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Abstract

Mine drainage is threat to water systems in legacy mining districts as elevated concentrations of dissolved iron, sulfate, and trace metals have an unmitigated impact on water quality.  Changes in pH due to acidity loading as well as the mobilization of trace metals poses an unacceptable risk to environmental and human health. A variety of active remediation strategies exist, but differ in their initial capital investment, operational requirements, and maintenance making them less attractive options for remote or abandoned locations due to cost. Passive treatment systems (PTS) have become an increasingly more popular technology for the treatment of acid mine drainage (AMD) with the goal of improving water quality through (1) acid neutralization, (2) metals removal and retention and (3) alkalinity generation.  Passive treatment systems are composed of a series of treatment cells, in which each unit is designed to meet one or more of the afore mentioned goals through the control of physical, chemical, and biological aspects of the treatment cells. The preliminary oxidation cells of a passive treatment system focus on the removal and retention of iron specifically due to its roll in physical (solids accumulation and retention to maintain hydraulic conductivity through the system), chemical (latent acidity produced via oxidation and hydrolysis; trace metals sorption to FeOOH(s)), and biological (use of emergent hydrophytes to facilitate solids sedimentation) system functions. 
The premise of this dissertation is that passive treatment system performance is dependent on the dynamic removal, fate, and transport of iron oxides over time. The following chapters each contribute to a detailed assessment of the design and performance of the oxidative unit of a full scale passive treatment system under expected (design driven) operational conditions and under periods of disturbance due to frequent storm activity. The performance of the oxidative unit, and the performance of the system overall for the first seven years of operation are addressed through intracellular transport, removal, and accumulation profiling. 
Chapter One, “Full Scale Passive Treatment of Net-Alkaline Ferruginous Acid Mine Drainage at the Tar Creek Superfund Site” describes the need for site specific passive treatment, and the critical decisions involved in treatment system design. This chapter represents data as a collaborative work of monitoring by the Center for the Restoration of Ecosystems and Watersheds over a period of nearly 10 years (2004-2015) leading up to the installation and application of full scale treatment technologies in fall of 2008, and their performance evaluation over the next seven years of operation to assess effectiveness in achieving the goal of water quality improvement. The Mayer Ranch Passive Treatment system meets water quality improvement expectations as seep concentrations of iron (192 mg/L), zinc (9.78 mg/L), nickel (0.933 mg/L), cadmium (15.1 µg/L), lead (60 µg/L) and arsenic (66 µg/L) are attenuated prior to discharge into a tributary of Tar Creek [99% (Fe), 95%(Zn), 83% (Ni), 93%(Cd), with Pb and As being removed to levels below detection limits]. The system also generates alkalinity in multiple steps (Cells 3N/S; 5N/S) to mitigate what has been lost due to metals latent acidity yielding a net alkalinity of nearly 200 mg/L as CaCO3 equivalence. The MRPTS has successfully removed iron within the oxidative unit specifically (iron oxidation pond+ two surface flow wetland cells) over the lifetime of the system, yet the variability in the efficiency of the preliminary oxidation cell (Cell 1) demands additional investigation.
Chapter Two, “Spatial Profiling of Seasonally Influenced Iron Removal in an Oxidation Treatment Cell”, provides a detailed evaluation of seasonal iron removal within Cell 1 thorough a series of samples collected between the influent and effluent flows typically used for cell performance evaluation. This detailed survey of iron removal corresponds well with the solids accumulation profiling detailed within Chapter 5, “Characterization of the Spatial Iron Accumulation in the Preliminary Oxidative Cells of a Passive Treatment System”, as the accumulation of precipitated iron oxides follows spatial orientation consistent with average removal dynamics.  Periods of colder temperatures (winter: ~6oC) decrease the rate of iron removal within Cell 1 with the majority of material transported into Cells 2N/2S being in the dissolved state (Fe2+). The overall function of removal for the oxidative unit is not compromised during the winter months of operation as the surface flow wetlands provide additional hydraulic residence time for the removal of iron prior to discharge on to the vertical flow bioreactors (VFBR).  Although iron removal has not been impacted by the accumulation of iron oxides thus far, the hydraulic retention time of Cell 1 has been reduced from a design time of 7.7 days to 5.5 days based on the results of a rhodamine dye tracer study. Cells 2N/2S were assessed to have shorter retention times (2.5 days) versus design (3.5 days) in 2009, yet demonstrate extended retention times approach 9 days due to successive rain events and flow restriction due to the vertical flow bioreactors (VFBRs) indicating that short term storm events play a role in iron transport and removal dynamics. 
Chapters Three and Four focus on the role of acute storm disturbance on iron transport between the cells of the oxidative unit, exported from the oxidative unit to the VFBRs, and exported out the system into the receiving stream. Storm frequency, intensity, yield, and duration were evaluated from archived data from the Oklahoma Mesonet to determine a storm classification criteria based on intensity (Low: 0.25-0.99 cm/hr; Moderate: 1.00-1.99 cm/hr; High: 2.00-2.99 cm/hr; Extreme: >3.00 cm/hr). Iron transport out of cells 1, 2N, 2S, and 6 was determined for a select group of individual storms between 2009-2013 and mass transport of iron was determined on a storm by storm basis. The amount of iron transported during a 30-hour sampling window following the storm event did not correlate to rainfall intensity, and thus the mechanism of transport is not believed to be due to resuspension of accumulated materials. Rather, disruption of sedimentation of iron oxide flocs is suspected due to the frequency between rain events. Low intensity rainfall events dominate the precipitation profile for the MRPTS, and significance in transport is not only observed for individual rain events, but also for seasonal and annual transport within the oxidative unit. Iron transport out of the passive treatment system due to storm events was minimal as iron removal and storage occurs multiple cells before the final polishing wetland (spatially isolated from oxidative unit transport). 
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Chapter 1: Full-Scale Passive Treatment of Net-Alkaline Ferruginous Acid Mine Drainage at the Tar Creek Superfund Site 

This chapter has been formatted for submission to Mine Water and the Environment

Abstract
A legacy of mining at the Tar Creek Superfund Site has led to many remediation challenges including surface tailings, subsidence collapses, and acid mine drainage (AMD) seeps. Although the EPA has acted in remediation efforts, surface waters remain impacted and in need of treatment. Passive treatment is a viable option for the removal of dissolved metals, neutralization of acidity, and generation of alkalinity through a series of treatment cells designed based on local hydrology and water quality. The AMD seeps at Mayer Ranch supply nearly 20% of the AMD load to Tar Creek, and has a flow rate that varies seasonally. Water quality was evaluated for total and dissolved metals, sulfate, in situ parameters including pH, conductivity, dissolved oxygen, temperature, oxidation reduction potential, total dissolved solids, salinity, turbidity, and alkalinity for four years prior to system installation and startup. The design of the Mayer Ranch Passive Treatment System was based on mass loading from the net-alkaline seeps, area adjusted removal rates, and sizing to handle hydraulic retention of treatment volumes. The system has successfully operated for 8 years at the time of this publication meeting its goals of metals removal and alkalinity generation. The discharge of treated water has had a positive impact on the quality of the receiving stream, with biological indicators supporting ecosystem recovery. The success of the MRPTS encourages the detailed profiling of treatment processes to better understand performance efficiencies. 

Introduction

The legacy of the Tar Creek Superfund Site originates from successive subsurface lead zinc mining operations in northeastern Oklahoma; Ottawa County during the early 1890s through the 1970’s (US EPA, 2016a), as part of the larger Tri-State Lead-Zinc Mining District of Oklahoma, Kansas, and Missouri (TSMD).  Although large-scale production maximized yields in the 1920s with 130,410 tons of lead and 749,254 tons of zinc being produced annually from the TSMD, small scale mining operations within the Picher Field continued to extract materials up until the cessation of mining activities in the 1970s (US EPA, 2016a).  After the mine workings were abandoned, they were allowed to fill with groundwater, and the increased surface area of materials coupled with the presence of oxygen and water, initiated a series of chemical reactions resulting in the production of acid mine drainage (AMD). Concern over the potential risk associated with AMD to surface waters began in the early 1980s with individual landowners noting the emergence of AMD seeps on their properties and with detection of water contamination within the aquifer supplying water to the towns of Picher, Cardin, Quapaw, Commerce, and others (Sheibach et al, 1982).  With the passing of the Comprehensive Environmental Response, Compensation and Liability Act (CERCLA) (1980, amended 1986), financial resources collected from taxation of the chemical and petroleum industries were pooled into a “Superfund” designated to pay for remediation efforts at legacy sites if the waste generators were no longer available to be held as responsible parties for reclamation efforts or cost (US EPA, 2016). CERCLA operates under the Polluter Pays Principle in which the principle responsible parties (PRPs) for Tar Creek were sued for damages, yet the financial settlements were insufficient to cover the full cost of remediation activities. 
The Tar Creek Superfund site covers approximately 40 square miles and was listed on the National Priorities List (NPL) in 1983 with the Oklahoma Department of Environmental Quality (DEQ), and the Quapaw Tribe cited as cleanup oversite agencies under the control of the United States Environmental Protection Agency (EPA) (OKDEQ, 2016). The Hazard Ranking System (HRS) score applied by the EPA to classify the risk associated with the diversity and severity of exposures through the assessment of physical and chemical properties and their abiotic exposure pathways (US EPA, 2016b). Tar Creek remained ranked at 58.15 through 2003 due to the complexity and scope of contamination surveyed during preliminary assessment and site inspection (US EPA, 2016b). The EPA has designated five Operable Units (OU) so far for action at the Tar Creek Superfund Site, as listed in Table 1.1.  
Table 1.1: Summary EPA Operable Units at the Tar Creek Superfund Site (OKDEQ, 2015; Christensen, 1995)
	 Unit
	Issue
	Status

	OU 1
	Surface water contamination in Tar Creek and tributaries from discharge and the threat of contamination of the Roubidoux Aquifer beneath the site from mine water and abandoned wells
	No significant improvement in surface water quality, partial effectiveness for damming/ diking and there were insufficient data to evaluate well plugging 

	OU 2
	High concentration of lead found in children and connected to surface contamination in yards, playgrounds, and other soils.
	Soil removal and clean fill dirt replacement on a yard-by-yard basis for over 2000 properties.


	OU 3
	Storage and retention of chemical laboratory stocks at the Eagle Picher Industries
	Laboratory chemicals were removed from the site and disposed of in accordance with current safety protocols.


	OU 4
	Chat Piles, Other Mine and Mill Wastes, Smelter Wastes, Surface contamination and subsidence
	Cleanup has been completed on some distal area projects. Voluntary buyout of citizens within the Relocation Assistance Zone has been completed.


	OU 5
	Sediments and surface water contamination (ongoing)
	Model sediment, water quality concentrations, and flow for the Spring River for sediment cleanup methodology selection. 



Acid Mine Drainage

Acid mine drainage (AMD) is an environmental problem of unique complexity in its sources, composition, and impacts (Sheppard 1993; Younger et al. 2002; Soucek et al. 2003; Johnson and Hallberg 2005; Zipper et al. 2005).  AMD is produced through natural weathering processes in which exposed sulfide minerals react with oxygen and water to liberate dissolved metals and acidity (Dubbin et al. 2005).  This phenomenon is enhanced when the exposed surface area of sulfide minerals is dramatically increased through mining disturbance (Watzlaf et al. 2004).  The weathering process is catalyzed by biotic and abiotic factors including bacteria like Ferroplasma acidarmanus or Acidithiobacillus ferrooxidans and the presence of dissolved iron and acidity (Nemati et al. 1998; Gleisner, et al. 2006).  Regardless of whether or not this process occurs underground, or on the surface at exposed tailings or waste rock piles, the end result is the production of AMD. 
Although AMD is commonly referred to as “acid mine drainage” its overall properties may be net acidic or net alkaline based on composition of the water. AMD is characterized as having elevated loadings of metals such as iron, lead, zinc, and cadmium, which also contribute to the acidity of impacted waters, over reference site conditions, (Cravotta 2008a; Cravotta 2008b). The concentration of principle dissolved metals species, pH, and alkalinity are used to calculate net acidity based on equation 1.1 (Hedin 2004). Waters are classified as net-acidic if acidity calculations exceed available alkalinity (a positive value), and are classified as net alkaline if the available alkalinity exceeds the acidic potential (a negative value) of the AMD (Kirby and Cravotta 2005). 
	(1.1)
AMD can directly impact ecosystems by exceeding the buffering capacity of surface water sources via acidification if it is net acidic and will require the addition of alkalinity as a component of treatment. Net alkaline waters will lose a fractional amount of their alkalinity to acidity via equilibration with surface conditions, yet some alkalinity remains to buffer pH circumneutral despite the hydrogen ions produced from metals hydrolysis (Kirby and Cravotta 2005). Accumulated iron oxides and associated metals have indirect impacts on ecological health such as smothering benthic invertebrates and increasing turbidity leading to the attenuation of light for photosynthesis (Blowes et al. 2007; Jennings et al. 2008).  
Treating AMD demands an interdisciplinary approach involving partnerships between scientific, governmental, and academic disciplines along with local agencies and communities to fully understand project goals and scope. The source, matrix, loadings, reaction kinetics, and seasonal influences on AMD must be considered in conjunction with available land dimensions to develop a treatment system design best suited for each location (Kirby and Cravotta 2005; Gazea et al. 1996).  The geology of a region defines the properties and composition of the AMD; therefore, a one-solution-fits-all approach to treating AMD is not realistic as the quality and quantity vary based on location (Skousen 1997).  
Active and passive treatment options exist for AMD, and are selected based on site specific requirements that include both water quality and quantity as part of the design criteria (Glazer et al 2000; Army Corps 2003). Both active and passive treatment are based on the same principles of physical and chemical control of conditions during the treatment process, yet differ in application. Active systems are effective in treating AMD yet typically have higher operational and maintenance expenses when compared to passive treatment (Damarisotta 2003).  Growing concern for the AMD problem has led to increased research into treatment and remediation processes suited for long-term, sustainable treatment at remote or abandoned sites (Younger et al. 2002).  Passive treatment systems hold particular promise for decreasing AMD impacts via source remediation (Gazea et al. 1996; Sapsford and Williams, 2009) when properly selected and sized for each location (Hedin and Nairn, 1992).  Lessons learned from the study of passive treatment successes and failures are critical contributions to the body of literature that the scientific and engineering reclamation communities rely upon to make informed decisions in design refinement and process management (Skousen and Ziemkiewicz 2005).
Passive Treatment Technology

Passive treatment systems typically consist of a series of treatment cells that are selected, sized, and placed in series based on the contaminant mass loading to achieve maximum treatment effectiveness. Each cell is sized conservatively to accommodate variability precipitation and seasonal fluctuations in AMD flow rate (Tarutis et al., 1999; Sapsford and Williams, 2009). The hydrology of passive treatment systems is controlled utilizing elevation head changes to move water from cell to cell without pumps, grid electricity, or fossil fuels.  The absence of active chemical dosing or pumped flow regimes in passive treatment systems makes them increasingly attractive options for derelict or remote sites where active/conventional treatment is not practical due to financial restrictions and resource availability (Cravotta, 2008a; Cravotta, 2008b). Federal regulations emphasize the limit of 1.0 mg/L  (30-day average) and 2.0 mg/L (daily maximum) for total iron in surface water discharges for ore mining (40 CFR 125.30) with increasingly lower thresholds for other trace metals from hard rock sites via the Clean Water Act.
 Net-acidic waters require an alkalinity generation treatment step prior to iron removal, while net-alkaline waters have enough alkalinity present to buffer the latent acidity released via oxidation and hydrolysis processes. Each unit of a passive treatment system is designed for a specific type of water quality improvement, wherein the oxidative units consist of aerobic sedimentation basins, surface flow wetlands, or hybrid designs of pond-marsh-pond bathymetry (Watzlaf et al. 2004). These cells are typically positioned first in the treatment series when the influent AMD is net-alkaline with a pH > 6, and iron is a principle component of the AMD matrix (Younger et al. 2002). If the water is net acidic, then an anoxic limestone drain (ALD) is used to generate alkalinity prior to iron oxidation and hydrolysis cells. The targeted removal of iron from net-alkaline AMD decreases the concentration of secondary dissolved species like zinc, lead, and arsenic through adsorption (Swedlund et al. 2009; Lenoble et al. 2002), while the retention of precipitated iron solids within the designed storage volume of the oxidative cells prevents flow attenuation from accumulation on the surface of vertical flow bioreactors (VFBR).  The installation of a preliminary sedimentation basin paired with a secondary aerobic surface flow wetland is a proposed solution to mitigate iron solids transfer onto the compost layer of a VFBR (Jarvis and Younger, 2001; Stark and Williams, 1995).  Any dissolved iron (II) species transported into the VFBRs will be removed as iron sulfides, yet this is not the most efficient approach for iron removal. Reduction to an iron sulfide is favored over other metals species such as Ni, Cd, Zn, Pb, and Cu due to their relative reduction potentials and may impact the removal efficiencies of other metals (Watzlaf et al. 2004).  Therefore, the efficiency of metals removal for the passive treatment system overall is dependent on the removal and retention of iron species early within the system to minimize physical and chemical impacts on down-stream treatment processes (Demchak et al. 2001). 
Although passive treatment systems continue to show promise in increasingly challenging situations, they still have not been fully accepted as competitive treatment options due to performance efficiency being impacted by spatial and seasonal variability (Johnson and Hallberg, 2005; Watzlaf et al. 2004; Hedin 2008, Zipper and Skousen 2010).  There are many questions that remain regarding the performance of passive treatment systems over short-term seasonal periods and for long-term operation leading to issues associated with estimated design life of each process unit.  Performance prediction methodologies based on design parameters have been well defined in the literature through a “black box” approach to AMD source monitoring, as well as through the use of modeling (Mitsch and Wise, 1997; Sapsford and Watson, 2011; Stark and Williams, 1995; Flanagan et al. 1994). However, there is a lack of information regarding the use of spatial and temporal profiling within a treatment cell to assess performance mechanisms from an empirical perspective.  Since the efficiency of iron removal within the primary oxidative treatment unit is essential for optimized system-level performance (Hall 2005), a detailed survey of oxidative unit function is a valuable contribution for long-term performance estimates and maintenance decisions regarding solids accumulation and volume displacement. Some detailed descriptions of mechanistic processes exist, but they are typically limited to bench- or pilot-scale operations due to time and cost constraints (Champagne et al. 2005). Therefore, the spatial and temporal profiling of the oxidative unit of a full-scale passive treatment system will compliment this growing body of knowledge and better support design decisions for future full-scale development projects. 
Mayer Ranch Passive Treatment System

The Mayer Ranch Passive Treatment System (MRPTS) is located within the Tri-State Mining District near Commerce, OK in association with the Tar Creek Superfund Site (36°55'18.58"N, 94°52'22.64"W). This collaborative research demonstration project between academic, state, federal, private, municipal, and tribal interests has direct application to primary research and ongoing development projects.  The mission of the MRPTS is water quality improvement of artesian flowing net-alkaline ferruginous lead-zinc mine waters by decreasing metals concentrations through precipitation and sequestration as hydroxide, oxide, sulfide, or carbonate minerals to the criteria continuous concentrations recommended by USEPA’s National Recommended Water Quality Criteria (EPA 1986).
This site was selected for the intensive performance analysis of the oxidative unit as it was designed to be a long-term ecological engineering research site, represents the implementation of a full-sized passive treatment system, and presents the challenges associated with long term operation and maintenance. The MRPTS was designed based on the current approach for treating net-alkaline ferruginous lead-zinc mine waters with the passive strategy (Younger et al 2002; Cravotta 2007) The challenges of balancing optimized system function with land availability led to design modifications including a uniquely shaped oxidative unit with a layout that accommodates a compromise between system form and function with large scale equipment accessibility.  
The MRPTS is sized in accordance with the relationships between analyte mass loading, and the kinetics of contaminant removal based on surface water chemistry. The available area of 3.6 ha is framed by private landowners in addition to a natural gas pipeline corridor, with approximately <1.5 ha reserved for the system itself (Nairn et al. 2009). Table 1.2 summarizes a four-year survey of water quality and quantity measurements from Mayer Ranch AMD seeps (2004-2008) to determine treatment system design features including: (1) treatment cell type, (2) cell order and placement within the treatment system, (3) treatment cell size (surface area), (4) bathymetry of cell design, and (5) hydraulic retention time (HRT) for each cell and the full system (Nairn et al. 2010).  Figure 1.1 is an aerial photo of the treatment system layout after startup in November 2008, while Table 1.3 summarizes cell size and function for each treatment process unit.   The location of the system in its particular region / climate also makes it an ideal research site for determining how storm-induced and seasonal removal dynamics impacts passive treatment success indicators such as effluent water quality.
The AMD emerges at Mayer Ranch from two exploratory bore holes (Seeps A and B) and a collapsed shaft (Seep D).  All three seeps are within close proximity to each other and are likely supplied by the same source based on the consistency between influent seep water quality data; thus, only flow adjusted average seep data are represented. Reducing conditions prior to surface discharge maintain the dissolved metals species in solution until surface conditions favor oxidative processes supporting the precipitation of iron oxyhydroxides.  Prior to the construction of the Mayer Ranch Passive Treatment System, a cattail marsh served to mitigate impacts of AMD on the stream tributary as it promoted conditions for the oxidation and hydrolysis of iron to form iron oxyhydroxides (35% natural attenuation of loaded total iron – see Table 1.2). Trace metals like As, Zn, Pb, Ni, and Cd have been observed to sorb to iron oxide precipitates, resulting in a fraction of these constituents being removed from solution as the iron settles out of the water column. The water quality of the receiving tributary indicates that it was impacted by AMD before the confluence of flow from Mayer Ranch, yet the addition of Mayer Ranch water further reinforced the impact with elevated metals concentrations, turbidity, and a decrease in pH and dissolved oxygen.    
The Mayer Ranch Passive Treatment System was constructed in 2008 to remediate the AMD from the seeps before it reaches the tributary steam, thus reducing the metals loading and impact on the downstream ecosystems.

 Table 1.2: Water Quality Parameters That Influenced the Design of the Mayer Ranch Passive Treatment System: mean concentration ± standard deviation impacting the tributary
	Total Metals
	units
	Mean of AMD Seeps 
	Mayer Ranch Weir 
	Tributary Upstream from Future PTS
	Tributary Downstream from Future PTS

	Iron
	mg/L
	192 ± 10
	124 ± 67
	11.1 ± 19.0
	92.2 ± 68.2

	Zinc
	mg/L
	9.78 ± 1.01
	8.57 ± 4.80
	8.09 ± 6.27
	8.85 ± 4.70

	Nickel
	mg/L
	0.933 ± 0.055
	0.703 ± 0.235
	0.271 ± 0.219
	0.565 ± 0.264

	Cadmium
	µg/L
	15.1 ± 5.1
	16.0 ± 14.2
	27.4 ± 42.6
	20.3 ± 25.6

	Lead
	µg/L
	60.0 ± 14.0
	46.0 ± 16.4
	23.9 ± 15.9
	39.4 ± 14.9

	Arsenic
	µg/L
	66.1 ± 15.2
	39.1 ± 12.0
	BDL
	40.3 ± 10.9

	Dissolved Metals
	units
	Mean of AMD Seeps 
	Mayer Ranch Weir 
	Tributary Upstream from Future PTS
	Tributary Downstream from Future PTS

	Iron
	mg/L
	197 ± 9
	65.8 ± 69.7
	18.2 ± 24.0
	43.6 ± 36.9

	Zinc
	mg/L
	9.10 ± 0.61
	4.97 ± 2.79
	8.08 ± 02.95
	7.01 ± 2.69

	Nickel
	mg/L
	0.963 ± 0.070
	0.515 ± 0.274
	0.298 ± 174
	0.439 ± 0.227

	Cadmium
	µg/L
	19.3 ± 13.0
	9.33 ± 6.86
	21.5 ± 9.6
	13.8 ± 4.1

	Lead
	µg/L
	75.8 ± 10.6
	45.0 ± 16.4
	34.3*
	36.1 ± 6.5

	Arsenic
	µg/L
	63.9 ± 6.6
	BDL
	BDL
	BDL

	Field Parameters
	units
	Mean of AMD Seeps 
	Mayer Ranch Weir 
	Tributary Upstream from Future PTS
	Tributary Downstream from Future PTS

	Cond
	uS/cm
	2949 ± 238
	2509 ± 238
	1581 ± 789
	2365 ± 735

	TDS
	g/L
	2.23 ± 0.18
	1.9 5± 0.49
	1.17 ± 0.53
	1.78 ± 0.55

	Salinity
	ppt
	1.88 ± 0.03
	1.03 ± 0.58
	1.08 ± 0.48
	1.08 ± 0.48

	DOSat
	%
	11.9 ± 16.0
	26.4 ± 19.0
	77.3 ± 32.8
	47.9 ± 24.2

	DO 
	mg/L
	1.13 ± 1.52
	2.60 ± 1.90
	7.67 ± 1.90
	4.84 ± 2.70

	pH
	--
	5.94 ± 0.06
	6.12 ± 0.18
	6.70 ± 0.36
	6.18 ± 0.22

	Flow
	L/min
	126 ± 130
	1310 ± 2005
	868 ± 1217
	1937 ± 2090

	Turbidity
	NTU
	6.66 ± 6.17
	6.72 ± 6.22
	17.7 ± 6.6
	26.7 ± 9.6

	Sulfate
	mg/L
	2218 ± 427
	1621 ± 755
	1621 ± 765
	1416 ± 752

	Alkalinity
	mg/L CaCO3 eq.
	405 ± 15
	298 ± 112
	122 ± 47
	250 ± 103


*single value above the detection limit for the dataset
[image: http://itrcweb.org/bcr-1/Content/Resources/Images/Fig%201-1.png]
Figure 1.1: Mayer Ranch Passive Treatment System (MRPTS) Cell Configuration with alpha numeric cell designations indicated: C1 (oxidation/sedimentation), C2N/S (surface flow wetlands), C3N/S (vertical flow bioreactors), C4N/S (re-aeration ponds), C5N/S (horizontal flow limestone beds), and C6 (polishing wetland for consolidated flow prior to effluent discharge to an unnamed tributary of Tar Creek). Photo from February 2009.

