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Foreword
The U.S. Environmental Protection Agency (EPA) is charged by Congress with protecting the Nation’s land,
air, and water resources. Under a mandate of national environmental laws, the Agency strives to formulate
and implement actions leading to a compatible balance between human activities and the ability of natural
systems to support and nurture life. To meet this mandate, EPA’s research program is providing data and
technical support for solving environmental problems today and building a science knowledge base necessary
to manage our ecological resources wisely, understand how pollutants affect our health, and prevent or reduce
environmental risks in the future.
The Center for Environmental Solutions and Emergency Response (CESER) within the Office of Research and
Development (ORD) conducts applied, stakeholder-driven research and provides responsive technical support
to help solve the Nation’s environmental challenges. The Center’s research focuses on innovative approaches
to address environmental challenges associated with the built environment. We develop technologies and
decision-support tools to help safeguard public water systems and groundwater, guide sustainable materials
management, remediate sites from traditional contamination sources and emerging environmental stressors,
and address potential threats from terrorism and natural disasters. CESER collaborates with both public and
private sector partners to foster technologies that improve the effectiveness and reduce the cost of compliance,
while anticipating emerging problems. We provide technical support to EPA regions and programs, states, tribal
nations, and federal partners, and serve as the interagency liaison for EPA in homeland security research and
technology. The Center is a leader in providing scientific solutions to protect human health and the environment.
As part of the Safe and Sustainable Water Resources Research Program (SSWR) this report focuses on field
investigations of potential impacts to groundwater quality from the use of Green Infrastructure (GI) for
stormwater and wastewater management. The project was initiated as part of the SSWR 5.02 research effort.
The goal of this report is to provide initial results from three field studies (Fort Riley, Kansas; Louisville, Kentucky,
and Yakima, Washington) examining the potential impacts to groundwater resulting from the use of GI. Potential
impacts to groundwater quality are of at least three general types: 1) direct contamination of groundwater
by contaminants (e.g., metals, oil and gas, pesticides); 2) indirect contamination through changing aquifer
conditions that allow a potential contaminant to be mobilized (e.g., arsenic mobilization due to redox changes);
3) interaction of infiltrated water with existing subsurface contaminants (in either soil, subsoil, or groundwater)
that could alter the spatial extent of existing contamination and equilibria. In addition, the effort will provide the
basis for long-term research on the potential for changes in groundwater quality and potential mechanisms for
these changes if encountered as the result of the use of GI.
Ann Keeley, Director
ORD/CESER/GCRD
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Executive Summary
In the 1800s, engineering solutions for stormwater management were developed in urban areas (Burian and
Edwards, 2002; Dietz, 2007; Fletcher et al., 2015; Brumley et al., 2018). Pipes, sewers, and drainage networks
collect runoff and convey stormwater to treatment facilities or move the stormwater from the urban areas
to surface water bodies. The impermeable surfaces that characterize urban areas do not allow infiltration of
stormwater to the subsurface decreasing access to subsurface storage capacity and increasing the flood risks.
Green Infrastructure (GI) systems are designed to address these concerns by mimicking natural systems by
infiltrating runoff, facilitating groundwater recharge, and increasing storage volume. Additionally, GI systems
reduce stress on wastewater systems, decrease combined sewer overflows, modulate peak flow during storm
events, restore impaired urban waters, and improve watershed health (Bedan and Clausen, 2009; U.S. EPA, 2010;
Tedoldi et al., 2016).
In 2010, the United States Environmental Protection Agency (U.S. EPA) produced a report that analyzed several
case studies on the use of GI throughout the United States (U.S. EPA, 2010). This report promoted the use of GI
technology; however, the effects of GI on groundwater quantity or quality were not addressed. Other reviews on
the use of GI focused on other parts of the local hydrologic cycle, surface and underdrain water contamination,
or studied only one type of GI system (Brattebo and Booth, 2003; Bedan and Clausen, 2009; Eckart et al.,
2017). Generally, the studies did not address whether GI systems could potentially create a significant risk to
groundwater by creating new pathways for contaminants to be infiltrated, mobilized and transported to the
subsurface and then to groundwater resources. Contaminants may include nutrients (e.g., nitrate), metals (e.g.,
arsenic), dissolved anions (e.g., chloride), pathogens (e.g., fecal coliforms), pesticides (e.g., atrazine), and other
organic compounds (e.g., benzene) that would come from automobiles, lawn fertilizers and pesticides, sewer
overflows, and road de-icing salts.
In 2015, U.S. EPA initiated a study to examine the potential impacts to groundwater quality from the use of GI
and the results will be presented in this report. This study was conducted under the Safe and Sustainable Water
Resources program (SSWR). An overarching objective of the SSWR program is to support increased adoption of
green infrastructure into community stormwater management plans and watershed/sewershed sustainability
goals by providing information and guidance. As part of this SSWR project, three diverse locations were selected
to study based on climate, geology, type of infrastructure used, and geographic location. The three sites are
Louisville, Kentucky, Fort Riley, Kansas, and Yakima, Washington. The Louisville site is located in the CSO-190
sewershed and primarily uses underground storage galleries as the GI to capture the stormwater runoff. The
Louisville study site has a humid sub-tropical climate. The Yakima site has an arid climate and the study is
unique because wastewater is being infiltrated on the flood plain of the Yakima River. The Fort Riley site has a
permeable pavement system that infiltrates stormwater runoff and is located at Seitz Elementary School on U.S.
Army Fort Riley post. Fort Riley is in north eastern Kansas which has a humid sub-tropical climate. The purpose
of this report is to draw conclusions from these studies to provide an initial assessment on the influence of GI
on groundwater quality. This assessment will look at the individual site monitoring data through the autumn of
2018.
In general, all three studies measured a common set of geochemical and groundwater parameters and fall into
the following general categories: field parameters, carbon species, nutrients, anions, dissolved metals, and stable
isotopes of water. With a few exceptions within any category the measured parameters were identical. The
Fort Riley study had additional organic parameters measured that were not measured in the other two studies.
For the two studies that used engineered GI systems, Louisville and Fort Riley, the hydrology of the system was
investigated. The hydrology investigations of the system used sensors, hydrogeological methods, and geophysical
tools to understand the movement of water in the system.
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The results of the Louisville study indicated that there were changes to groundwater quality in wells near the GI,
however, the traditional stormwater contaminants do not appear to be accumulating in the groundwater. Based
on the analysis of the soil porewater and groundwater in this study, major anions and cations concentrations are
decreasing with time. Ion exchange and dissolution/precipitation reactions are likely the dominant geochemical
processes occurring. One process that could be problematic is reverse ion exchange reactions that may cause
sodium loading on the fine-grained materials in the vadose zone and aquifer. Plugging could occur if these
particles disperse and lead to lower stormwater infiltration rates. Phosphate groundwater concentrations
increased during this study which is problematic if groundwater is used as an irrigation source. Additionally,
surface water could be threatened if these sediments were allowed to erode into surface water body.
At the Louisville site, chromium groundwater concentrations may have begun to increase. If the groundwater at
the site was used as a drinking water source, it could be problematic for chromium concentrations to increase.
In the case of the Louisville study the groundwater is not being used as a drinking water source. Analysis of the
groundwater compared to regulatory standards indicated the groundwater receiving the stormwater runoff is
only of minor risk. The Water Quality Index (WQI) analysis also indicated that the groundwater quality in most
cases was suitable for human consumption. The greatest risk to groundwater quality is the dilution effect caused
by the infiltration of stormwater into the groundwater. The dilution is changing water from a calcium-bicarbonate
type water to a sodium bicarbonate type water. If the groundwater was being used as a water supply the dilution
could have negative effects to water treatment because most water treatment plants are designed to treat water
over a narrow range of water quality. Changes in water type could also have negative effects to the water supply
distribution system in older systems that have scale build up.
The results of the Yakima study indicated that the groundwater near the outfalls had changed as the result of the
infiltration of treated wastewater. Based on the analysis of the major anions and cations, geochemical processes,
and other constituents (DOC, nitrate + nitrite, fluoride, and phosphate) leads to the conclusion that mixing of
the upgradient groundwater with the infiltrating treated wastewater from the outfall is likely the major process
changing the water quality. The analysis of the water quality in relationship to regulatory standards suggested
that the contaminants of concern in the mixed groundwater and treated wastewater were nitrate + nitrite and
arsenic. These contaminants were present in the upgradient groundwater. Nitrate + nitrite would be the bigger
concern in the groundwater if the State of Washington arsenic regulatory limits were not considered. When the
State of Washington arsenic regulatory limits are considered, then all the samples collected which had detectable
arsenic would be of concern. The WQI analysis determined that the groundwater and treated wastewater had
excellent to good water quality during the study. WQI analysis of the treated wastewater effluent with the New
York effluent limits showed that the treated wastewater was good. Reverse ion exchange did not seem to be an
important geochemical process in the wells near the outfall. This suggested that sodium loading is not an issue
in this study. There was evidence that phosphate concentrations in the groundwater were increasing and if the
increase continues, it could be problematic to surface water at some point. Finally, the infiltration of treated
wastewater could be an important management practice for the disposal of wastewater.
The Fort Riley study was the most comprehensive GI study in this report. The vadose zone and aquifer materials
were characterized for chemical and physical properties, the hydrogeology was characterized, and water quality
samples were taken. The characterization of the vadose zone and aquifer showed that there was decrease in
finer grained materials with depth in the vadose zone. There was also heterogeneity at the study site, and in
general, the clay content decreased from north to south across the study site. The decreases in fine-grained
materials were also related to the chemical properties of the vadose zone and aquifer sediments. The cation
exchange capacity, total calcium, total sodium, total aluminum, total manganese, total iron, total silicon,
total organic carbon, and total carbon concentrations decrease with depth. This means that the sorptive and
reactive properties of the vadose zone materials decrease with depth. The ability of the vadose zone to remove
contaminants and modify the infiltrated groundwater decreases with depth.
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The hydrologic analysis suggested that the measured changes in water table elevation were not related to the
infiltrated stormwater. The water table elevations were a function of the natural infiltration and changes in
height of water in the stormwater retention basin south of the GI site. There was little evidence for mounding.
Analysis of temperature data and tensiometer performance suggest that recharge water moved through the
vadose zone in a matter of hours to a day. The tensiometers also showed that there was an effective radius in
which the water moves from the bottom and sides of the infiltration gallery. The infiltrated water only moved
out from the infiltration gallery to a radius of less than 3.1 m. The stable isotopes of water can also be used to
track the mixing of the infiltrated water in the groundwater.
The analysis of water in the vadose zone indicated that major anions and cations were transported through
the vadose zone. The vadose zone data collected, indicated that ion exchange and precipitation/dissolution
reactions were the most important. In the later sampling dates (in 2018), there was indication that reverse ion
exchange may be occurring. Reverse ion exchange could potentially be problematic since sodium could build up
on the vadose zone fine-grained particles. Excess sodium on these fine-grained particles could lead to dispersion
and dispersion could lead to plugging in the aquifer solids leading to reduced infiltration. In the vadose zone,
it was demonstrated that chloride (a conservative species) moved through the vadose zone faster than other
analytes. This also shows that the movement of nonconservative species is retarded by interactions with the
vadose zone solid phases. Another important point that chloride showed was that as chloride concentrations
increased, barium concentrations also increased and would be more mobile because of complexation of barium
with chloride forming a soluble barium chloride complex in solution. Other metals of concern can similarly be
mobilized by chlorides.
The groundwater analysis showed that the upgradient concentrations of some chemical species (e.g., uranium)
were larger than the background groundwater and the groundwater downgradient. The upgradient source
for these chemical species is not known. Sulfate concentrations in general in the downgradient wells were
decreasing similar to what was observed in the soil porewater samples. Background wells and upgradient
wells showed no trends in sulfate concentrations or increasing sulfate concentrations suggesting that the
decreasing trends in the downgradient wells were from dilution caused by the infiltrated stormwater. There
was also evidence of dilution in barium, strontium, arsenic, and uranium. There was also evidence for mixing
causing changes to groundwater quality downgradient of the infiltration gallery. The increasing phosphate
concentrations in the wells immediately downgradient of the infiltration gallery were not related to infiltrating
water. The increasing phosphate concentrations appeared to be from upgradient groundwater moving under the
infiltration gallery to these wells.
The dominant geochemical process affecting groundwater in this study varied. In some cases, such as sodium
and potassium, the dominant process appeared to be ion exchange or reverse ion exchange. In other cases,
such as with calcium and magnesium the dominant process was likely precipitation/dissolution reactions. In this
study, there was not one dominant mechanism affecting the groundwater quality downgradient. The analysis
of the organic contaminants in the study indicated that most of the organic contaminants measured were not
detectable. There was no detected organic compound that had concentration of regulatory concern. The results
of the water quality in reference to regulatory standards or advisory limits suggested that the groundwater was
potentially a risk to human health. The main drivers of risk were the MCL exceedance of uranium and arsenic
that were identified in the upgradient wells. The WQI analysis indicated that the background well water quality
and downgradient water quality was excellent too good, using the criteria discussed in Table 5.1. The upgradient
wells’ groundwater quality was rated as good to poor based on the WQI analysis.
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Key observations and findings:
		 • All three studies showed changes in groundwater quality.
		 • Mixing infiltrate water with groundwater can cause groundwater changes downgradient of the GI 			
			infrastructure.
		 • The concentration of traditional stormwater contaminants did not pose a concern with the potential 		
			 exception of chromium in the groundwater in Louisville.
		 • One of the greatest risks to groundwater quality is the dilution effect caused by the infiltration of 			
			 stormwater into the groundwater.
		 • Dilution of the groundwater by the infiltrated water could change the drinking water source chemistry
			 and impact water treatment. Dilution can be problematic if the groundwater is used as a source of
			drinking water.
		 • Phosphate concentrations increased once infiltration of water began although the phosphate 			
			 concentration increases in the Fort Riley study may not be related to GI.
		 • Reverse ion exchange is potentially occurring at the Louisville and Fort Riley study sites. Increased sodium 		
			 loading on the fine-grained particles in the vadose zone could lead to clogging of the pore spaces and 		
			 diminish infiltration and water movement.
		 •
			
