_S0008 10002_G)Hf'

Ratio8 = (Red8(row,columsreend(row,column))./Green8(row,cain);

%time 70 min

Red9 = double(imreaontrol60_0000_S0009 10002_R)if'

Green9 = double(imread6ntrol60_0000_S0009_10002_G)Hif'

Ratio9 = (Red9(row,columrpreen9(row,column))./Green9(row,column);

%time 80 min

Red10 = double(imreadpntrol60_000_S0010_I0002_R.1)F;

Greenl0 = double(imreddontrol60_0000_S0010_10002_G)})f'

Ratio10 = (Red10(row,columiGreen10(row,column))./Greenl10(row,column);

%Ro, K and alpha from calibration curve for conc. conversion
R0=3.45; K=0.182; alpha8.08;

%concetration conversion

concl= (ReRatiol)./ (K.*(Ratiot(Ro*alpha)));
conc2= (ReRatio2)./ (K.*(Ratio2(Ro*alpha)));
conc3= (ReRatio3)./(K.*(Ratio3-(Ro*alpha)));
conc4= (ReRatio4)./ (K.*(Ratio4(Ro*alpha)));
conc5= (ReRatio5)./(K.*(Ratio5-(Ro*alpha)));
conc6= (ReRatio6)./ (K.*(Ratio6(Ro*alpha)));
conc7= (ReRatio7)./ (K.*(Ratio?(Ro*alpha)));
conc8= (ReRatio8)./ (K.*(Ratio8(Ro*alpha)));
conc9= (ReRatio9)./ (K.*(Ratio9(Ro*alpha)));
concl0= (ReRatiol10)./(K.*(Ratio10-(Ro*alpha)));

%function used to set up block images below, based on means of pixels that
%are grouped and replaced

fun = @(block_struct)..

mean2(block_struct.data) * ones(size(block_struct.data));

bl=2;%block size

bcl = blockproc(concl, [bl bl], fun);
bc2 =blockproc(conc?2, [bl bl], fun);
bc3 = blockproc(conc3, [bl bl], fun);
bc4 = blockproc(conc4, [bl bl], fun);
bc5 = blockproc(conc5, [bl bl], fun);
bc6 = blockproc(concé, [bl bl], fun);
bc7 = blockproc(conc?, [bl bl], fun);
bc8 =blockproc(conc8, [bl bl], fun);
bc9 = blockproc(conc9, [bl bl], fun);
bc10 = blockproc(conc10, [bl bl], fun);

%for loop to set up bounds for DO
for i=1:length(row)
for j=1:length(column)

if bc1(i,j)>=8.5
bcl(i,j)=8.4;
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elseifbcl(i,j)<0
bcl(i,j)=0.5;
end

if bc2(i,j)>=8.5
bc2(i,j)= 8.4;
elseifbc2(i,j)<0
bc2(i,j)= 0.5;
end

if bc3(i,j)>=8.5
bc3(i,j)= 8.4;
elsef bc3(i,j)<0
bc3(i,j)= 0.5;
end

if bc4(i,j)>=8.5
bca(i,j)= 8.4;
elseifbc4(i,j)<0
bc4(i,j)= 0.5;
end

if bc5(i,j)>=8.5
bc5(i,j)= 8.4;
elseifbc5(i,j)<0
bc5(i,j)= 0.5;
end

if bc6(i,j)>=8.5
bc6(i,j)= 8.4;
elseifbc6(i,j)<0
bc6(i,j)= 0.5;
end

if bc7(i,j)>=8.5
bc7(i,j)= 8.4;
elseifbc7(i,j)<0
bc7(i,j)= 0.5;
end

if bc8(i,j)>=8.5
bc8(i,j)= 8.4;
elseifbc8(i,j)<0
bc8(i,j)= 0.5;
end

if bc9(i,j)>=8.5
bco(i,j)= 8.4;
elseifbc9(i,j)<0
bc9(i,j)= 0.5;
end

if bc10(i,j)>=8.5
bc10(i,j)= 8.4;
elseifbc10(i,j)<0
bc10(i,j)= 0.5;
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end

end
end

%conversion from pixel to cm lengths for optodes, based on manual length measurements of planar optodes
h_axis=2.2:(bl*0.0218):31%Need to change this if changing amount of rows/columns are changed at beginning of
code

v_axis=2.7:(bl*0.0221):21.5;

%Concentration maximum within optode for normalization
cmaxl=max(bcl(:));cmax2=max(bc2(:));cmax3=max(bc3(:));cmax4=max(bc4(:));
cmax5=maxpc5(:));cmax6=max(bc6(:));cmax7=max(bc7(:));cmax8=max(bc8(:));cmax9=max(bc9(’));
cmax10=max(bc10(:));

a=1:bl:851;%Need to change this if changing amount of rows/columns at the beginning of code
b=1:bl:1321;