Table 1.3: Mayer Ranch Passive Treatment System Summary of Cell Form and Function (Design) with hydraulic retention times per unit in parallel trains (for half of the influent flow)
	Cell(s)
	Cell Description
	Targeted Parameter
	Surface Area (m2)
	Design Retention Time

	1
	Preliminary Iron Oxidation and Sedimentation Basin
	Fe, trace metals sorption
	4084
	7.7 days

	2(N/S)
	Surface Flow Wetlands (pond-marsh-pond design for additional iron oxidation and sedimentation)
	Fe, solids retention, trace metals sorption
	1685
	3.4 days

	3(N/S)
	Vertical Flow Bio Reactors for metal sulfide formation under reducing conditions. Alkalinity Generation.
	Zn, Pb, Ni, Cd
	1027
	3.1 days

	4(N/S)
	Re-Aeration solar versus wind aeration strategies
	Oxygen Demand, Odor, H2S
	833
	3.5 days

	5(N/S)
	Horizontal flow limestone beds facilitating additional zinc removal via Smithsonite precipitation (ZnCO3).
	Zn, Mn and hardness
	1147
	1.2 days

	6
	Polishing cell (pond-marsh-pond design) for flow consolidation and reaeration prior to discharge.
	Residual solids
	1096
	0.8 days

	Complete System Retention Time
	20 days



Construction of the MRPTS began in July of 2008, with rain-induced construction delays pushing system start-up to late November 2008. Flow control and consolidation structures were added to the three AMD seeps (A, B, and D) ensuring that system loading could be quantified.  The preliminary oxidation cell (Cell 1) was designed based on the surface area-adjusted removal rate of 20 g/m2/day with 1.6 meters of vertical storage depth for accumulation and storage of iron oxides over time.  The system is a cells-in-series / parallel design with gravity flow via a net elevation head change of 1.52 meters from system influent to effluent driving the hydrology. The cells alternate between oxidative and reductive processes and flows are recombined in a polishing cell (cell 6) prior to discharge into an unnamed tributary of Tar Creek (Figure 1.1). A storm water diversion structure diverts runoff from the surrounding area around the system ensuring that the source of the hydraulic load is only from the influent mine water seeps, and direct precipitation that falls on the surface area of the system.
MRPTS Performance Assessment

Sample Collection and Analysis Methodologies

The performance of the MRPTS was monitored over time by research team members with the University of Oklahoma Center for Restoration of Ecosystems and Watersheds (CREW) with respect to design expectations. Data presented are the results of these cooperative efforts.  Water quality measurements (in situ) and grab samples were collected in 250-mL HDPE bottles monthly (2008 to 2010) and quarterly (2011 through 2015) for total metals, dissolved metals, and anions. Dissolved metals samples were prepared on site using 0.45-µm filters to remove particulates. The total and the dissolved metals samples were digested following EPA Method 3015A and analyzed for Al, As, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, and Zn concentrations via inductively coupled plasma-optical emission spectroscopy (ICP-OES) following EPA Method 6010A. Turbidity was measured via triplicate grab samples with a Hach 2100P turbidimeter. Total alkalinity was measured via three replicate digital titrations with 1.6-N sulfuric acid and bromocresol green-methyl red indicator in the field (Hach Method 8203/APHA 2320).  In situ water quality physical parameters (temperature (oC), pH (su), conductivity (µS/cm), specific conductance (mS/cm), salinity (ppt), total dissolved solids (g/L), dissolved oxygen (mg/L and %), and oxidation-reduction potential (mV) were measured with a field-calibrated YSI 600 Series Sonde/650 MDS interface at the outflow of each treatment unit and for the three system influent seeps. 
CREW operates under an EPA-approved Quality Management Plan and related Quality Assurance Project Plans.  CREW quality assurance-quality control (QA/QC) protocols dictate instrument calibration, and field verification.  Inclusion of duplicate, blank, and standard spike samples for all analyses are included in a suite of Standard Operating Procedures (SOPs).  Chain of Custody (COC) forms identify, track, and document sample handling and analysis outputs throughout the laboratory testing process. Field equipment is serviced and calibrated before deployment to determine any performance issues, and then recalibrated on site to ensure accuracy by correcting for environmental influences.  Total and dissolved metals samples are preserved with 2 mL of concentrated trace metal-grade nitric acid upon collection. Field duplicate and blank samples are collected for every 10 samples, and calibration checks to document drift are performed at the end of the sample collection period.  Samples are transported on ice (4o C) back to CREW laboratories for processing. Sample processing is monitored for random and systematic error with duplicate, blank, and standard spikes to assess matrix effects for positive / negative measurement bias. Samples analyzed in the laboratory are also accompanied by a set of laboratory duplicate, blank, and standard spikes for every 10 samples collected to assess precision and accuracy of methodologies and instrumentation. Laboratory equipment is calibrated before each analysis, with verification standards and blanks placed into the sample analysis queue for every 10 samples. Yttrium (3 ppm) is used as an internal standard for all ICP-OES analyses as a correction for non-spectral interferences.  Waste loadings from sample processing and analysis are documented alongside collection vessels that are managed by OU Environmental Health and Safety protocols and personnel.
MRPTS Performance 
Table 1.4 is a summary of mean values ± standard deviation (σ) for each treatment cell type in the system with parallel cells averaged together for reporting purposes. The MRPTS has functioned in accordance with its objectives of metals removal and alkalinity generation over the first seven years of operation. The metals loaded into the passive treatment system are in the dissolved state, and are removed through the cooperative effort of oxidation/reduction reactions favored by individual cell design.  Iron oxidation, hydrolysis, sedimentation, and accumulation within Cell 1 removes 73% of the total iron on average. The addition of Cell 2N/2S in series with Cell 1 removes approximately 95% of the iron load as iron oxyhydroxides (Figure 1.2).  The average removal rate of iron within Cell 1 (19.0 ± 3.4 g Fe / m2/day for 2009-2013) is consistent with the design rate of 20 g/m2/day. The greatest variability in iron removal was observed in Cell 1 as indicated by the large standard deviation error bars in figure 1.2 and warrants a more detailed assessment for the optimization of the iron removal mechanism.
[image: ]Figure 1.2: Total and Dissolved iron removal in the MRPTS with respect to treatment cell. Error bars indicate the standard deviation of the dataset.  
Most trace metals are removed in the vertical flow bioreactors (VFBRs) per design of Cell 3N/S. Bacterial communities within the compost layer and the continuously flooded substrate maintain reducing conditions that favor the precipitation of trace metals as metal sulfides and sorption onto organic surfaces. Zinc loading into the passive treatment system is attenuated by 20% within Cell 1, and by 37% by Cell 2N/S effluent through iron sorption within the oxidative unit (Cell 1 + Cell 2N/S). Cadmium concentrations diminished by 70% within Cell 1, and by 88% by the effluent flow out of C2N/S. Lead concentrations decreased by 54% of the initial concentration within Cell 1 and 62% within the oxidative units (Cell 1 + C2N/S). Arsenic concentrations dropped below detection limits within Cell 1, indicating effective sorption to iron solids before reaching C2N/S.  Alkalinity is consumed within the oxidative unit as iron oxidation and hydrolysis liberate latent acidity, yet additional alkalinity is generated within Cell 3N/S and maintained throughout the rest of the system (Cells 4N/S, 5N/S, and 6). 
The impact of the passive treatment system on the water quality of the tributary stream is documented in Table 1.5. The removal of iron from the water column (oxidation, hydrolysis, and sedimentation) and retention (accumulation of sequestered precipitates) of metals within the passive treatment system yielded improved water quality in the tributary downstream from the passive treatment system for iron, zinc, nickel, cadmium, lead, and arsenic.  The removal and storage of metals species from the Mayer Ranch seeps improves water quality through prevention of point source impacts, as well as through dilution of metals concentrations being transported within the tributary from upstream AMD loading.  Although a primary function of the passive treatment system is removal and retention, it does export sulfate and hardness as total dissolved solids. Nairn et al. (2010) reported over the first-year performance of the passive treatment system including sulfate, hardness, and alkalinity export in addition to metals removal with performances consistent to the seven-year average.  Labar et al. (2010) reported on tributary water quality improvement after one year of operation. Fish diversity and abundance surveys area currently underway to determine ecosystem-level effects of site-specific AMD remediation of surface water resources previously impacted by the Mayer Ranch seeps, with sunfish, darters, and largemouth bass being observed in the channel for the first time since the initial mine water discharge in 1979 (Franssen 2009; Bergey and White 2010; Sheppard et al 2014). Lessons learned from system performance, maintenance, and operations influence the design of future passive treatment systems within the same watershed. 

Table 1.5: Mean (±standard deviation) Water Quality Impact of the Mayer Ranch Passive Treatment System on the Unnamed Tributary 2009-2015. (Continued on next page)
	Total Metals
	units
	Tributary Upstream from PTS
	MRPTS Effluent (C6Out)
	Tributary Downstream from PTS

	Iron
	mg/L
	46.3 ± 27.9
	0.510 ± 0.433
	18.5 ± 15.5

	Zinc
	mg/L
	6.45 ± 2.37
	0.458 ± 0.879
	3.64 ± 02.01

	Nickel
	mg/L
	0.385 ± 0.176
	0.160 ± 0.202
	0.247 ± 0.141

	Cadmium
	µg/L
	13.7 ± 9.1
	1.05 ± 0.214
	6.32 ± 3.76

	Lead
	µg/L
	38.1 ± 15.0
	BDL
	26.5 ± 3.52

	Arsenic
	µg/L
	BDL
	BDL
	BDL

	Dissolved Metals
	units
	Tributary Upstream from PTS
	MRPTS Effluent (C6Out)
	Tributary Downstream from PTS

	Iron
	mg/L
	38.2 ± 24.6
	0.130 ± 0.144
	13.8 ± 11.4

	Zinc
	mg/L
	5.90 ± 2.21
	0.438 ± 1.02
	3.20 ± 1.55

	Nickel
	mg/L
	0.376 ± 0.163
	0.165 ± 0.213
	0.232 ± 0.115

	Cadmium
	µg/L
	10.2 ± 5.3
	BDL
	4.60 ± 2.46

	Lead
	µg/L
	37.8 ± 8.9
	BDL
	28.4 ± 2.2

	Arsenic
	µg/L
	BDL
	BDL
	BDL

	Field Parameters
	units
	Tributary Upstream from PTS
	MRPTS Effluent (C6Out)
	Tributary Downstream from PTS

	Cond
	µS/cm
	2039 ± 791
	2550 ± 747
	2152 ± 787

	TDS
	g/L
	1.63 ± 0.47
	2.05 ± 0.21
	1.77 ± 0.37

	Salinity
	ppt
	1.30 ± 0.39
	1.64 ± 0.18
	1.41 ± 0.37

	DOSat
	%
	50.1 ± 29.5
	35.7 ± 21.2
	50.4 ± 29.1

	DO 
	mg/L
	5.00 ± 3.08
	3.77 ± 2.52
	5.29 ± 3.27

	pH
	--
	6.32 ± 1.145
	7.05 ± 0.19
	6.55 ± 0.25

	Flow
	L/min
	1126± 1954
	430 ± 77
	818 ± 988

	Turbidity
	NTU
	44.6 ± 29.4
	26.4 ± 36.9
	42.3 ± 35.2

	Sulfate
	mg/L
	1644 ± 518
	2252 ± 611
	1778 ± 474

	Alkalinity
	mg/L CaCO3
	182 ± 51
	200 ± 51
	167 ± 54


Conclusions

Mine drainage is an environmental problem that demands an interdisciplinary approach to fully understand the source, matrix, reactions and processes responsible for its fate and transport within a watershed. Passive treatment systems are integrated environmental biogeochemical reactors designed to optimize conditions favoring the precipitation and retention of metals, acidity neutralization, and alkalinity generation.  Biotic and abiotic processes such as oxidation, hydrolysis, precipitation, sedimentation, phytoremediation, limestone dissolution, and bacterial sulfate reduction each contribute to overall system performance and are influenced by design-phase choices. The MRPTS is an example of full-scale design and implementation of passive treatment technology based on the current monitoring, sizing, and engineering practices. The MRPTS has met its performance objectives of metals removal and alkalinity generation over the first seven years of operation resulting in quantitative improvements in surface water quality.  Environmental indicators including fish species diversity and abundance further illustrate the qualitative aspects of long-term impact attenuation through maintained system operation.  The MRPTS demonstrates the successful application of passive treatment to AMD impacted waters previously unaddressed under CERCLA Operable Unit 1 within the Tar Creek Superfund Site. Investigation and documentation of system design, construction, operation, and maintenance influences on performance will serve as a guide for the success of future systems. 
Influent / effluent monitoring of passive treatment systems gives an overall assessment of function, yet lacks the resolution needed for system optimization based on individual treatment processes. Comparing iron mass loadings into a cell with the mass export of iron out the cell to calculate removal efficiencies provides insight into the function of individual treatment cells. Yet, one must look beyond the “black box” approach to systems monitoring to evaluate how spatial and temporal aspects of removal within a treatment cell relate to removal efficiency and ultimately design. In the next few chapters, progressive iron removal, accumulation and storm induced transport will be discussed 
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Chapter 2: Spatial Profiling of Seasonally Influenced Iron Removal Rates in an Oxidative Treatment Cell 

Introduction

For net-alkaline discharges, oxidative treatment via a oxidation pond/ sedimentation basin / aerobic surface flow wetland is the recommended approach to remove and store large quantities of precipitated iron oxyhydroxides (Hedin et al 1994; Watzlaf et al. 2004; Kadlec and Wallace 2009). Iron oxidation, hydrolysis, precipitation, and sedimentation are the key processes promoted within passive treatment oxidation cells and are critical in defining the rate of removal and quantity of precipitate retained over time (Nordstrom 2011; Blowes et al. 2013). Iron oxidation converts dissolved iron (II) to iron (III) in the presence of dissolved oxygen (Equation 2.1).  Under alkaline condition, the newly formed iron (III) readily undergoes hydrolysis with water to form a precipitate (Equation .2.2).  Flocculation and sedimentation of the iron oxyhydroxide occurs and the solids are retained within the system (Younger 2002). 
4Fe2+ + O2 + 4H+  4Fe3+ + 2H2O............................................................  (Equation 2.1)
Fe3+ + 3H2O  Fe(OH)3(s) + 3H+......................................................................................................(Equation 2.2)
The removal of dissolved iron from solution via precipitation follows first-order kinetics with respect to iron concentration and is dependent on both heterogeneous and homogeneous mechanisms (Stumm and Sulzberger 1992; Younger 2000; Barnes et al. 2009).  Passive treatment oxidative cells feature high water surface areas, extended hydraulic retention times, and storage volume for retained solids. Aeration structures are often included in the design to maintain oxidative conditions; as oxidation is the rate-determining step for iron removal (Singer and Stumm, 1970; Eggleston et al. 1996; Dempsey et al. 2001). For physical removal, the rate of sedimentation is dependent on floc size and density and can be described using a modified version of Stokes Law to account for non-spherical particles  (Chakraborti and  Kaur 2014).
Performance assessment is a reactive strategy to investigate treatment system operation and maintenance practices on a case by case basis. This strategy is used to refine system designs for future projects, but can also be used to retrofit existing designs for select performance deficiencies.  One practice to assess metals removal efficiency of a treatment system, unit, or cell is to measure the difference between influent and effluent metals concentrations and mass loadings (Equation 2.3) (Wieder 1989). However, this is not currently used as an effective metric for performance assessment. Rather, surface area adjusted removal efficiency (Equation 2.4) accounts for analyte loadings rather than concentrations (Hedin and Nairn 1992), and the first order removal (k1 in m/day) has been derived by Tarutis et al. 1999(Equation 2.5). 
Treatment Efficiency (%) = (Cin-Cout)/Cin x 100                                               (Equation 2.3)
Area-adjusted Removal (g m-2 day-1) = (Cin-Cout)Q/A                                    (Equation 2.4)
First-order removal (m day-1) = Q/A ln (Cin-Cout)                                            (Equation 2.5)
These performance indicators are limited in that they may not represent spatial and temporal variability within a treatment cell (Wieder 1993). A survey of removal efficiency and area-adjusted removal rates with respect to position within a treatment cell will yield an enhanced mechanistic understanding of cell function within design (cell shape) and environmental (seasonal) constraints.  The spatial distribution of total and dissolved metal concentrations with respect to the variables driving oxidation and hydrolysis rates (dissolved oxygen, pH, and temperature) will reveal the location of the dominant processes supporting optimal iron removal efficiency. This approach will provide essential insight into how the design of the treatment cell may be refined to optimize processes favoring iron removal and retention in the existing design, as well as insight into the design of future passive treatment systems in the region. The iron removal performance evaluation of the preliminary oxidation cell of a full-scale passive treatment system will describe the progressive iron removal within the cell rather than just assess performance based on influent/effluent monitoring. Progressive iron removal is documented through the collection of intracellular total and dissolved metals samples and in situ physicochemical measurements to assess [Fe2+]/[Fe3+] ratios within the water column. Removal is achieved as precipitated iron (III) oxyhydroxides settle within the water column for long term storage before reaching the effluent of the treatment cell. The determination of how dissolved/particulate ratios and total iron mass loading change with position and season in the preliminary treatment cell will provide insight into how the design of the treatment cell relates to its intended function of removal and retention of solids.
Methods

Site Description

The Mayer Ranch Passive Treatment System at the Tar Creek Superfund Site near Commerce, OK was constructed in 2008, and was fully operational by January of 2009. The system was designed with a U-shaped oxidation pond (Cell 1) as the primary treatment step for three AMD discharges with a combined average flow of 400±63 L/min (n= 28; 2009-2013).  Cell 1 has a surface area of 4048 m2 and was designed based on a 20 g/m-2/day-1 removal rate and a hydraulic retention time of 7.7 days. Previous work at this site had determined that Cell 1 has an average iron removal rate 20 g/m-2/day-1 over the first year of operation (Nairn et al. 2009) and an average of 19.0 g/m-2/day-1 for the first five years of operation (2009-2013) based on influent/effluent grab sampling.
Sampling locations were selected based on physical features of the design, like points of flow restriction and curvature resulting in a change of flow direction. Figure 2.1 features an aerial photograph of Cell 1 with sample locations indicated.  Progressive iron removal and storage patterns with increased distance from the AMD source of influent flow (horizontal component) as well as water quality changes with increased water depth (vertical component) were evaluated based on these locations.  
[image: ]
Figure 2.1: Cell 1 progressive iron profile sample locations with corresponding sample types collected at each location. Influent and effluent flows noted with yellow arrows.
Sampling 

Cell 1 was divided into three sections based on visual inspection from aerial photographs.  These divisions were for sampling protocol only and did not represent any real type of boundary or separation within the cell itself.  Section 1 consists of the area in which all three mine water discharges enter the system (Seeps A, B, and D), and are assumed to be readily mixed prior to flowing through a narrow portion of the treatment cell (bottleneck) into Section 2.  Section 2 is characterized by the large U-bend on the farthest south side of the system.  Section 3 is designated as the final section of Cell 1 that includes the effluent discharge to the parallel treatment trains.  Each section includes a catwalk sampling structure (visible in Figure 2.1) that allows one to collect samples without extraneous disturbance to the water column or sediment deposits. The estimated distance of each sample location from where the influent seeps flow into the passive treatment cell are summarized in Table 2.1. 
Table 2.1: Distance from Influent AMD Discharges to progressive profile locations and the corresponding HRT as derived from the design time of 7.7 days for Cell 1
	 Sample locations 
	4
	5
	6
	7
	8
	9
	10

	Distance from AMD Source (Linear Meters)
	21.9*
	60.9
	88.9
	118
	170
	186
	202

	Timing based on Design HRT (Days)
	0.83
	2.32
	3.39
	4.50
	6.48
	7.09
	7.70

	*average linear distance from seeps A, B, D averaged to location 4



Measurements and samples were collected at each location over a three-year period (July 2009-April 2012) to evaluate iron removal profiles with respect to season (i.e., temperature) as water levels permitted.  Catwalks facilitated sample collection for the evaluation of the vertical component of the profile with increasing depths (surface, 0.5, 1.0, and 1.5 meters) from the edge of each catwalk structure. Vertical water column samples were collected using a discrete horizontal sampler common in limnological studies to capture samples with increasing depth in the water column.  Samples were collected starting from the surface, working towards increasingly deeper samples in order to prevent any unnecessary disturbance to the water column.  In-situ measurements included pH, temperature (oC), specific conductance (mS/cm), dissolved oxygen (%Sat), and oxidation-reduction potential (mV). 
Sample Analysis 

Total metals, dissolved metals, and anion grab samples were collected at each location. The dissolved metal samples were filtered using a hand-pump apparatus through 0.45-m filter cartridges for each sample.  Turbidity (NTU) was determined on-site using a Hach 2100P Portable Turbidimeter and the average of three replicate measurements was recorded.  Total alkalinity (mg/L as CaCO3 eq.) was determined in the field immediately following sample collection via use of a Hach digital titrator with 1.6-N H2SO4 titrant and bromocresol green / methyl red indicator (APHA 1992).  All samples were acidified with concentrated trace-metal grade nitric acid and then kept on ice for transport back to the Center for Restoration of Ecosystems and Watersheds (CREW) laboratory for analysis.  Anion samples were promptly filtered and run in serial dilution on the MetrOhm 761 Compact Ion Chromatograph (EPA 300) to determine total sulfate concentration (mg/L).  The metal samples underwent aqueous digestion using the CEM MARS in accordance with the standard operating procedure (EPA Method 3051).  The digested samples were analyzed with a Varian-Vista PRO Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) following EPA Method 6010 for total and dissolved metals concentrations.  Appropriate QAQC procedures were observed during sample preparation as well as sample analysis to verify instrument calibration and evaluate field and laboratory practices via standard operating procedures and laboratory specific protocols.
Seasonal profile samples were collected quarterly (January = winter; April = spring; July = summer, and October = fall).  Seasonal profiles were averaged (n = 3) for performance evaluation. Suspended iron floc samples were collected in situ with increasing depth (without nitric acid preservation) at each catwalk sampling location (sites 4, 7, 8). The floc samples were used to physically assess the average size, shape, and distribution of settling solids via laser in situ scattering and transmissometry (LISST), and were accompanied by grab sample turbidity measurements.  

Results and Discussion 

Influent / Effluent Performance Evaluation

The influent/effluent total metals water quality data for Cell 1 (2009-2013) are summarized in Table 2.2, while Table 2.3 summarizes in situ average water quality parameters. 
Table 2.2: Total Metals Removal by the MRPTS Preliminary Oxidation Cell (Cell 1) 2009-2013
	Influent Average (n=3)
	Iron (mg/L)
	Zinc (mg/L)
	Nickel (mg/L)
	Cadmium (µg/L)
	Lead (µg/L)
	Arsenic (µg/L)

	Average
	174
	7.99
	0.917
	18.3
	74.8
	61.5

	Standard Deviation
	8
	0.49
	0.058
	6.36
	10.1
	4.27

	%RSD
	4.6
	6.20
	6.30
	34.9
	13.6
	7.0

	Minimum
	161
	6.94
	0.792
	8.00
	57.5
	53.9

	Maximum
	190
	9.06
	1.04
	31.0
	96.5
	72.2

	Range
	29
	2.12
	0.25
	23.0
	39.0
	18.3

	n
	28
	28
	28
	28
	28
	28

	
	
	
	
	
	
	

	Cell 1 Effluent
	Iron (mg/L)
	Zinc (mg/L)
	Nickel (mg/L)
	Cadmium (µg/L)
	Lead (µg/L)
	Arsenic (µg/L)

	Average
	34.7
	6.25
	0.827
	4.10
	33.3
	BDL

	Standard Deviation
	23.0
	0.83
	0.711
	2.47
	8.85
	BDL

	%RSD
	66.1
	13.3
	8.59
	60.4
	26.6
	BDL

	Minimum
	4.8
	4.63
	0.641
	0.878
	23.7
	BDL

	Maximum
	93.7
	7.49
	0.947
	8.93
	56.2
	BDL

	Range
	88.9
	2.86
	0.306
	8.05
	32.5
	BDL

	n
	31
	31
	31
	27
	19
	27

	
	
	
	
	
	
	

	Performance Summary
	Iron (mg/L)
	Zinc (mg/L)
	Nickel (mg/L)
	Cadmium (µg/L)
	Lead (µg/L)
	Arsenic (µg/L)

	Change in Concentration
	139
	1.75
	0.09
	14.15
	41.44
	61.54

	Removal Efficiency (%)
	80.0%
	21.9%
	9.8%
	77.6%
	55.4%
	100.0%



The decreases in lead, cadmium, and zinc concentrations are likely due to sorption onto the iron solids that are retained in the system, and not a result of direct precipitation of either of these metals in the form of a hydroxide due to solubility constraints at this pH (Cornell and Schwertmann 2004; Cravotta 2008). Arsenic is completed removed to below practical quantification limits within the preliminary oxidation cell likely through sorption (Lenoble et al. 2002; Casiot et al. 2005).  The initial alkalinity of the mine drainage is elevated due to the dissolution of dolomitic limestone in the site host rock increasing the concentration of HCO3- in the influent AMD.  The dramatic decrease in alkalinity observed in the Cell 1 effluent sample results from the neutralization of the latent acidity that is released as iron is oxidized and hydrolyzed (equations 2.1 and 2.2).  Sulfate concentrations did not demonstrate significant change within Cell 1, which is expected based on the oxidizing function of this component of the treatment system. The performance of Cell 1 for the removal efficiency and storage of iron oxides (80% or 19.8 g Fe /m2/day) with some partial secondary removal of trace metals is consistent with the expected performance based on observations from the long-term monitoring of passive treatment systems (Manceau et al. 1992; Ziemkiewicz et al. 2003; Matthies et al. 2010). Removal rates have demonstrated seasonality but there are conflicting reports as to the whether the source of that variance is due to load limiting via fluctuations in flow rate  (Manyin et al. 1997; Matthies et al. 2010) or from the impact of temperature on reaction kinetics and dissolved gas species solubility (Hedin et al. 2013).
The influent seeps supply the MRPTS with an average load of 100 kg/day of total iron predominantly in the dissolved Fe2+ oxidation state (97% of loaded iron is dissolved Fe2+). Over the five-year monitoring period (2009-2013), there was only a 5% relative standard deviation (%RSD) in the concentration of iron measured in the seep discharge indicating that loading is governed by variance in flow to the system rather than acute changes in the mine pool chemistry. The statistical comparison of annual and seasonal average flow rates to the five-year average (400±68 L/min) is summarized in Table 2.4    


[image: ]
The annual average influent flow rate for the MRPTS was significantly higher during 2010 than the five-year average, while the flow rates for 2011 and 2013 were significantly lower than the five-year average flow. Seasonal impact on flow only appears to have a significant difference with respect to the five-year average for spring (March, April, May) in which higher flow than average is typically observed. The %RSD for the average iron concentrations measured in the effluent flow of Cell 1 over the same five-year period of performance evaluation demonstrated less consistency (66%RSD for total iron; 83%RSD for the dissolved fraction) than the influent concentrations. This indicates that removal efficiency may demonstrate seasonal effects as observed in AMD-impacted streams and other passive treatment system installations (August et al. 2002; Butler et al. 2008, Hedin 2008).  
Progressive Iron Removal Profile

The average progressive iron removal profile for Cell 1 of the MRPTS (Figure 2.2) indicates the change in total and dissolved iron concentrations relative to position within the treatment cell. 