			
			
			

The solubility and mobility of barium was affected by the concentrations of chloride. When chloride 		
concentrations increased the barium concentrations also increased. The converse was also true. This 		
relationship between chloride and barium can also happen with other metals such as cadmium.
The enhanced mobility of some metals could be potentially problematic when chloride salts are applied
as de-icing agents and the stormwater is infiltrated.
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1.0
Introduction
Engineering solutions for stormwater management in urban areas have been undertaken since the late 1800s
(Burian and Edwards, 2002; Dietz, 2007; Fletcher et al., 2015; Brumley et al., 2018). In built environments, the
removal of vegetation and soil is a common practice. The vegetation and soil are replaced with impervious
surfaces such as roads, buildings, parking lots, and driveways (Konrad, 2003; U.S. EPA, 2010; Brumley et al.,
2018). The replacement of natural vegetation and soil with impervious surfaces leads to an increase in flood
frequency (Konrad, 2003; Brumley et al., 2018). Because of the impermeable surfaces in built environments,
there is less infiltration and an increase in flood risk (Brumley et al., 2018). Runoff from urban development leads
to unnaturally high volumes of stormwater that move quickly over the paved surfaces to erode stream banks;
thus, large amounts of sediment can enter downstream water bodies (U.S. EPA, 2010; Brumley et al., 2018).
Traditional stormwater management relies on engineered infrastructure such as pipes, sewers, and drainage
networks that transport water to treatment facilities or rapidly move the water from the urban area and
downstream into receiving waters (Berland et al., 2017; Konrad, 2003; Brumley et al., 2018). This upsets the
natural hydrologic equilibrium by disrupting groundwater and stream recharge in favor of moving water out
of the watershed (U.S. EPA, 2010; Brumley et al., 2018). In contrast, after a precipitation event in undisturbed
settings, stormwater largely infiltrates, flowing through the vadose zone as a subsurface flow until the storage
capacity is reached and recharges aquifers or discharges into stream networks (Konrad, 2003; Brumley et al.,
2018).
Green Infrastructure (GI) systems have been developed to mimic natural infiltration and hydrologic processes
analogous to undisturbed settings. These GI systems mimic natural systems by infiltrating runoff, facilitating
groundwater recharge, restoring and retaining storage volume and correcting the impacts of urbanization
(Shuster et al., 2014; Shuster et al., 2015; Berland et al., 2017). Additional advantages of GI systems involve
reducing stress on wastewater systems, decreasing combined sewer overflows (CSOs) to receiving water,
decreasing peak flow during storm events, restoration of impaired urban waters, and improving watershed
health (Bedan and Clausen, 2009; U.S. EPA, 2010; Tedoldi et al., 2016).
Green Infrastructure generally falls into two categories: surface infiltration and subsurface infiltration (Pitt et
al., 1999). Surface infiltration involves water infiltrating from the surface, mimicking natural environmental
processes. Examples of surface infiltration structures include bioretention basins and grass swales (Figure
1-1). Subsurface infiltration is when water is directly infiltrated into the vadose zone (subsurface). Examples of
subsurface infiltration are permeable pavement and dry wells (Figure 1-2). The effectiveness of GI technologies
is determined by the local hydrogeological conditions. GI can be beneficial in residential areas, commercial
areas, industrial areas, parking lots, roads and highways (Tedoldi et al., 2016). GI generally is a more spatially
distributed approach to stormwater management (Dietz, 2007).
The United States Environmental Protection Agency (U.S. EPA) examined several case studies on the use of GI
throughout the United States, including the policies, goals, and incentives for GI stormwater management (U.S.
EPA, 2010). U.S. EPA promoted the use of GI technology; however, the effects of GI on groundwater quantity
and quality were not addressed. A variety of reviews on the use of GI have been done, but these reviews mainly
focused on the hydrology, surface and underdrain water contamination, or on one type of GI system (Brattebo
and Booth, 2003; Bedan and Clausen, 2009; Eckart et al., 2017). The limited studies that have been done on
GI designs generally rely on assumptions from local government surveys and models. Most do not incorporate
monitoring after installation for groundwater impacts (Bedan and Clausen, 2009). Generally, the studies did not
address whether GI systems would be a source or sink for stormwater contaminants, or whether they pose a
risk for groundwater contamination. GI technologies could potentially pose a risk to groundwater because these
systems create new pathways for contaminants from stormwater, anthropogenic activities, and wastewater to
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Figure 1-1. Generalized depictions of GI surface infiltration structures. A. Bioretention basin, and
B. Grass swale. (After Brumley et al., 2018).

Figure 1-2. Generalized depictions of GI subsurface infiltration structures. A. Permeable pavement, and
B. Dry well. (After Brumley et al., 2018).
be infiltrated to groundwater that did not exist before GI installation (Schirmer et al., 2013). These contaminants
include nutrients, metals, dissolved minerals, pesticides, other organics, and pathogens. Sources can include
residues from automobiles, lawn treatments such as fertilizers and pesticides, sewer overflows, and road deicing
salts (U.S. EPA, 1983; NSQD, NSQD, 2015).
Another potential mechanism for groundwater contamination occurs when the captured stormwater runoff
interacts with constituents in the soil and vadose zone mobilizing existing contamination or naturally occurring
constituents. These interactions include acid-base reactions, mineral precipitation and dissolution, sorption, ion
exchange, oxidation-reduction reactions, biodegradation, mixing relationships, and dissolution and evolution of
gases. Colloidal transport is also a concern—something that happens when the contaminant sorbs onto a benign
colloid and moves through the substrate (de Jonge et al., 2004). These interactions potentially create risks to
groundwater quality (Tedoldi et al., 2016).
Brumley et al., (2018) published a literature review of contamination to groundwater as the result of GI use. The
findings of this review were inconclusive; impacts, potential impacts, or no impacts were found. In most cases,
the review found that the study results were extrapolated to predict what may occur to the groundwater. These
results overlooked other mechanisms that could enable contaminant transport to the groundwater. In other
cases, there was no monitoring of contaminants in aquifers or deeper in the vadose zone and no groundwater
quality assessments.
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According to Brumley et al. (2018) when groundwater monitoring was conducted, it was unknown if the
sampling strategies used would detect changes in groundwater quality. In most cases information on
groundwater flow direction was limited and the relationship of monitoring points to the potential transport of
contaminants could not be determined. In addition, many of the studies did not account for lag between water
infiltration and the time it takes to transport the infiltrated water through the vadose zone to the aquifer. Lag
time is an important consideration because it is critical in understanding the transient changes to groundwater
quality. The only systems that consistently showed impacts to groundwater quality were the aquifer storage
and recovery (ASR) systems. With ASR unintended consequences were found (Brumley et al., 2018) and these
unintended consequences generally occur when the mixing of two waters with different composition and
characteristics happens. This mixing results in contamination of the aquifer from natural occurring constituents.
Urban riparian zones function as GI systems (Brumley et al., 2018). Only a few studies have been conducted on
their influence on groundwater, and there are no studies that specifically look at urban riparian zone GI as a
stormwater infiltration technology.
Due to the absence of understanding the potential risks posed to groundwater by stormwater infiltration, U. S.
EPA initiated a study examining the potential impacts to groundwater quality in 2015. Three study locations were
selected based on climate, geology, type of infrastructure used, and geographic location. The Fort Riley study is a
permeable pavement system that infiltrates stormwater runoff and is located on the Fort Riley Post. Fort Riley is
in northeastern Kansas, which has a humid sub-tropical climate. The second study site is in Louisville, Kentucky,
in the CSO-190 sewershed and primarily uses underground storage galleries to capture and infiltrate stormwater
runoff. Louisville has a humid sub-tropical climate. The final study is the Yakima study. This study is located
in Yakima, Washington, an arid climate. The Yakima study differs from the previous two studies since treated
wastewater is being infiltrated on the flood plain of the Yakima River. These studies are part of the GI research
program in the EPA’s Office of Research and Development (ORD) Safe and Sustainable Water Resources (SSWR)
research program.
The purpose of this report is to provide an initial assessment on the influence of GI on groundwater quality. This
assessment will look at the individual site monitoring data through autumn 2018 for each site.
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2.0
Analytical Methods
In general, all three studies measured a common set of parameters and fall into the following general categories:
field parameters, carbon species, nutrients, anions, dissolved metals, and water isotopes. With a few exceptions
within any category the measured parameters were the same. The Fort Riley study had additional organic
parameters not measured in the other two studies.