%normalization of concentratigurofiles

rcl = bcl(a,b)./cmaxl;rc2 = bc2(a,b)./cmax2;rc3 = bc3(a,b)./cmax3;rc4 = bcd(a,b)./cmax4;

rch5 = be5(a,b)./cmax5;rcé = be6(a,b)./cmax6;rc7 = bec7(a,b)./cmax7;rc8 = bc8(a,b)./cmax8;rc9 = bc9(a,b)./cmax9;
rc10 = bc10(a,b)./cmax10;

%Figure set up of cwentration profiles

figure;imagesc(h_axis, v_axis,rcl)

colormap (jet); c=colorbar;

c.Label.String*D0O Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabelDepth [cm]'FontSize14)
figurejimagesc(h_axis, v_axis,rc2)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis,rc3)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis, v_axis,rc4)

colormap (jet); c=colorbar

c.Label.String*D0O Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis, v_axis,rc5)

colormap (jet); c=colorbar;

c.Label.String2DO Concetration []'; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis,rc6)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-]'; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabel(Depth [cm],'FontSize'14)
figure;imagesc(h_axis,v_axis,rc7)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-['; caxis([0.0 1.0])c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabel(Depth [cm],'FontSize'14)
figure;imagesc(h_axis,v_axis,rc8)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
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xlabel'Distance from divider [cm]FontSize'14); ylabel(Depth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis,rc9)

colormap (jet); c=colorbar;

c.Label.String*0O Concentration-]'; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabel(Depth [cm],'FontSize14)
figure;imagesc(h_axis,v_axis,rc10)

colormap (jet); c=colorbar;

c.Label.String*0O Concentration-]'; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabel(Depth [cm]'FontSize14)

%Plot setup for images in manuscript, edited manually in MATLAB editor
subplot(2,1,1);

imagesc(h_axis(24:295),v_axis(1:322),rc8(1:322,24:295))

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-['; caxis([0.0 1.0])c.Label.FontSize =14;
ylabel(Depth [cm]'FontSize14)

subplot(2,1,2);

imagesc(h_axis(24:295),3.48:3.52,rc8(19,24:295))
xlabel(Distance from divider [cm]FontSize14);
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Abiotic Reaction: Fall 2018, head drop: 6.0cm
clear; clc; closall

%row and column used for cropping images so only optode visible for
%analysis

row=440:1300;

column=600:1960;

%Using SterAvolmer equation, only need to use green and red channels

%SternVolmer equatiormodified: C = (ROR)/(Ksv*(R-(alpha*R0))) where R= (ReG@reen)/Green

%R0 is the Ratio when DO=0 mg/L, Ksv is the St¥mimer quenching constant, and alpha is the-qoanchable
fraction of the light signal

%images are from Look@RGB software

%Ratio of red and green channel (R) foncentration calculation
%time-10 min

Red1 = double(imreat0min_6.0_0000_S0001_10001_R)jif

Greenl = double(imrea@@min_6.0_0000_S0001_10001_G)if

Ratiol = (Red1(row,columepreenl(row,column))./Greenl(row,column);

%time 0 min

Red2 = double(imgad({60min_6.0_0000_S0002_10001_R)jif'

Green2 = double(imrea@Q@min_6.0_0000_S0002_10001_G)jif'

Ratio2 = (Red2(row,columrpreen2(row,column))./Green2(row,column);

%time 10 min

Red3 = double(imrea@®0min_6.0_0000_S0003_l0001_R)jif'

Green3 = doble(imread®0min_6.0_0000_S0003_10001_G)if'

Ratio3 = (Red3(row,columeapreen3(row,column))./Green3(row,column);

%time 20 min

Red4 = double(imreat0min_6.0_0000_S0004_10001_R)jif'

Green4 = double(imrea@min_6.0_0000_S0004 _10001_G)if'

Ratio4 = (Red4(row,columspreend(row,column))./Greend(row,column);

%time 30 min

Red5 = double(imrea@®0min_6.0_0000_S0005_10001_R)jif'

Green5 = double(imrea@Q@min_6.0_0000_S0005_10001_G)if'

Ratio5 = (Red5@w,column}Green5(row,column))./Green5(row,column);

%time 40 min

Red6 = double(imreat0min_6.0_0000_S0006_10001_R)jif'

Green6 = double(imrea@min_6.0_0000_S0006_10001_G)if'

Ratio6 = (Red6(row,columrpreen6(row,column))./Green6(row,column);

%time 50 min

Red7 = double(imrea®0min_6.0_0000_S0007_10001_R)jif'

Green7 = double(imrea@Q@min_6.0_0000_S0007_10001_G)if'

Ratio7 = (Red7(row,columsreen?(row,column))./Green7(row,column);

%time 60 min

Red8 = double(imrea®0min_6.0_0000_S0008001_R.tif));

Green8 = double(imrea@Q@min_6.0_0000_S0008 10001_G)jif'