Figure 2.2: Average progressive iron removal profile for Cell 1 of the Mayer Ranch Passive Treatment System based on sample location for 2009-2012 (n = 12 profiles) with ± standard deviation error bars. Percentages are removal efficiencies that summarize the relative removal of iron as water progresses through the cell. 

The majority (87% of iron removal within Cell 1, and 81% of removal based on influent loading) is removed from the water column in the first operationally-defined section. Total and dissolved average iron concentrations were plotted versus the approximated HRT for each location in Figure 2.3. 
. 

Figure 2.3: Progressive profile of average iron concentrations based on design hydraulic retention time for the unit process (Cell 1 = 7.7 days) scaled to sample collection position (distance from AMD source (meters). 

The decrease in both total and dissolved iron concentrations indicates that conditions favored reaction kinetics for the oxidation of Fe2+(aq) to Fe3+ (aq), hydrolysis of Fe3+(aq) to FeOOH(s), and the sedimentation of FeOOH(s) to all occur within the first day of retention.  The average transport fraction of dissolved: particulate iron ([Fe2+]/[Fe3+]) equals 1.37 as the larger proportion of iron being transported through sections 2 and 3 of the cell remains dissolved as Fe2+(aq) rather than being transported as a suspended solid. This suggests that iron removal efficiency for Cell 1 is dependent on the rate of oxidation. Rates of oxidation for Fe2+(aq) have been extensively quantified using ideal solutions as well as grab samples of AMD in the laboratory (Liang and Morgan 1990; Retnhardf 2001; Schwertmann 2007). Additionally, field batch reactor experiments have revisited the topic to address concerns regarding the role of CO2 via pH dependence that is non-ideal in its composition and relative concentrations of ions (Nairn et al 2002; Kirby et al. 2009; Geroni and Sapsford 2011).  
Plotting in situ parameters measured at each location within Cell 1 versus locational hydraulic retention time yielded no linear relationship (R2<0.60) for temperature and pH. Yet, the change in total dissolved solids (TDS), conductivity (S/cm), and salinity throughout the cell were linear up until 4.5 days retention time. After 4.5 days, the slope of the trend line approached zero via no appreciable change in conductivity and its derived measurements over the next three days of theoretical residence within cell 1. Dissolved oxygen (DOsat%) increased with increasing HRT (3.2 %/day; R2= 0.8373) via surface-area based diffusion from the atmosphere. This corresponded to the oxidation reduction potential (ORP) also increasing with increasing residence time (8.2 mV/day; R2 = 0.7817). Alkalinity declined with increasing hydraulic retention time as it is consumed by the latent acidity generated via iron oxidation and hydrolysis (-4.0 mg/L CaCO3 eq./day; R2 = 0.7922). Turbidity also decreased with increasing hydraulic retention time through sedimentation of precipitated iron oxides as the primary source of turbidity for the treatment cell (-16.8 NTU/day; R2 = 0.8238). 
Plotting the concentration of iron versus the approximate hydraulic retention time derived from sample position for sections 2 and 3 specifically yields a linear relationship for the removal of total and dissolved iron from the water column (Figure 2.4).  Sections 2 and 3 of the preliminary oxidation cell contributed to overall iron removal efficiency with a removal rate of nearly 4 mg/L total iron per day of which nearly 2.4 mg/L/day is from ferrous iron removal. Other variables that can influence the rate of removal of iron from the water column beyond temperature, pH, and dissolved oxygen content is the saturation index of iron (Cravotta 2008). 
 
Figure 2.4: Iron removal rates for residual total and dissolved iron species within sections 2 and 3 of Cell 1 of the MRTPS preliminary iron oxidation cell. 
Average iron removal water column profiles in Figures 2.5-2.7 indicate that iron concentrations increase with increasing depth of the oxidation pond within all three sections.  This is consistent with the idea that as iron precipitates from solution, it coagulates into larger particles and settles to the bottom of the oxidation pond.  The lowest total iron concentrations were observed near the surface of the water, whereas samples collected at 1.5 meters may have disturbed the surface of the settled iron oxyhydroxides resulting in the excessively high concentrations of total iron via resuspension. This is important to note, as it demonstrates that the iron oxyhydroxide solids are accumulating in all three sections of Cell 1, rather than just in Sections 1 as the water quality data indicate.


Figure 2.5: Average progressive iron removal profile with increasing depth from the surface of Section 1 of Cell 1 MRPTS (Cat1 sampling location; <1.0 days of retention time)
Figure 2.6: Average progressive iron removal profile with increasing depth from the surface of Section 2 of Cell 1 MRPTS (Cat2 sampling location; 4.5 days of retention time)


Figure 2.7: Average progressive iron removal profile with increasing depth from the surface of Section 3 of Cell 1 MRPTS (Cat3 sampling location; 6.5 days of retention time)

Average iron removal water column profiles in Figures 2.4-2.7 indicate that iron concentrations increase with increasing depth of the oxidation pond within all three sections of the oxidation cell design.  This is consistent with the idea that as iron precipitates out of solution, it coagulates into larger particles and settles to the bottom of the oxidation pond.  The lowest total iron concentrations were observed near the surface of the water whereas samples collected at 1.5 meters disturbed the surface of the settled iron oxyhydroxides resulting in the excessively high concentrations of total iron via resuspension. This is important to note, as it demonstrates that the iron oxyhydroxide solids are accumulating in all three sections of Cell 1, rather than just in Sections 1 as the water quality data indicates.
Seasonal Iron Removal Profiles:

The progressive iron removal profiles collected seasonally (quarterly) were averaged over the three-year sample collection period and plotted in Figures 2.8-2.11. 

Figure 2.8: Average Spring Iron Removal Profile (April 2010-2012; n=3) with ± standard deviation error bars for each measurement average.

Figure 2.9: Average Summer Iron Removal Profile (July 2009-2011; n=3) with ± standard deviation error bars for each measurement average.


Figure 2.10: Average Fall Iron Removal Profile (October 2009-2011; n=3) with ± standard deviation error bars for each measurement average.

Figure 2.11: Average Winter Iron Removal Profile (January 2010-2012; n=3) with ± standard deviation error bars for each measurement average.


Figure 2.12: Comparison of total iron concentration (mg/L) for seasonal average progressive iron removal profiles. Note the consistency in performance for spring, summer, and fall profiles, yet high variability was observed for winter measurements. 

Comparison of the seasonal average progressive iron removal profile (n = 3 years) reveals that spring (88%), summer (81%), and fall (90%) follow a consistent pattern in the decrease of total iron concentration within Section 1 of the treatment cell design. All three profiles mirror each other in form describing cell function, and have less variability on a year to year basis in their individual values (standard deviations between 10-30 mg/L) than the winter data set (standard deviations approaching 65 mg/L).  Figure 2.12 compares the total iron based on position-derived hydraulic retention time for the average of each season. Comparison of the removal profiles by season reveals a difference in profile morphology between winter and the rest of the sampled seasons. However, despite these differences, the influent water chemistry remains consistent for all of the seasons, and the removal profiles converge to similar total iron concentrations at the cell effluent discharge. This suggests that variables influencing the removal of iron within Cell 1 are delayed, resulting in the distribution of iron removal over all three sections of the cell 1 design.  However, Figure 2.13 does not support the idea of temperature-dependence as the sole driving factor correlated to decreases in total iron concentrations. There is no apparent relationship between the effluent water temperature of Cell 1 and the decrease in the concentration of total iron. Temperatures between 6-23oC all yielded decreases in total iron concentrations between 145-165 mg/L with two outliers as exceptions.  
January 2010 had a water temperature approaching six degrees Celcius and correspondingly low total iron removal, yet comparison with the iron removal and temperature of the other profiles collected makes this point an outlier of the dataset. Similarly, October 2010 had an effluent water temperature of nearly 18 degrees Celcius and had the highest total iron removal of the dataset despite other profiles collected in the summer at higher temperatures being included.  Calculation of the average dissolved to particulate ratio for the three-year iron removal profile average yields a composite score indicating the dominant form of iron within the water column (Figure 2.14). Values greater than 1.00 favor conditions supporting Fe2+ in the dissolved state versus values less than 1.00 favoring particulate iron as a suspended solid. Winter (D:P ratio = 2.65) indicates that conditions favor iron in the dissolved state (rate of oxidation impaired).
[image: ] Figure 2.13: Correlation between C1Out water temperature and the total iron concentration change due to iron removal within Cell 1 measured as the difference between the average seep influent concentration and C1Out concentration. The intersection of grey zones indicates the range of temperature values and their associated with the central tendency of the change in iron concentration for the dataset. 


Figure 2.14: Comparison of the average Dissolved: Particulate iron ratios based on seasonal iron removal profiles. Influent concentrations were not included in the reported average ratio as the majority of the iron entering the cell is in the dissolved state, and it skews the dataset systematically.
Figures 2.15-2.17 detail the average vertical winter removal profiles of total and dissolved iron for sections 1,2, and 3 of the Cell 1 design.  Each of these figures supports the result that it is oxidation of Fe2+ and not particulate settling rates that are governing seasonal total iron removal. 
 
Figure 2.15: Average progressive iron removal profile with increasing depth from the surface of Section 1 of Cell 1 MRPTS (Cat1 sampling location; <1.0 days of retention time)


Figure 2.16: Average progressive iron removal profile with increasing depth from the surface of Section 2 of Cell 1 MRPTS (Cat2 sampling location; 4.5 days of retention time)

Figure 2.17: Average progressive iron removal profile with increasing depth from the surface of Section 23 of Cell 1 MRPTS (Cat3 sampling location; 6.5 days of retention time)

Conclusions 
Iron oxidation, hydrolysis, and settling are key processes promoted in passive treatment system oxidation cells to decrease dissolved iron concentrations in influent mine drainage.  Although monitoring the influent and effluent water quality of a treatment cell is sufficient to determine overall performance, it is insufficient to determine the step-wise iron removal profile.  Sampling at key points throughout the U-shaped Cell 1 design at MRPTS determined that the majority of the iron removal achieved in the oxidation pond occurred in the first section of the pond (S1), rather than along a uniform gradient throughout all three sections (S1, S2, S3). Total iron concentrations increased with increasing depth of the oxidation cell as precipitated iron oxides underwent sedimentation.
 Seasonal impacts on removal efficiency were observed for winter iron removal profiles with iron being found in the dissolved Fe2+ form much later in the treatment cell than previously observed for the Spring, Summer, and Fall samples. There was not an explicit relationship observed between temperature and change of iron concentration.  Degassing of dissolved carbon dioxide is suspected to play a critical role synergistically with dissolved oxygen content of the water as well as pH to favor oxidation and hydrolysis reactions. The loss of large quantities of iron from solution in section 1 of cell one may have implications on long-term precipitate deposition and storage within the system.  Additional work is required to determine if uneven deposition of the retained iron solids will affect the performance of the system (e.g., retention time, short circuiting, and sediment mineralization) over the life of the system.  
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Chapter 3: Storm Event-Driven Metal Transport Dynamics Between Oxidative Treatment Cells

This chapter has been formatted in compliance with the journal of Ecological Engineering for submission. 

Abstract
Iron oxidation, hydrolysis and settling are key processes promoted in passive treatment systems (PTS) to remove iron from influent acid mine drainage (AMD). Intense storm events have been qualitatively observed to transport iron and thus storms may impact routine sample collection and monitoring of oxidation cells within PTS. The purpose of this study was to investigate iron transport between the preliminary oxidative treatment cell and the surface flow wetland cells, iron export out of the oxidative unit, and iron loading via the PTS effluent discharge into a tributary of Tar Creek. Ottawa County, OK. Automatic samplers were installed at the effluent of the preliminary oxidation cell, secondary aerobic wetlands, and treatment system to collect total metals samples when rainfall intensity exceeded 0.25 cm/hour for 35 hours.  Laboratory determination of total metals produced a series of transport profiles for individual storm events and the total amount of iron transport was approximated with respect to a rainfall intensity classification system (low: 0.25-0.99 cm/hr; moderate: 1.00-1.99 cm/hr; high: 2.00-2.99 cm/hr; extreme: >3.00 cm/hr). The mass of iron transported during individual storm events was significant when compared to baseline values for storms of all intensity classifications. The mass loading of storm-induced iron into the receiving stream was minimal as the majority of iron was removed in Cells 1 and 2N/2S rather than relying on Cell 6 for removal. The amount of iron transported did not correlate to rainfall intensity, so low intensity storms controlled storm-induced iron transport as they are more frequent than moderate, high, and extreme events. The independence of storm induced transport with respect to rainfall intensity suggests a transport mechanism based on settling disruption rather than solids resuspension. 
Introduction

Passive treatment systems are designed to remediate acid mine drainage (AMD) using physical, chemical, and biological processes selected for optimized metals removal and alkalinity generation (Hedin et al. 1994). Intensive study of influent water quality and quantity guide the selection and order of engineered treatment cells that alternate between the promotion of aerobic and anaerobic processes (Skousen and Sexstone 2000).  Oxidative treatment cells emphasize conditions that favor the removal of iron specifically, as iron is converted from the dissolved state (typically Fe2+ at circumneutral pH) to the solid state (FeOOH(s) particulates) via oxidation and hydrolysis reactions (Hedin et al. 1994; Equations 3.1, 3.2 and 3.3).  
4Fe2+ + O2 + 4H+  4Fe3+ + 2H2O                                                                          (Equation 3.1) 
Fe3+ + 2H2O   FeOOH(s) + 3H+                                                                           (Equation 3.2) 
FeOOH (suspended solid)    FeOOH (settled solid)                                       (Equation 3.3)
The hydraulic flow rate though the passive treatment system governs the amount of time that water will remain in each treatment cell (hydraulic retention time or HRT) and is important to sedimentation basin sizing during the design phase of a project, as well as efficiency assessments during system operation ( Chakraborti and Kaur 2014). 
Solids retention in oxidative treatment cells is dependent on the rate of sedimentation for precipitates in addition to environmentally-influenced rates of iron oxidation, hydrolysis, and sedimentation (Equations 3.1-3.3). Stokes’ Law is applied to suspended solids fate and transport where laminar flow conditions are met (Reynold’s number <0.1, viscous forces dominant) with an emphasis on smooth, continuous flow for transport (Brown and Lawler 2003). Settling velocity of iron floc precipitates (Vs, Equation 3.4) are dependent on particle diameter (d), density of the particle (ρp), acceleration due to gravity (g), viscosity of the medium (µ) and density of the aqueous medium (ρw) described by Stokes’ Law (Perkins et al. 2007). Setting rates can also be empirically measured in situ or from grab samples (Chakraborti and Kaur 2014); Van der Lee 2000). 
                                                                                                             (Equation 3.4)
Oxidation ponds are designed to promote sedimentation of suspended iron flocs prior to reaching the point of discharge into the next treatment cell. Storage volume for accumulated solids is included into the design of the cell to ensure that the deposition and subsequent volume displacement by solids will not impair performance over time (Hedin and Nairn 1992; Kruse et al. 2009). The iron that is not removed and sequestered by the oxidative cell is transported to the next unit in the treatment series where it can have negative impacts on function. Transport occurs for both dissolved (Fe2+) and particulate iron (FeOOH(s)) with the ratio of dissolved to particulate iron being critical to removal efficiency in performance assessment (Sapsford and Watson 2011)
Total iron transported as effluent of an oxidation pond may be monitored through a regularly scheduled sampling regimen to determine area-adjusted removal rates for performance evaluation (Younger 2002).  However, quarterly and/or monthly sampling lacks the resolution to capture short-term transport events induced by storm activity as they occur.  Furthermore, routine sampling is often delayed or avoided following periods of rain as to not bias the dataset with values associated with an acute disturbance event that does not represent typical performance conditions. Yet for passive treatment systems installed in regions with frequent and severe thunderstorms, it is unclear how much of a contribution these storm events may make to the total amount of transported materials from each cell over time (Eger and Wagner 1997).  It is also uncertain how much time is required to return to a baseline performance level following an event, which is important to monitoring and performance evaluation in water treatment systems.
Although tornados (Enhanced Fugita scale) and hurricanes (Saffir-Simpson scale) are formally classified based on wind speed, precipitation and impacts; thunderstorm classifications are not unified by a single approach (NOAA 2013; FAA 2013). The diversity in storm formation conditions and characteristics make a definitive classification system difficult to develop and implement uniformly between regions ( Visser 2001). However, guidelines for thunderstorm classifications focus principally on rainfall intensity, duration, storm yield, and storm frequency (Gaál et al. 2014). Wind and hail metrics are also included in select publications, while rainfall intensity is used in both direct measurement (Abshaev et al. 2010) and radar-based approaches (Chen et al. 2009) to define storm classification.  A storm classification system needed to define the impact of storm disturbance events on transport of iron within the oxidative unit and from the system effluent was developed as part of this study. 
Intense rainfall has been observed to increase the turbidity of oxidation cells through the re-suspension of retained materials via edge effects and in shallow surface-flow systems (Sandén et al. 1997; Nordstrom 2011). The acute mobilization of iron in surface-flow wetlands in a pulse of solid-phase material through re-suspension of accumulated solids has been observed in wastewater treatment wetland applications (Vymazal 2011). Yet, the process has not been fully described for AMD treatment applications using engineered wetlands for passive treatment systems, nor deep water cells like iron oxidation cells. The amount of iron transported (kg/storm; kg/year) by storm disturbance events, specifically, has not been described quantitatively with respect to storm rainfall intensity, duration, frequency, and precipitation yield. 
Transport of dissolved and particulate iron negatively impacts the performance of downstream treatment cells as solids accumulation submerges emergent macrophytes (Jennings et al. 2008), increases water column turbidity to occlude light penetration for algal communities (Pratt et al. 2014), and restricts flow dynamics (Watzlaf et al. 2004).  Iron transport out of the system impacts the water quality of the receiving stream and is subject to permitting and regulation. To reduce these negative impacts, design features such as pond-marsh-pond surface-flow wetlands or secondary oxidation ponds / channels are installed as a buffer between preliminary oxidation and vertical flow cells (Cohen and Brown 2007). Facilitating a second stage of removal for residual dissolved and particulate iron is essential for prevention of vertical flow hydraulic conductivity impairment from solids accumulation (Wiseman and Edwards 2004)
The purpose of this study was to quantify the fractional amount of total iron transport associated with storm events of increasing rainfall intensity and to determine if storm disturbance significantly contributed to iron mass transport between treatment units or the system effluent.
Methods

Location

The Mayer Ranch Passive Treatment System (MRPTS) is located at the Tar Creek Superfund Site near Commerce, OK, within the Tri-State Mining District of northeastern Oklahoma, southeastern Kansas and Southwestern Missouri.  It is a full-scale installation treating a continuous flow of circumneutral pH mine drainage with an average iron loading of approximately 36,500 kg/year (2009-2013, n =28, σ= 2080 kg/yr). The system design features a preliminary oxidation pond (Cell 1) with a design hydraulic retention time (HRT) of 7.7 days and a surface area (SA) of 4083 m2 based on a design removal rate of 20 g Fe / m2/day.  Flow from the oxidation pond is split between two parallel surface flow wetlands designated Cell 2North and Cell 2South (HRT = 3.4 days; SA = 1685m2) with a pond-marsh-pond design to facilitate additional iron removal and solids retention. The system continues with parallel vertical flow bioreactors (Cell 3North and Cell 3South), reaeration cells (Cell 4North and Cell 4South), and horizontal flow limestone beds (Cell 5North and Cell 5South) before the flow is consolidated into a polishing wetland (Cell 6) with effluent discharge to an unnamed tributary of Tar Creek.  The total iron loading leaving the system averaged 107 kg/year (2009-2013, n = 28, σ= 26 kg/yr) with the difference in influent and effluent loading being total iron retained within the system. The design hydraulic retention time (HRT) of Cell 6 is 0.8 days (SA = 1096 m2) while the HRT for MRPTS is approximately 20 days.   The cell configuration of the MRPTS is featured in Figure 3.1. 
[image: ]
Figure 3.1: Autosampler installation locations at the Mayer Ranch Passive Treatment System (Commerce, OK) including the preliminary oxidative units (dashed box-white) and the system effluent (C6out). 
Instrumentation

Sample collection was facilitated by four Sigma Aldrich 900max automatic samplers (autosamplers) installed to sample the effluent of selected ells (Figure 3.1). Precipitation was measured at each autosampler with a tipping bucket rain gauge accessory installed approximately ten feet from the autosampler on a level cinderblock platform with no overhanging structures or vegetation.  A continuous, rechargeable power supply was maintained at each remote location via the installation of a 10W-solar panel mounted on a steel pole and oriented due south (180o / 30o fixed angle) that recharges a 12-volt battery (dc).  The autosampler and the power supply were housed in a wooden box to minimize damage from environmental conditions and potential vandalism. The rain gage accessory initiated sample collection when the rainfall intensity exceeded an empirically-derived threshold value (cm/hr) and triggered the autosampler to collect samples at pre-programed, non-uniformly spaced, user-defined time increments to capture the first flush, post-storm transport, and return to baseline conditions with enough resolution to describe the transport event. A total of 24 samples were collected when rainfall intensity exceeded 0.250 cm/hr at initial (first flush), 15 min, 30 min, 45 min, 1 hr, 1.5 hr, 2 hr, 2.5 hr, 3 hr, 3.5 hr, 4 hr, 5 hr, 6 hr, 7 hr, 9 hr,11 hr, 13 hr, 15 hr, 18 hr, 21 hr, 24 hr, 27 hr, 31 hr, 35 hr, and 39 hr after each triggered event in 2011. This program was refined to trigger at 1.00 cm/hr and collect at first flush, 20 min, 40 min, 1hr, 1.5 hr, 2 hr, 2.5 hr, 3.8 hr, 4.5 hr, 5.5 hr, 6.5 hr, 7.5 hr, 8.5 hr, 9.5 hr, 10.5 hr, 11.5 hr, 12.5 hr, 14.5 hr, 16.5hr, 18.5 hr, 22.5 hr, 26.5 hr, and 30.5 hr for 2012-2013 storm events.  Sample was pumped through Teflon-lined polyethylene tubing (0.95 cm id) terminating in a Teflon/stainless steel strainer suspended in the water column of the Agri Drain® in-line water control structure, with three rinses before dispensing sample into a radial array of 24 HDPE 1.0-L sample bottles via peristaltic pump. 
[image: ]
Figure 3.2: Example of Autosampler installation featuring accessories: (1) Solar panel, (2) Solar regulator, (3) Sampling tubing, (4) In-line flow control structure (Agri Drain®), (5) Autosampler housing, (6) Rain gauge, (7) 900max portable sampler, (8) Solar rechargeable 12V-battery, and (9) 24-bottle collection array. (photos from installation location and The Hach Company) 

Flowrate and Mass Loading 

The influent flow to the MRPTS is the sum of three mine seeps that were monitored monthly from 2009-2011, and then quarterly from 2012-2013 to measure the flow dynamics and water quality for loading calculations. Grab samples for total and dissolved metals analysis and in-situ water quality parameter measurements were collected at the effluent of Cell 1, Cell2North, Cell 2South, and Cell 6 over the same time. The average flow rate for each season was used to calculate mass loading for individual storm events for Cell1, C2N, and C2S: Spring (March, April, May = 27,639 L/hr), Summer (June, July, Aug = 23,467 L/hr), Fall (Sept, Oct, Nov = 20,786 L/hr) and Winter (Dec, Jan, Feb = 23,586 L/hr).  The average system effluent flow rate for each season was used to calculate mass loading for individual storm events for C6out: Spring (March, April, May = 24,903 L/hr), Summer (June, July, Aug = 24,415 L/hr), Fall (Sept, Oct, Nov = 22,001 L/hr) and Winter (Dec, Jan, Feb = 27,497 L/hr).  

Sample Collection and Processing

Within one week of the completion of the 30+hr sample collection event, HDPE autosampler bottles were exchanged with a spare set of acid-washed bottles to minimize instrument downtime between site visits.  All 24 samples were acidified with concentrated nitric acid, capped, and placed in a cooler for transport back to the laboratory. Precipitation data were logged in 15-minute increments over the duration of each storm transport event, and were downloaded while samples were prepared for transport. At the laboratory, each autosampler bottle was repeatedly inverted to ensure uniform mixing before the contents were transferred to 250-mL HDPE bottles. A transfer duplicate was included with each set of samples to evaluate the reproducibility of the transfer process. The autosampler bottles and caps were acid washed, dried, and packaged for field deployment while the transferred samples were digested via EPA Method 3015A with a CEM MARSXpress V unit and analyzed with a Varian Vista-PRO Simultaneous Axial Inductively Coupled Plasma-Optical Emission Spectrophotometer (ICP-OES; EPA Method 6010A) for total metals concentrations (Al, As, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Zn). QAQC standard operating procedures dictated the inclusion of laboratory blanks, duplicates, and standard spikes for the aqueous digestion and total metals analysis. Instrument calibration and verification via check standards (1 ppm and 10 ppm) was also included.
Storm Classification and Transport

Precipitation data obtained from the Oklahoma Mesonet (Station 65, Miami, OK) from 1998-2008 (pre-system construction) were used to develop storm classification criteria based on rainfall intensity: Low (0.25-0.99 cm/hr), Moderate (1.00-1.99 cm/hr), High (2.00-2.99 cm/hr), and Extreme (≥3.00 cm/hr).  
Mass loading of iron into and out of each cell was calculated by multiplying the concentration of iron in each sample by the average seasonal flow rate corresponding to the rainfall event, and the distribution of mass loadings over the 30+hr sampling period were plotted. The area under each curve represents gross iron transport, which is a composite of the baseline transport that would have happened regardless of storm disturbance and the storm-induced transport (net transport) which can be found by subtracting the baseline transport from the measured gross transport.  Baseline transport was determined using the minimum value of each mass transport profile to define baseline transport conditions that had been restored after the disturbance event. The baseline mass transport was applied uniformly over the 30+hr time interval (simulating conditions in which no storm event had occurred). Mass transport of iron (kg/storm intensity classification) was calculated for individual storm events covering the full range of storm intensity categories. Comparisons were made between the total amount of iron transported for each classification of storm event with respect to storm intensity, duration, and yield.  Statistical significance of net iron transport with respect to baseline transport was evaluated over all rainfall intensity classifications with the t-test of two unpaired data series of unequal variance (α = 0.05) in Microsoft Excel 2016.
Results and Discussion

Performance of the Mayer Ranch Passive Treatment System oxidative unit is summarized in Table 3.1 as a series of discrete measurements averaged over a five-year period.  Cell 1 performs within design expectations for iron removal via oxidation and hydrolysis, achieving the target surface area adjusted removal rate of 19 g/m2/day. However, 21.3% of the iron loaded into Cell 1 is transported into Cell 2N and 2S. The secondary oxidation cells (2N/S) perform consistently with each other with an average total (gross) iron transport approaching 18%. Cell 6 is transporting 33.8% of its loaded iron, however this is 107 kg/year out of the 36,036 kg/year loaded into Cell 1 for treatment (0.30% system transport with respect to loading). 
Table 3.1: Comparison of MRPTS iron removal and transport (2011-2013)
	 MRPTS Cell
	Fe Loading (kg/year)
	Total Fe Exported (kg/year)
	Total Fe Retention (kg/year)
	Surface Area Adjusted Removal Rate (g/m2/day)
	% of Influent Fe Exported in Effluent

	Cell 1
	36,036
	7682
	28,354
	19.02
	21.3%

	C2N
	7682
	1381
	6301
	11.51
	18.0%

	C2S
	7682
	1358
	6324
	11.55
	17.7%

	Cell 6
	317
	107
	210
	0.53*
	32.1%


*value is load limited.