2.1 Field Parameters
Field parameters measured were temperature, alkalinity, pH, oxidation-reduction potential (ORP), specific
conductivity, dissolved oxygen, turbidity, and total dissolved solids (TDS). Table A-1 in Appendix A lists the field
parameters measured as part of this study, the method used, and the studies in which the parameter was
measured.

2.2 Dissolved Metal, Nutrient, Anion, Carbon Species, and Water Isotope
The carbon species measured in all three studies were dissolved organic carbon (DOC), dissolved inorganic
carbon (DIC), dissolved carbon dioxide, bicarbonate, and carbonate. The nutrients analyzed were nitrate + nitrite,
ammonia, total nitrogen (for Fort Riley and Louisville), total Kjeldahl nitrogen (for Yakima), phosphate, and total
phosphorous. In all three studies, the following anions were measured: bromide, chloride, sulfate, fluoride,
and iodide. For the dissolved metals, analysis in all three studies measured the following metals: aluminum,
antimony, arsenic, barium, beryllium, boron, calcium, cadmium, cobalt, chromium, copper, iron, potassium, lead,
lithium, magnesium, manganese, molybdenum, nickel, selenium, silicon, silver, sodium, strontium, titanium,
thallium, vanadium and zinc. Two additional dissolved metals were measured in the Fort Riley and Louisville
studies: thorium and uranium. Finally, all three studies measured the stable water isotopes δ2H and δ18O. Table
A-2 in Appendix A gives the analytical methods, preservation, and holding times for these parameters collected
in soil porewater and groundwater samples.

2.3 Organic Parameters
The Fort Riley study also included organic parameters. The organic parameters were volatile organic compounds
(VOC) listed in Table A-3 and other organic compounds listed in Table A-4 in Appendix A.
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3.0
Water Quality Sampling Methods
3.1 Fort Riley
Sampling for the Fort Riley study consisted of sampling the groundwater, and soil porewater (SPW).

3.1.1 Monitoring Wells
Groundwater was collected by a groundwater sampling network of monitoring wells and piezometers described
later in individual study sites (Section 6, 7, and 8). Water level measurements were taken before placing the
pump into the well. The water level measurements followed the K-GCRD-SOP-1132-0 standard operating
procedure. With an exception of the discrete interval sampling, the groundwater was collected using a
submersible centrifugal pump. For the monitoring wells, the pump intake was set 0.30 m below the water table
when the water table was below the top of the well screen and at the top of the screen when the water table
was more than 0.30 m above the top of the screen. For piezometers, the pump was placed 0.30 m below the
top of screen (in the middle of the screened interval). Attached to the pump is a dedicated piece of high-density
polyethylene (HDPE) tubing to convey the water to the surface. The pumping rate of less than 0.5 L/min was
used to limit drawdown.
Initially, the end of the HDPE tubing was connected to a flow cell equipped with an YSI 5600 multiparameter
probe to monitor the stabilization of geochemical parameters pH, ORP, specific conductivity, dissolved oxygen,
and temperature. The stabilization of geochemical parameters indicates that formation water is being extracted
from the well (Table A-5, Appendix A). Once geochemical parameter stability had been achieved, the HDPE
tubing was disconnected from the flow cell and a series of unfiltered samples was collected for VOCs, turbidity
and alkalinity (Table A-1 and Table A-3, in Appendix A). Turbidity and alkalinity were analyzed in the field. Once
the unfiltered samples were collected, a series of filtered samples were collected for dissolved metals, anions,
nutrients, carbon species, and stable isotopes of water (Table A-2, Appendix A).

3.1.1.1 Discrete Interval Sampling of Monitoring Wells
To better understand the aquifer hydrology and the potential chemical stratification in the aquifer, the
monitoring wells were sampled at discrete intervals along the 3.1 m screen. The 3.1 m screen was divided
into 0.6-m sections with a 0.15-m interval between sections. This allowed for up to four discrete samples to
be taken if the well screen was fully saturated or fewer depending on the depth to water in the well. Discrete
interval sampling took place in three events, August 2016, June 2017, and November 2017 to capture changes in
groundwater elevation at the site.
The discrete sampler was a 0.6-m section of screen sandwiched between two packers used to isolate 0.6-m
sections of the aquifer for sampling (Figure 3-1). The pump placed in the discrete sampler screen segment
was either a submersible centrifugal pump or a 0.03 m bladder pump. The pump intake was located within
the screened interval of the discrete interval sampler. To ensure that water entering the discrete sampler was
from the packed off interval, a low flow rate was applied to the pump (less than 0.25 L/ min). Water level
measurements were taken before placing the pump in the well. The water level measurements were used to
determine the depth of the first sampling interval. The discrete interval sampler was lowered into the well to
the desired depth of the first sampling interval which was at the water level determined. A dedicated piece of
HDPE tubing was connected to the pump. The other end of the tubing was connected to a flow cell equipped
with an YSI 5600 multiparameter probe. The collection of samples followed the procedure outlined for the
monitoring wells (above). Once the samples were collected at the first interval, the sampler was lowered to the
next sampling interval. The next sampling interval was 0.15 m from the bottom of the previous sampling interval,
or the sampler was lowered 0.71 m. The sampler was lowered until all desired sampling intervals in a well were
obtained.
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Figure 3-1. Discrete interval sampler. A. shows the sampler and B. is a close-up of the upper packer.

3.1.1.2 Upgradient Sampling
Preliminary data collected at the Fort Riley Study Site indicated the potential for higher concentrations of some
analytes upgradient at the study site. Therefore, an upgradient sampling plan at the site was developed to
characterize groundwater moving into the site. As part of this sampling plan, seventeen temporary wells were
installed (See Figure 3-2 for temporary well locations) upgradient of the existing groundwater network.
Temporary monitoring wells were installed in October 2018. The wells were installed approximately 1.5 m
below the potentiometric surface observed at the time of drilling (9.1 to 12.2 m below land surface). Table D-1,
Appendix D provides the location of the temporary wells.
Temporary monitoring wells were constructed with 5.08-cm, threaded PVC screens and casings with O-rings
installed by hand using sand and bentonite packs as required. Upon completion, the wells were developed
by pumping and surging with a Proactive stainless-steel submersible pump until the produced water cleared.
Once the temporary well was developed, samples were collected (as outlined in Section 3.1.1). After sample
collection, the temporary well was decommissioned.

3.1.1.3 Soil Porewater Sampling
Soil porewater was sampled using soil porewater samplers (UMS SIC20 and SICS20). The K-GCRD-SOP-1153-0
describes the detailed procedure used. To extract soil water in the unsaturated zone, the soil water tension must
be surpassed by the sampler’s potential – that is, a vacuum must be applied.
This method uses discontinuous evacuation method with a portable vacuum pump. The collection bottle was
attached to the porewater sampler tube using an airtight connection. The collection bottle was then evacuated
to approximately -0.85 bar. If the soil water tension is more than -0.85 bar, SPW will be extracted until vacuum
and SPW tension equilibrate. The collection bottle was evacuated again, and the cycle repeated until the desired
volume of soil porewater is collected. The collection flask was placed in a cooler with ice for preservation. When
the temperature was below freezing, samples were not collected to avoid water freezing in the collection tubing
and damaging the sampler.
Once the collection of the porewater sample was finished, the collection bottle was disconnected from the
porewater sampler tubing. The porewater sample was then passed through a 0.45 µm filter using a 60 mL
syringe to collect the samples for the desired analytes (see Section 3.1.1). Because the volume of porewater
sample collected was sometimes limited, sample parameter collection priority was established. During samplings
in which organic parameters were collected, the priority was to collect a sample for organic compounds. Then,
depending on the remaining sample volume, the samples were prioritized based on established procedure.
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Figure 3-2. Temporary well locations at the Fort Riley study site. Red balloons indicate the locations where the temporary wells were installed. The
cyan circles show existing monitoring wells, the red area is the location of the infiltration gallery, and the black outlined area is the outline of the
parking lot. (Source: Google Earth)
7

3.2 Louisville
3.2.1 Groundwater Sampling
The groundwater sampling methods for the Louisville study site were the same as those used in the Fort Riley
study with the exception that VOCs and organic compounds were not sampled in this study. See Section 3.1.1.1
for sampling method description.

3.2.2 Soil Porewater Sampling
Soil porewater sampling at the Louisville study site was the same as the Fort Riley study, again except for the
organic compounds which were not sampled as part of this study. See Section 3.1.1.4 for sampling method
description.

3.3 Yakima
Sampling for the Yakima study consisted of sampling the groundwater and outfalls. The methods by which each
of these was sampled are described below.

3.3.1 Groundwater Sampling
Groundwater was collected from a groundwater sampling network described later (Section 7.3.1). Water
level measurements were taken prior to placing the pump in the well or pumping the well. The water level
measurements followed the K-GCRD-SOP-1132-0 standard operating procedure. The water level obtained was
used to determine the purge volume using Equation 3.1 and using three well volumes for the purge.
				

Purge Volume (mL) = 3 × π × r2 × H				

Equation 3.1

where H = water level in cm from the bottom of the well, r = radius of the well casing in cm.
Once the purge volume was calculated, new polyethylene tubing was inserted into the well with the inlet of the
tubing about 15 cm from the bottom of the well. The surface end of the polyethylene tubing was attached to a
peristaltic pump. The pumping rate was set to less than 500 ml/min. The well was pumped until water was clear
of all sediment and three well volume purged the sample collection followed the same procedures as Fort Riley.
For samples that require filtering, filtered with 2.5-cm or 4.7-cm diameter 0.7 µm GF/F filters using filter cups
under low vacuum, peristaltic pump, or with a 60 mL syringe and syringe filter holders.