Ratio8 = (Red8(row,columrpreend(row,column))./Green8(row,column);

%time 70 min
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Red9 = double(imrea0min_6.0_0000_S0009 10001_R)jif'
Green9 = double(imrea@Q@min_6.0_0000_S0009_10001_G)if'
Ratio9 = (Red9(row,columsreen9(row,column))./Green9(row,column);

%time 80 min

Red10 = double(imrea®0min_6.0_0000_S0010_10001_R)if

Greenl0 = double(imred@0min_6.0_0000_S0010_I0001_G)if'

Ratio10 = (RedlO(row,column)Green10(row,column))./Greenl10(row,column);

%Ro, K and alpha from calibration curve for conc. conversion
R0=3.45; K=0.182; alpha= 0.08;
%Concentratiortonversion

concl= (ReRatiol)./ (K.*(Ratiot(Ro*alpha)));
conc2= (ReRatio2)./ (K.*(Ratio2(Ro*alpha)));
conc3= (ReRatio3)./(K.*(Ratio3-(Ro*alpha)));
conc4= (ReRatio4)./ (K.*(Ratio4(Ro*alpha)));
conc5= (ReRatiob)./ (K.*(Ratio5(Ro*alpha)));
conc6= (ReRatio6)./ (K.*(Ratio6(Ro*alpha)));
conc7= (ReRatio7)./ (K.*(Ratio?(Ro*alpha)));
conc8=(Ro-Ratio8)./ (K.*(Ratio8(Ro*alpha)));
conc9= (ReRatin9)./ (K.*(Ratio9(Ro*alpha)));
concl0= (ReRatio10)./(K.*(Ratio10-(Ro*alpha)));

%function used to set up block images below, based on means of pixels that
%are grouped and replaced

fun = @(block_stct)...

mean2(block_struct.data) * ones(size(block_struct.data));

bl=2; %block size

bcl = blockproc(concl, [bl bl], fun);
bc2 = blockproc(conc2, [bl bl], fun);
bc3 = blockproc(conc3, [bl bl], fun);
bc4 = blockproc(conc4, [bl bl], fun);
bc5 =blockproc(conc5, [bl bl], fun);
bc6 = blockproc(concé, [bl bl], fun);
bc7 = blockproc(conc?, [bl bl], fun);
bc8 = blockproc(conc8, [bl bl], fun);
bc9 = blockproc(conc9, [bl bl], fun);
bc10 = blockproc(concl0, [bl bl], fun);

%for loop to set up bounds of@conc.
for i=1:length(row)
for j=1:length(column)

if bc1(i,j)>=8.5
bcl(i,j)=8.4;
elseifbcl(i,j)<0
bcl(i,j)= 0.5;
end

if bc2(i,j)>=8.5
bc2(i,j)= 8.4;
elseifbc2(i,j)<0
bc2(i,j)= 0.5;
end
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if bc3(i,j)>=8.5
bc3(i,j)= 8.4;
elseifbc3(i,j)<0
bc3(i,j)= 0.5;
end

if bc4(i,j)>=8.5
bca(i,j)= 8.4;
elseifbc4(i,j)<0
bc4(i,j)= 0.5;
end

if bc5(i,j)>=8.5
bc5(i,))= 8.4;
elseifbc5(i,j)<0
bc5(i,j)= 0.5;
end

if bc6(i,j)>=8.5
bc6(i,j)= 8.4;
elseifbc6(i,j)<0
bc6(i,j)= 0.5;
end

if bc7(i,j)>=8.5
bc7(i,j)= 8.4;
elseifbc7(i,j)<0
bc7(i,j)= 0.5;
end

if bc8(i,j)>=8.5
bc8(i,j)= 8.4;
elseifbc8(i,j)<0
bc8(i,j)= 0.5;
end

if bc9(i,j)>=8.5
bco(i,j)= 8.4;
elseifbc9(i,j)<0
bco(i,j)= 0.5;
end

if bc10(i,j)>=8.5
bc10(i,j)= 8.4;
elseifbc10(i,j)<0
bc10(i,j)= 0.5;
end

end

end

%Concentration maximum within optode for nw@lization
cmaxl=max(bcl(:));cmax2=max(bc2(:));cmax3=max(bc3(:));cmaxd=max(bc4(’));
cmax5=max(bc5(:));cmax6=max(bc6(:));cmax7=max(bc7(;));cmax8=max(bc8(:));cmax9=max(bc9(:));
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cmax10=max(bc10(:));

%conversion from pixels to cm lengths for optodes, basedanual length

%measurements of planar optodes

a=1:bl:861;%Need to change this if changing amount of rows/columns

b=1:bl:1361;

h_axis=2.4:(bl*(29/1395)):30.BpNeed to change this if changing amount of rows/columns
v_axis=3.2:(bl*(19.5/920)):21.5;