Storm Classification

There was an average of 109 storms per year (σ = 25.5) between 2011-2013 with each month including storms of measurable precipitation (>0.25 cm/hr) (Figure 3.3). Applying the storm classification system of Low (0.25-0.99 cm/hr), Moderate (1.00-1.99 cm/hr), High (2.00-2.99 cm/hr), and Extreme (≥3.00 cm/hr) storm intensity events in Figure 3.4 indicates that the majority (60%) of storms observed are considered low intensity. Extreme intensity storms compose approximately 20% of the frequency distribution with moderate (10%) and high (10%) intensity events occurring less frequently.  A total of 40 storms were sampled for iron transport profiles with an intensity distribution as follows: 4 Extreme, 10 High, 13 Moderate, and 13 Low intensity storms. Storm intensity classifications of Low, Moderate, High, and Extreme were sampled at all four locations except C2Sout, which does not have low intensity storms represented in the dataset due to an extended autosampler malfunction.  The average storm intensity distribution observed each month is depicted in Figure 3.4 with a monthly average of five low intensity storms (0.25-0.99 cm/hr), one moderate intensity (1.00-1.99 cm/hr), one high intensity (2.00-2.99 cm/hr), and two extreme intensity storms (>3.00 cm/hr).  

Figure 3.3: Monthly storm frequency distributions for Miami, OK from 2011-2013 indicate that there is an inconsistent distribution of storms from month to month, yet each month has at least two storm events. 

Figure 3.4: Frequency of storm events classified based on maximum rainfall intensity for Miami, OK (2011-2013). Note that low intensity storms are more frequent than all other storm categories combined. 
[image: ]
Figure 3.5: Average monthly storm frequency distribution for 2011-2013 based on storm intensity classification
The average annual precipitation from 2011-2013 was 107 cm (σ = 16.5 cm) with a disproportionate amount of the total rainfall accumulation originating from extreme intensity storms (65.5 cm/yr; 61% of average yield).  Storms of all four intensity categories are observed seasonally, however, extreme intensity storms in the spring deliver the greatest yield of rainfall.
[image: ]Figure 3.6: Monthly distribution of precipitation yield for Miami, OK from 2011-2013
Figure 3.7: Average precipitation yield distribution by month from 2011-2013 for Miami, OK
Seasonal Flow Rates

There was no statistical difference between the average and median flow rates for the Oxidative Unit (Average = 22,560 L/hr; Median = 22,988 L/h; t-stat = -0.182; t-Critical = 2.31; α=0.05) indicating that flow rates into the MRPTS are normally distributed about the mean. Average flowrates were evaluated for statistical significance (Table 3.2) with respect to the five-year average (2009-2013) based on seasonal, annual, and the three-year duration of the storm event driven transport dynamic study (2011-2013).
Table 3.2: Statistical Analysis of the Influent System Flow Rate for the Oxidative Unit of the MRPTS
	
	Mean Flow Rate (L/hr)
	STDEV
(L/hr)
	%RSD
	n
	t value
	P(T<=t) two-tail
	t Critical two-tail
	Based on 5 Year Mean

	5 Year
  (2009-2013)
	23970
	4095
	17.1
	28
	--
	--
	--
	--

	3 Year
  (2011-2013)
	20131
	3786
	18.8
	9
	2.593
	0.020
	2.13
	Significant

	Spring 
 (2009-2013)
	27639
	2018
	7.3
	7
	3.377
	0.003
	2.086
	Significant

	Summer 
 (2009-2013)
	23467
	2716
	11.6
	7
	0.391
	0.702
	2.145
	Not Significant

	Fall 
 (2009-2013)
	20786
	3985
	19.2
	6
	1.767
	0.121
	2.365
	Not Significant

	Winter 
 (2009-2013)
	23586
	4578
	19.4
	8
	0.214
	0.835
	2.228
	Not Significant

	
2009
	24621
	2700
	11.0
	12
	0.593
	0.558
	2.040
	Not Significant

	2010
	27789
	1740
	6.3
	7
	3.761
	0.001
	2.064
	Significant

	2011
	20613
	1740
	8.4
	3
	2.646
	0.046
	2.571
	Significant

	2012
	22196
	5311
	23.9
	3
	0.561
	0.631
	4.303
	Not Significant

	2013
	17583
	3099
	17.6
	3
	3.276
	0.047
	3.182
	Significant



The difference between the flow rates for the 3-year average (2011-2013; 20,131 L/hr), 2010 (27,789 L/hr), 2011 (20,613 L/hr), 2013 (17,583 L/hr), were statistically significant in comparison to the 5-year average (23,970 L/hr). The statistical significance was present at all three levels of consideration (multiyear average, individual years, and seasonal) with differences for the three-year average, 2011, and 2013 having flows less than the 5-year average. The spring seasonal flow and 2010 both had average flows exceeding the 5-year average by nearly 4,000 L/hour. The average spring flow rate exceeding the 5-year average flow rate is consistent with the average number of extreme intensity storms observed in the spring yielding the largest contribution to precipitation (average of 8 extreme storms; extreme storms contributing to 61% of the total precipitation).  Due to the variability in flow rates, the seasonal flow rate was applied to storm transport profiles collected within the applied seasonal range for the calculation of mass transport between cells and out of the passive treatment system rather than using the 5-year average.).  This mitigates error associated with over/under estimation of total iron mass transport for both the measured profiles of iron transport already collected and the predictions of total iron transport based on rainfall intensities for storms that were not sampled. 
The system effluent flowrate was used to approximate the influent and effluent flows for Cell 6 during storm-event driven iron transport studies. Statistical analysis of the system effluent flow rates (Table 4.2) indicates that the 5-year average system influent flow (Table 3.7 23,970 L/hr) and 5-year average system effluent flow (Table 3.3; 24,280 L/hr) are consistent with each other. The 310 L/hr difference (1.3%) is within the standard deviation of range of both data sets (σ = 4095 L/hr influent; σ = 5835 L/hr effluent).

Table 3.3: Statistical Analysis of the MRPTS Effluent Flow Rate Applied to Cell 6 Mass Transport 
	
	Mean Flow Rate (L/hr)
	STDEV
(L/hr)
	%RSD
	n
	t value
	P(T<=t) two-tail
	t Critical two-tail
	Based on 5 Year Mean

	5 Year
  (2009-2013)
	24280
	5835
	24.0
	27
	--
	--
	--
	--

	3 Year
  (2011-2013)
	19444
	5540
	28.5
	9
	2.237
	0.0421
	2.145
	Significant

	Spring 
 (2009-2013)
	25903
	7525
	29.1
	7
	-0.531
	0.610
	2.306
	Not Significant

	Summer 
 (2009-2013)
	23814
	2337
	9.8
	7
	0.326
	0.747
	2.056
	Not Significant

	Fall 
 (2009-2013)
	21396
	5891
	27.5
	6
	1.086
	0.313
	2.365
	Not Significant

	Winter 
 (2009-2013)
	25593
	6549
	25.6
	7
	-0.483
	0.641
	2.262
	Not Significant

	
2009
	27091
	3911
	14.4
	11
	1.727
	0.095
	2.048
	Not Significant

	2010
	26078
	5271
	20.2
	7
	0.786
	0.450
	2.228
	Not Significant

	2011
	23836
	6551
	27.5
	3
	0.112
	0.921
	4.303
	Not Significant

	2012
	16914
	5151
	30.5
	3
	2.317
	0.103
	3.182
	Not Significant

	2013
	17583
	3099
	17.6
	3
	3.170
	0.034
	2.776
	Significant



Of all the flow rate increments investigated, only the 3-year average (2011-2013) and 2013 were determined to be statistically significant with respect to the 5-year average effluent flow rate (24,280 L/hr). Both the 3-year average and the single year average (2013) were lower than the 5-year average (2009-2013) due to 2012 and 2013 having average flow rates much lower than the average of the remaining dataset (16,914 L/hr and 17,583 L/hr respectively). Greater variance (σ2) between the values of each dataset influenced the significance testing interpretation yielding more datasets that were not statistically significant with respect to the 5-year average as previously seen in Table 3.2 for the system influent flows. Despite the lack of significant difference between the seasonal flow rates and the 5-year average, the seasonal flow rates were used to determine the mass transport for Cell 6 for consistency with the oxidative unit calculations. 
Iron Transport Profiles

Cell 1 Storm-Induced Iron Transport Profiles 

Eleven storm-induced iron transport profiles were collected at the effluent of the preliminary oxidation cell (C1Out) and their characteristics are summarized in Table 3.4. The average total iron storm transport profile for each storm intensity classification are compared in Figure 3.8. 
The average iron loading for 2011-2013 into Cell 1 was 34,767 kg/year (σ = 1485) with an average retention of 31,305 kg/year (σ = 6445) and an average removal rate of 19.0 g/m2/day (σ = 4). Cell 1 exported an average of 7862 kg Fe/year with 1066 kg/year (σ = 343; XX%) due to storm-induced transport. Iron exported out of Cell 1 is an average of 3.1% relative to the mass loading from the three AMD seeps (A, B, D) annually, with 13.6% of the total transported iron being due to storm disturbance.  Storms were observed to transport iron above the Table 3.4: Summary of Individual Storm Induced Iron Transport Events for C1Out. The reported % of Total Export indicates what percentage of iron exported is due to storm transport for the event. 
	Intensity
Class
	Intensity (cm/hr)
	Duration (hr)
	Yield (cm)
	Gross Fe Export (kg)
	Net Fe Export(kg)
	% of Total Export 

	Low
	0.25
	1.3
	0.31
	12.53
	10.76
	85.9%

	Low
	0.31
	1.3
	0.38
	23.5
	17.44
	74.2%

	Low
	0.43
	3.3
	1.1
	8.04
	6.51
	81.0%

	Low
	0.79
	2.5
	0.63
	3.56
	2.22
	62.3%

	Moderate
	1.01
	6.5
	3.3
	10.55
	8.8
	83.3%

	Moderate
	1.45
	6.8
	2.1
	1.97
	1.16
	58.9%

	Moderate
	1.47
	4.0
	3.4
	13.35
	10.36
	77.6%

	Moderate
	1.52
	3.0
	1.8
	18.72
	15.04
	80.3%

	High
	2.59
	4.5
	6.7
	21.02
	15.98
	76.0%

	High
	2.64
	10
	4.3
	4.46
	3.17
	71.1%

	Extreme
	3.01
	7.5
	9.4
	5.28
	4.18
	79.2%



baseline value for all four storm intensities. The average mass of iron transported out of Cell 1 is 11.2 kg/storm (σ=7.4) for all storms sampled, of which 75.4% of the exported iron during the storm event is due to storm disturbance (8.69 kg/storm; σ = 5.76). 
Figure 3.8 is a comparison of the average iron transport profiles at each rainfall intensity category. Both the rainfall intensity and the iron concentration were averaged and plotted over time based on the number of storms sampled within each category. As only one extreme storm classification (intensity exceeding 3.00 cm/hr) was recorded for each location, this plot does not represent an average value but rather a single event. The distinguishing features of the average low and moderate intensity profiles are that two iron transport events are observed (at 6-8hrs, and 18-21 hrs respectively). The high and extreme intensity storm profiles have iron transport peaks during the storm event, and show signs of dilution effects over time, as iron concentrations trend towards a minimum at 19 hours before rebounding back to a stable baseline. Due to the extreme storm occurring in the middle of the 30-hour sampling window triggered by a low intensity storm (0.66 cm/hr), sampling terminates before an additional 19 hours of samples could be collected as is required to fully describe dilution and transport events visually. 
[image: ]
Cell 1: Average Storm-Induced Iron Transport Over Time 

Eleven storm-induced iron transport profiles were collected at the effluent of the preliminary oxidation cell (C1Out) and were classified based on their rainfall intensity. An average iron mass transport was determined for each classification (Table 3.4). 
Table 3.4: Average Iron Mass Transport Based on Storm Intensity Classifications for Cell 1
	Intensity
	Average Intensity ±σ (cm/hr)
	Average Duration ±σ (hrs)
	Average Yield ±σ (cm)
	Gross Fe Transport ±σ (kg)
	Net Fe Transport (kg)
	% of Total Export

	Low 
   (n = 4)
	0.446 ± 0.240
	2.06 ± 0.99
	0.604 ±0.354
	11.9 ±8.6
	9.23 ±6.5
	77.5%

	Moderate
   (n = 5)
	1.32 ± 0.23
	4.35 ± 2.26
	2.99 ±1.03
	13.1 ±7.5
	10.3 ±5.9
	78.2%

	High 
   (n = 1)
	2.64
	10.0
	6.67
	4.46
	3.17
	71.1%

	Extreme
   (n = 1)
	3.01
	7.50
	9.37
	5.28
	4.18
	79.2%



Storms were observed to transport iron above the baseline value for all four storm intensities. The average amount of iron transported out of Cell 1 is 8.69±5.76 kg/storm for all storms sampled, of which 76.5±3.2%; (n = 11) of the transported iron is due to storm disturbance.  There is no apparent quantitative relationship between storm intensity and the amount of mass transport of iron.  A storm event of any intensity exceeding 0.25 cm/h is a disturbance forcing function driving acute iron export out of Cell 1 (approximately 4-10 kg of Fe per storm; see Table 3.9). Individual storm transport of iron is statistically significant with respect to baseline transport based on a one-tailed Student’s-t test (α=0.05; -2.59 t ; 2.35 t Critical). The annual distribution of storm-induced transport of iron shows inconsistencies in iron transport based on the time of year.   The positive linear correlation between monthly storm-induced mass transport of iron out of Cell 1 and the average frequency of storms each month for 2011-2013 (y=8.4405x-6.187; r2 = 0.7895) supports the statement that the quantity of material being exported above baseline is dependent on storm frequency rather than storm intensity. Low intensity storms transported the largest quantity of iron consistently each season over the higher intensity events (Figure 3.9). As there are nearly six times as many low intensity storms as moderate and high, and three times as many as the extreme events; the small quantity of iron transported for individual events is additive.

Figure 3.9: Monthly storm induced iron transport distribution over the three-year period of the storm transport profile data collection.  

Figure 3.10: Average seasonal iron export from Cell 1 of the MRPTS based on rainfall intensity (2011-2013) with error bars indicating standard deviation (n = 3). 
Table 3.5: Summary of Annual Iron Mass Loading and Transport for Cell 1 from 2011-2013 
	Year
	Loading Fe (kg/year)
	Gross Fe Transport (kg/year)
	Cell Fe Retention (kg/year)
	Removal Rate (g/m2/day)
	Net Fe Transport (kg/year)
	% Transport relative to Fe Loading
	% Storm Induced Export

	2011        (n = 4)
	35509
	4203
	31305
	21.0
	852
	2.4%
	20.3%

	2012       (n = 3)
	35736
	5833
	29903
	20.1
	886
	2.5%
	15.2%

	2013 (n=3)
	33058
	13551
	19507
	13.1
	1463
	4.4%
	10.8%

	Average (n = 10)
	34767
	7862
	26905
	18.0
	1067
	3.1%
	13.6%

	STDEV
	1485
	4994
	6445
	4.3
	343
	1.1%
	4.7%

	%RSD
	4.3%
	63.5%
	24.0%
	24.0%
	32.2%
	37.4%
	34.9%



The average iron loading for 2011-2013 into Cell 1 was 34,767 kg/year (σ = 1485) with an average retention of 31,305 kg/year (σ = 6445) and an average removal rate of 18.0 g/m2/day (σ = 4). Cell 1 exported an average of 7862 kg Fe/year with 1066 kg/year (σ = 343) due to storm-induced transport. Iron exported out of Cell 1 averages of 3.1% of the mass loading from the three AMD seeps (A, B, D), with 13.6% of the transported iron being due to storm disturbance. 
Cell 2N and 2S Storm Induced Iron Transport Profiles 
The comparison of the three-year average performance of Cell 2N and 2S show consistency in removal efficiency and storm induced iron transport. The average iron loading for 2011-2013 into Cell2N and 2S was 7862 kg Fe/year (σ=5608) with an average retention of 7002 kg/year (σ = 4903) and an average removal rate of 12.8 g/m2/day (σ = 9) for Cell 2N. Cell 2S had an average retention of 6844 kg/year (σ = 4268) and an average removal rate of 12.5 g/m2/day (σ = 8). Cell2N transported 118 kg Fe/yr (σ = 37) which represents 15.4% of the mass loading into the cell. Of the material being transported out of Cell 2N, 9.3% of the transported material is storm induced. Cell2S transported 115 kg/yr (σ = 34) which represents 13% of the mass loading into the cell.  Of the material being transported out of Cell2S, 13% of it is storm induced transport.  Tables 3.6 and 3.7 summarize individual storm events for both surface flow wetland cells (C2N and C2S). 
Table 3.6: Cell 2N Storm Induced Iron Transport Summary (2011-2013)
	Intensity
Class
	Intensity (cm/hr)
	Duration (hr)
	Yield (cm)
	Gross Fe Transport(kg)
	Net Fe Transport (kg)
	% of Total Export 

	Low
	0.26
	1.50
	0.37
	1.20
	0.87
	72.7%

	Low
	0.34
	7.00
	0.26
	1.45
	1.07
	74.2%

	Moderate
	1.02
	7.25
	3.3
	1.64
	1.50
	91.7%

	Moderate
	1.02
	2.50
	2.8
	0.86
	0.68
	78.9%

	Moderate
	1.40
	3.00
	1.2
	1.42
	1.11
	78.3%

	Moderate
	1.42
	3.50
	2.1
	1.28
	0.98
	76.8%

	Moderate
	1.60
	6.75
	3.7
	0.89
	0.59
	67.2%

	High
	2.18
	4.75
	2.5
	0.99
	0.60
	60.1%

	High
	2.21
	3.75
	6.0
	2.64
	1.47
	55.7%

	High
	2.87
	9.75
	3.5
	0.59
	0.43
	74.1%

	Extreme
	8.51
	9.75
	18.4
	2.77
	0.73
	26.2%



Cell2N had an average export of 0.98 kg Fe/storm (σ = 0.50 kg Fe/storm, n = 11) with total cell export consisting of 68% storm-induced transport (σ = 16%, n = 11) on average for individual storms. Cell2S had an average export of 3.21 kg Fe/storm (σ = 3.66 kg Fe/storm, n = 7) with the total cell export consisting of 80% storm-induced transport (σ = 10%, n = 11) on average for individual storms.
Table 3.7: Cell 2S Storm Induced Iron Transport Summary (2011-2013)
	Intensity
Class
	Intensity (cm/hr)
	Duration (hr)
	Yield (cm)
	Gross Fe Transport (kg)
	Net Fe Transport (kg)
	% of Total Export

	Moderate
	1.02
	7.00
	3.0
	2.59
	2.24
	86.2%

	Moderate
	1.40
	3.50
	2.31
	10.14
	9.25
	91.2%

	Moderate
	2.82
	2.75
	1.19
	11.79
	8.67
	73.5%

	Moderate
	1.02
	2.50
	2.21
	0.86
	0.68
	79.0%

	High
	3.38
	3.75
	2.72
	1.81
	1.17
	64.7%

	High
	4.67
	4.00
	3.35
	0.77
	0.67
	87.5%

	Extreme
	3.23
	7.25
	9.49
	0.66
	0.49
	75.4%


 
The comparison of average storm induced transport out of the preliminary oxidation cell and the secondary oxidation cells indicates that the secondary surface flow wetlands serve as an iron removal buffer during times of storm disturbance. The average amount of iron being transported to the vertical flow bioreactors due to storm activity was mitigated by 47% due to the cooperative function of the secondary oxidation cells. Cells 3N and 3S would receive an average iron loading of 7862 kg Fe/year (σ=5608) from Cell 1 if the secondary oxidation cells had not been included in the system design.
There is no apparent relationship between storm intensity, duration, or yield with respect to the amount of iron transported from Cell2N and Cell2S.  The Cell2N and Cell2S iron transport profiles indicate that iron transport peaks during the storm events with a steady decline in transported iron as the cell returns to baseline While the Cell 1 transport mechanism was dominated by post-storm disturbance transport, Cells 2N and 2S exhibit a mechanism of transport maximized during each storm event. Low and moderate intensity storms show the largest relative amount of transported material over time;67-86% of Fe transport is storm induced in comparison to high and extreme storms (26%-74%) for Cell 2N.
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[image: ] High and extreme intensity storms show less % mass transport relative to low and moderate intensity storms. As with the Cell 1 results, it appears that the total amount of mass transported by storms is most sensitive to the number of storm events (storm frequency) observed for a region rather than intensity, duration, or yield. Moderate intensity storms have the largest net transport as dilution is minimized, while the rainfall intensity is suitable for disturbing each cell. 
Cell 2N: Average Storm-Induced Iron Transport Over Time 

Eleven storm-induced iron transport profiles were collected at the effluent of the northern surface flow wetland (C2Nout) and were classified based on their rainfall intensity.  An average iron mass transport was determined for each classification (Table 3.11). 
Table 3.8: Average Iron Mass Transport Based on Storm Intensity Classifications for Cell2N
	Intensity
	Average Intensity ±σ (cm/hr)
	Average Duration ±σ (hrs)
	Average Yield ±σ (cm)
	Gross Fe Transport ±σ (kg)
	Net Fe Transport (kg)
	% of Total Export

	Low 
   (n = 3)
	0.527 ± 0.395
	5.17 ± 3.18
	1.75 ±0.74
	1.39 ±0.74
	0.777 ±0.074
	55.7%

	Moderate
   (n = 4)
	1.36 ± 0.25
	3.94 ± 1.92
	1.11 ±0.28
	0.841 ±0.247
	0.753 ±0.055
	89.5%

	High 
   (n = 3)
	2.42 ± 0.39
	6.08 ± 3.21
	1.41 ± 1.09
	0.836 ± 0.558
	0.633 ± 0.096
	75.7%

	Extreme
   (n = 1)
	1.99
	5.08
	1.51
	0.887
	0.610
	68.8%



Storms were observed to transport iron above the baseline value for all four storm intensities. The average amount of iron transported out of Cell2N was 0.980±0.510 kg/storm for all storms sampled, of which 68.2±16.4%; (n = 11) of the transported iron was due to storm disturbance.  There is no apparent quantitative relationship between storm intensity and the amount of mass transport of iron.  A storm event of any intensity exceeding 0.25 cm/h exports iron out of Cell 2N (less than 1.00 kg of Fe per storm; see Table 3.8). Average individual storm transport of iron is statistically significant with respect to baseline transport based on the one-tailed Student’s t test (α=0.05; -1.93 t stat; 1.72 t Critical).

Figure 3.13: Monthly storm induced iron transport distribution over the three-year period of the storm transport profile data collection for Cell2N 

The positive linear correlation between monthly storm induced mass transport of iron out of Cell 1 and the average frequency of storms each month for 2011-2013 (y=0.6795x+1.895; r2 = 0.8150) supports the statement that the quantity of material being exported above baseline is dependent on storm frequency rather than storm intensity. Low intensity storms transported the largest quantity of iron consistently each season over the higher intensity events (Figure 3.13). As there are nearly six times as many low intensity storms than moderate and high, and three times as many as the extreme events; the small quantity of iron transported for individual events is additive resulting in the largest contribution with increasing time. 

Figure 3.14: Average seasonal iron export from Cell 2N of the MRPTS based on rainfall intensity (2011-2013) with error bars representing the standard deviation of the iron transport between individual events at each intensity. 