3.3.2 Outfall Sampling
Outfall samples at the Yakima study site consisted of a series of grab samples for the parameters of interest
(Section 2) or by use of a peristaltic pump (Narr et al., 2019). Grab samples were collected by directly submerging
the sample bottles into the water body and allowing the bottle to fill. Sample collection using the peristaltic
pump was accomplished by placing HDPE tubing in the water body. Once the tubing was in place, the pump was
used to transfer water to fill the sample bottles. Geochemical parameters were collected in the field by filling
the cup of the multi-parameter sonde (Hydrolab) and allowing the probes to stabilize. Once probes stabilized the
values of the geochemical parameters were recorded.
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4.0
Hydrogeologic Methods
4.1 Water-Level Measurements
Manual water-level measurements in wells and piezometers were routinely performed as described in
standard operating procedure K-GCRD-SOP-1132-0 and automated measurements using pressure transducers
were performed according to procedure K-GCRD-SOP-1134-0. Hydraulic gradients were estimated using
both potentiometric surfaces interpreted from manual groundwater elevation measurements and the 3PE
spreadsheet application (Beljin et al., 2014). This application allowed gradients to be estimated on a frequent
basis which provided more representative information regarding the range of hydrologic conditions at the site.

4.2 Hydraulic Conductivity
Field measurements of hydraulic conductivity at both the Fort Riley, Kansas, and Louisville, Kentucky, sites were
made using pneumatic slug testing techniques as described in procedure K-GCRD-SOP-1103-1. Due to the high
hydraulic conductivity of the aquifer materials, pneumatic slug tests were performed using equipment like that
depicted in Figure 4-1. The method was based on recommendations derived from Butler (1997) and used air
pressure and vacuum to initiate near-instantaneous changes in hydraulic head within the well combined with
high frequency monitoring of the aquifer response using a data logger and pressure transducer. This method was
needed for meaningful slug tests in the high-hydraulic conductivity media at these sites. The response data were
analyzed using the methods of Bouwer and Rice (1976) and Springer and Gelhar (1991).

Figure 4-1. Typical equipment used to perform pneumatic slug tests.
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4.3 Borehole Flowmeter
A sensitive electromagnetic borehole flowmeter was used to define the hydraulic conductivity distribution of
aquifer materials at the Fort Riley site using procedure K-GCRD-SOP-1092-1. The studies consisted of measuring
the vertical component of groundwater flow at fixed intervals in wells under undisturbed (ambient) and pumping
conditions. Measurements made during constant-rate groundwater extraction defined the distribution of
groundwater flow to the well. The rate of water flow to the well from an individual interval was proportional to
the hydraulic conductivity of the materials adjacent to the screen. Therefore, knowledge of the contribution of
flow from each measurement interval allows interpretation of the hydraulic conductivity of each interval relative
to the average hydraulic conductivity of materials screened by the well (Molz et al., 1994; Young et al., 1998).
The electromagnetic borehole flowmeter used in these studies was a commercially available system
manufactured by Tisco, Inc., consisting of a 1.3-cm ID downhole probe, a 2.5-cm ID downhole probe, and an
uphole electronics module. Probe design is based on Faraday’s Law that states that the voltage induced by an
electrical conductor moving through a magnetic field is directly proportional to the velocity of the conductor.
The major components of the probe include an electromagnet and a pair of electrodes mounted at right angles
to the poles of the magnet. The downhole probe is designed as a hollow iron core through which water flows.
The electromagnet surrounding the core produces a strong magnetic field. A voltage that is proportional to the
average water velocity is generated as the conductor (i.e., groundwater) flows through the magnetic field. An
uphole electronics package connected to the probe amplifies and displays the voltage signal. Real-time data
acquisition is controlled by an associated computer. The system is capable of measuring flow rates ranging from
less than 0.040 L/min to 40 L/min.
Before conducting the study, the flowmeter was calibrated in a test cell constructed of materials identical to
those of well construction. Calibration was performed by measuring water discharge from the test cell and
comparing the measured discharge rate with the associated voltage measured by the flowmeter. Flow rates were
chosen to span the range of rates that would be used in the field. Data obtained during the calibration phase
indicated that the meter responses for both the 1.3-cm ID probe and the 2.5-cm ID probe were linear over the
range of potentially applicable flow rates.
The field tests were conducted using a procedure based on the methods of Molz et al. (1994) and Young et al.
(1998). Flow rate measurements using the electromagnetic borehole flowmeter were made under ambient and
constant-rate pumping conditions at a measurement interval of approximately 30 cm within the well screen. The
use of the 1.3-cm ID probe was attempted for flow measurements under ambient conditions, however, extreme
variability, likely due to electromagnetic interference, required using the less sensitive, 2.5-cm ID probe that
was used for all measurements under pumping conditions. The tests were performed at constant pumping rates
ranging from 3.4 L/min to 4.3 L/min. The rates were chosen to induce flow from each test interval with negligible
head loss across the downhole probe. Each test was performed using the following general protocol:
		 1. Ambient vertical flow rates were measured from total depth to the top of the screen or water table
			 under static conditions.
		 2.
			
			
			

The flowmeter probe was lowered to the bottom of the well. A submersible pump was installed
at the water table and pumping was initiated to establish a horizontal flow field. The discharge rate
from the pump was measured using a graduated cylinder and a stopwatch at intervals not exceeding 		
approximately 30 min.

		 3. The flowmeter was then used to measure vertical flow rates at each of the elevations occupied
			 during the ambient flow profile.
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Measurements of vertical flow rates under ambient and constant-rate pumping (induced flow) conditions were
analyzed using methods described by Molz and Young (1993) and Young et al. (1998). The sign convention
used in this study was positive for upward flow and negative for downward flow within the well. The ambient
flow rate at each measurement point was subtracted from the flow rate measured at that elevation under
constant-rate pumping to obtain the portion of total flow due only to pumping. The differences between these
pumping-induced flow rates at different elevations represent the differences in horizontal flow toward the well
due to differences in hydraulic conductivity of aquifer materials and hydraulic gradients. It was assumed that the
hydraulic head distribution along the well screen was essentially uniform under the low flow rate conditions of
these tests. This allowed the relative hydraulic conductivity distribution to be estimated using Equation 4-1:
													

Equation 4-1

where:
is the average hydraulic conductivity of screened materials, Ki is the horizontal hydraulic conductivity
of interval i, DQi is induced flow from interval i, Dqi is ambient flow from interval i, Dzi is the thickness of interval
i, QP is the total extraction rate, and b is the aquifer thickness influenced by the test. For each measurement
interval, the unitless hydraulic conductivity relative to the average hydraulic conductivity was then converted
to an estimate of the hydraulic conductivity of each measurement interval in units of length per time using an
estimate of the average or bulk hydraulic conductivity obtained from pneumatic slug tests.

4.4 Borehole Geophysical Methods
Two borehole geophysical tools, natural gamma (Century Geophysical Corporation tool number 9012) and
induction conductivity (Century Geophysical Corporation tool number 9510), were used to characterize site
lithology using wells and piezometers. Natural gamma tools contain a sensor that detects gamma radiation
produced primarily from isotopes of potassium, thorium and uranium found naturally in materials surrounding
the borehole. Shale and sediments derived from the weathering of shale have a high clay content derived
from the weathering of potassium rich minerals (e.g., potassium feldspar and mica) that often concentrate
uranium and thorium (Keys, 1989). Consequently, shales, and clay rich sediments yield relatively high levels of
gamma radiation. The differences in clay content allow natural gamma tools to detect changes in lithology and
determine relative clay content.
The induction conductivity tool measures the electrical conductivity of subsurface materials. This is done by
generating a magnetic field in materials around a well with a transmitter coil, which results in a current (e.g.,
current loop or eddy current). The current loop generates a secondary, out of phase magnetic current in the
material, which induces in-phase voltage in the receiver coil. The conductivity of the material is a function of the
ratio of the current circulating in the material to the voltage induced in the receiver coil (Keys, 1989). Generally,
clean sands and gravels have lower electrical conductivity (e.g., higher resistivity) values than sediments with
silt and clay. The vertical resolution of the 9510 tool is a function of the coil spacing and may not be capable of
resolving beds less than 1.5 m).
These wire line tools were used with the GCRD geophysical logging trailer (Century Geophysical Corporation).
Each sonde was lowered to the bottom of the borehole and allowed to equilibrate to the ambient groundwater
temperature before logging. To log the wells, each tool was moved upward at 0.1 m/s, while computer software
recorded responses from the sensors (Figure 4-2). Calibration checks were performed on the induction
conductivity tool at the beginning and end of each day.
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Figure 4-2. Geophysical logging trailer with natural gamma logging tool at FRGW12.