%normalization of concentration profiles

rcl = bcl(a,b)./cmaxl;rc2 = bc2(a,b)./cmax2;rc3 = bc3(a,b)./cmax3;rc4 = bcd(a,b)./cmax4;

rch5 = be5(a,b)./cmax5;rcé = bec6(a,b)./cmax6;rc7 = bc7(a,b)./cmax7;rc8 = bc8(a,b)./cmax8c@@,b)./cmax9;
rc10 = bc10(a,b)./cmax10;

%figure set up of concentration profiles

figure;imagesc(h_axis, v_axis,rcl)

colormap (jet); c=colorbar;

c.Label.String*D0O Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance frondivider [cm],'FontSize14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis, v_axis,rc2)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabel(Depth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis,rc3)

colormap (jet); c=colorbar;

c.Label.String*D0O Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabelDepth [cm]'FontSize;14)
figure;imagesc(h_axis, v_axis,rc4)

colormap (jet); c=colorbar;

c.Label.String*D0O Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabelDepth [cm]'FontSize14)
figure;imagesc(haxis, v_axis,rcb)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis,rc6)

colormap (jet); c=colorbar;

c.Label.String*D0O Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis7)

colormap (jet); c=colorbar;

c.Label.String*D0O Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis,rc8)

colormap (jet); c=coldoar;

c.Label.String2DO Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis,rc9);

colormap (jet); c=colorbar;

c.Label.StringDO Cancentration {]'; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabel(Depth [cm],'FontSize'14)
figure;imagesc(h_axis,v_axis,rc10)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-]'; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabelDepth [cm]'FontSize14)
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%Plot setup for image in manuscript, edited manually in MATLAB editor
subplot(2,1,1);

imagesc(h_axis(24:304),v_axis(1:322),1t8@2,24:304))

colormap (jet); c=colorbar;

c.Label.String*0O Concentration-]'; caxis([0.0 1.0]); c.Label.FontSize =14;
ylabel(Depth [cm]'FontSize'14)

subplot(2,1,2);

imagesc(h_axis(24:304),3.48:3.52,rc8(8,24:304))
xlabel(Distance from divider [cm]FontSize14);
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Controls: Fall 2018, head drop: 4.5cm
clear; clc; closall

%row and column used for cropping images so only optode visible for
%analysis

row=400:1300;

column=600:1950;

%Using SterAvolmer equation, only need to use green and red channels

%SternVolmer equatiormodified: C = (ROR)/(Ksv*(R-(alpha*R0))) where R= (ReG@reen)/Green

%R0 is the Ratio when DO=0 mg/L, Ksv is tBeernVolmer quenching constant, and alpha is the-qoanchable
fraction of the light signal

%images are from Look@RGB software

%Ratio of red and green channel (R) for concentration calculation
%time-10 min

Red1 = double(imreadpntrol_4.5cm_0000_SO000M0001_R:.tif));

Greenl = double(imreadfntrol_4.5cm_0000_S0001_I0001_G)if'
Ratiol = (Red1(row,columepreenl(row,column))./Greenl(row,column);

%time 0 min

Red2 = double(imreadpntrol_4.5cm_0000_S0002_10001_Ry}if'

Green2 = double(imreadbéntrd_4.5cm_0000_S0002_10001_G)jf'
Ratio2 = (Red2(row,columrpreen2(row,column))./Green2(row,column);

%time 10 min

Red3 = double(imreadpntrol_4.5cm_0000_S0003_10001_R)}if'

Green3 = double(imreadfntrol_4.5cm_0000_S0003_I10001_G)if'
Ratio3 = (Red3(row,columeapreen3(row,column))./Green3(row,column);

%time 20 min

Red4 = double(imreatdpntrol_4.5cm_0000_S0004_10001_R)if'

Green4 = double(imreadfntrol_4.5cm_0000_S0004_10001_G)if'
Ratio4 = (Red4(row,columnreend(row,column))./Green4(row,column);

%time 30 min

Red5 = double(imreadontrol_4.5cm_0000_S0005_10001_Ry}if'
Green5 = double(imreadéntrol_4.5cm_0000_S0005_10001_G)}if'
Ratio5 = (Red5(row,columrpreen5(row,column))./@en5(row,column);

%time 40 min

Red6 = double(imreapntrol_4.5cm_0000_S0006_10001_R\if'

Green6 = double(imreadfntrol_4.5cm_0000_S0006_10001_G)if'
Ratio6 = (Red6(row,columrpreen6(row,column))./Green6(row,column);

%time 50 min

Red7 = doublaéfnread(control_4.5cm_0000_S0007_10001_R)}if'

Green7 = double(imreadéntrol_4.5cm_0000_S0007_10001_G)}if'
Ratio7 = (Red7(row,columsreen?(row,column))./Green7(row,column);

%time 60 min

Red8 = double(imreadpntrol_4.5cm_0000_S0008_10001_R)}jf'

Green8 = double(imread6ntrol_4.5cm_0000_S0008_10001_G)}if'
Ratio8 = (Red8(row,columrpreend(row,column))./Green8(row,column);