Table 3.9: Summary of Annual Iron Mass Loading and Transport for Cell 2N from 2011-2013
	Year
	Loading Fe (kg/year)
	Gross Fe Transport (kg/year)
	Cell Fe Retention (kg/year)
	Removal Rate (g/m2/day)
	Net Fe Transport (kg/year)
	% Transport relative to Fe Loading
	%Storm Induced Export

	2011      (n = 4)
	4203
	881
	3322
	6.1
	127
	21.0%
	14.5%

	2012     (n = 3)
	5833
	833
	5000
	9.1
	135
	14.3%
	16.3%

	2013 (n=3)
	13551
	1946
	11605
	21.2
	231
	14.4%
	11.9%

	Average (n = 10)
	7862
	1220
	6642
	12.1
	165
	15.5%
	13.5%

	Standard Deviation
	4994
	629
	4379
	8.0
	58
	3.8%
	2.2%

	%RSD
	63.5%
	51.6%
	65.9%
	65.9%
	35.1%
	24.7%
	16.3%



The average iron loading for 2011-2013 into Cell 2N was 7,862±4994 kg/year with an average retention of 6642±4379 kg/year and an average removal rate of 12.1±8.0 g/m2/day. Cell 2N exported an average of 1220±629 kg Fe/year with 165±58 kg/year due to storm induced transport. Iron exported out of Cell 2N averages of 15.5% of the mass loading from Cell 1 with storm-induced transport of iron consisting of 16.3% of the transported iron. The storm induced iron export from Cell2N is 0.50% of the mass loading from the three AMD seeps supplying the system with AMD for treatment (165 kg/year Cell 2N export in comparison to 34,767 kg/year system loading). This is consistent with the metals transport mitigation function of the pond-marsh-pond design of the aerobic surface flow wetland cells to remove and retain any iron transported in the dissolved or particulate state from the preliminary iron oxidation and retention cell (Cell 1).  
Cell 2S: Average Storm-Induced Iron Transport Over Time 

Seven storm induced iron transport profiles were collected at the effluent of the southern surface flow wetland (C2Sout) and were classified based on their rainfall intensity. An average iron mass transport was determined for each classification (Table 4.7). 
Table 3.10: Average Iron Mass Transport Based on Storm Intensity Classifications for Cell 2S
	Intensity
	Average Intensity ±σ (cm/hr)
	Average Duration ±σ (hrs)
	Average Yield ±σ (cm)
	Gross Fe Transport ±σ (kg)
	Net Fe Transport (kg)
	% of Total Export

	Moderate
   (n = 4)
	1.24 ± 0.25
	4.00 ± 2.21
	2.25 ±0.86
	6.11 ±5.66
	5.02 ±4.56
	82.3%

	High 
   (n = 2)
	2.21 ± 0.29
	3.88 ± 0.18
	
3.03 ± 0.45
	1.29 ±0.74
	0.922 ± 0.355
	71.5%

	Extreme
   (n = 1)
	3.23
	7.25
	9.49
	0.655
	0.494
	75.4%



Storms were observed to transport iron above the baseline value for all four storm intensities. The average amount of iron transported out of Cell2S is 3.21±3.95 kg/storm for all storms sampled, of which 76.0±0.5%; (n = 7) of the transported iron is due to storm disturbance.  There is no apparent quantitative relationship between storm intensity and the amount of mass transport of iron.  A storm event of any intensity exceeding 0.25 cm/h exports iron out of Cell 2S (Table 3.10). Average individual storm transport of iron is not statistically significant with respect to baseline transport based on the one-tailed Student’s t test (α=0.05; -1.58 t stat; 1.89 t Critical). This is most likely due to the small sample size (n = 7) and the high variability of storm induced iron transport on a storm by storm basis.  The combination of the C2N and C2S datasets yields an average gross iron transport of 2.46±3.18 kg Fe of which 1.85±2.63 kg Fe is storm-induced transport (73.0±15.2% of total transport per storm). Average individual storm transport of iron is statistically significant with respect to baseline transport for the combined C2N/C2S dataset based on the one- tailed Student’s t test (α=0.05; 1.90 t stat; 1.72 t Critical).

Figure 3.15:  Monthly storm induced iron transport distribution over the three-year period of the storm transport profile data collection for C2SOut. 

Low and moderate intensity storms transported the greatest quantity of iron consistently each season over the higher intensity events (Figure 3.16). The high frequency of low intensity events leads to a cumulative effect for iron transport with low intensity storms transporting the largest fraction of the iron mass loading. The contribution of moderate storms to the export of iron from Cell 2S, that was not observed for Cell 2N, is due to a vegetation loss in the surface flow wetlands section of the cell. Muskrat activity and water levels exceeding design severely impacted the success of emergent hydrophyte species between growing seasons. Vegetative cover is the primary difference between the Cell 2N and Cell 2S units, as they receive the same iron mass loading (7862±3783 kg/year) exported from Cell 1, and have the same design profile (surface area, aspect ratios, design hydraulic treatment volume, etc.).  

Figure 3.16: Average seasonal iron export from Cell 2S of the MRPTS based on rainfall intensity (2011-2013) with standard deviation of average iron transport values for each intensity. 

Table 3.11 Summary of Annual Iron Mass Loading and Transport for Cell 2S from 2011-2013 
	Year 
	Loading Fe (kg/year)
	Gross Fe Transport (kg/year)
	Cell Fe Retention (kg/year)
	 Removal Rate (g/m2/day)
	Net Fe Transport (kg/year)
	% Transport relative to Fe Loading
	%Storm Induced Export

	2011      (n = 4)
	4203
	625
	3578
	6.54
	76.1
	14.9%
	12.2%

	2012     (n = 3)
	5833
	552
	5281
	9.65
	142
	9.46%
	25.8%

	2013 (n=3)
	13551
	1879
	11673
	21.3
	121
	13.9%
	6.47%

	Average (n = 10)
	7862
	1019
	6844
	13.0
	113
	12.7%
	14.8%

	Standard Deviation
	4994
	746
	4268
	7.79
	33.9
	0.77%
	9.90%

	%RSD
	63.5%
	73.2%
	62.4%
	62.4%
	29.9%
	6.0%
	66.8%



The average iron loading for 2011-2013 into Cell 2S was 7,862±4994 kg/year which is identical to Cell 2N as the effluent from Cell 1 is split into parallel flows. Cell 2S has an average retention of 6844±4268 kg/year and an average removal rate of 13.0±7.8 g/m2/day. Cell 2S exported an average of 1019±746 kg Fe/year with 113±34 kg/year due to storm induced transport. Iron exported out of Cell 2S averages of 12.7% of the mass loading from Cell 1 with storm-induced transport of iron consists of 14.8% of the transported iron being due to storm disturbance. The storm induced iron export from Cell2N is 0.33% of the mass loading from the three AMD seeps supplying the system with AMD for treatment (113 kg/year Cell 2N export in comparison to 34,767kg/year system loading). This is consistent with the metals transport mitigation function of the pond-marsh-pond design of the aerobic surface flow wetland cells to remove and retain any iron transported in the dissolved or particulate state from the preliminary iron oxidation and retention cell (Cell 1). 
The comparison of the three-year average performance of Cell 2N and 2S show consistency in removal efficiency and storm induced iron mass transport. The average iron loading for 2011-2013 into Cell2N and 2S was 7862 kg Fe/year (σ=5608) with an average retention of 7002 kg/year (σ = 4903). Cell 2N has an average removal rate of 12.8 g/m2/day (σ = 9). Cell 2S has an average retention of 6844 kg/year (σ = 4268) and an average removal rate of 12.5 g/m2/day (σ = 8). Cell2N transported 118 kg Fe/yr (σ = 37) which represents 0.34% of the mass loading into the cell. Of the material being transported out of Cell 2N, 13.5% of the transported material is storm induced. Cell2S transported 113 kg/yr (σ = 34) which represents 12.7% transport of the mass loading into the cell from the preliminary oxidation cell.  Of the material being transported out of Cell2S, 14.8% of it is storm induced transport.  

Cell 6Out Storm-Induced Iron Transport Profiles 

Storm- induced transport of iron at Cell 6 (Table 3.12) is only observed during the active rainfall period of each storm event (301 kg/year; σ = 82) and averages 0.33 kg Fe/storm (σ = 0.27 kg Fe/storm, n = 11). The total iron transported during the sampling period (152 kg/year; σ=58) represents 16.2% of the loading into Cell 6, with an average of 32% of the transported iron due to storm disturbance. The surface area-adjusted removal rate for Cell 6 averaged 0.50 g/m2/day and is limited by low iron loading at this stage of the treatment process.
Table 3.12: Storm Induced Iron Transport for Cell6 (System Effluent) Based on Storm
 Intensity Classification
	Intensity
Class
	Intensity (cm/hr)
	Duration (hr)
	Yield (cm)
	Gross Fe Transport (kg)
	Net Fe Transport (kg)
	% of Total Export 

	Low
	0.26
	1.50
	0.26
	0.18
	0.15
	79.6%

	Low
	0.56
	3.25
	2.05
	0.12
	0.09
	72.4%

	Low
	0.74
	1.25
	0.76
	0.81
	0.60
	74.0%

	Moderate
	1.02
	7.00
	3.30
	0.73
	0.55
	75.3%

	Moderate
	1.29
	9.25
	1.96
	0.41
	0.12
	28.3%

	Moderate
	1.42
	4.00
	2.16
	0.86
	0.74
	85.9%

	Moderate
	1.73
	3.00
	0.26
	0.87
	0.75
	85.4%

	High
	2.13
	2.75
	2.51
	0.28
	0.12
	41.9%

	High
	2.26
	4.25
	6.86
	0.16
	0.09
	58.6%

	High
	2.67
	10.50
	3.48
	0.21
	0.15
	74.6%

	Extreme
	7.88
	4.25
	15.3
	0.43
	0.25
	57.8%



Storm induced iron transport out of Cell 6 was observed for low, moderate, high, and extreme storm classifications, yet the average mass transported per storm event averaged only (0.33kg/storm event).  Transport was at its maximum during the precipitation period for the low, high, and extreme storm events, while moderate storm events transported material during the storm event as well as after the event (Figure 3.11).  


Cell6: Average Storm-Induced Iron Transport Over Time 

Eleven storm induced iron transport profiles were collected at the effluent of the passive treatment system polishing surface flow wetland (C6out). The same rainfall intensity criteria that were applied to Cell 1, Cell 2N, and Cell 2S were also applied to C6Out (low, moderate, high, extreme). The seasonal flow rates used to calculate mass loadings for Cell 6 were determined from five years of flow measurements collected at the MRPTS weir (2009-2013). The short- term impact of rainfall events on the influent and effluent flow rates of the cell over a 30+hr period is negligible due to retention time of the passive treatment system (cells 1-5) exceeding the sample collection time increment. Seasonal flow rates measured at the MRPTS weir were used to adjust the influent and effluent mass loadings for Cell 6 based on assuming a steady state condition with respect to flow for acute storm events. The use of seasonal flow rates averaging three months of measurements is intended to correct for seasonality in mass loading as a chronic event. Table 3.13 is a summary of the average intensity, duration, and yield of storms sampled at C6Out as it relates to the average amount of iron export from MRPTS. 
Table 3.13: Average Iron Mass Transport Based on Storm Intensity Classifications for Cell6
	Intensity
	Average Intensity ±σ (cm/hr)
	Average Duration ±σ (hrs)
	Average Yield ±σ (cm)
	Gross Fe Transport ±σ (kg)
	Net Fe Transport (kg)
	% of Total Export

	Low 
   (n = 4)
	0.63 ± 0.30
	3.25 ± 2.65
	0.91 ±0.68
	0.46 ±0.36
	0.35 ±0.27
	75.3%

	Moderate
   (n = 3)
	1.11 ± 0.31
	5.38 ± 3.49
	2.02 ±1.04
	0.70 ±0.20
	0.50 ±0.27
	65.9%

	High 
   (n = 3)
	1.64 ± 0.37
	4.75 ± 3.50
	1.89 ± 1.30
	0.61 ± 0.30
	0.43 ± 0.36
	60.4%

	Extreme
   (n = 1)
	2.20
	3.05
	2.87
	0.378
	0.277
	65.1%



Storms were observed to transport iron above the baseline value for all four storm intensities. The average amount of iron transported out of Cell6 is 0.54±0.15 kg/storm for all storms sampled, of which 66.7±6.3% of the material transported during the mean storm event (n = 11) of the transported iron is due to storm disturbance for individual storms.  There is no apparent quantitative relationship between storm intensity and the amount of mass transport of iron.  A storm event of any intensity exceeding 0.25 cm/h exports iron out of Cell6 (less than 0.50 kg of Fe per storm; see Table 3.13). Average individual storm transport of iron is statistically significant with respect to baseline transport based on the one-tailed Student’s t test (α=0.05; 2.26 t stat; 1.78 t Critical).

Figure 3.17: Monthly storm induced iron transport distribution over the three-year period of the storm transport profile data collection for Cell6 

The positive linear correlation between monthly storm induced mass transport of iron out of Cell 6 and the average frequency of storms each month for 2011-2013 (y=2.54x+1.54; r2 = 0.9111) supports the statement that the quantity of material being exported above baseline is dependent on storm frequency rather than storm intensity. Low intensity storms transported the largest quantity of iron consistently each season over the higher intensity events (Figure 3.17). As there are nearly six times as many low intensity storms than moderate and high, and three times as many as the extreme events; the small quantity of iron transported for individual events is additive resulting in the largest contribution with increasing time. 

Figure 3.18: Average seasonal iron export from Cell6 of the MRPTS based on rainfall intensity (2011-2013) with error bars representing the standard deviation of the iron transport between individual events at each intensity. 

Table 3.14: Summary of Annual Iron Mass Loading and Transport for Cell6 from 2011-2013 
	Year
	Loading Fe (kg/year)
	Gross Fe Transport (kg/year)
	Cell Fe Retention (kg/year)
	Removal Rate (g/m2/day)
	Net Fe Transport (kg/year)
	% Transport relative to Fe Loading
	%Storm Induced Export

	2011      (n = 4)
	230
	106
	124
	0.31
	35.1
	15.3%
	33.1%

	2012     (n = 3)
	281
	217
	64.5
	0.54
	42.7
	15.2%
	19.7%

	2013 (n=3)
	391
	133
	258
	0.64
	68.6
	17.6%
	51.5%

	Average (n = 10)
	301
	152
	149
	0.50
	48.8
	16.0%
	34.8%

	Standard Deviation
	82
	58
	99
	0.17
	17.6
	1.3%
	16.0%

	%RSD
	27.4%
	37.9%
	66.6%
	34.5%
	36.0%
	8.3%
	46.0%



The average iron loading for 2011-2013 into Cell6 was 301±82 kg/year with an average retention of 149±99 kg/year and an average removal rate of 0.45±0.17 g/m2/day. Cell6 exported an average of 152±58 kg Fe/year with 49 ±18 kg/year due to storm induced transport. Iron exported out of Cell6 averages of 16.0% of the mass loading into Cell6 with storm-induced transport of iron consists of 34.8% of the transported iron being due to storm disturbance on a yearly basis. The storm induced iron export from Cell6 is 0.87% of the mass loading from the three AMD seeps supplying the system with AMD for treatment (301 kg/year Cell6 export in comparison to 34,767kg/year system loading). This is consistent with the metals transport mitigation function of the pond-marsh-pond design of the aerobic surface flow wetland cells to remove and retain any iron transported in the dissolved or particulate state.  
Mass transport out of Cell6 was only observed during storm events, with no secondary transport observed over the 30+hr period. This indicates that the iron transport only occurred during the rainfall event which coincides with the first flush of sampling from a dormant autosampler. It is suspected that the flush of iron observed may be partially due to accumulated solids and biomass on the autosampler weighted sieve. Even with the three consecutive flush protocol preceding sample collection, there may not have been enough time between the rinsing phase and the sample collection phase for these first flush samples for this materials to clean out and not cause a false positive for iron in the transport profile samples (less than five minutes between first rinse, and sample #1 collection; 20 minutes to the second sample collection). Inclusion of these values into the mass transport was suspected to lead to a false positive overestimation of total iron exported from the MRPTS that was significantly different from the average mass export of 49 ±18 kg/year due to storm induced transport of iron. The storm induced mass transport of iron determined from the dataset with the first flush outliers removed is 36.0±10.6 kg/year which is not significantly different from the uncorrected value (t stat = 1.08; t Critical = 2.35; one tailed Student’s t test with unequal variances). 
The calculation of iron mass loading is based on the area under the 24 measurement transport profiles rather than the concentration of a single data point like the first flush or the average of data points that may be skewed by artificially elevated concentrations within the first flush period. This procedure mitigates the impact of any single data point which may be acting as an outlier, and instead focuses on trends in transport over time.  As most of the mass transport for all cells occurs due to the disturbance of the precipitated iron oxyhydroxides in the water column, the transport profile is observed after the storm event. Only extreme storm events have peaks of iron transport that coincide with storm events of sufficient rainfall intensity to have triggered sampling. 
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Significance of Transport

The statistical significance of storm induced mass transport with respect to baseline transport was evaluated using a single tailed t-test (α = 0.05) for unpaired data with unequal variance. Although the amount of iron transported by individual storm events does not scale with increasing storm activity, the amount of iron being transported due to individual storm disturbances was statistically significant with respect to the baseline transport at all four locations (Table 3.6). This confirms that storms of any intensity will increase the concentration of transported iron significantly over the baseline concentration that would have persisted without storm disturbance. Sampling during acute transport events (during precipitation or for 30+ hrs following precipitation) will lead to falsely positive total iron concentrations. 
Table 3.15: t test results (α = 0.05, 1 tailed, unpaired) for storm transport by location 
	 
	Average Transport (kg/storm) ± σ
	 
	 
	 
	 

	Location
	Storm Induced 
	Baseline
	df
	t Stat
	T Critical
	Interpretation

	Cell 1
	8.69±5.76
	2.49±1.74
	12
	3.42
	1.78
	Significant

	Cell 2N+S
	0.96±0.47
	0.44±0.50
	20
	1.9
	1.72
	Significant

	Cell 6
	0.33±0.27
	0.13±0.08
	12
	2.56
	1.78
	Significant




Mechanism of Transport

There are two main lines of thought regarding the mechanism of storm-induced total iron transport. Both perspectives focus on the transport of precipitated iron oxyhydroxides
between cells with their principle difference centered on the source of the transported solids. Shallow treatment wetlands and oxidative channels are both susceptible to re-suspension of sequestered iron oxides from accumulated solids due to their shallow water columns (wetlands) and infrequent scouring flows (channels). 
Alternatively, a second mechanism for the transport of iron oxyhydroxides due to storm events focuses on the disruption of floc formation and settling rates within the water column rather than the resuspension of sequestered materials.  Transport via resuspension in Cell 1 is unlikely due to the design depth of the treatment cell (> 1.5m) being too deep for even the most intense rain event to penetrate through the water column to re-suspend the solids held in storage.  The lack of a correlation between storm intensity and mass transport at all four locations including Cell 1 supports this idea, suggesting that the source of the mobilized iron is finite within the time constraints of the storm. Transport of solids suspended from the accumulated storage layers would mean that a nearly infinite supply of source material was available for resuspension. However, iron transport profiles observed for Cell 1 suggest that intense storm activity agitates the water column near the surface of the treatment cell resulting in (1) mixing of the settling profile over a smaller and more localized depth, and (2) fragmentation of floc structure diminishing the size and drag of particles yielding slower settling rates. Average particle sizes were measured using a LISST laser diffractometer for each section of Cell 1 from the stabilized catwalk structures. Average particle sizes at the surface of the water were 7.34 µm (Section 1), 12.53 µm (Section 2), 8.66 µm (Section 3), and 11.72 µm for C1Out (cell export) under standard operating conditions (no storm disturbance; May 2016). Particles from Section 1 coagulate to form larger flocs that favor sedimentation. Larger average particles are observed at C1Out due to a vertical perforated pipe collecting a composite sample from the water column in Cell 1 rather than surface overflow. Stokes’ law settling velocities are second order with respect to floc diameter, so a decrease in floc diameter due to disturbance would decrease settling velocity (v α d2). Iron oxides that are slow to settle out before leaving the preliminary iron oxidation pond will be transported into the C2N and C2S surface flow wetlands. 
Systemic Storm Impact

The rain event on 09/22/2011 (moderate storm of 1.02 cm/hr maximum intensity; 7.25 hr duration; with 2.31 cm of precipitation yield) was sampled at all four passive treatment system locations simultaneously. The frequency of storms preceding the 9/22/2011 storm event was evaluated to determine if there was a relationship between the number and timing between serial storms preceding the sampled storm event and the total amount of material being mass transferred between units. A series of rainfall events on the 16th, 17th, and 18th of September preceded this moderate intensity storm event, with accumulation of more than 7.6 cm of precipitation. Multiple storms facilitating iron transport three days in advance of the 9/22 storm would have disrupted the settling of iron oxides over a much longer period of time than a single storm event within the oxidative unit. Figure 3.12 depicts the iron transport profiles at all four locations (C1Out, C2Nout, C2Sout, and C6out). 

Transport events with storm activity occurring greater than two days before the sampled profile do not show transport to be elevated above the average storm transport at each location. This is consistent with the observation that storm transport profiles return to baseline transport concentrations within 30 hours after the storm event, unless there were serial storm events immediately preceding the profile or that occurred during the profile collection. Extreme storm profiles collected at all four locations consisted of serial storm events, but did not show increasing larger amounts of transported iron. This is likely due to the 30 hr-window of observation not being long enough to catch storm-induced secondary transport of the disturbed flocs before the conclusion of sample collection in the autosampler program.  
In Cell 1, some transport is observed during the rain event (1.5 kg or 14.8% of the total iron transported during this event), with most of the iron is being transported after the conclusion of the seven hour 9/22/2011 storm event. These observations support rainfall disruption of iron floc sedimentation, as the hydraulic retention time of Cell 1 exceeds 14 and 28 hrs. Re-suspended materials from the accumulation of iron oxides in the AMD mixing zone of Cell 1 would not have had time to reach the cell effluent for sample collection if they were mobilized by the 9/22/2011 storm. Also, they would have likely settled out again within the oxidation pond without further disturbance as the design retention time for Cell 1 is nearly 6 days.  Settling disruption from sequential storms would impact the cell as a whole, and settling disruption in the U-bend or effluent bay sections of Cell 1 would not have allowed time for the disturbed flocs to form and re-settle out of solution.  

Two peaks in iron concentration are observed at 14 hrs and 28 hrs for not just the C1Out data, but for the C2N and C2S datasets as well. As these samples were collected simultaneously, the peaks observed for each location are not due to mass transfer between the cells in series. Rather, the consistency in the timing of the peaks suggests that this transport was caused by an event that impacted more than one treatment unit at the same time. Cell 2N and Cell 2S transported 2.24 kg and 1.50 kg respectively, and had a noted difference in peak morphology. Neither of the surface flow wetlands showed significant amounts of iron being transported during the storm event, yet Cell2N showed two transport peaks at approximately 14 hrs and 28 hrs as were observed for Cell 1.  Cell 2S also showed a transport peak profile for the same time, but the amplitude of the peaks is notably lower (approximately 4 ppm rather than 10 ppm). These differences in peak shape and intensity are due to cell-specific variables like water level and vegetative cover as these are planted cells. Figure 3.20 is an aerial photograph of the oxidative unit collected by Google Earth on 9/29/2011, which is approximately one week after the 9/22/2011 storm event. 
[image: ]
Figure 3.20: MRPTS Oxidative Unit 9/29/2011. Note the low vegetative coverage due to high water levels in Cell 2S in comparison to vegetated marsh section of Cell 2N. Iron floc mats are visible in all cells. 
Cell 2S lacks mature vegetative cover in the marsh section of its design due partially to muskrat pressure and water level fluctuations not supporting emergent hydrophytes. Storm-induced transport into Cell 2N attenuates the mass transport peak and mass loading into Cell 3N, which is noted qualitatively in Figure 3.20 through distinct color changes from orange in the treatment cell fore bay, and green in the effluent bay. The wetland section is vegetated with a heterogeneous community of emergent and submerged hydrophytes.  
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Oxidative treatment cells remove iron from AMD through oxidation and hydrolysis reactions, and are designed to facilitate the sedimentation and storage of the accumulated solids over time. Pairing an oxidation pond with surface flow wetland treatment cells is one approach to mitigating iron transport into vertical flow bioreactors within the serial design motif of most passive treatment systems. Baseline transport of iron occurs between the treatment cells of the system, and in the system effluent; yet the amount of mass transported is dependent on cell loading and removal efficiency. Intense storm events are typically not included in design decisions for passive treatment systems beyond construction of a by-pass channel to divert surface runoff from entering the treatment system and allowance of ample excess storage for the design storm. The role of rainfall intensity in iron transport has not been previously investigated with a quantitative approach.  This three-year study was undertaken to determine if the amount of iron transported due to storm events was significant with respect to the baseline transport observed during times of typical system operation (no precipitation). 
Storms were classified based on their rainfall intensity in an effort to determine if the intensity of the storm (low, moderate, high, and extreme) correlates to the amount of mass transported between cells. Storm activity in NE Oklahoma is frequent with an average of one storm of each intensity occurring within a month, and most storms having low rainfall intensity. Storm-induced iron transport is observed for intensities greater than 0.25 cm/hr for the preliminary oxidation cells, surface flow wetlands, and in the polishing wetland at the system outflow. Mass transport of iron for each location was significant over the baseline transport, yet did not correlate to rainfall intensity.  The mechanism for storm induced transport is likely disruption of settling of iron flocs within the water column of the treatment cell rather than a re-suspension of sequestered material.  Vegetative cover in surface flow wetlands also mitigated the amount of iron transported to the vertical flow bioreactors, thus delaying maintenance issues with iron oxide accumulation. 
Conclusions

The role of rainfall intensity on iron transport between the cells of the oxidative unit of a full scale passive treatment system had not been previously investigated with a quantitative approach for the determination of iron mass transport.  A three-year study of storm events classified by rainfall intensity (Low = 0.25-0.99 cm/hr; Moderate = 1.00-1.99 cm/hr; High = 2.00-2.99 cm/hr; Extreme = >3.00 cm/hr) determined the average mass of iron transported at C1Out, C2N, C2S and C6Out per storm event, season, year, and three-year study period.  There was no correlation between rainfall intensity and the mass of iron transported at all four locations sampled, as had been expected. Iron is transported for any storm with an intensity greater than 0.25 cm/hr, yet the consistency in the amount transported with increasing rainfall intensity suggests a transport mechanism other than resuspension of sequestered materials (which should scale with increasing intensity due to large volumes of material with the potential for resuspension). However, as this was not observed, the mechanism for storm induced transport is most likely due to disruption of the settling of precipitated FeOOH flocs within the water column for the oxidative unit, and solids accumulation on the sampling apparatus for Cell 6.  
There is a positive linear correlation between average total iron transport per month and the average frequency of storms per month at all locations. This indicates that the mobilization of iron is strongly influenced by the total number of storms in a region rather than the intensity of the storms. Low intensity storms had the largest influence on the total mass of iron transported as there were over six times as many 0.25-0.99 cm/hr storms in a year than the other storm intensity classifications.  Storm-induced net iron mass transport for individual storms over the transport baseline was statistically significant for individual storm events at all four locations. Averages of storm-induced iron transport for seasonal and annual events were statistically significant over the baseline transport for all locations due to the high frequency of low intensity storms, and the distribution of low intensity storms throughout seasonal and annual periods. 
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Chapter 4 – Characterization of the Spatial Iron Accumulation in the Preliminary Oxidative Cells of a Passive Treatment System