4.5 Direct-Push Soil Electrical Conductivity Profiling Survey
The electrical conductivity (EC) of subsurface material was measured using the GeoProbe 6610T rig to advance
a direct-push electrical conductivity probe. The probe consists of a four-electrode Wenner array with a 0.02
m inner electrode spacing. As the probe is advanced, current is applied to the outer electrodes and voltage is
measured by the inner electrodes (Schulmeister, et. al, 2003). As with the induction conductivity tool, clean
sands and gravels are generally characterized by low EC and increased clay content results in increases in EC.
Vertical resolution of the probe is approximately equal to the inner electrode spacing (i.e., 20 cm). The higher
resolution of soil EC probe allows the identification of thinner stratigraphic units than the induction tool.
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5.0
Data Analysis Methods
5.1 Background Data
Background groundwater data for the Fort Riley, Louisville, and Yakima study sites were collected from various
databases and the literature. Secondary data from these sources were screened based on various evaluation
criteria, such as: (1) did the organization that collected the data have a quality management system in place; (2)
were the secondary data collected under an approved Quality Assurance Project Plan or other similar planning
document; (3) were the analytical methods used comparable to those used for the primary data; (4) did the
analytical laboratories have demonstrated competency (such as through accreditation) for the analysis they
performed; (5) were the data accuracy and precision control limits stated and similar to the primary data; (6) are
the secondary data source method detection limits (MDLs) and quantification limits (QLs) comparable to those
associated with the primary data; and (7) were sampling methods comparable to those used for the primary
water quality data collected for this study. In general, the necessary accompanying metadata are unavailable for
the secondary water quality data sources to fully assess these evaluation criteria; thus, the secondary data are
used with the understanding that they are of an indeterminate quality relative to the requirements specified for
this study.
Sampling is not always required to establish background, as some anthropogenic constituents can only be
attributed to a source and therefore, there would not be background concentrations. Some constituents (e.g.,
metals) may occur either naturally or result from human activities. In these studies, generally all wells in each
sampling round were sampled for the full suite of inorganic constituents so that if anthropogenic or natural
background levels were present, they would be accounted for.
EPA also located published information about the aquifers in the area as well as any water quality data available
from local, state, or federal entities. Where available, well construction records were also reviewed. EPA
used a systematic approach to plan and implement well purging and sampling and analytical procedures, as
documented in each case study QAPP, to ensure consistent results, comparability, and usefulness of data.
The use of historical data to determine background water quality has several limitations (Battelle, 2013; Reiman
et al., 2008; Matschullat et al., 2000). Battelle (2013) highlighted the QA issues and sample collection methods
regarding the use of secondary data. Battelle (2013) also discussed the intended purpose of the database being
considered. Therefore, it is possible that some databases also contain data that are not background.
A conservative approach to comparing the data collected during this study was used initially as a screening
method for determining whether there were potential impacts on water quality. As previously described, the
process will use limited filtering of the historical data, and all the historical data will be compared with the study
data. If suspected contamination has occurred, it is discussed further in this report.
Other approaches can be used to help delineate background in geochemical data (Matschullat et al., 2000;
Reimann et al., 2008). Matschullat et al. (2000) proposed several other means of determining background
concentrations, specifically, methods designed to predict the upper limits of the threshold of background. These
methods include the Iterative 2σ technique (σ is the standard deviation), the 4σ outlier test, the calculated
distribution function, and the Inflection points on a cumulative frequency curve. Reimann et al. (2008) suggested
the use of the mean ± 2σ. Matschullat et al. (2000) concluded that the iterative 2σ-technique and the calculated
distribution function provide realistic approximations of the background condition; however, they further point
out that no single method can provide absolute results due to the inherent complexity of geochemical data sets.
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5.2 Anion Cation Balances
The software package AqQA (version 1.5.0; Rockware) was used to evaluate internal consistency of water
composition by calculating cation/anion balances. Major-ion charge balances were calculated by comparing the
summed milliequivalents of major cations (calcium, magnesium, sodium, and potassium) with major anions
(chloride, sulfate, and bicarbonate) in filtered samples using the Equation 5-1.
														Equation 5-1
Where the charge balance is the cation/anion balance, ∑cations are the sum of the major cations and ∑anions
are the sum of the major anions.
For the study and background datasets, samples with a charge balance error less than about 15% were used for
water-type analysis and for constructing geochemical plots such as Piper or Schoeller diagrams. Charge balance
errors greater than 15% would result in erroneous water-types and geochemical plots. In most cases, charge
balance errors exceeding the 15% criterion were due to missing concentrations of major cations or anions.
Charge balance criteria were not used to screen data for use in summary statistic calculations and for plotting
box and whisker diagrams.

5.3 Statistical Analysis
Intra-site variability of the data collected in this study was examined by evaluating time dependent concentration
trends at specific locations. Summary statistics were calculated for selected parameters (e.g., mean, median,
standard deviation, minimum, and maximum values). Parameters with non-detect values were set at half
the MDL. Summary statistics determined for parameters that showed mixed results, both larger than QL and
less than QL, were generally determined only when at least half the concentration data were larger than the
censoring level (US EPA, 2000). In rare cases data censoring was required (e.g., for iron and manganese) and
these are noted in the tabulated data.
Statistical evaluations were carried out using the Systat (version 13) and Origin (version 2019b) software
packages. Hypothesis testing for the water quality data was performed using parametric and nonparametric
methods. An assumption underlying parametric statistical procedures is that datasets are normally distributed
or can be transformed to a normally distributed form; data transformations in some cases included logarithmic
functions. Post-hoc tests were performed to determine significant differences among water quality datasets
for particular analytes, including the Tukey multiple comparison tests for parametric method and Dunn’s Test
for nonparametric methods. A p-value < 0.05 was interpreted as a significant difference between compared
datasets. Given the exploratory nature of this study, p-value adjustments were not incorporated (e.g., Bonferroni
or Šidák correction factors) and the traditional significance threshold of 0.05 was applied for these data
comparisons (Milliken and Johnson, 2009).
Trend analysis performed on time series data was performed using the Mann-Kendall test. The Mann-Kendall
test is a nonparametric test that identifies a trend in a time series, which is useful for situations where a seasonal
component is present. The null hypothesis H0 for the Mann-Kendall test is that there is no trend in the data. The
alternative hypotheses are that there is an increasing or decreasing trend. The Mann-Kendall test also gives an
estimation of the slope of the trend. A positive slope indicates an increasing trend and a negative slope for a
decreasing trend. A Mann-Kendall analysis that had a confidence level of ≥ 0.85 was used as an indication that a
trend was present in the data. However, a confidence level used to indicate a significant trend was set at 0.90
(p = 0.10).
Regression and correlations of data were performed using least squares linear regressions. The null hypothesis,
H0 for a regression is that the slope of the line is equal to zero and the F-test is used to determine whether or not
the regression is significant. If the Prob > F is less than 0.05 than the null hypothesis is rejected, and the slope
is significantly different than zero. The r2 value tells us how much of the variability of the fit is explained by the
response. The larger the r2 the more variability is explained and the more reliable the fit is.
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5.4 Water Quality Index (WQI)
A Water Quality Index (WQI) is an attempt to take complex water quality data and information and transform it
into a score that is easily understood and usable for decision makers and the public. The concept of a WQI was
first proposed by Horton in 1965 (Horton, 1965; Tyagi et al., 2013) and the WQI has been recognized by several
organizations or governmental bodies such as the National Sanitation Foundation (NSF), Canadian Council of
Ministers of the Environment (CCME) and the State of Oregon (Tyagi et al., 2013). Several different methods for
calculating the WQI have been proposed (Brown et al., 1970; Willis and Irvine, 1996; Cude, 2001; Stigter et al.,
2006; Saeedi et al., 2010; Terrado et. al., 2010; Vasanthavigar et al., 2010; Gebrehiwor et al., 2011; Tyagi et al.,
2013; Varola and Davraz, 2015; Bora and Goswami, 2017; Shah and Joshi, 2017).
The approach taken in this research was the weighted arithmetic approach. This approach was taken because it
is simpler than the alternatives and does not require complicated statistics, considers health hazards, is easy to
communicate, and considers the influence of different parameters on water quality. The drawback to the use of a
WQI is that a single value does not reflect the story of water quality and a flawed number for a parameter could
over-emphasize or diminish its real contribution to the actual water quality. Although there are drawbacks to the
WQI approach, it is still a useful approach to understanding water quality and the impact that changes in water
quality could have. However, one still should use health-based water quality criteria to assess water quality.
The WQI approach used in this research only considered human health-based parameters to judge water quality.
The human health-based criteria used to judge the WQI were the National Primary Drinking Water Regulations
and National Secondary Drinking Water Regulations (US EPA, 2017), State Drinking Water Standards, and New
York Effluent Limitations for Discharges to Groundwater (used for wastewater only; 56 CRR-NY §706.6, 2019).
Equation 5-2 shows the equation for the calculation of the WQI.
														Equation 5-2
Where Qi is the quality rating for the ith parameter and Wi is the weighting factor for the ith parameter. The
calculation for Qi is given in Equation 5-3.
														Equation 5-3
Where Va is the actual value of the parameter for Qi, Vi is the ideal value (Vi = 0 for all parameters used in this
research), and Vs is the value of the regulatory limit for parameter Qi. The calculation for the weighting factor is
given in Equation 5-4.
														Equation 5-4
Where k is the constant of proportionality and is calculated in Equation 5-5.
														Equation 5-5
The water quality assessment based on the WQI is given in Table 5-1. Parameters and standards used in the WQI
assessments are listed in Table 5-2.
Table 5-1. Water Quality Index Scores and Water Quality Assessments
WQI Score
0 – 25
26 – 50
51 – 75
76 – 100
>100

Water Quality Assessment
Excellent
Good
Poor
Very Poor
Unsuitable for drinking
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Table 5-2. Human health-based standards used for the WQI analysis in this study.
Kansas Surface
Water Quality
Standards
Domestic Water
Supply2

Kentucky
Domestic
Water Supply
Standards3

Washington
CWA
Effective
Criteria4

New York
Groundwater
Effluent
Limitations for
Discharges5

Parameter

Units

National Primary
and Secondary
Drinking Water
Standards1

Total Dissolved Solids

mg/L

500

500

250

500

1000

mg N/L

10

10

10

10

20

Chloride

mg/L

250

250

250

250

500

Sulfate

mg/L

250

250

250

250

500

Fluoride

mg/L

4

4

4

4

3

Silver

µg/L

100

100

100

50

100

Nitrate + Nitrite

Aluminum

µg/L

50

50

50

50

-----

Arsenic

µg/L

10

10

10

10

50

Barium

µg/L

2000

2000

1000

1000

2000

Beryllium

µg/L

4

4

4

4

-----

Cadmium

µg/L

5

5

5

10

10

Chromium

µg/L

100

100

100

50

-----

Copper

µg/L

1000

1000

1300

1000

400

Iron

µg/L

300

300

300

300

600

Manganese

µg/L

50

50

600

Nickel

µg/L

Lead

µg/L

Antimony

50

50

610

610

15

15

15

15

50

µg/L

6

6

5.6

6

6

Selenium

µg/L

50

50

50

50

20

Thallium

µg/L

2

2

0.24

1.7

-----

Uranium

µg/L

30

30

30

30

-----

200

US EPA, 2017
KDHE, 2015
3
Commonwealth of Kentucky, 2016
4
State of Washington, 2016
5
6 CRR-NY §706.6, 2019
1
2
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5.5 Chloro-alkaline Index
Chloro-alkaline indices (CAI) are useful in determining the importance of ion exchange reactions (Schoeller, 1965;
Schoeller, 1967; Zaidi et al., 2015, Batabyal and Gupta, 2017; Ndoye et al. 2018). There are two CAIs that are
used, and the equations are listed below (Equations 5-6 and 5-7).
														Equation 5-6
														Equation 5-7
All concentrations in these equations are meq/L. Positive CAIs signifies reverse ion exchange reactions where
sodium and potassium in the soil porewater replaces calcium and magnesium on the solid phases and releases
calcium and magnesium to the water (Schoeller, 1965; Schoeller, 1967; Zaidi et al., 2015, Batabyal and Gupta,
2017; Ndoye et al. 2018). Negative CAIs denotes ion exchange reactions where calcium and magnesium in the
water replaces the sodium and potassium on the solid phases, releasing sodium and potassium into the water
(Schoeller, 1965; Schoeller, 1967; Zaidi et al., 2015, Batabyal and Gupta, 2017; Ndoye et al. 2018).