%time 70 min
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Red9 = double(imreadpntrol_4.5cm_0000_S0009_10001_R)}jf'
Green9 = double(imreadéntrol_4.5cm_0000_S0009_10001_G)if'
Ratio9 = (Red9(row,columsreen9(row,column))./Green9(row,column);

%time 80 min

Red10 = double(imreadpntrol_4.5cm_0000_S0010_[0001_R)if'

Greenl0 = double(imreddontrol_4.5cm_0000_S0010_I0001_G)if'

Raiol0 = (Red10(row,columnEreenlO(row,column))./Greenl0(row,column);

%Ro, K and alpha from calibration curve for conc. conversion
Ro= 3.45; K=0.182; alpha=0.08;
%Concentration conversion

concl= (ReRatiol)./ (K.*(Ratiot(Ro*alpha)));
conc2= (ReRatio2)/ (K.*(Ratio2-(Ro*alpha)));
conc3= (ReRatio3)./(K.*(Ratio3-(Ro*alpha)));
conc4= (ReRatio4)./ (K.*(Ratio4(Ro*alpha)));
conc5= (ReRatiob)./ (K.*(Ratio5(Ro*alpha)));
conc6= (ReRatio6)./ (K.*(Ratio6(Ro*alpha)));
conc7= (ReRatio7)./(K.*(Ratio7-(Ro*alpha)));
conc8= (ReRatio8)./ (K.*(Ratio8(Ro*alpha)));
conc9= (ReRatin9)./ (K.*(Ratio9(Ro*alpha)));
concl0= (ReRatio10)./(K.*(Ratio10-(Ro*alpha)));

%function used to set up block images below, based on means of pixels that
%aregrouped and replaced

fun = @(block_struct)..

mean2(block_struct.data) * ones(size(block_struct.data));

bl=2; %block size

bcl = blockproc(concl, [bl bl], fun);
bc2 = blockproc(conc2, [bl bl], fun);
bc3 = blockproc(conc3, [bl bl], fun);
bc4 = blockproc(coc4, [bl bl], fun);
bc5 = blockproc(concb, [bl bl], fun);
bc6 = blockproc(concé, [bl bl], fun);
bc7 = blockproc(conc?, [bl bl], fun);
bc8 = blockproc(conc8, [bl bl], fun);
bc9 = blockproc(conc9, [bl bl], fun);
bc10 = blockproc(concl0, [bl bl], fun);

%for loop to set up bounds of DO conc.
for i=1:length(row)
for j=1:length(column)

if bc1(i,j)>=8.5
bcl(i,j)=8.4;
elseifbcl(i,j)<0
bcl(i,j)= 0.5;
end

if bc2(i,j)>=8.5
bc2(i,j)= 84;
elseifbc2(i,j)<0
bc2(i,j)= 0.5;
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end

if bc3(i,j)>=8.5
bc3(i,j)= 8.4;
elseifbc3(i,j)<0
bc3(i,j)= 0.5;
end

if bc4(i,j)>=8.5
bca(i,j)= 8.4;
elseifbc4(i,j)<0
bc4(i,j)= 0.5;
end

if bc5(i,j)>=8.5
bc5(i,))= 8.4;
elseifbc5(i,j)<0
bc5(i,j)= 0.5;
end

if bc6(ij)>=8.5
bc6(i,j)= 8.4;
elseifbc6(i,j)<0
bc6(i,j)= 0.5;
end

if bc7(i,j)>=8.5
bc7(i,j)= 8.4;
elseifbc7(i,j)<0
bc7(i,j)= 0.5;
end

if bc8(i,j)>=8.5
bc8(i,j)= 8.4;
elseifbc8(i,j)<0
bc8(i,j)= 0.5;
end

if bc9(i,j)>=8.5
bco(i,j)= 8.4;
elseifbc9(i,j)<0
bco(i,j)= 0.5;
end

if bc10(i,j)>=8.5
bc10(i,j)= 8.4;
elseifbc10(i,j)<0
bc10(i,j)= 0.5;
end

end
end

%Concentration maximum within optode for n@limation
cmaxl=max(bcl(:));cmax2=max(bc2(:));cmax3=max(bc3(:));cmaxd=max(bc4(’));
cmax5=max(bc5(:));cmax6=max(bc6(:));cmax7=max(bc7(;));cmax8=max(bc8(:));cmax9=max(bc9(:));
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cmax10=max(bc10(:));

%conversion from pixels to cm lengths for optodessed on manual length
%measurements of planar optodes

a=1:bl:901;%Need to change this if changing amount of rows/columns

b=1:bl:1351;

h_axis =2.6:(b1*0.0210):31%Need to change this if changing amount of rows/columns
v_axis=3.1:(bl*0.0204):21.5;