Contents of this chapter have been formatted for submission to Environmental Science and Technology.
Abstract
 Iron oxidation, hydrolysis, and settling are key processes promoted in passive treatment systems to remove iron from influent acid mine drainage (AMD). A solids accumulation profile is a spatially-derived sample collection with the goal of mapping the localized accumulation of materials within a passive treatment cell, rather than just assuming a uniform distribution. Development of a solids accumulation profile for the oxidative unit of a passive treatment system provides insight into system performance and recovery/reuse applications. This study delineates the deposition profile of accumulated iron oxide precipitates over the first full seven years (2009-2015) of operation for the Mayer Ranch Passive Treatment System receiving ferruginous lead-zinc mine drainage at the Tar Creek Superfund Site. Depth-integrated measurements of discrete core samples within the initial oxidation pond and secondary surface flow wetlands were used to map the accumulation of solids.  In-situ water measurements included pH, temperature, specific conductance, dissolved oxygen, and oxidation-reduction potential; turbidity and total alkalinity were measured on site and water samples were collected for laboratory determination of total and dissolved metals (and sulfate concentrations.  Core samples were characterized for color, density, surface area, % crystallinity, % residual moisture content, % organic content, and mineral phases via Raman microscopy and SEM microscopy. A rhodamine tracer study was conducted to determine the hydraulic retention time for Cell 1 and Cells 2N/2S after seven years of operation. Rhodamine-WT (3.8 L) was introduced to the three influent seeps simultaneously (volume proportionate to individual seep flows, Qtotal = 7.42 L/sec), and concentrations were measured with YSI-rhodamine sensors (#6130) continuously (15-minute logging interval) and discretely (1 sample every hour via programmable autosampler) over 14 days. Cell 1 has a HRT of 5.5 days which is less than the design of 7.7 days. Cells 2N/2S have a design HRT of 3.5 days yet when tested with rhodamine tracer dye in 2009, they indicated 2.5 days for their average HRT. This suggests that the shorter than expected HRT for Cell 1 may be due to flow short circuiting rather than solely due to solids accumulation.  Extended HRTs were observed for Cells 2N/2S (averaging 9.0 days) due to restricted hydraulic conductivity through the down gradient vertical flow bioreactors (VFBRs). High system water levels for both Cell 2N and 2S were due the frequency of rainfall events. 
Introduction

Passive treatment oxidation cells are designed to retain precipitated iron oxyhydroxides for the design life of the system with regular intervals of extraction to maintain function (Hedin 2008).  Removal rates calculated from empirical sources have a wide range of reported values (20 ±10 g/m2/day) based on the area-adjusted mass removal concept (Kruse et al. 2009; Sapsford and Watson 2011; Kusin et al. 2012). Relative removal efficiencies of iron oxidation cells have been reported to range from 24% to 99% with no clear trend emerging based on oxidation cell type (pond/wetland; Kusin 2013). Lessons learned from how iron removal rates and accumulation of precipitated solids impact function of mature systems have inspired refinement in second and third generation passive treatment systems design. System performance metrics, design-phase iron removal predictions, and federal iron discharge standards already define project success indicators (Skousen et al 2005). Long- term operation and maintenance decisions are impacted by the spatial distribution of accumulated solids, change in treatment system hydraulics, and the loss of available treatment volume over time and have not been fully resolved (Coghlan and V Raj, 2000).  Therefore, it is essential to understand how the accumulation profile of iron oxides within sedimentation ponds and surface flow wetlands impacts physical and chemical performance for a mature system (> 5 years of operation) (Hedin et al. 2010).
Although cell design incorporates storage of solids into the long- term operation and maintenance plan for a system, physical extraction is the ultimate mechanism for sustainable operation.  Extracted materials may be landfilled offsite, stored on site, or marketed as a commodity within the pigmentation and sorbent industries (Hedin 2002; Marcello et al. 2008; ).  Characterization of the physical and chemical properties of accumulated iron oxyhydroxides is essential to determine their suitability for reuse or disposal options (Schwertmann 2003; Kairies et al. 2005). Physical and chemical characteristics have been documented to vary spatially based on formation and storage conditions over time (Nordstrom 2011), yet reuse characterization practices focus principally on the bulk phase properties of the material after extraction is complete. Dried and sieved solid composites are typically characterized for their particle size, shape, surface area, structure, and sorption/desorption properties (Cornell and Schwertmann 2003; Neely 2010). Variables that define the characteristics of the precipitates and their saturation indices include the following: relative concentration and diversity of analytes within the matrix, pH, dissolved oxygen, oxidation reduction potential (ORP), and flow conditions (channel verses pond) (Cravotta 2008).  Core samples of the accumulated iron oxides can be used to not only quantify the volume of solids accumulated for each cell of the oxidative units, but also the distribution of the accumulation. As most water quality evaluation methods focus only on the influent and effluent metals loadings to define treatment success, this is a novel approach centering on the production and accumulation of a resource. Collecting a spatial profile within each cell of the oxidative units will yield higher resolution intracellular accumulation data to guide efficient iron recovery methodologies.
The overall goal of this research chapter was to demonstrate how the development of empirically derived solids accumulation profiles, in conjunction with the supporting materials characterization data, can be used to delineate mechanisms impacting cell performance.  Comparisons between design-based predictions and observed performance will support a growing body of literature on passive treatment system assessment methodologies (Skousen and Ziemkiewicz 2005; Sapsford and Williams 2009; Sapsford and Watson 2011). Additionally, understanding the localized differences in physical and chemical properties of iron oxides based on their spatial distribution will increase our understanding of how formation and storage conditions influence resource properties over time. Applications of this information could lead to the development of a selective resource harvesting approach to target materials of specific composition for specialty markets unlike bulk phase extractions methodologies.
Methods
Iron Accumulation Profiling

An accumulation profile was constructed through the collection and measurement of iron oxide core samples. The accumulated solids within the oxidative unit of the MRPTS (Cell 1, Cell 2N, Cell 2S) were systematically sampled via discrete coring from a stabilized catamaran to minimize disturbance (Figure 4.1). The catamaran consists of two aluminum canoes lashed together with three boards and clamps to endure stability. A tow rope was used to maneuver the catamaran rather than paddles as to mitigate disturbance of the water column.  Tension between bow and stern tow lines was used to maintain position within the cell as each of the core samples was collected. Sample collection was conducted for the entire treatment cell on the same day, and sample collections days were selected based on low wind conditions to further aid in stability of the catamaran and the safety of the crew. Catwalk samples were collected using a series of aluminum scaffolding walk boards on pre-existing structural supports to form a type of stabilized dock for replicate and feldspar QAQC sample collection. Cores depth measurements made from samples featuring a Feldspar marker were used for verification of core depth measurements based on the clay boundary.  
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Figure 4.1: Sampling catamaran assembled with C-clamps to stabilize two canoes for core sampling of accumulated iron oxyhydroxides while minimizing disturbance of solids.

Site selection was based on spatial distribution to describe accumulation throughout each cell, rather than just focusing on the influent or effluent locations. Fourteen locations within Cell 1 were cored, with additional replicate cores collected from the catwalk sampling structures located in sections 1, 2, and 3 of the treatment cell. Nine core samples were collected from each of the surface flow wetland cells on a grid pattern so that three cores from each pond (3)-marsh(3)-pond(3) section of the cell were represented. Feldspar markers (46x46 cm brilliant white solids) installed during the construction of Cell 1 were used to validate core collection and accumulation measurement methodologies via visual boundary delineation between the accumulated iron oxides and the clay liner.  Positive measurement bias was avoided by delineating the boundary between the clay liner and the iron oxides based on color and texture of material. Negative measurement bias due to poor sampling technique (partial core only) was avoided as only cores collected with a clay plug were measured and characterized. Comparison of core depths at these locations to samples collected just outside of the feldspar marker area (46 X 46 cm) provides confidence that measured core depths accurately reflect the depth of stored iron oxyhydroxides. Core sample locations for Cell 1, Cell 2N, and Cell 2S are illustrated in Figure 4.2. 
Core samples were collected by embedding a clear, acrylic pipe (0.98-cm internal diameter, 1.86 meters long) perpendicular to the bottom of the cell until the clay liner securely plugged the pipe ensuring an intact and continuous sample of solids as the core was retrieved.  The tube was capped at the top and bottom with rubber stoppers, Parafilm® and Duct tape® when extracted vertically from the water column to preserve the quality (spatial distribution of material) and quantity (total depth of material) for immediate measurement of accumulation. The depth of material in the tube from the solids / liquid interface to the clay liner was measured on site (Figure 4.3) and recorded along with photos of the cores to document appearance (color and texture), as some compaction was expected during transport to laboratory facilities. 
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Figure 4.2: MRPTS oxidative unit core sample locations. White arrows indicated direction of influent and effluent flows. Core samples lined up to show relative amounts of accumulated iron oxides transported for solids characterization back at the CREW laboratories.
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Figure 4.3: MRPTS oxidative unit core depths in centimeters from the bottom of the cell (clay liner). White arrows indicated direction of influent and effluent flows.




Results and Discussion
The accumulation of iron oxyhydroxides precipitates was not uniformly distributed for any of the cells within the oxidative unit. Accumulation depths were at their deepest for all three cells within section 1 (closest to the influent discharge) with a general trend of decreasing accumulation depths along the flow path prior to reaching the cell outlet. A preliminary core sampling from only the catwalk structures within Cell 1 suggested an average linear trend (y = -2.75x+298.5; r2 = 0.9938) when decreasing accumulated solids were plotted versus increasing distance from the cell influent AMD discharge. Figure 4.4 is a summary of average accumulated depth for each section of Cell 1.  Cell 1 had the deepest accumulation of material out of the three oxidative cells (≤ 116 cm), yet that accumulation was not uniformly distributed throughout the cell nor within section 1 of Cell 1. Figure 5.5 reflects the relationship between accumulated solids depths versus their distance from the influent AMD discharges. 

Figure 4.4: Preliminary iron oxide accumulation in Cell 1 of the MRPTS in 2014 measured by replicate core samples collected from the stabilized catwalk sampling platforms (n=6). Error bars indicate standard deviation. 

Figure 4.5: Accumulated depth of iron oxides within Cell 1 with increasing distance from the average AMD seeps input.  Accumulation in sections 1 and 2 of Cell 1 while short circuiting in section 3 leads to iron export. 

Iron accumulation from settled suspended solids is observed in sections 1 and 2 of Cell 1 but not Section 3 as flow short circuiting exports iron. This trend in accumulation is qualitatively consistent with field observations when the emergency flow bypass was used to draw down water levels for maintenance, and it is consistent with the trend observed in Figure 4.4 for the exploratory core samples collected at each catwalk.  However, the ratio of accumulation with increasing distance decreased from -2.75 cm Fe/m to 0.454 cm Fe/m when more data points were included in the analysis.  The poor linear fit of Figure 4.5 indicates that within each section of the cell, and for the cell overall, there is a heterogeneity in the deposition of iron oxides. The inclusion of additional core samples (n = 14) beyond those collected at the catwalks (n = 6) in refining this relationship increases the area of the treatment cell with high iron oxide accumulated storage. Accumulated iron oxides extend from section 1 into section 2 following along the linear flow path towards the bottom of the U-bend of the cell (sample locations 1-7). The measurements of accumulated iron oxides in the latter half of section 2 and all of section 3 of Cell 1 are likely due to most iron being transported in the dissolved state (~70%) in these locations and thus not undergoing precipitation and sedimentation before effluent transport into Cells 2N and 2S. 
A summary of average iron accumulation depth for Cell 2N and 2S is plotted in Figure 4.6 based on spatial location within the cells. An average of 37 cm of iron accumulation was measured in the first ponded section of C2N/C2S, and 19-20 cm of accumulation for the planted marsh (section 2) and the second ponded area (section 3).  There is not a distinct linear trend when plotting the individual accumulated iron oxides versus distance from influent AMD flow (y = -0.50x+37.7; r2 = 0.2224) as these cells are not designed to operate on a linear flow path. The accumulation of iron in section 1 of the surface flow wetlands is consistent with the expected performance of the cell as the initial ponded area allows for additional storage of accumulated volumes. The planted zones function to remove suspended solids by slowing down the flow and thus promoting conditions favoring the sedimentation of solids. 

Figure 4.6: Average iron accumulation via discrete core sampling of C2N and C2S based on the spatial distribution of material throughout the pond: marsh: pond design. 
Core Sample Characterization

All core samples were returned to the CREW laboratories for sectioning and subsequent properties characterization.  Each core sample was sectioned into the oldest material (bottom 10% of the iron oxide column) and the newest material (top 10% of the column) and were air dried at room temperature. Dry samples were milled into fine powders, but were not size selected via sieving due to limited sample yield of dried material. Composite samples were prepared by mixing equal masses of dried solids from each section of the treatment cells and were characterized for % residual moisture content (gravimetric analysis), % organic material content (Loss on Ignition: LOI) , mineral phase via Raman microscopy, % crystallinity via acid-oxalate extraction, color (Munsell), and particle morphology (Scanning Electron Microscopy: SEM) as detailed in  Table 4.1.  Each composite was analyzed using a LISST laser diffractometer to determine mean particle size (µm), particle size distribution (D60/D10), and mean surface area (cm2).  Characterization protocols were based on (Mukhopadhyay 2003; Schwertmann 2003; Perkins et al. 2007; and Tessier et al. 1979)
 Table 4.1: Summary of iron oxide characterization methodologies for characterization of core samples
	Test
	Method
	Purpose
	Citation

	Laser Diffraction
	LISST: Laser Diffraction via small-angle forward laser light scattering (laser diffraction)
	Surface Area
Particle Size
Particle Density
	(Perkins et al. 2007) (Cornell and Schwertmann 2003)

	Raman Microscopy
	inVia confocal Raman Microscope (Renishaw)
	Mineral phase identification of amorphous iron oxides
	(Mukhopadhyay 2003; Das and Hendry 2011a)

	Particle size and morphology
	SEM microscopy via AuPd sputter coating
	Size and particle shapes to support mineral phase data
	(Neely 2010)

	Color Classification
	Powders, Munsell Color Scale
	Dry bulk powder value, hue, chroma
	(Cornell and Schwertmann 2003)

	%Organic Matter Content
	Gravimetric analysis (relative weight loss on ignition at 375oC (LOI)
	% Composition of organic material
	(Tessier et al. 1979; Howard and Howard 1990; Salehi et al. 2011)

	% Crystallinity
	Acid Oxalate Extractions (AOE)
	% Crystallinity 
of iron oxides
	(Cornell and Schwertmann 2003; Kim and Kim 2003; Peretyazhko et al. 2009)



A portable LISST laser diffractometer (LISST-XR) from Sequoia Scientific Inc. was used to determine the particle size distribution of hydrated samples of iron oxides from the top (newest material deposited) and the bottom (oldest material deposited) for each composite sample (Davies et al. 2012; Felix et al. 2013; Markussen and Andersen 2013). Table 4.2 is a summary of results for the oxidative unit. The LISST utilizes small-angle forward laser light scattering (laser diffraction), compliant with the ISO-13320-1 standard (Sequoia 2016). The average effective density of the iron oxyhydroxides was reported as 2.65 g/cm3 
Table 4.2: Average particle size, distribution, and surface area for the solids recovered from the oxidative unit based on depth of accumulated iron oxyhydroxides (±standard deviation)
	
	Top (Newest) FeOOH(s)
	
	Bottom (Oldest) FeOOH(s)

	
	Mean Size (µm)
	D60/D10
	SA (cm2)
	
	Mean Size (µm)
	D60/D10
	SA (cm2)

	Cell 1
	12.51±3.35
	15.98±1.78
	0.61±0.07
	
	10.80±0.06
	12.62±1.09
	0.58±0.02

	Cell 2N
	18.84±5.26
	12.60±1.55
	0.44±0.10
	
	18.18±3.57
	10.23±0.50
	0.40±0.08

	Cell 2S
	21.02±2.93
	11.96±2.94
	0.36±0.04
	
	18.22±0.82
	12.17±3.22
	0.42±0.02



Mean particle size increased between Cells 1 and 2 for both the newest and the oldest material sequestered in the treatment cells. Surface area decreased between Cell 1 and Cells 2N/2S. Both observations are consistent with the flocculation of increasingly larger particle size settling out over time. The uniformity coefficient (D60/D10) decreases for the newest material as one moves through the treatment cells, while the oldest material remains consistent. The high value for the uniformity coefficient indicates that larger diameter particles (D60) are more abundant than smaller particles (D10) and thus is less uniform in particle size distribution.
All samples contained less than 2% residual moisture after air drying in the laboratory (Table 4.3). All the samples had low organic matter content, with Cell 1 having more than Cells 2N/2S. The percent mass of organic matter decreases with increasing material age. Crystallinity of the iron oxides increased between Cell 1 and Cell 2N/2S and increased with increasing age of the material. Raman microscopy suggested poor crystallinity and the presence of ferrihydrite in the newest samples transitioning to goethite in the oldest samples by matching composite spectra to values reported in the literature for acid mine drainage (Das and Hendry 2011b). Raman bands at 244, 299, 385, 480, 548, and 681 are indicative of goethite, with 385 being most prominent. In contrast, ferrihydrite Raman bands include 370, 510, and 710 with the 710 band being the most prominent (Hanesch 2009). 
Table 4.3: Average residual moisture (%), organic matter (%), and crystallinity (%) for the oxidative unit based on the depth of the accumulated iron oxyhydroxides (±standard deviation)
	 
	Top (Newest) FeOOH(s)
	
	Bottom (Oldest) FeOOH(s)

	 
	Residual Moisture (%)
	LOI Organic Matter (%)
	Crystallinity (%)
	
	Residual Moisture (%)
	LOI Organic Matter (%)
	Crystallinity (%)

	Cell 1
	1.6±0.2
	3.4±1.6
	18.7±0.2
	
	0.9±0.1
	5.2±3.1
	16.0±0.01

	Cell 2N
	0.8±0.2
	2.4±1.8
	60.0±0.5
	
	0.6±0.2
	1.8±1.0
	73.3±0.3

	Cell 2S
	1.1±0.2
	2.4±1.7
	41.3±0.6
	
	0.7±0.1
	1.7±0.8
	84.0±0.3



Scanning electron micrographs were collected for each composite sample to support the characterization of the iron oxides via particle morphology and crystalline structures identification. The Zeiss NEON FEG-SEM duel-beam high resolution microscope was used to visualize samples prepared via vapor deposition of Au/Pd on glass microscope slides with non-conductive iron oxides. Samples were observed to shift from amorphous to crystalline between Cell 1 and Cells 2N/2S and with increasing depth of material.  Figures 4.7-4.9 are examples of SEM images collected to document this change in morphology.
 [image: F:\Leah\8-20000x-03.tif]

Figure 4.7: Amorphous Ferrihydrite typical of Cell 1 and Cell 2N/2S top (newest) samples.

[image: F:\Leah\16-20000x-05.tif]
Figure 4.8:  Crystallization forming in older iron oxide materials collected from the bottom of the cores.
[image: F:\Leah\12-80000x-08.tif]
Figure 4.9: Goethite crystallization observed in bottom (oldest samples) 7 years of accumulation.

Characterization Comparison

Iron oxides from the Mayer Ranch Passive Treatment system were previously characterized (Neely 2010) for physical and chemical properties as they relate to the reuse of solids in the sorbent industry. A single sample of iron oxides collected from the concrete raceways that convey AMD into the preliminary oxidation cell was found to be promising with respect to phosphorous sorption (Neely 2010).  Table 4.4 summarizes the results of the initial characterization with results obtained from the spatially coordinated sampling effort for all three oxidative treatment cells. The main difference between the samples is the location from which the sample was collected m, and how long it had been there before collection. The 2010 sample was collected at Cell 1 influent prior to entering the treatment cell, while the 2015 samples were accumulated solids from the bottom of the cell collected over an area and then composited for analysis.
Table 4.4: Comparison of physical properties of iron oxide samples collected from MRPTS 
	Physical Properties
	Neely 2010 (Cell 1)
	Oxenford 2015 
          (Cell 1)                  (C2N/C2S)

	Crystallinity (%)
	74.7
	17.4
	64.5

	Mean particle size (µm)
	94
	11.7
	19.0

	D60/D10
	1.65
	14.3
	11.74

	Surface Area (m2/g)
	270 (BET)
	244 (LISST)
	162 (LISST)

	Color 
	Yellowish Red
	Yellowish Red
	Yellowish Red

	Organic Content (%)
	1.0
	4.3
	2.1

	Mineral phase
	Goethite
	Goethite
	Goethite



The crystallinity of the 2010 samples is consistent with the crystallinity observed in the surface flow wetlands rather than within Cell 1. Differences in mean particle size and uniformity are likely due to differences in preparation and measurement techniques. Higher values for surface area were expected for the 2010 dataset due to the use of a nitrogen gas sorption technique (BET) to include pore volumes versus the using the algorithms to calculate surface areas from laser diffractometry measurements accounting for external surface only. A higher percentage of organic matter in the iron oxide samples collected from within the treatment cells is consistent with the presence of vegetative matter on the edge and in the planted zones of the cells. The 2010 sample was collected from a location that would have little to no organic matter present outside of detritus falling into the channel, or algae growth within the channel (minimal). All the samples were identified to have goethite as their principle mineral phase.  It is expected that the bulk material accumulating in Cells 1 and 2N/2S would be similar in their sorption properties with those detailed by Neely (2010), yet additional testing is required for confirmation. 
Tracer Study
Rhodamine WT tracer studies were used to evaluate the hydraulic retention time of the oxidative unit with respect to system design. Cells 2N/2S were evaluated just after the treatment system came online in 2009, and they were re-evaluated in 2015 after the system matured through seven years of operation. The hydraulic retention time (HRT) of Cell 1 was determined in the 2015 tracer study by measuring the concentration of rhodamine dye in the cell effluent over time.  If the HRT is significantly shorter or longer than prescribed by design, it can result in operational inefficiencies translating into compromised performance or excessive system footprint.  Tracer studies are based on the principle of tracking a target analyte as it moves through the system of study and documenting its time of travel and conservative mass recovery (Dierberg and DeBusk 2005). 
Table 4.5: Summary of Rhodamine Tracer Dye Characteristics (Environmental 2001; Dierberg and DeBusk 2005)
	Characteristic
	Rhodamine

	Tracer Type
	Dye with optical detection, visual confirmation of deployment and progress.

	Detection
	In field – continuous monitoring. Excitation at 555 nm, emission 580 nm

	Conservation
	Non-conservative – loss principally due to irreversible sorption (zero order kinetics)

	Interferences
	Orange iron oxides

	Deployment
	Solution, mixing required to accommodate specific gravity

	Downstream
	Attenuation via sorption and photolysis


The tracer dye rhodamine WT was selected due to its unique spectral characteristics to minimize interferences from turbidity and phytoplankton (chlorophyll a) and the availability of in situ continuous monitoring in real time with a YSI 6130 rhodamine probe (Range: 0-200 ug/L; Resolution: 0.1 ug/L; Accuracy: +/-5% reading or 1 ug/L, whichever is greater)(Fondriest 2001). Rhodamine sensors were calibrated using a 100 mg/L standard and were deployed at the effluent AgriDrains of Cell 1, Cell2N, and Cell 2S. 
The principle limitation to using Rhodamine WT as a tracer dye is its loss via sorption to organic matter (Dierberg and DeBusk 2005) and to iron oxides limiting its mass recovery. Rhodamine was introduced to the system at each of the seeps in a synchronized, volume-weighted addition based on loading contribution of each seep to the system (Seep A (30%), Seep B (60%), and Seep D (10%)). A total of 3800 mL of Rhodamine WT was added to the system where the seeps emerge and discharge and run down channels before spilling into Cell 1 for the most realistic representation of loading. There were no additional amounts of rhodamine added to the system beyond the initial dosing. Thus, the tracer that was transported out of Cell 1 became the mass loading for the Cell 2N/2S tracer study. Photographs and spot checks with a portable rhodamine sensor were used to document progress while the continuous monitoring sensors logged concentration undisturbed for the duration of the study. Rhodamine concentration (µg/mL) was logged over time and plotted via Excel to determine the area under the curve. The hydraulic retention time was determined as the point in which 70% of the area under the curve had been accounted for (Kruse et al 2009).  
Tracer Study Results

For the tracer study, the influent flow to the MRPTS was determined to be 151 L/min (Seep A), 265 L/min (Seep B), and 28 L/min (Seep D) for a combined total flow of 444 L/min into Cell 1. The density of rhodamine WT concentrate is 1.16 g/mL so with 3800 mL loaded, an equivalent mass of 4,048 g of rhodamine dye was added. A 20-L bucket was used to dilute the concentration to a density that is more consistent with the influent water quality to prevent mixing issues. Dye was observed to short circuit past the mixing zone of section 1 of Cell 1 through contact with the landmass at the edge of the cell and pass into section 2 of the cell within minutes of its introduction. Figures 4.10 and 4.11 include photos taken just after the introduction of the rhodamine dye. Figure 4.11 is a series of photographs indicating qualitative observation of tracer dye short-circuiting as dye introduced at the seeps headed to the Section 2 U-bend of Cell 1 rather than mixing in Section 1 as anticipated.  
[image: ]
Figure 4.10: Introduction of rhodamine tracer dye at Seep A of the MRPTS. Note higher than design water levels as influent concrete channel is flooded, with water ponding around the seep box. Rust lines on the box indicate historic water levels over the course of seven years of system operation.
 [image: ]
Figure 4.11: Tracer dye short circuiting into section 2 after introduction to the MRPTS.



Low concentrations of rhodamine were detectable at the effluent of Cell 1 within 30 minutes of tracer introduction. Tracer clean out of seep raceways was confirmed visually 12 hours later (Figure 4.12)
[image: ]
Figure 4.12: MRPTS Influent Seep with no signs of rhodamine dye loss.

Peak rhodamine was measured at Cell 1 Out AgriDrain in 1.5 days while the hydraulic retention time determined to be 5.75 days. (Figure 4.13; Table 4.7).  Rhodamine was detected in Cells 2N/2S within two days of its introduction into the passive treatment system. Rhodamine sensors placed in the AgriDrain for C2Nout and C2Sout were used to monitor the export of tracer dye into the vertical flow bioreactors.  Storm activity began on Day 6 of the tracer study and yielded over six centimeters of rainfall overnight, and approximately 9.5 cm over a continuous six-day period (11/26-12/01). This rainfall further increased already high water levels within the treatment system, and led to poor system drainage for all cells above C3N/C3S which are flow restricted due to the hydraulic conductivity of vertical flow through the organic layer. Water stacked into C2N and C2S due to the rate-limited outlet extending the duration of tracer retention within each cell.  The design hydraulic retention time for C2N / C2S is 3.5 days, and the University of Oklahoma Capstone students measured the HRT via a tracer study in 2009 to be 2.7 days. This indicates that the surface flow wetlands were not fully vegetated, which is consistent with what one would expect for February 2009 within the first year of operation.  The 2015 tracer study returned a 9-day HRT for C2N/C2S due to storm activity, and artificially-increased hydraulic retention during the study. The peak HRT for both surface flow wetlands is equivalent with the design retention time (3.5 days) with C2N (4.3 days) and C2S (3.7 days) prior to storm activity. 
Figure 5.13 features photographs of tracer dye entering C2S with pre-existing high water conditions as well as a qualitative comparison of water elevations between C2N and C3N post storm. The storm-influenced tracer study comparison for the oxidative unit is summarized in Table 4.7. Figure 4.14 is a comparison of the rhodamine transport profiles for C2N and C2S. The rhodamine transport profiles for C2N and C2S are equivalent, but the hydraulic retention time of the cell is much longer than design. 