5.6 Geochemical Modeling
The geochemical modeling used the Geochemist’s Workbench Professional Software Package Release 12 (Bethke
et al., 2018a). Geochemical modeling was used to calculate the solution activities of select chemical species and
to calculate the saturation indices of common mineral species potentially occurring at the study sites or which
may form during the infiltration of stormwater or wastewater and subsequent mixing with the groundwater.
Another use for geochemical modeling was the creation of activity diagrams and Eh – pH diagrams. The final
geochemical modeling application was reaction path modeling using the React application in Geochemist
Workbench (Bethke et al., 2018b). Details of geochemical modeling can be found in Section 1.3 in Appendix A.
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6.0
Louisville Study
6.1 Louisville Study Summary
Based on the analysis of the soil porewater and groundwater in this study, it is indicated that major anions and
cations are decreasing with time. Ion exchange and dissolution/ precipitation reactions are likely the dominant
geochemical processes occurring. One process that could be problematic is reverse ion exchange reactions that
could cause sodium loading on the fine-grained materials in the vadose zone and aquifer and lead to these
particles dispersing. Dispersion over time could cause plugging and lower the infiltration rates of stormwater.
Phosphate concentrations also increased with time. Increasing phosphate in the groundwater could degrade
water quality, especially if the groundwater would be used as an irrigation source.
Chromium concentration, if it continues to increase, could be problematic if the groundwater was used as a
drinking water source. In the case of the Louisville study the groundwater is not being used as a drinking water
source.
Analysis of the groundwater compared to Federal regulatory standards indicates the groundwater receiving the
stormwater runoff is only of minor human health risk. The WQI analysis also indicates that the groundwater
quality in most cases was suitable for human consumption. In one well, MW-03 during 2018 the water would not
be suitable for human consumption.
The greatest risk to groundwater quality is the dilution effect caused by the infiltration of stormwater into the
groundwater. If the groundwater was being used as a water supply the dilution could potentially have negative
effects to water treatment. These negative effects could have negative effects on the water supply distribution
system in older systems.

6.2 Overview
The Louisville study is part of the GI research program in the EPA’s Office of Research and Development
(ORD) Safe and Sustainable Water Resources (SSWR) research program. The project was conducted under a
Cooperative Research and Development Agreement1 (CRADA) between EPA’s CESER and Louisville and Jefferson
County Metropolitan Sewer District (MSD).
The Louisville study was conducted in the Portland neighborhood in Louisville, Kentucky. The study site is
located in a 58.7 hectare sewershed known as CSO190 (Figure 6-1). CSO190 is a mixed land use sewershed with
residential, light industrial, and commercial areas; and the Ohio River is approximately 1 km to the north of MW01. MSD, under terms of the negotiated consent decree2, will use GI to reduce the annual overflow frequency
(from 54 to 8) and overflow volume (from 136 ML to 13.8 ML). Both the frequency and volume were based on a
statistical rain year outlined in the consent decree.
To meet the consent decree goals, the MSD opted to use GI stormwater control measures (SCMs). The MSD
selected a combination of underground infiltration galleries (UIGs) and bioinfiltration areas (planted bumpouts)
to intercept stormwater runoff before it entered the combined sewer system (CSS). During rain events, part
of the runoff volume drained to the planted bumpouts through curb cuts with some water infiltrating into the
media and subsurface. When the runoff exceeded the infiltration capacity (as is expected in most rain events),
the excess water ponded in the bump out until water levels reached the rim elevation of the overflow. The
excess water then bypassed to catch basin and entered the pipe network that routed water to the water quality
CRADA #834-14 became effective on March 3, 2015.
Civil Action 3:08-cv-00608-CRD

1
2
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Figure 6-1. Map of CSO190 sewershed in the Louisville Study. The blue shaded area is the initial construction phase and the other shaded sections
followed. (Source: MSD)
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unit (WQU) and the UIGs. The other portion of the area draining entered the WQU serviced by a curb-and-gutter
design, which directed flow to the UIG. Sediment settled in the sump storage area, and oils, floating trash, and
debris rose to the surface. The surface runoff that exceeded the receiving capacity of GI SCMs drained to the
sewer basin directly.

6.3 Louisville Climate
Louisville is in the Bluegrass Region of Kentucky and has a humid subtropical climate (Plantmap.com, 2019;
Weatherbase, 2019). This climate type is described by relatively high temperatures and evenly distributed
precipitation. Figure 6-2 shows monthly temperature and precipitation data obtained from the NOAA (NOAA,
2019c). As is shown on Figure 6-2A, the hot season ranges from beginning in mid-May and lasts until midSeptember. The mean temperature extremes during this time are about 17 °C and 33 °C (NOAA, 2019c). The
cold season typically runs from December through February. The mean temperature extremes range from -3
°C to 9 °C during this period (NOAA, 2019c). The mean yearly precipitation for Louisville is 1140.7 mm (NOAA,
2019c). Between March and July, there is typically the greatest precipitation of the year. The most snowfall
occurs between December and February (Figure 6-2B). Louisville typically receives 317 mm of snow each year.
The average wind speeds in Louisville show differences ranging from 2.2 to 4.0 m/s (Weatherspark, 2019b). The
windier part of the year is typically from mid-October to February. The average wind speeds during this period
are more than 4.0 m/s. The wind direction from mid-March to June and from mid-August to mid-December is
most often out of the south. From July to mid-August, and from mid-December to mid-March, the wind is most
often out of the west (Weatherspark, 2019b).

Figure 6-2. Louisville temperature and precipitation data from NOAA (2019). Panel A shows temperature
data and Panel B shows precipitation data.
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6.4 Underground Storage Galleries and Bioinfiltration Areas
The bumpouts that captured the stormwater
runoff used relatively simple bioinfiltration
basins (Figure 6-3). These bumpouts used 0.6
m of engineered media placed over the native
soil and were planted with suitable vegetation
that required minimal maintenance. As is
shown in Figures 6-4 and 6-5, the bumpouts
were installed between the street and
sidewalk area. The stormwater runoff was then
conveyed from the bumpout and entered WQU
(Hydro International First Defense Enhanced
Vortex Separator) that captured floatables
and sediment (Figure 6-5). From the WQU,
the water then entered the storage gallery
through 0.92 m diameter perforated HDPE
pipe. This pipe was installed in large uniform
double washed aggregate. The pipe effectively
increased the porosity of the storage gallery
and distributed the influent water volume. The
UIG excavation extended to about 4.3 m below
grade to reach soils with larger infiltration rates
based on the geotechnical study (7NT, 2015).

Figure 6-3. Bumpouts with bioinfiltration basins used in the
Louisville study.

Figure 6-4. Louisville storage gallery design shown as a cross section.
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Figure 6-5. Louisville storage gallery design shown in a transverse section.

6.5 Subsurface Monitoring Network
The subsurface monitoring system was designed to monitor the chemical and hydrological interaction of
the stormwater control measures with groundwater. The network consisted of a series of soil porewater
samplers, piezometers, and wells installed near the stormwater infiltrations features. The location of the wells,
piezometers, and porewater sampler clusters adjacent to the stormwater control measures are depicted in
Figure 6-6. This network consisted of sixteen soil porewater samplers, ten piezometers, and ten monitoring wells.

6.5.1 Groundwater Monitoring Wells and Piezometers
The groundwater monitoring wells and piezometers were installed in boreholes drilled using hollow-stem
auger techniques and constructed using 5.08-cm diameter, schedule 40 PVC casing and machine-slotted PVC
screens. Wells were constructed with screens 3.1 m in length and piezometers used screens 0.6 m in length.
Locations of wells, piezometers and screened intervals can be found in Table B-1 in Appendix B. A piezometer
was installed adjacent to the monitoring wells along the SCMs and screened such that the bottom of the screen
was approximately equivalent to the bottom of the monitoring well screen. A silica sand filter pack was installed
adjacent to the screen in each monitoring well or piezometer. For both wells and piezometers, the annular space
above the filter pack was sealed with bentonite. The wells and piezometers were completed at the surface in
concrete vaults. For purposes of determining groundwater elevations, the designated measuring point on the top
of the well/piezometer casing was surveyed to 0.30 cm relative to the site vertical datum using a total station.
The water level and temperature in all wells and piezometers were monitored using pressure transducers. Wells/
piezometers within approximately 75 m of a logging station were equipped with Campbell Scientific, Inc., model
CS451 differential pressure transducers and hard wired to battery operated data loggers. Wells and piezometers
that could not be connected to a central data logger either because of distance or infrastructure barriers were
fitted with standalone loggers (model 3001 produced by Solinst Canada Ltd.). The water levels and temperature
were time-date stamped and this data was routinely recorded at a 10 min interval. For wells and piezometers
equipped with Campbell Scientific pressure transducers, the monitoring frequency was increased to 1 min during
storm events.
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Figure 6-6. Aerial view of the Louisville study monitoring network. Red circles are the monitoring wells, cyan circles are the piezometers, the
yellow squares are the soil porewater samplers and the colored rectangular shaded areas are the infiltration galleries. (Source: Google Earth)
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6.5.2 Porewater Samplers
Six vertical clusters of SPWs (UMS model SICS20) were installed in the vadose zone near the SCMs. The soil
porewater samplers were installed at a 25° angle following procedures described in UMS GmbH München
(2007). Cuttings from the borehole were slurried using potable water and used to backfill the hole. Tubing from
the porewater samplers was terminated in vaults to allow sample collection. Two clusters were installed north of
Main Street and four south of Main Street. The locations and probe elevations of the SPWs are given in Table B-2
in Appendix B.

6.6 Louisville Hydrogeology Characterization Results
6.6.1 Hydraulic Conductivity Structure
Pneumatic slug tests were performed in five of the monitoring wells to estimate the saturated hydraulic
conductivity of the aquifer materials near the stormwater control measures. Results (Table 6-1) of these tests
ranged from approximately 24 m/d to 76 m/d. These results indicate that the hydraulic conductivity of aquifer
materials near the water table at the study site is relatively high and generally increased moving from north to
south across the network.
Table 6-1. Saturated hydraulic conductivity of aquifer materials estimated
using pneumatic slug testing techniques in monitoring wells installed near
the stormwater control measures.
Well
L-190-1-MW-02
L-190-1-MW-05
L-190-1-MW-06
L-190-1-MW-08
L-190-1-MW-10

Estimated Saturated Hydraulic Conductivity
(m/d)
24.4
42.7
64.0
76.2
70.1

6.6.2 Groundwater Flow Field Characterization
The elevation of the water table at the Louisville study site varied approximately 0.65 m (Figure 6-7) between
December 2015 and February 2018. Due to the high hydraulic conductivity of the aquifer at the site and the
linear configuration of the monitoring network, potentiometric surfaces could not be constructed.