%normdization of concentration profiles

rcl = bcl(a,b)./cmaxl;rc2 = bc2(a,b)./cmax2;rc3 = bc3(a,b)./cmax3;rc4 = bcd(a,b)./cmax4;

rc5 = be5(a,b)./cmax5;rc6 = bec6(a,b)./cmax6;rc7 = bec7(a,b)./cmax7;rc8 = bc8(a,b)./cmax8;rc9 = bc9(a,b)./cmax9;
rc10 = bc10(a,b)./cnx4.0;

%figures set up of concentration profiles

figure;imagesc(h_axis, v_axis,rcl)

colormap (jet); c=colorbar;

c.Label.String*D0O Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabelDepth[cm]','FontSize14)
figure;imagesc(h_axis, v_axis,rc2)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabelDepth [cm]'FontSize14)
figuresimagesc(h_axis,v_axis,rc3)

colormap (jet); c=colorbar;

c.Label.String*D0O Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis, v_axis,rc4)

colormap (jet); c=colorbar;

c.Label.String*D0O Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis, v_axis,rcb)

colormap (jet)c=colorbar;

c.Label.String2DO Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis,rc6)

colormap (jet); c=colorbar;

c.Label.String20O Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis,rc7)

colormap (jet); c=colorbar;

c.Label.String*D0O Concentration-['; caxig[0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis,rc8)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-'; caxis([0.0 1.0]); c.Label.FontSiz=14;
xlabel(Distance from divider [cm]FontSize'14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis,rc9)

colormap (jet); c=colorbar;

c.Label.String=DO Concentration-]'; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance frondivider [cm],'FontSize14); ylabel(Depth [cm],'FontSize14)
figure;imagesc(h_axis,v_axis,rc10)

colormap (jet); c=colorbar;

c.Label.String=DO Concentration-]'; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'l4); ylabel(Depth [cm]'FontSize14)
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%Plot setup for image in manuscript, edited manually in MATLAB editor
subplot(2,1,1);

imagesc(h_axis(24:296),v_axis(1:322),rc8(1:322,24:296))

colormap (jet); c=colorbar;

c.Label.String*0O Concentration-]'; caxis([0.0 1.0]); c.Label.FontSize =14;
ylabel(Depth [cm]'FontSize'14)

subplot(2,1,2);

imagesc(h_axis(24:296),3.48:3.52,rc8(8,24:296))
xlabel(Distance from divider [cm]FontSize14);
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Abiotic Reaction: Fall 2018, head drop: 4.5cm
clear; clc; closall

%row and column used for cropping images so only optode visible for
%analysis

row=440:1300;

column=600:1960;

%Using SterAvolmer equation, only need to use green and red channels

%SternVolmer equatiormodified: C = (RER)/(Ksv*(R-(alpha*R0))) where R= (Re@reen)/Green

%R0 is the Ratio when DO=0 mg/L, Ksv is the St¥mimer quenching constant, and alpha is the-qoanchable
fraction of the light signal

%images are from Look@RGB software

%Ratio of red and green channel (R) foncentration calculation
%time-10 min

Red1 = double(imreat0min_4.5 0000_S0001_10001_R)jif

Greenl = double(imrea@@min_4.5_0000_S0001_10001_G)if

Ratiol = (Red1(row,columrpreenl(row,column))./Greenl(row,column);

%time 0 min

Red2 =double(imread60min_4.5_0000_S0002_10001_R)jif'

Green2 = double(imrea@Q@min_4.5 0000_S0002_10001_G)jif'

Ratio2 = (Red2(row,columrpreen2(row,column))./Green2(row,column);

%time 10 min

Red3 = double(imreat0min_4.5_0000_S0003_10001_R)jif'

Green3 = double(imrea®0min_4.5_0000_S0003_10001_G)if'

Ratio3 = (Red3(row,columepreen3(row,column))./Green3(row,column);

%time 20 min

Red4 = double(imreat0min_4.5_0000_S0004_10001_R)jif'

Green4 = double(imrea@Q@min_4.5_0000_S0004 _10001_G)jif

Ratio4 = (Red4(row,columspreend(row,column))./Greend(row,column);

%time 30 min

Red5 = double(imrea@®0min_4.5_0000_S0005_10001_R)jif'

Green5 = double(imrea@min_4.5_0000_S0005_10001_G)if'

Ratio5 = (Red5(row,columrpreen5(row,column))./@en5(row,column);

%time 40 min

Red6 = double(imreat0min_4.5_0000_S0006_10001_R)jif'

Green6 = double(imrea@@min_4.5_0000_S0006_10001_G)if'

Ratio6 =(Red6(row,column)sreen6(row,column))./Green6(row,column);

%time 50 min

Red7 = double(imrea®0min_4.5 0000_S0007_10001_R)if'

Green7 = double(imrea@Q@min_4.5 0000_S0007_10001_G)if'
Ratio7 = (Red7(row,columsreen?(row,column))./Green7(row,cain);