Figure 4.13: Rhodamine transport profile at C1Out (Cell 1 Effluent November 2015). Grey shading indicates a series of high intensity, long duration storms summarized in Table 4.6. 
[image: ]
Figure 4.14: Transport of Rhodamine across C2S with high water conditions. Side by side comparison of water levels and rhodamine color of C2N and C3N before 11/26 rain event. 


Figure 4.15: Comparison of C2N (Blue) and C2S (Orange) rhodamine transport profiles. Grey shading indicates the time in which a high intensity, long duration series of rain events occurred (Table 4.6)


	Table 4.6: Comparison of performance summary for the tracer study of the oxidative unit of the passive treatment system.

	 
	Cell 1
	Cell 2N
	Cell 2S

	Area Adjusted Iron Loading (g/m2/day)
	24.4
	11.5
	11.6

	Mean Iron Removal Efficiency (%)
	78
	82
	82

	Mass of Iron Removed (kg/day)
	87
	17.3
	17.3

	Area Adjusted Removal Rate (g/m2/day)
	19.0
	11.5
	11.6

	Peak Residence Time (days)
	1.5
	4.3
	3.7

	70% Residence Time (days)
	5.75
	9.2
	9.0

	Design HRT (days)
	7.7
	3.5
	3.5

	Change in HRT from Design (days)
	-2.0
	+5.7*
	+5.5*


*due to poor hydraulic conductivity and high storm activity impairing transport through the system

Table 4.7 Daily Summary of Storm Activity for the Miami, OK Mesonet Station leading up to the Oxidative Unit Tracer Study. Grey section indicates dates of the tracer study for Cell 1 and Cells 2N/2S
	
	Daily Storm Yield (cm)
	Daily Duration of rain Periods (hrs)
	Max Rainfall Intensity (cm/hr)
	Classification

	15-Nov
	1.04
	2.5
	0.91
	Low Intensity

	16-Nov
	2.39
	4.7
	3.35
	Extreme Intensity

	17-Nov
	9.42
	10.3
	7.32
	Extreme Intensity

	18-Nov
	0.00
	0.0
	0.00
	

	19-Nov
	0.00
	0.0
	0.00
	

	20-Nov
	0.00
	0.0
	0.00
	

	21-Nov
	0.74
	2.3
	0.61
	Low Intensity*

	22-Nov
	0.00
	0.0
	0.00
	

	23-Nov
	0.00
	0.0
	0.00
	

	24-Nov
	0.00
	0.0
	0.00
	

	25-Nov
	0.00
	0.0
	0.00
	

	26-Nov
	2.31
	5.1
	0.91
	Low Intensity

	27-Nov
	6.35
	11.3
	2.13
	High Intensity

	28-Nov
	0.18
	0.6
	0.30
	Low Intensity

	29-Nov
	0.43
	1.3
	0.61
	Low Intensity

	30-Nov
	0.25
	0.8
	0.30
	Low Intensity

	1-Dec
	0.03
	0.1
	0.30
	Low Intensity

	2-Dec
	0.00
	0.0
	0.00
	

	3-Dec
	0.00
	0.0
	0.00
	

	4-Dec
	0.00
	0.0
	0.00
	

	5-Dec
	0.00
	0.0
	0.00
	

	6-Dec
	0.00
	0.0
	0.00
	


*no precipitation observed at MRPTS, only documented at the Miami, OK Mesonet Station
Conclusions

Iron oxyhydroxide precipitates formed from the oxidation and hydrolysis of Fe2+ accumulate within the preliminary oxidation cell (Cell 1) and the surface flow wetlands (Cells 2N/2S) of MRPTS. The accumulation of iron oxyhydroxides is not uniformly distributed within each cell, with the first section of the cell favoring deeper deposits of material. The characterization of core samples for their physical properties revealed consistency within the cell and between the cells regarding mineral phase.  The iron oxide accumulation increases in its relative crystallinity, average particle size, and uniformity with respect to position within the treatment series (Cell 1 to Cell 2N/2S) and with increasing depth. Organic matter is a minor component of the bulk material regardless of treatment cell type, and it decreases with respect to position in the oxidative unit.  Accumulation of iron oxides influences a reduction in HRT over time, but other factors like hydraulic conductivity losses within certain cells of a treatment system and storm disturbances can extend retention times.  Iron accumulation profiling is a useful tool for the determination of the stage of the treatment process and what section of a cell is most efficient for solids recovery. 
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Concentration of Iron (mg/L)




Total Fe	3.568899278755767	35.930140563185681	27.497586953811286	20.063674787477574	17.801194287393979	16.4715173567328	9.688968897861324	3.568899278755767	35.930140563185681	27.497586953811286	20.063674787477574	17.801194287393979	16.4715173567328	9.688968897861324	Average Seep	Cat 1-1	S2B	S2U	Cat 2-1	Cat 3-1	C1Out	171.95290999348435	42.157507166081231	32.594947039191148	27.224273644697451	25.339706315929746	19.268517384987561	27.04039681548614	Dissolved Fe	3.4985749711573306	34.810008509070492	26.555271942264607	18.061776394565815	19.161715815416841	11.815963033708195	9.8961764553236709	3.4985749711573306	34.810008509070492	26.555271942264607	18.061776394565815	19.161715815416841	11.815963033708195	9.8961764553236709	Average Seep	Cat 1-1	S2B	S2U	Cat 2-1	Cat 3-1	C1Out	172.2513308320124	24.899442833180949	18.40344150863314	13.366370384000048	16.644197823736263	9.8697187109635962	17.685903443194199	Location Within Cell 1


[Fe] (mg/L)




Total Iron	3.568899278755767	35.930140563185681	27.497586953811286	20.063674787477574	17.801194287393979	16.4715173567328	9.688968897861324	3.568899278755767	35.930140563185681	27.497586953811286	20.063674787477574	17.801194287393979	16.4715173567328	9.688968897861324	0	0.83	2.3199999999999998	3.39	4.5	6.48	7.09	171.95290999348435	42.157507166081231	32.594947039191148	27.224273644697451	25.339706315929746	19.268517384987561	27.04039681548614	Dissolved Iron	3.4985749711573306	34.810008509070492	26.555271942264607	18.061776394565815	19.161715815416841	11.815963033708195	9.8961764553236709	3.4985749711573306	34.810008509070492	26.555271942264607	18.061776394565815	19.161715815416841	11.815963033708195	9.8961764553236709	0	0.83	2.3199999999999998	3.39	4.5	6.48	7.09	172.2513308320124	24.899442833180949	18.40344150863314	13.366370384000048	16.644197823736263	9.8697187109635962	17.685903443194199	Design Hydraulic Retention Time (Days)

Iron Concentration (mg/L)
Total Fe	y = -3.9016x + 42.988
R² = 0.9445

0.83	2.3199999999999998	3.39	4.5	6.48	42.157507166081231	32.594947039191148	27.224273644697451	25.339706315929746	19.268517384987561	Dissolved Fe	y = -2.3865x + 24.999
R² = 0.8201

0.83	2.3199999999999998	3.39	4.5	6.48	24.899442833180949	18.40344150863314	13.366370384000048	16.644197823736263	9.8697187109635962	Hydraulic Retension Time Based on Design (Days)


[Fe] mg/L




Total Fe	
0	0.5	1	1.5	50.585190030366093	42.157507166081231	84.680239204247144	945.73343438581628	Dissolved Fe	
0	0.5	1	1.5	35.63523406642679	24.899442833180949	55.506954584370341	54.421673549738749	Depth from Surface (m)


[Fe] (mg/L)



Total Fe	
0	0.5	1	1.5	24.344948376811516	25.339706315929746	26.713675145573596	631.69888631435435	Dissolved Fe	
0	0.5	1	1.5	13.57276062296989	12.902265352695615	16.796502509665107	31.92604406257464	Depth From Surface (m)


[Fe] mg/L



Total Fe	
0	0.5	1	1.5	16.821062958739958	19.268517384987561	45.143356534870335	322.04534139973481	Diss Fe	
0	0.5	1	1.5	9.7294510779268251	8.7790216021231071	14.06294176079439	35.44511419438296	Depth From Surface (m)


[Fe] mg/L



Total Fe	1.5308443876263143	6.3957704575765728	6.3957704575765728	5.7232099847562123	5.9321368275379296	5.8518637610801836	5.6424001077202588	1.5308443876263143	6.3957704575765728	6.3957704575765728	5.7232099847562123	5.9321368275379296	5.8518637610801836	5.6424001077202588	Average Seep	Cat 1-1	S2B	S2U	Cat 2-1	Cat 3-1	C1Out	169.96271723180413	15.728111988646242	20.137399057380989	14.421250279140933	13.99424072850044	8.059942841668656	6.5996554158606768	Dissolved Fe	8.3389584671762229	2.2071210000836658E-2	2.2071210000836658E-2	0.27156652455041663	0.1810374231534399	0.60870059208137894	1.3806645588697817	8.3389584671762229	2.2071210000836658E-2	2.2071210000836658E-2	0.27156652455041663	0.1810374231534399	0.60870059208137894	1.3806645588697817	Average Seep	Cat 1-1	S2B	S2U	Cat 2-1	Cat 3-1	C1Out	167.02916472719565	0.16385944182430509	2.4235241885206071	0.73975297338355794	0.41871285428323046	0.10084220495155037	0.17996539965939851	Location Within Cell 1


[Fe] (mg/L)




Total Fe	10.255109299224753	31.877329741641621	14.663535565739853	16.126618692415001	16.100857251357631	14.054994637439643	7.705812650032545	10.255109299224753	31.877329741641621	14.663535565739853	16.126618692415001	16.100857251357631	14.054994637439643	7.705812650032545	Average Seep	Cat 1-1	S2B	S2U	Cat 2-1	Cat 3-1	C1Out	168.4025528458647	34.617274193731284	17.281928953853168	17.912694016301163	23.545726877111516	21.02534674676259	35.342835853638412	Dissolved Fe	6.8808049496670476	13.013513757247535	16.04134215492115	17.276761825596395	16.305833531729338	10.156762102155238	9.4304268596960572	6.8808049496670476	13.013513757247535	16.04134215492115	17.276761825596395	16.305833531729338	10.156762102155238	9.4304268596960572	Average Seep	Cat 1-1	S2B	S2U	Cat 2-1	Cat 3-1	C1Out	173.5053622337762	18.567952903889175	10.83611159111773	11.03153743761637	29.724004689778209	14.756274805615625	26.546848190210742	Location Within Cell 1


[Fe] (mg/L)




Total Fe	5.8429984142209355	15.807238966663368	21.062106812751061	20.76911825655413	12.074582641090522	4.0596736291152391	21.343340846401741	5.8429984142209355	15.807238966663368	21.062106812751061	20.76911825655413	12.074582641090522	4.0596736291152391	21.343340846401741	Average Seep	Cat 1-1	S2B	S2U	Cat 2-1	Cat 3-1	C1Out	176.49749839742822	23.501129189983217	24.176311390718713	19.765319516354683	16.189870416651789	6.0771744174883153	28.960257494251142	Dissolved Fe	1.140113041368366	0.67647075537970103	4.8869238020341061	3.233948510597727	0.10934033889579164	5.8187880305098937E-2	22.058518404445273	1.140113041368366	0.67647075537970103	4.8869238020341061	3.233948510597727	0.10934033889579164	5.8187880305098937E-2	22.058518404445273	Average Seep	Cat 1-1	S2B	S2U	Cat 2-1	Cat 3-1	C1Out	174.27675270404555	5.0727496836331234	3.6446290557614041	2.5026144045566601	0.13874508813740538	0.30105132402242002	19.958951179282106	Location Within Cell 1


[Fe] (mg/L)




Total Fe	4.6453925811572345	42.717018635709927	46.971052663778579	50.811760913867545	41.257784561104543	50.328048704153275	27.36561126568143	4.6453925811572345	42.717018635709927	46.971052663778579	50.811760913867545	41.257784561104543	50.328048704153275	27.36561126568143	Average Seep	Cat 1-1  	S2B  	S2U  	Cat 2-1 	Cat 3-1  	C1Out 	172.94887149884036	94.783513291964184	73.45555120574879	57.111705818977782	50.859383784694359	41.889333320575481	30.782616094023481	Dissolved Fe	13.934492359531546	44.71912468588279	64.078916377131335	46.758504451920992	41.130509636571176	40.495104998210287	35.224625779055984	13.934492359531546	44.71912468588279	64.078916377131335	46.758504451920992	41.130509636571176	40.495104998210287	35.224625779055984	Average Seep	Cat 1-1  	S2B  	S2U  	Cat 2-1 	Cat 3-1  	C1Out 	174.19404366303212	75.793209303377196	57.773179105438651	39.562976982726894	36.414362984054662	24.30316944941913	20.725211378743204	Location Within Cell 1


[Fe]total (mg/L)




14 Deg C	0	0.83	2.3199999999999998	3.39	4.5	6.48	7.09	169.96271723180413	15.728111988646242	15.465996606443923	14.107375227156174	10.763844185261325	8.082215055123859	13.075877820031531	24 Deg C	0	0.83	2.3199999999999998	3.39	4.5	6.48	7.09	168.4025528458647	34.617274193731284	17.281928953853168	17.912694016301163	23.545726877111516	21.02534674676259	35.342835853638412	19 Deg C	0	0.83	2.3199999999999998	3.39	4.5	6.48	7.09	176.49749839742822	23.501129189983217	24.176311390718713	19.765319516354683	16.189870416651789	6.0771744174883153	28.960257494251142	6 Deg C	4.6453925811572345	42.717018635709927	46.971052663778579	50.811760913867545	41.257784561104543	50.328048704153275	27.36561126568143	4.6453925811572345	42.717018635709927	46.971052663778579	50.811760913867545	41.257784561104543	50.328048704153275	27.36561126568143	0	0.83	2.3199999999999998	3.39	4.5	6.48	7.09	172.94887149884036	94.783513291964184	73.45555120574879	57.111705818977782	50.859383784694359	41.889333320575481	30.782616094023481	HRT from AMD Source (Days)

Total Iron Concentration (mg/L)
Average  	
April 	July	October	Winter	9.0757334365559647E-2	0.83367070757447659	0.47930940492249219	2.6488512569784364	Seasonal Profile Collection Month


Average D:P ratio of Iron in Cell 1



Total	
0	0.5	1	1.5	137.6278711439069	94.783513291964184	183.43663060862835	1310.0302901417067	Dissolved	
0	0.5	1	1.5	118.76353948592717	75.793209303377196	113.54776254946145	145.41455533241194	Depth from Surface (m)


[Fe] (mg/L)



Total	
0	0.5	1	1.5	50.611029043065379	50.859383784694359	50.174093712298259	663.02077532139435	Dissolved	
0	0.5	1	1.5	40.323380459209822	36.414362984054662	36.460226180658395	39.237369464041066	Depth from Surface (m)


[Fe] (mg/L)



Total	
0	0.5	1	1.5	34.067779836438596	41.889333320575481	40.083994137096006	589.05428153723733	Dissolved	
0	0.5	1	1.5	28.332910421649647	24.30316944941913	25.651528863118241	26.187456661790595	Depth from Surface (m)


[Fe] (mg/L)



J	
2011	2012	2013	7	2	11	F	
2011	2012	2013	9	10	13	M	
2011	2012	2013	9	8	11	A	
2011	2012	2013	7	2	10	M	
2011	2012	2013	13	5	17	J	
2011	2012	2013	9	5	7	J	
2011	2012	2013	6	6	12	A	
2011	2012	2013	9	8	11	S 	
2011	2012	2013	7	11	8	O	
2011	2012	2013	5	6	13	N	
2011	2012	2013	14	3	9	D	
2011	2012	2013	8	7	12	Years


Storm Frequency



2011	
0.25-0.99	1.00-1.99	2.00-2.99	3.00-max	68	11	14	16	2012	
0.25-0.99	1.00-1.99	2.00-2.99	3.00-max	43	12	6	22	2013	
0.25-0.99	1.00-1.99	2.00-2.99	3.00-max	84	9	11	30	Average (n=3)	
0.25-0.99	1.00-1.99	2.00-2.99	3.00-max	65	10.666666666666666	10.333333333333334	22.666666666666668	Rainfall Intensity (cm/hr)


Frequency of Storm Event




J	


2011	2012	2013	0.48259999999999997	1.0668	7.1627999999999989	F	
2011	2012	2013	6.4008000000000003	4.8513999999999999	5.5625999999999998	M	
2011	2012	2013	8.5344000000000015	17.7546	5.7911999999999999	A	
2011	2012	2013	17.551400000000001	19.151599999999998	12.928599999999999	M	
2011	2012	2013	31.267399999999999	7.620000000000001	19.8628	J	


2011	2012	2013	1.5493999999999999	1.7526000000000002	6.35	J	

2011	2012	2013	1.6001999999999998	3.6067999999999998	21.920199999999998	A	
2011	2012	2013	8.4581999999999997	7.0358000000000009	16.129000000000001	S 	
2011	2012	2013	10.2616	11.099799999999998	4.7751999999999999	O	
2011	2012	2013	2.5145999999999997	9.7027999999999999	11.455400000000001	N	
2011	2012	2013	14.2494	3.1242000000000001	6.0706000000000007	D	
2011	2012	2013	6.6040000000000001	2.7686000000000002	4.1402000000000001	Years


Monthly Precipitation (cm)



J	2011	2012	2013	64.621619555090788	19.500091389928713	90.433582792755516	F 	2011	2012	2013	78.032641846995787	83.275465890405229	121.04835069078567	M 	2011	2012	2013	68.991508372985606	63.775374500476516	92.480435655946408	A	2011	2012	2013	33.324442893977348	20.536862906974346	65.061638938134791	M 	2011	2012	2013	101.9026220548193	26.985880875340996	126.62443343363769	J 	2011	2012	2013	78.059332017896139	40.095920755084343	57.627338944271514	J 	2011	2012	2013	49.327580691525888	40.233066875714989	69.351457243328525	A	2011	2012	2013	60.855586411770986	65.848917534567775	71.2611639858888	S 	2011	2012	2013	49.49141698305688	85.407975382677762	63.775374500476516	O 	2011	2012	2013	34.033541827960981	40.233066875714989	93.766700093604669	N 	2011	2012	2013	114.13972670904803	22.642682228346537	70.960181573727141	D 	2011	2012	2013	63.775374500476516	60.60609349115834	105.72762165632041	
Iron (kg)



0.25-0.999	85.776644455554546	37.309309445601222	32.420524218143669	92.930005443807687	85.776644455554546	37.309309445601222	32.420524218143669	92.930005443807687	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	116.93435919492619	113.85713921611234	141.55211902543695	196.94207864408622	1.00-1.99	20.536862906974335	15.685288134690126	10.268431453487178	17.785444991478116	20.536862906974335	15.685288134690126	10.268431453487178	17.785444991478116	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	41.073725813948691	27.382483875965793	20.536862906974346	20.536862906974346	2.00-2.99	4.8411567079288655	3.6595704877348361	5.4893557316022559	5.4389598220420729E-16	4.8411567079288655	3.6595704877348361	5.4893557316022559	5.4389598220420729E-16	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	8.4514160248484771	8.4514160248484771	12.677124037272714	3.1692810093181785	3.00-max	11.057553431381436	26.869540639820311	4.1793623554634562	0	11.057553431381436	26.869540639820311	4.1793623554634562	0	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	33.434898843707636	27.862415703089699	16.717449421853821	8.3587247109269107	Rainfall Intensity (cm/hr)


Iron Transported (kg/year)




J	2011	2012	2013	9.7583795633559838	2.2352337883211266	14.109540311249708	F 	2011	2012	2013	11.879216225914774	11.609736771209112	17.569830245023386	M 	2011	2012	2013	9.5484107637581968	9.3745029828879876	13.447178230121551	A	2011	2012	2013	5.420849045870165	1.682359129969115	10.379770922770364	M 	2011	2012	2013	13.904481214638114	3.7483093218734398	19.695291092035585	J 	2011	2012	2013	11.435828990338905	6.4124867553446396	6.7652120200712513	J 	2011	2012	2013	7.806540978681209	6.3625099876763684	11.499963829900183	A	2011	2012	2013	10.096375719124014	8.2687536661839633	10.8875785164403	S 	2011	2012	2013	7.3131769754370684	12.998881291559488	9.3745029828879876	O 	2011	2012	2013	5.8547023940064333	6.3625099876763684	14.452446170003929	N 	2011	2012	2013	16.628169303217184	3.5148908858953587	11.43091928735271	D 	2011	2012	2013	9.3745029828879876	8.5382331208896236	16.061378895924481	
Iron (kg)



0.25-0.999	12.952956921092749	5.6340030677581101	4.8957575365920309	14.033171439974748	12.952956921092749	5.6340030677581101	4.8957575365920309	14.033171439974748	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	17.65802016226321	17.193335421151019	21.375498091160726	29.739823431180138	1.00-1.99	1.6823591299691147	1.2849230098639202	0.84117956498455737	1.4569657448419397	1.6823591299691147	1.2849230098639202	0.84117956498455737	1.4569657448419397	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	3.3647182599382304	2.2431455066254866	1.6823591299691152	1.6823591299691147	2.00-2.99	1.2774233146725913	0.96564125987985283	1.4484618898197783	0	1.2774233146725913	0.96564125987985283	1.4484618898197783	0	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	2.230052965328968	2.230052965328968	3.3450794479934522	0.83626986199836306	3.00-max	1.9228855914309113	4.6725573487211216	0.72678243922221997	0	1.9228855914309113	4.6725573487211216	0.72678243922221997	0	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	5.8142595137777642	4.8452162614814709	2.9071297568888821	1.453564878444441	Rainfall Intensity (cm/hr)


Iron Transported (kg/year)




J	2011	2012	2013	7.6296528926220955	6.1141433273411234	11.22596900359469	F 	2011	2012	2013	9.2138329095769791	18.004503592118297	18.103597872890131	M 	2011	2012	2013	16.318832369377997	11.890360264777174	14.73225542740953	A	2011	2012	2013	8.8454826905739861	10.048385828218791	13.139010816840567	M 	2011	2012	2013	24.017155713674004	7.0011113290020202	14.954832167887943	J 	2011	2012	2013	13.576031487517474	5.2819873337128946	18.240938776237954	J 	2011	2012	2013	6.3719377469446226	4.7525400508646527	8.7415945597749882	A	2011	2012	2013	8.2825826351769187	19.758845266532507	12.777328266438071	S 	2011	2012	2013	10.204689042036875	14.992446772026613	11.890360264777174	O 	2011	2012	2013	5.1142226012671497	4.7525400508646527	15.980905979472926	N 	2011	2012	2013	22.196540512599462	2.674130430186612	9.4740242541940614	D 	2011	2012	2013	11.890360264777174	10.968174583991191	12.483684149272163	
Iron (kg)



0.25-0.999	10.127354095974257	4.4049821513787686	3.827780053862754	10.971926883405978	10.127354095974257	4.4049821513787686	3.827780053862754	10.971926883405978	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	13.806038567601888	13.44272176319131	16.712573002886497	23.252275482276861	1.00-1.99	10.048385828218793	7.6745814449890251	5.0241929141093964	8.7021573942650097	10.048385828218793	7.6745814449890251	5.0241929141093964	8.7021573942650097	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	20.096771656437582	13.397847770958387	10.048385828218791	10.048385828218791	2.00-2.99	1.408661895668716	1.0648483020892119	1.5972724531338174	0	1.408661895668716	1.0648483020892119	1.5972724531338174	0	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	2.4591618154292885	2.459161815429288	3.6887427231439323	0.92218568078598306	3.00-max	1.3076086220174705	3.1774517960333744	0.49422960372315505	0	1.3076086220174705	3.1774517960333744	0.49422960372315505	0	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	3.9538368297852493	3.2948640248210403	1.9769184148926247	0.98845920744631233	Rainfall Intensity (cm/hr)


Iron Transported (kg/year)




J	2011	2012	2013	64.621619555090788	19.500091389928713	90.433582792755516	F 	2011	2012	2013	78.032641846995787	83.275465890405229	121.04835069078567	M 	2011	2012	2013	68.991508372985606	63.775374500476516	92.480435655946408	A	2011	2012	2013	33.324442893977348	20.536862906974346	65.061638938134791	M 	2011	2012	2013	101.9026220548193	26.985880875340996	126.62443343363769	J 	2011	2012	2013	78.059332017896139	40.095920755084343	57.627338944271514	J 	2011	2012	2013	49.327580691525888	40.233066875714989	69.351457243328525	A	2011	2012	2013	60.855586411770986	65.848917534567775	71.2611639858888	S 	2011	2012	2013	49.49141698305688	85.407975382677762	63.775374500476516	O 	2011	2012	2013	34.033541827960981	40.233066875714989	93.766700093604669	N 	2011	2012	2013	114.13972670904803	22.642682228346537	70.960181573727141	D 	2011	2012	2013	63.775374500476516	60.60609349115834	105.72762165632041	
Iron (kg)



0.25-0.999	2.967703884787452	1.2908290279158614	1.121686634861129	3.2151961634709072	2.967703884787452	1.2908290279158614	1.121686634861129	3.2151961634709072	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	4.0456997851871757	3.9392340013664602	4.8974260557528959	6.8138101645257692	1.00-1.99	0.94379574423407087	0.72083590642163509	0.47189787211703543	0.81735109049034571	0.94379574423407087	0.72083590642163509	0.47189787211703543	0.81735109049034571	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	1.8875914884681411	1.2583943256454273	0.94379574423407053	0.94379574423407053	2.00-2.99	0.11171987010921423	8.4452283660976943E-2	0.12667842549146538	0	0.11171987010921423	8.4452283660976943E-2	0.12667842549146538	0	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	0.19503419482137471	0.19503419482137471	0.29255129223206205	7.3137823058015514E-2	3.00-max	0.32227043824538731	0.78310800767844968	0.12180677635787017	3.3993498887762956E-17	0.32227043824538731	0.78310800767844968	0.12180677635787017	3.3993498887762956E-17	Spring (M,A,M)	Summer (J,J,A)	Fall (S,O,N)	Winter (D,J,F)	0.97445421086296269	0.81204517571913559	0.48722710543148134	0.24361355271574067	Rainfall Intensity (cm/hr)