6.6.3 Water Table Mounding Due to Gallery Infiltration
Groundwater elevation data obtained from pressure transducers installed in the wells adjacent to the
storm water infiltration structures were used to determine the rise in water table elevation associated with
precipitation events. During the period for which groundwater elevation data was available, three rainfall
events with a daily magnitude of 50 mm or greater (as recorded at the National Oceanic and Atmospheric
Administration weather station USC00154955) located about 2.4 km from the study site were identified. These
events occurred on February 2-3 and December 17-18 of 2016 and September 1-2 of 2017. Data from the
pressure transducers installed in wells MW-01, MW-06, MW-08, MW-09, and MW-10 (Figure 6-7) indicated
that in each case, the rise in the water table elevation associated with these rainfall events was less than 0.1 m.
Therefore, it appears that groundwater mounding associated with these stormwater infiltration structures was
minimal. This result is expected given the relatively high hydraulic conductivity of the aquifer in this area which
would allow any mounding from concentrated recharge features to dissipate rapidly.
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Figure 6-7. Groundwater elevation recorded using a pressure transducer/data logger at well MW1
between December 2015 and February 2018. Daily rainfall recorded at National Oceanic and Atmospheric
Administration weather station USC00154955 located in Louisville, Kentucky, during the same period is
plotted for comparison.

6.7 Louisville Geochemical Characterization Study Results
6.7.1 Fate and Transport of Constituents through the Vadose Zone
The fate and transport of chemical constituents through the vadose zone was accomplished using soil porewater
(SPW) samplers. The locations and placement of the SPW samplers are given in Table B-2 in Appendix B and
shown in Figure 6-6. The SPW samplers to the north of Main Street were in clusters of four depths; whereas,
SPW samplers south of Main Street were in clusters with two depths (Table B-2 in Appendix B). There was no
SPW cluster representing the natural conditions and processes occurring in the vadose zone. All the SPW data is
reported in Appendix E, Table E-1.

6.7.1.1 Major Anions and Cations, pH, Specific Conductivity
Detailed analysis of time series and trend analysis for major anions and cations, pH and specific conductivity can
be found in Appendix B, section 1.3.
6.7.1.1.1 Comparison of Major Anion and Cation Spikes
Some spikes in soil porewater concentrations for sulfate, chloride, calcium, magnesium, potassium, sodium, and
SPC were identified in the SPW samplers in February 2018. It is also important to note that there were statistical
differences in concentrations of chloride, potassium, and sodium based on whether the SPW sampler was north
or south of Main Street (See Appendix B Sections 1.3.2, 1.3.6, and 1.3.8, respectively). Therefore, the analysis of
these spikes will be first divided into what are the relationships between these parameters north of Main Street
and the relationships between these parameters south of Main Street in February 2018.
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Figure 6-8 shows the major anion and SPC data for the data collected south of Main Street. Bicarbonate did not
show a spike in any of the SPW samplers in February 2018 (Figure 6-8A). Except for SPW cluster 6, the spikes in
sulfate concentrations mainly occurred in the shallowest porewater samplers (LW-4A, LW-5A, and LW-7A; Figure
6-8B). In LW-6A there was no spike in sulfate concentrations in February 2018 (Figure 6-8B). This may be related
to the distance LW-6A was from the infiltration gallery, since it is the farthest away from the gallery. The deeper
SPW samplers (LW-4C, LW-5C, LW-6C, and LW-7C) did not show a spike in sulfate concentrations in February
2018 (Figure 6-8B). With the exception of LW-4C, spikes in chloride concentrations were observed in all the SPW
samples in February 2018 (Figure 6-8C). No SPC spikes were observed in all the SPW samples in February 2018
except for LW-4C (Figure 6-8D).

Figure 6-8. Plots of major anions and SPC over the course of the study south of Main
Street. A. Bicarbonate, B. Sulfate, C. Chloride, and D. Specific Conductivity. The gray box
highlights the February 2018 data points, LW-4C are the green circles and lines, LW-4A
are the green triangles and lines, LW-5C are the blue circles and lines, LW-5A are the blue
triangles and lines, LW-6C are the cyan circles and lines, LW-6A are the cyan triangles and
lines, LW-7C are the magenta circles and lines, and LW-7A are the magenta triangles and
lines. All soil porewater samplers that are labeled as C are the shallowest soil porewater
samplers and the deepest soil porewater samplers are labeled as A.
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Major anion data north of Main Street is plotted in Figure 6-9. North of Main Street, in general, there do not
appear to be distinct spikes in concentrations of major anions or SPC during the study. In general, the major
anions do not follow the same pattern as SPC (Figure 6-9). The major cations (calcium, magnesium, sodium, and
potassium) do not show any concentration spikes during the study (Figure 6-10).

Figure 6-9. Plots of major anions
and SPC over the course of the
study north of Main Street.
A. Bicarbonate, B. Sulfate,
C. Chloride, and D. Specific
Conductivity. LW-1E are the black
circles and lines, LW-1C are the black
triangles and lines, LW-1A are the
black diamonds and lines, LW-1D
are the black stars and lines, LW-2E
are the red circles and lines, LW-2A
are the red diamonds and lines, and
LW-2D are the red stars and lines.

Figure 6-10. Plots of major cations
and SPC over the course of the study
north of Main Street. A. Calcium,
B. Magnesium, C. Potassium,
D. Sodium, and E. Specific
Conductivity. LW-1E are the black
circles and lines, LW-1C are the black
triangles and lines, LW-1A are the
black diamonds and lines, LW-1D
are the black stars and lines, LW-2E
are the red circles and lines, LW-2A
are the red diamonds and lines, and
LW-2D are the red stars and lines.
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Figure 6-11 shows the major cation and SPC data for SPW samples south of Main Street. Spikes in calcium
concentrations were found in all SPW samples, regardless of depth, during February 2018 (Figure 6-11A).
Except for SPW cluster 4, the concentration of calcium was larger in the deepest soil porewater sampler. In SPW
cluster 4, the shallowest SPW samplers had a larger calcium concentration (Figure 6-11A). In most of the SPW
clusters south of Main Street, the spike in magnesium concentration was similar to the calcium concentration
(Figure 6-11B). In cluster 4, the shallowest SPW sampler, LW-4C, it was not apparent if there was a spike in
magnesium concentration (Figure 6-11B). Either way the spike in the deepest SPW sampler was larger. Potassium
concentrations south of Main Street are plotted in Figure 6-11C. Only SPW cluster 6 showed spikes in potassium
concentrations in February 2018 at both depths in the cluster. In the shallowest SPW sampler (LW-6A), potassium
concentration was larger than in the shallow SPW sampler (LW-6C; Figure 6-11C). Soil porewater sampler clusters
4 and 5 had a similar pattern in February 2018. In both cases, the shallowest SPW samplers (LW-4A and LW-5A)
showed a spike in potassium concentration; whereas, there was no spike in the deepest SPW (LW-4C and LW-5C;
Figure 6-11C). In SPW cluster 7, in February 2018, the spike in potassium concentration occurred in the deepest
SPW sampler (LW-7C), and there were no spikes in the shallower SPW sampler (LW-7A; Figure 6-11C). Finally,
sodium concentrations south of Main Street are plotted in Figure 6-11D. In February 2018, sodium spikes were
only observed in the shallowest SPW samplers in the four clusters.