%time 60 min

Red8 = double(imrea0min_4.5_0000_S0008_10001_R)jif'

Green8 = double(imrea@Q@min_4.5_0000_S0008 10001_G)jif'

Ratio8 =(Red8(row,column)creen8(row,column))./Green8(row,column);
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%time 70 min

Red9 = double(imrea®0min_4.5_0000_S0009_10001_R)jif'

Green9 = double(imrea@Q@min_4.5 0000_S0009 10001_G)if'
Ratio9 = (Red9(row,columsreen9(row,column))./Green9(row,cain);

%time 80 min

Red10 = double(imrea®Dmin_4.5_0000_S0010_I0001_R)jif

Greenl0 = double(imred@0min_4.5 0000_S0010_I0001_G)if'

Ratio10 = (Red10(row,columiGreenl0(row,column))./Greenl10(row,column);

%Ro, K and alpha from calibration curvar ftonc. conversion
R0=3.45; K=0.182; alpha= 0.08;

%Concentration conversion

concl= (ReRatiol)./ (K.*(Ratiot(Ro*alpha)));
conc2= (ReRatio2)./ (K.*(Ratio2(Ro*alpha)));
conc3= (ReRatio3)./(K.*(Ratio3-(Ro*alpha)));
conc4= (ReRatio4)./ (K.*(Ratio4(Ro*alpha)));
conc5= (ReRatiob)./ (K.*(Ratio5(Ro*alpha)));
conc6= (ReRatio6)./ (K.*(Ratio6(Ro*alpha)));
conc7= (ReRatio7)./ (K.*(Ratio?(Ro*alpha)));
conc8= (ReRatio8)./ (K.*(Ratio8(Ro*alpha)));
conc9= (ReRatio9)./(K.*(Ratio9-(Ro*alpha)));
concl0= (ReRatio10)./(K.*(Ratio10-(Ro*alpha)));

%function used to set up block images below, based on means of pixels that
%are grouped and replaced

fun = @(block_struct)..

mean2(block_struct.data) * ones(size(block_strata)j;

bl=2; %block size

bcl = blockproc(concl, [bl bl], fun);
bc2 = blockproc(conc2, [bl bl], fun);
bc3 = blockproc(conc3, [bl bl], fun);
bc4 = blockproc(conc4, [bl bl], fun);
bc5 = blockproc(conc5, [bl bl], fun);
bc6 = blockproc(conc6, [bl bl], fun);
bc7 = blockproc(conc?, [bl bl], fun);
bc8 = blockproc(conc8, [bl bl], fun);
bc9 = blockproc(conc9, [bl bl], fun);
bc10 = blockproc(conc10, [bl bl], fun);

%for loop to set up bounds of DO conc.
for i=1:length(row)
for j=1:length(column)

if bc1(i,j)>=8.5
bcl(i,j)= 8.4;
elseifbcl(i,j)<0
bcl(i,j)= 0.5;
end
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if bc2(i,j)>=8.5
bc2(i,j)= 8.4;
elseifbc2(i,j)<0
bc2(i,j)= 0.5;
end

if bc3(i,j)>=8.5
bc3(i,j)= 8.4;
elseifbc3(i,j)<0
bc3(i,j)= 0.5;
end

if bc4(i,j)>=8.5
bca(i,j)= 8.4;
elseifbc4(i,j)<0
bc4(i,j)= 0.5;
end

if be5(i,j)>=8.5
bc5(i,j)= 8.4;
elseifbc5(i,j)<0
bc5(i,j)= 0.5;
end

if bc6(i,j)>=8.5
bc6(i,))= 8.4;
elseifbc6(i,j)<0
bc6(i,j)= 0.5;
end

if bc7(i,j)>=8.5
bc7(i,j)= 8.4;
elseifbc7(i,j)<0
bc7(i,j)= 0.5;
end

if bc8(i,j)>=8.5
bc8(i,j)= 8.4;
elseifbc8(i,j)<0
bc8(i,j)= 0.5;
end

if bc9(i,j)>=8.5
bca(i,j)= 8.4;
elseifbc9(i,j)<0
bc9(i,j)= 0.5;
end

if bc10(i,j)>=8.5
bc10(i,j)= 8.4;
elseifbc10(i,j)<0
bc10(i,j)= 0.5;
end

end
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end

%Concentration maximum within optode for normalization
cmaxl=max(bcl(:));cmax2=max(bc2(:));cmax3=max(bc3(;));cmaxd4=max(bc4(:));
cmax5=max(bc5(:));cmax6=max(bc6(:));cmax7=max(bc7(;));cmax8=max(bc8(:));cmax9=max(bc9(:));
cmax10=max(bc10(:));

%conversion from pixels to cm lengths for optodes, based on mang#i len
%measurements of planar optodes

a=1:bl:861;%Need to change this if changing amount of rows/columns

b=1:bl:1361;

h_axis=2.4:(bl*(28.3/1361)):30.%6Need to change this if changing amount of rows/columns
v_axis=3.2:(bl*(18.3/861)):21.5;