Iron Transported (kg/year)





3.5355339059327378	1.4142135623730951	5.6568542494923806	3.5355339059327378	1.4142135623730951	5.6568542494923806	Section 1 (Cat 1)	Section 2 (Cat 2)	Section 3 (Cat 3)	95.5	67	46	
Total Accumulated Solids (cm)



Depth	32	29	56	74	87	96	112	117	122	150	145	158	167	90	116	84	115	114	100	87	97	83	41	49	50	50	Increasing distance from AMD Seeps (meters) 
Along the Theoretical Channel Flow Path


Accumuulated Depth of Iron Oxides (cm)



Average	
1.4142135623730951	2.5927248643506751	5.1854497287013617	1.4142135623730951	2.5927248643506751	5.1854497287013617	Section 1 (Pond)	Section 2 (Marsh)	Section 3 (Pond)	37	19.833333333333336	18.666666666666664	
Total Accumulated Solids (cm)



-3.125E-2	-1.0416666666666666E-2	0	1.0416666666666666E-2	3.125E-2	4.1666666666666664E-2	5.2083333333333329E-2	6.25E-2	8.3333333333333329E-2	9.375E-2	0.10416666666666666	0.125	0.13541666666666666	0.14583333333333331	0.15625	0.16666666666666666	0.1875	0.19791666666666666	0.20833333333333331	0.22916666666666666	0.23958333333333331	0.25	0.27083333333333331	0.28125	0.3125	0.32291666666666663	0.33333333333333331	0.34375	0.35416666666666663	0.36458333333333331	0.375	0.38541666666666663	0.41666666666666663	0.42708333333333331	0.4375	0.45833333333333331	0.46875	0.47916666666666663	0.48958333333333331	0.52083333333333326	0.53125	0.55208333333333326	0.5625	0.57291666666666663	0.58333333333333326	0.59375	0.60416666666666663	0.61458333333333326	0.63541666666666663	0.64583333333333326	0.65625	0.66666666666666663	0.80208333333333326	0.8125	0.82291666666666663	0.84375	0.85416666666666663	0.86458333333333326	0.875	0.88541666666666663	0.90625	0.9375	0.94791666666666663	0.95833333333333326	0.96875	0.97916666666666663	1.0104166666666665	1.0208333333333333	1.03125	1.0416666666666665	1.0625	1.0729166666666665	1.0833333333333333	1.1041666666666665	1.1145833333333333	1.125	1.1354166666666665	1.1458333333333333	1.15625	1.1770833333333333	1.1875	1.2395833333333333	1.25	1.2604166666666665	1.3020833333333333	1.3125	1.3333333333333333	1.34375	1.3541666666666665	1.3645833333333333	1.3854166666666665	1.40625	1.4166666666666665	1.4270833333333333	1.4375	1.4583333333333333	1.4791666666666665	1.5	1.5104166666666665	1.5208333333333333	1.5520833333333333	1.5625	1.6041666666666665	1.625	1.6354166666666665	1.6458333333333333	1.6979166666666665	1.7291666666666665	1.7395833333333333	1.7708333333333333	1.78125	1.7916666666666665	1.8020833333333333	1.8125	1.8229166666666665	1.8541666666666665	1.875	1.8854166666666665	1.8958333333333333	1.90625	1.9166666666666665	1.9270833333333333	1.9375	1.9479166666666665	1.96875	1.9791666666666665	2	2.0104166666666665	2.020833333333333	2.0416666666666665	2.052083333333333	2.1041666666666665	2.114583333333333	2.15625	2.1666666666666665	2.1979166666666665	2.208333333333333	2.21875	2.2291666666666665	2.25	2.2604166666666665	2.270833333333333	2.28125	2.2916666666666665	2.302083333333333	2.3125	2.3229166666666665	2.34375	2.3541666666666665	2.364583333333333	2.375	2.3854166666666665	2.395833333333333	2.4166666666666665	2.427083333333333	2.4479166666666665	2.458333333333333	2.46875	2.489583333333333	2.5	2.53125	2.5625	2.59375	2.6041666666666665	2.614583333333333	2.625	2.645833333333333	2.65625	2.6666666666666665	2.677083333333333	2.6875	2.708333333333333	2.71875	2.7291666666666665	2.75	2.7604166666666665	2.770833333333333	2.78125	2.7916666666666665	2.8125	2.833333333333333	2.84375	2.864583333333333	2.8854166666666665	2.895833333333333	2.90625	2.9166666666666665	2.927083333333333	2.9375	2.9479166666666665	2.958333333333333	2.9791666666666665	2.989583333333333	3	3.0104166666666665	3.03125	3.0416666666666665	3.052083333333333	3.0625	3.0729166666666665	3.09375	3.145833333333333	3.15625	3.1666666666666665	3.177083333333333	3.1875	3.1979166666666665	3.21875	3.2291666666666665	3.239583333333333	3.25	3.2604166666666665	3.2916666666666665	3.3125	3.3229166666666665	3.364583333333333	3.4375	3.458333333333333	3.46875	3.489583333333333	3.53125	3.5416666666666665	3.5729166666666665	3.6041666666666665	3.625	3.6354166666666665	3.645833333333333	3.677083333333333	3.6875	3.708333333333333	3.71875	3.7291666666666665	3.739583333333333	3.7604166666666665	3.78125	3.802083333333333	3.8125	3.833333333333333	3.84375	3.8854166666666665	3.9166666666666665	3.927083333333333	3.9375	3.9479166666666665	3.96875	3.989583333333333	4	4.052083333333333	4.0625	4.0729166666666661	4.114583333333333	4.125	4.1354166666666661	4.145833333333333	4.1666666666666661	4.1875	4.1979166666666661	4.21875	4.2291666666666661	4.239583333333333	4.25	4.2604166666666661	4.270833333333333	4.28125	4.302083333333333	4.34375	4.3541666666666661	4.3854166666666661	4.395833333333333	4.40625	4.4166666666666661	4.427083333333333	4.4375	4.4479166666666661	4.458333333333333	4.46875	4.4791666666666661	4.489583333333333	4.5104166666666661	4.520833333333333	4.53125	4.552083333333333	4.5625	4.5729166666666661	4.583333333333333	4.59375	4.6041666666666661	4.614583333333333	4.625	4.6354166666666661	4.645833333333333	4.65625	4.677083333333333	4.6979166666666661	4.71875	4.75	4.7604166666666661	4.78125	4.864583333333333	4.875	4.8854166666666661	4.895833333333333	4.90625	4.9166666666666661	4.958333333333333	4.9791666666666661	4.989583333333333	5	5.0104166666666661	5.020833333333333	5.03125	5.052083333333333	5.0625	5.083333333333333	5.09375	5.114583333333333	5.1354166666666661	5.145833333333333	5.15625	5.1666666666666661	5.1979166666666661	5.208333333333333	5.21875	5.2291666666666661	5.2604166666666661	5.270833333333333	5.28125	5.2916666666666661	5.302083333333333	5.3125	5.3229166666666661	5.34375	5.375	5.395833333333333	5.40625	5.4166666666666661	5.427083333333333	5.4479166666666661	5.458333333333333	5.46875	5.4791666666666661	5.489583333333333	5.5	5.520833333333333	5.5416666666666661	5.5625	5.59375	5.614583333333333	5.645833333333333	5.65625	5.6666666666666661	5.677083333333333	5.6875	5.6979166666666661	5.708333333333333	5.7291666666666661	5.75	5.7604166666666661	5.802083333333333	5.8125	5.8229166666666661	5.8541666666666661	5.864583333333333	5.8854166666666661	5.895833333333333	5.90625	5.9166666666666661	5.927083333333333	5.9375	5.9791666666666661	5.989583333333333	6	6.0104166666666661	6.03125	6.052083333333333	6.0625	6.0729166666666661	6.1041666666666661	6.114583333333333	6.125	6.145833333333333	6.1666666666666661	6.1875	6.1979166666666661	6.21875	6.2291666666666661	6.239583333333333	6.25	6.2916666666666661	6.302083333333333	6.3125	6.34375	6.3541666666666661	6.375	6.3854166666666661	6.395833333333333	6.40625	6.4375	6.458333333333333	6.46875	6.4791666666666661	6.489583333333333	6.5	6.53125	6.5416666666666661	6.552083333333333	6.59375	6.6041666666666661	6.625	6.6354166666666661	6.6666666666666661	6.677083333333333	6.71875	6.7291666666666661	6.739583333333333	6.7604166666666661	6.770833333333333	6.7916666666666661	6.8125	6.8229166666666661	6.833333333333333	6.84375	6.8541666666666661	6.875	6.895833333333333	6.9375	6.9479166666666661	6.958333333333333	6.96875	6.9791666666666661	7	7.020833333333333	7.0416666666666661	7.0625	7.0729166666666661	7.083333333333333	7.09375	7.114583333333333	7.125	7.145833333333333	7.15625	7.1666666666666661	7.177083333333333	7.1875	7.208333333333333	7.2291666666666661	7.25	7.2604166666666661	7.270833333333333	7.28125	7.2916666666666661	7.302083333333333	7.333333333333333	7.34375	7.3541666666666661	7.364583333333333	7.395833333333333	7.40625	7.4166666666666661	7.427083333333333	7.4375	7.458333333333333	7.46875	7.4791666666666661	7.520833333333333	7.53125	7.5416666666666661	7.5625	7.5729166666666661	7.6041666666666661	7.614583333333333	7.625	7.6354166666666661	7.65625	7.6875	7.6979166666666661	7.71875	7.739583333333333	7.75	7.770833333333333	7.8125	7.8229166666666661	7.833333333333333	7.84375	7.864583333333333	7.895833333333333	7.90625	7.9166666666666661	7.9375	7.9479166666666661	7.96875	7.9791666666666661	8	8.0416666666666661	8.0625	8.0729166666666661	8.09375	8.1041666666666661	8.125	8.1458333333333321	8.1770833333333321	8.1875	8.1979166666666661	8.21875	8.2291666666666661	8.2395833333333321	8.25	8.2604166666666661	8.28125	8.2916666666666661	8.3020833333333321	8.3125	8.3229166666666661	8.3333333333333321	8.3645833333333321	8.375	8.3854166666666661	8.3958333333333321	8.40625	8.4166666666666661	8.4270833333333321	8.4895833333333321	8.5	8.5208333333333321	8.53125	8.5729166666666661	8.59375	8.6145833333333321	8.625	8.6354166666666661	8.6666666666666661	8.6770833333333321	8.7291666666666661	8.7604166666666661	8.78125	8.7916666666666661	8.8125	8.8229166666666661	8.8333333333333321	8.84375	8.8645833333333321	8.8854166666666661	8.8958333333333321	8.90625	8.9166666666666661	8.9270833333333321	8.9375	8.9583333333333321	8.96875	8.9791666666666661	9	9.0208333333333321	9.0625	9.0729166666666661	9.0833333333333321	9.09375	9.1145833333333321	9.125	9.1354166666666661	9.15625	9.1770833333333321	9.1875	9.1979166666666661	9.2083333333333321	9.21875	9.2291666666666661	9.25	9.2604166666666661	9.28125	9.3125	9.3229166666666661	9.3541666666666661	9.3854166666666661	9.3958333333333321	9.4166666666666661	9.4270833333333321	9.4375	9.4479166666666661	9.4583333333333321	9.4791666666666661	9.4895833333333321	9.5104166666666661	9.53125	9.59375	9.6041666666666661	9.625	9.6354166666666661	9.6458333333333321	9.65625	9.6666666666666661	9.6770833333333321	9.6875	9.6979166666666661	9.7083333333333321	9.7395833333333321	9.7604166666666661	9.7916666666666661	9.8020833333333321	9.8125	9.8229166666666661	9.8541666666666661	9.8645833333333321	9.8854166666666661	9.8958333333333321	9.90625	9.9166666666666661	9.9270833333333321	9.9375	9.9479166666666661	9.9583333333333321	9.96875	9.9895833333333321	10.010416666666666	10.020833333333332	10.03125	10.041666666666666	10.052083333333332	10.072916666666666	10.09375	10.104166666666666	10.114583333333332	10.135416666666666	10.15625	10.177083333333332	10.1875	10.197916666666666	10.208333333333332	10.21875	10.229166666666666	10.239583333333332	10.25	10.260416666666666	10.270833333333332	10.291666666666666	10.3125	10.322916666666666	10.333333333333332	10.34375	10.354166666666666	10.375	10.395833333333332	10.427083333333332	10.447916666666666	10.46875	10.510416666666666	10.53125	10.541666666666666	10.5625	10.583333333333332	10.59375	10.604166666666666	10.614583333333332	10.625	10.635416666666666	10.645833333333332	10.666666666666666	10.677083333333332	10.6875	10.697916666666666	10.729166666666666	10.739583333333332	10.760416666666666	10.770833333333332	10.78125	10.791666666666666	10.802083333333332	10.8125	10.822916666666666	10.833333333333332	10.84375	10.864583333333332	10.875	10.885416666666666	10.90625	10.916666666666666	10.927083333333332	10.9375	10.947916666666666	10.96875	11	11.03125	11.041666666666666	11.052083333333332	11.072916666666666	11.083333333333332	11.09375	11.104166666666666	11.114583333333332	11.125	11.135416666666666	11.145833333333332	11.15625	11.177083333333332	11.1875	11.208333333333332	11.21875	11.229166666666666	11.25	11.260416666666666	11.270833333333332	11.291666666666666	11.3125	11.322916666666666	11.333333333333332	11.34375	11.354166666666666	11.395833333333332	11.416666666666666	11.427083333333332	11.4375	11.447916666666666	11.458333333333332	11.479166666666666	11.489583333333332	11.510416666666666	11.541666666666666	11.552083333333332	11.5625	11.572916666666666	11.583333333333332	11.59375	11.614583333333332	11.625	11.635416666666666	11.645833333333332	11.65625	11.666666666666666	11.677083333333332	11.708333333333332	11.71875	11.729166666666666	11.739583333333332	11.760416666666666	11.770833333333332	11.78125	11.791666666666666	11.802083333333332	11.8125	11.822916666666666	11.833333333333332	11.84375	11.854166666666666	11.875	11.885416666666666	11.895833333333332	11.90625	11.927083333333332	11.9375	11.958333333333332	11.979166666666666	12	12.020833333333332	12.03125	12.052083333333332	12.0625	12.072916666666666	12.083333333333332	12.104166666666666	12.125	12.145833333333332	12.15625	12.177083333333332	12.1875	12.197916666666666	12.208333333333332	12.21875	12.229166666666666	12.239583333333332	12.25	12.260416666666666	12.270833333333332	12.28125	12.302083333333332	12.3125	12.322916666666666	12.34375	12.364583333333332	12.375	12.385416666666666	12.395833333333332	12.40625	12.416666666666666	12.4375	12.447916666666666	12.458333333333332	12.46875	12.479166666666666	12.5	12.510416666666666	12.520833333333332	12.53125	12.541666666666666	12.552083333333332	12.5625	12.572916666666666	12.59375	12.604166666666666	12.614583333333332	12.625	12.645833333333332	12.65625	12.666666666666666	12.6875	12.697916666666666	12.708333333333332	12.729166666666666	12.739583333333332	12.75	12.760416666666666	12.8125	12.854166666666666	12.864583333333332	12.875	12.885416666666666	12.895833333333332	12.90625	12.927083333333332	12.947916666666666	12.958333333333332	12.96875	12.979166666666666	12.989583333333332	13	13.020833333333332	13.03125	13.041666666666666	13.052083333333332	13.0625	13.072916666666666	13.083333333333332	13.09375	13.104166666666666	13.114583333333332	13.125	13.135416666666666	13.15625	13.166666666666666	13.197916666666666	13.208333333333332	13.21875	13.229166666666666	13.239583333333332	13.25	13.270833333333332	13.28125	13.291666666666666	13.302083333333332	13.3125	13.322916666666666	13.333333333333332	13.34375	13.364583333333332	13.375	13.385416666666666	13.416666666666666	13.427083333333332	13.4375	13.447916666666666	13.458333333333332	13.46875	13.479166666666666	13.489583333333332	13.5	13.510416666666666	13.520833333333332	13.53125	13.541666666666666	13.552083333333332	13.5625	13.583333333333332	13.59375	13.604166666666666	13.635416666666666	13.645833333333332	13.65625	13.666666666666666	13.677083333333332	13.6875	13.697916666666666	13.708333333333332	13.71875	13.739583333333332	13.75	13.770833333333332	13.791666666666666	13.802083333333332	13.8125	13.822916666666666	13.84375	13.854166666666666	13.864583333333332	0.2	0.2	-0.4	0.1	-0.3	0	-0.1	-0.1	-0.3	-0.3	-0.2	-0.2	-0.3	-0.2	-0.6	-0.3	0	-0.4	-0.1	-0.5	-0.6	-0.2	-0.4	-0.3	-0.5	-0.4	-0.4	-0.3	-0.2	-0.3	-0.2	-0.8	-0.8	-0.4	-0.5	0	-0.3	-0.3	0	1.4	1	5.4	8.9	8.6	9.5	36.799999999999997	32.700000000000003	56.9	94.8	89.4	97.3	126.8	125.3	100.4	88.4	82.7	80.599999999999994	77.8	74.8	75.7	76.900000000000006	74	72.3	73.3	75.5	76	120.9	124	84.7	86	88.5	88.6	90	101.4	104.4	139.9	103.3	107.7	109	116	122.4	137.69999999999999	143.4	140.5	136.69999999999999	138.9	140	131.69999999999999	136.1	134.30000000000001	136.80000000000001	134.5	130.9	136.19999999999999	140.9	142.69999999999999	142.5	139.69999999999999	139	138	135.5	135	141.80000000000001	144.69999999999999	135.9	143.19999999999999	143.4	146.6	147	126.9	119.3	121.4	120.7	115.4	116.5	117	117.7	116.6	119	117.2	119.7	127.3	116.1	118.1	121.6	121.6	121.5	121.1	116.5	130.5	136.30000000000001	128.4	125.7	122.9	126.8	126.3	125.8	124	117.2	120.9	117.7	122.6	123	122.8	122.8	122.4	118	123.6	123.5	123.5	123.4	119.5	120.5	121.3	123.8	124.7	120.6	118.7	121.2	123	121.5	124.2	122.2	122.7	120.1	123.1	119.7	118.5	118.7	115	117.8	120.8	121.2	116.6	116.8	115.8	120.6	116.1	114.7	117.7	116.6	115.5	113.5	109.8	106.3	104.9	104.7	103.9	105.7	106	105.9	106.7	105.9	101.4	101.6	101.5	102.3	102.9	104.5	101.9	104.5	106.4	102.6	106.1	105.8	106.6	106.8	107.1	106.4	103.3	106.2	105.2	105.1	104.1	103.7	101	103.5	103.6	103.5	101.6	102.7	100.3	97.1	100.8	99.9	98.5	99.9	99.4	97.8	95.1	96.3	94.8	97.6	96.8	96.7	95.3	93.9	93.5	92.3	90.7	89.8	87.2	87.5	87.5	88.9	88.4	87.8	86.2	83.3	82.9	85.6	84.4	82.9	86	85.3	84.6	84.6	81.3	84.2	82.2	83.2	84.4	84	85.3	82.3	83.3	82.7	80	82.7	82.2	80.3	79.900000000000006	81.2	81.8	82.1	77.900000000000006	78.099999999999994	80.8	81	77.099999999999994	78	79.7	79.2	78.8	78.5	75.5	75.599999999999994	75.7	78.7	75.7	76.400000000000006	76.3	77.400000000000006	76.3	76.3	75.2	74.2	74.3	72.099999999999994	68.7	70.400000000000006	70.3	70.900000000000006	69.900000000000006	69.5	69	66.099999999999994	66.2	67.5	63.9	66.3	66.400000000000006	66.099999999999994	65.8	62.5	64	62.4	62	66.400000000000006	61.2	58.1	58.9	56.7	59.8	60.7	60.9	58.4	59.1	58.3	58.4	60.5	60.5	59.8	58.8	57.4	58.2	58.3	57.6	57.7	56.3	50.1	57	55.8	56.9	55.6	56.4	55.2	54.2	53.6	52.5	53.5	53	53.7	54.1	53.3	51.7	53	52.9	52	50.8	52.6	52.3	50.6	52.1	50.7	51.2	51	51.6	55.2	51.8	49.8	52.4	49.1	51.5	51.5	50	49.3	51	48.8	48.8	50.1	50.9	50.7	50.5	50.8	48.9	48.7	48.6	50.4	50.3	50	48.5	47.1	49.5	48.1	47.6	48.4	48.1	48.4	46.7	48.5	46.9	48.5	48.2	46.6	46.8	47.9	47.6	47	44.8	46.8	45.4	46.7	46.3	46.6	45.1	44.5	44	45	45.1	45	44.2	44.9	43.6	43.6	44.4	43.4	43.5	43.6	43.3	43.6	43.9	43.8	43.3	43.3	42.6	42.4	43.5	43	42.6	43.2	41.6	43	43.8	42.8	43.6	41.6	43.9	45.3	41.6	43.5	42.7	42.4	41.5	40.799999999999997	41.3	41	42.5	42.2	42.4	40.5	41.5	41.6	41	39.700000000000003	38.5	39.6	40.1	40.1	36.9	34.1	31.4	32.5	34.6	36	33.799999999999997	38.700000000000003	31.8	31.9	32.6	30.2	28.5	29.5	31.4	29.9	37.6	27.7	27.4	27.8	26.4	28.6	28	26.3	27.7	28.4	27.7	29	29	28.2	26.8	27.5	28.2	26.3	27.1	28.5	28	27.7	27.9	25.7	26	26.1	26.4	27.3	26.3	25.7	25.1	24.1	25	24.4	23.1	24.3	23.5	23.6	23.5	24.1	21.5	23.9	23.5	24.2	23.3	24.5	24.1	23.3	22.9	24	23.1	23.5	23.7	24.8	23.6	21.9	22.8	25.7	24	22.4	22.4	25.7	22.9	24.4	24.1	23.4	24	25.8	27.3	25.1	23.8	20.5	25.2	22.1	25.5	23.3	25.2	25	23.9	22.5	23.3	23	22.4	22.5	23.4	23.8	23.4	23.5	23.2	22.5	23.4	24	22.7	22.5	21.7	21.7	22.8	22.9	23.4	22.8	22.8	22.1	21.8	24.4	22.1	24.1	22.4	21.7	22.6	20.6	26.4	27.8	24.7	28.9	28.2	29.9	28.3	32.4	29.9	31.3	30.2	28.4	28.4	29.3	28.8	28.8	29	28.3	28.2	27.6	26.9	27.8	36.4	26.1	25.5	25.2	25.8	24.9	34.5	24.1	32.5	24	24.8	23.8	22.4	22	23.2	23.6	23.1	25	24.9	24.5	24.5	24.7	28.8	36.1	26.7	26.6	25.8	25.9	25.3	25.4	25.3	29.7	23.2	24.2	23.8	24.8	24.6	24.4	24.4	24.4	24.8	23.6	26.2	25	26.2	25.3	25.5	25.6	26.9	27.3	25.2	25.5	24.8	21.6	21.4	22.9	23.9	23.9	23.9	31.3	22.5	23.7	23.3	23.1	23.5	23.9	30.4	26	23.1	23	22.6	23.7	23.7	23.5	23.3	23.7	23.4	28.6	23.3	23.7	24.2	25.3	22.9	23.5	23.2	23.2	24.2	23.7	23.4	22.8	24.1	23.7	22.9	22.9	23.3	27.8	23	23.5	23.5	22.9	23.4	22.3	30.7	28.1	23.1	20.7	21.7	21.8	20.9	22	22.1	20.7	20	18	16.3	17.100000000000001	20.399999999999999	15.6	15.3	16.5	16.100000000000001	17.3	15	14.6	15.4	17.8	14.5	13.9	14.2	15.1	15.7	14.2	20.2	14.3	16.3	14.6	9	13.8	14.2	9	14.2	14.3	13.8	12.9	14	13.3	13.5	13.3	13.5	13.6	14	13	13.5	13.2	13.8	13.1	13.5	12.7	14.1	13.8	13.5	14.1	13.6	13.6	13.9	14	13.8	13.4	13.7	12.6	13.6	13.5	13.3	13.3	13.3	12.9	13.3	13.5	13.9	13.1	16.5	14.4	14.1	13.4	7.3	13.7	13.4	13.2	14.5	14.8	17.100000000000001	18.899999999999999	19.7	19.399999999999999	17.399999999999999	24.3	21	16.600000000000001	16.8	16.8	15.8	13.5	13.9	12.6	13.8	17.600000000000001	13	12.9	12.9	12.8	13.5	13.5	5.9	12.5	6.9	13.3	13.1	12.7	12.8	12.8	12.6	12.6	12.8	12.9	13.1	11.8	12.3	12.3	11.9	12.3	12.8	13	6.7	9.6999999999999993	12.7	12.4	12.4	13	11.9	11.9	13.4	9.6	12.6	13	12.2	12.8	11.9	12.5	11.9	11.7	12	11.5	12.7	15.8	12	12.7	12.6	9.3000000000000007	12.8	11.6	11	11.2	15.6	11.5	20.100000000000001	17.8	19.899999999999999	19.8	16.600000000000001	23.9	16.3	16.100000000000001	16.3	23.2	Time Since Dye Introduction to Cell 1 (Days)


Rhodamine Concentration (ug/L)
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Table 2.4: Statistical Anal
Flow Rate (2009-2013)

is (Two Tailed t-Test) of Oxidative Unit Flow Rate with Respect to the Average

] Avg  Stdev tCritical  Stat. Sig. with Respect to the
(L/min) _ (L/min) %RSD__ n t two-tail 5 Year Mean
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] Winter 393 76 194 8 0214 2228 Not Significant
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storm. The storm-influenced tracer study comparison for the oxidative unit is summarized in Table 5.7.

] Figure 5.14 is a comparison of the rhodamine transport profiles for C2N and €25
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