%normalizatiorof concentration profiles

rcl = bcl(a,b)./cmaxl;rc2 = bc2(a,b)./cmax2;rc3 = bc3(a,b)./cmax3;rc4 = bcd(a,b)./cmax4;

rcs = bc5(a,b)./cmax5;rc6 = bc6(a,b)./cmax6;rc7 = bc7(a,b)./cmax7;rc8 = bc8(a,b)./cmax8;rc9 = bc9(a,b)./cmax9;
rc10 = bc10(a,b)./cmax10;

%figures set up of concentration profiles

figure;imagesc(h_axis, v_axis,rcl)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabelDepth[cm]','FontSize14)
figure;imagesc(h_axis, v_axis,rc2)

colormap (jet); c=colorbar;

c.Label.String*D0O Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis,rc3)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis, v_asic4)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis, v_axis,rc5)

colormap (jet); c=clorbar;

c.Label.String*D0O Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis,rc6)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration'; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize'14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis,rc7)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-['; caxis([00 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabel(Depth [cm],'FontSize'14)
figure;imagesc(h_axis,v_axis,rc8)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-]'; caxis([0.0 1.0]); c.Label.FontSize 41
xlabel(Distance from divider [cm]FontSize14); ylabel(Depth [cm],'FontSize'14)
figure;imagesc(h_axis,v_axis,rc9)

colormap (jet); c=colorbar;

c.Label.String2DO Concentration-['; caxis([0.0 1.0]); c.Label.FontSize =14;
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xlabel(Distance frondivider [cm],'FontSize'14); ylabelDepth [cm]'FontSize14)
figure;imagesc(h_axis,v_axis,rc10)

colormap (jet); c=colorbar;

c.Label.String*0O Concentration-]'; caxis([0.0 1.0]); c.Label.FontSize =14;
xlabel(Distance from divider [cm]FontSize14); ylabel(Depth [cm],'FontSize14)

%Plot setup for image in manuscript, edited manually in MATLAB editor
subplot(2,1,1);

imagesc(h_axis(24:304),v_axis(1:322),rc8(1:322,24:304))

colormap (jet); c=colorbar;

c.Label.String=DO Concentratioip-]'; caxis([0.0 1.0]); c.Label.FontSize =14;
ylabel(Depth [cm],'FontSize'14)

subplot(2,1,2);

imagesc(h_axis(24:304),3.48:3.52,rc8(8,24:304))
xlabel(Distance from divider [cm]FontSize14);
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Appendix D. Microbial Growth/Respiration in Abiotic Experiments

Work was performe&ummer 201%vith help fromMulticultural Academic Opportunities

Program Researdixperience for Undergraduateéd AOP REU) student Ridi Baruéo test
microbial growth kinetics/growth/feasibility.

Experi ment al Met hod

Quantify Di sdbOResipiOxgtgicen i
under a Range of Conditio

Sodium Sul Bi aek Sol t iDextros

11%

u
AA positive d¢hMdtrling is dMAedarbon solg
ADepletes oxpyhgesredcasmtrol [AFood for mi

———
o O
~ D

Materials

Dissolved Oxygen Meter

Dissolved Oxygen Probe

300mL BOD bottle

Sand samples

Stir plate and stir bar inside
the sand sample

Oxygen Uptake expenment: Ridi Barua*
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Average Dissolved Oxygen (DO) Respiration

Experiments of DO Consumption

Samples Blank (mg) Dextrose (mg)
Top 0.04 0.10
Middle 0.04 0.07
Bottom 0.12 0.16
New Sand 0.07 0.10
5¢g of stream sediment 1.30 1.42
1mL of stream water 0.13 0.39
5mL of stream water 0.44 1.24
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Appendix E. Additional setup images for laboratory simulated mixingdependent abiotic
reaction

237



238



239



Appendix F. Trials of Microbial Respiration for Biotic Experiments

Work was performed Spring 2018 with help from Honors student Adrianna Weber to test
microbial activity from different sites and conditions.

Procedure - Sites

* New River

» Strouble’s Creek:
* Webb Branch
* Horse Farm
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Procedure — Dissolved Oxygen (D.O.)
experiments

+ Trials:

* 1) 10 g New River with 10 g Dextrose

+ 2) 10 g Webb Branch with 10 g Dextrose
+ 3) 10 g Horse Farm with 10 g Dextrose
.+ 4)

Varying Concentrations of Horse Farm
No clean sediment
+ No stream sediment
+ 11
+ 14
+ 34
» Varying Dextrose Amounts — 1 gram and 2.5 grams

Procedure — Dissolved Oxygen (D.O.)
experiments

» Bench Beaker Experiments
* D.O. Meter and D.O. Probe
« 300 mL Distilled Water
- Stir Plate
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