Figure 6-11. Plots of major cations and SPC over the course of the study south of Main Street. A. Calcium,
B. Magnesium, C. Potassium, D. Sodium, and E. Specific Conductivity. The gray box highlights the February
2018 data points, LW-4C are the green circles and lines, LW-4A are the green triangles and lines, LW-5C are the
blue circles and lines, LW-5A are the blue triangles and lines, LW-6C are the cyan circles and lines, LW-6A are
the cyan triangles and lines, LW-7C are the magenta circles and lines, and LW-7A are the magenta triangles
and lines. All soil porewater samplers that are labeled as C are the shallowest soil porewater samplers and the
deepest soil porewater samplers are labeled as A.
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Specific conductivity can be a good surrogate for the movement of dissolved constituents through the vadose
zone. Chloride was the only major anion that correlated well with SPC both north of Main Street (r2= 0.739) and
south of Main Street (r2= 0.735). Chloride is a conservative species and should not have any major interactions
with the media in the vadose zone, thus a good correlation with SPC is likely. Bicarbonate and sulfate did not
correlate well with SPC north of Main Street as is indicated by the poor correlation coefficients, r2= 0.037 and
r2= 0.018, respectively. South of Main Street SPC was also poorly correlated with bicarbonate (r2= -0.008) but was
somewhat correlated with sulfate (r2= 0.417). Bicarbonate and sulfate are not conservative and can participate in
geochemical reactions and interact with the vadose zone materials. Calcium did not correlate well with SPC north
of Main Street (r2= 0.251) but correlated better south of Main Street (r2= 0.530). The correlation of SPC with
magnesium was similar to calcium, north of Main Street (r2= 0.163) and south of Main Street (r2= 0.659). The
correlation of SPC with sodium and potassium was the converse of what was shown for calcium and magnesium.
Sodium and potassium correlated with SPC better north of Main Street than they did south of Main Street. North
of Main Street, the correlation coefficient for sodium and potassium was r2= 0.659 and r2= 0.666, respectively.
South of Main Street, the correlation coefficients for sodium and potassium were r2= 0.440 and r2= 0.295,
respectively. Calcium, magnesium, potassium and sodium are not conservative and are expected to participate
in other geochemical processes such as dissolution/precipitation, ion exchange, sorption and interactions with
biota in the vadose zone. This would suggest that some of the differences between north and south of Main
Street would be differences in the geochemical processes that may be occurring.
6.7.1.1.2 Geochemical Processes for Major Anions and Cations in the Vadose Zone South of Main Street
Since it has been shown that there are spikes in SPC, chloride, and sodium concentration south of Main
Street, and road salt (halite, NaCl) is commonly used as a deicing agent, the dissolution of halite is potentially
a geochemical process controlling the sodium concentrations in the vadose zone. Figure 6-12A is a plot of
sodium verses chloride. If halite is controlling the Na concentration, then all the data points would lie on or
near the 1:1 (halite dissolution line) in this figure (Schoeller, 1965, Schoeller, 1967, Kortatsi, 2007; Zaidi et al.,
2015; Batabyal and Gupta, 2017; Ndoye et al., 2018). Most of the data lies near or on the 1:1 line indicating
that halite dissolution may be controlling the sodium concentrations. However, there are points that lie slightly
above and below the halite dissolution line. Points that lie above the halite dissolution line suggest that there
is an excess of sodium compared to chloride in the soil porewater and that ion exchange or aluminosilicate
weathering is controlling the sodium concentrations (Schoeller, 1965; Schoeller, 1967; Kortatsi, 2007; Zaidi et
al., 2015; Batabyal and Gupta, 2017; Ndoye et al., 2018). Some of the data do lie below the 1:1 line suggesting
that chloride is enriched with respect to sodium in the porewater. This suggests that reverse ion exchange is
potentially happening in these samples – that is sodium in the porewater replacing calcium and magnesium
on the solid surfaces in the vadose zone (Schoeller, 1965, Schoeller, 1967, Kortatsi, 2007; Zaidi et al., 2015;
Batabyal and Gupta, 2017; Ndoye et al., 2018). Figure 6-12B is a plot of sodium + potassium verses total cations.
When y = x, then the total cations equal sodium + potassium, so this would be the maximum value. Likewise, y
= 0.5x means that sodium + potassium is equal to calcium + magnesium. Silicate weathering is likely when the
data falls between y = x and when y is above 0.5x (Batabyal and Gupta, 2017; Ndoye et al., 2018). Except for
one porewater sample, all the data are below the y = 0.5X trendline suggesting that silicate weathering is not
a dominant geochemical process affecting sodium concentrations in the vadose zone (Figure 6-12B) and ion
exchange reactions would likely be controlling sodium concentration in SPW solution.
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Figure 6-12. Plots of A. Sodium vs. chloride. B. Sodium + potassium vs. total cations for soil porewater
samples south of Main Street in the Louisville study. In both plots the green circles are LW-4C data, green
triangles are LW-4A data, blue circles are LW-5C data, blue triangles are LW-5A data, cyan circles are LW-6C
data, cyan triangles are LW-6A data, magenta circles are LW-7C data, and magenta triangles are LW-7A data.
Figure 6-13A is a plot of calcium + magnesium versus bicarbonate + sulfate. Data falling on the 1:1 trend line
indicates that calcite (CaCO3), dolomite (CaMgCO3), and gypsum (CaSO4·2H2O) are likely controlling the calcium
and magnesium concentrations in the soil porewater (Schoeller, 1965; Schoeller, 1967; Kortatsi, 2007; Zaidi
et al., 2015; Batabyal and Gupta, 2017; Ndoye et al., 2018). Most of the soil porewater data in the study falls
on this line, which likely means that the dominant geochemical process controlling calcium and magnesium
concentrations in the soil porewater is precipitation/ dissolution of calcite, dolomite and gypsum. Several
samples lie above the 1:1 trend line which implies that ion exchange or mineral weathering is potentially
responsible for the excess calcium and magnesium in the soil porewater (Zaidi et al., 2015; Batabyal and Gupta,
2017; Ndoye et al., 2018). In very few cases, bicarbonate + sulfate was in excess and there was a depletion of
calcium + magnesium in those porewater samples. This would potentially indicate that reverse ion exchange was
occurring (Schoeller, 1965, Schoeller, 1967, Kortatsi, 2007; Zaidi et al., 2015; Batabyal and Gupta, 2017; Ndoye
et al., 2018). Reverse ion exchange reactions are when sodium and potassium in solution replace calcium and
magnesium on the solids in the vadose zone and release calcium and magnesium into solution (Schoeller, 1965;
Schoeller, 1967; Zaidi et al., 2015, Batabyal and Gupta, 2017; Ndoye et al. 2018). Increased sodium on solids can
lead to dispersion of fine-grained solids and this could lead to plugging and decreased infiltration rates.
A plot of magnesium verses calcium is shown in Figure 6-13B. Data that plots above the 1:1 trend line indicate
that dolomite is dominant over calcite. Conversely data that plots below the 1:1 trend line indicates that calcite is
dominant to dolomite (Ndoye et al., 2018). All the study data south of Main Street plot below the 1:1 trend line
indicating that calcite is the dominant carbonate phase controlling the calcium and magnesium concentrations
in the porewater samples. Figure 6-13C is a plot of the dolomite saturation index (SI) versus the calcite SI.
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Equilibrium with a solid phase is indicated when the SI is near 0. When the SI is less than 0, the solution is
undersaturated with respect to the solid phase. This means dissolution is possible until the solution reaches
equilibrium with the solid phase. Precipitation of a solid phase can occur when the SI is greater than 0 and
precipitation could occur until the solution reaches equilibrium with the solid phase (Sposito, 1989; Hounslow,
1995; Batabyal and Gupta, 2017). Most of the soil porewater samples are likely in equilibrium with either calcite
or dolomite solid phases present in the vadose zone (Figure 6-13C). There are also a few samples that are
oversaturated with respect to calcite and dolomite (Figure 6-13C). The excess calcium or magnesium in this case
would be available to participate in other geochemical processes, such as ion exchange (occurring in the vadose
zone) or potentially be transported to the groundwater if precipitation does not occur. Gypsum (CaSO4·2H2O)
can also control calcium concentrations if gypsum is present in the vadose zone. Figure 6-13D shows a plot of
the gypsum SI for the porewater data. The soil porewater is undersaturated with respect to gypsum. If gypsum is
present in the vadose zone it would tend to dissolve releasing additional calcium into the soil porewater.

Figure 6-13. A. Plot of calcium + magnesium vs. bicarbonate + sulfate. B. Plot of magnesium vs. calcium.
C. Plot of dolomite SI vs. calcite SI. D. Plot of Gypsum SI for soil porewater samples collected south of Main
Street. In all plots the green circles are LW-4C data, green triangles are LW-4A data, blue circles are LW-5C
data, blue triangles are LW-5A data, cyan circles are LW-6C data, cyan triangles are LW-6A data, magenta
circles are LW-7C data, and magenta triangles are LW-7A data. In plot C the gray shaded areas indicate
equilibrium with calcite or dolomite, yellow shaded area indicates that calcite is undersaturated and
dolomite is oversaturated, green shaded area indicates both calcite and dolomite are oversaturated, blue
shaded area indicates both calcite and dolomite are undersaturated, and purple shaded area is oversaturated
with respect to calcite and undersaturated with respect to dolomite. In D the gray shaded area indicates
equilibrium with gypsum.
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Chloro-alkaline indices (CAI) are useful in determining the importance of ion exchange reactions (Schoeller,
1965; Schoeller, 1967; Zaidi et al., 2015, Batabyal and Gupta, 2017; Ndoye et al. 2018). There are two CAIs that
are used, and the equations are given in Section 5.5. Positive CAIs imply reverse ion exchange reactions where
sodium and potassium in the soil porewater replace calcium and magnesium on the solids in the vadose zone
and release calcium and magnesium to the porewater solution (Schoeller, 1965; Schoeller, 1967; Zaidi et al.,
2015, Batabyal and Gupta, 2017; Ndoye et al. 2018). Negative CAIs indicate that ion exchange reactions are likely,
where calcium and magnesium in the porewater replace the sodium and potassium on the vadose zone solids,
releasing sodium and potassium into the porewater solution (Schoeller, 1965; Schoeller, 1967; Zaidi et al., 2015,
Batabyal and Gupta, 2017; Ndoye et al. 2018).
Figure 6-14A is a plot of CAI1 verses CAI2 for SPW samplers south of Main Street. As is shown in this figure, most
of the CAIs are negative which suggests ion exchange reactions are the dominant process overall. However, there
are also some positive CAIs mainly in the deeper portion of the vadose zone. These positive CAIs indicate that
reverse ion exchange is potentially occurring. If this trend continues, it suggests that Na loading of the vadose
zone materials could occur. This could become problematic. Excess Na can cause dispersion of the vadose zone
fine-grained solids, which could limit the infiltration of the stormwater into the subsurface.
A plot of sodium + potassium - chloride verses calcium + magnesium - bicarbonate - sulfate is shown in Figure
6-14B. Data that plots on or close to the trend line y = -x indicates that ion exchange reactions are the dominant
process (Zaidi et al., 2015, Batabyal and Gupta, 2017; Ndoye et al. 2018). Most of the soil porewater data plot is
close to this line indicating that ion exchange reactions (including reverse ion exchange reactions) are a dominant
geochemical process in the vadose zone south of Main Street.

Figure 6-14. Plots indicating the significance of ion exchange reactions. A. Plot of CAI1 vs. CAI2. B. Plot of
Na+K-Cl vs. Ca+Mg-HCO3-SO4. The dashed black lines in both plots represent the origin of the plots and divides
the negative and positive values. In all plots the green circles= LW-4C data, green triangles= LW-4A data, blue
circles= LW-5C data, blue triangles= LW-5A data, cyan circles= LW-6C data, cyan triangles= LW-6A data, magenta
circles= LW-7C data, and magenta triangles= LW-7A data. The light green shaded area indicates samples where
ion exchange reactions may be dominant, and the pink shaded areas indicate where reverse ion exchange may
be dominant.
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6.7.1.1.3 Geochemical Processes for Major Anions and Cations in the Vadose Zone North of Main Street
Although there were no apparent spikes in SPC, chloride, and sodium concentration north of Main Street,
influxes of sodium and chloride are still likely occurring. The background sodium and chloride concentrations
are likely large enough that the increase in sodium and chloride only changes the observed sodium and
chloride concentrations minimally. Because halite (road salt) dissolution is potentially a geochemical process
that could control sodium concentrations in the vadose zone. Figure 6-15A is a plot of sodium verses chloride.
Much of the data lies near or on the 1:1 line, which indicates that halite dissolution may be controlling the
sodium concentrations; however, there are points that lie above the halite dissolution line. Points above the
halite dissolution line suggest that there is an excess of sodium compared to chloride in the soil porewater.
It also suggests that ion exchange or aluminosilicate weathering is playing a role in controlling the sodium
concentrations (Schoeller, 1965, Schoeller, 1967, Kortatsi, 2007; Zaidi et al., 2015; Batabyal and Gupta,
2017; Ndoye et al., 2018). Another potential source would be urban fill and the potential to have associated
contaminants leaching through the vadose zone (Swanson and Lamie, 2010) because of the increased infiltration
in urban soils (Boudreault et al., 2010; Shuster et al., 2014; Shuster et al., 2015; McGrane, 2016). The deepest
SPW samplers (LW-1E and LW-2E) are randomly distributed along the halite dissolution line. In cluster 1, the next
two depths, LW-1A and LW-1C, respectively, lie on the halite dissolution line with roughly equivalent sodium and
chloride concentration. Beyond the concentration differences from the deep SPW sampler, these move along
the halite dissolution line in chronologic order, with the initial sampling having the highest concentrations of
sodium and chloride and steadily decreasing sodium concentration to the final sampling time. This suggests that
leaching from a source is a potential mechanism. The concentrations in the shallowest SPW (LW-1D) begin with
concentrations similar to the middle SPWs, but, with time, both sodium and chloride concentrations decreased
with chloride concentration decreasing faster than sodium concentration moving the points away from the
halite dissolution line. This suggests that with time, the mechanism controlling the sodium concentrations could
potentially shift from dissolution to ion exchange or silicate weathering. SPW cluster 2, on the other hand,
shows a somewhat different pattern. LW-2E is randomly distributed along the halite dissolution line. The middle
SPW (LW-2A) has a pattern like LW-1D, where both chloride and sodium concentrations are decreasing, and the
chloride concentration is decreasing faster than the sodium concentration. The shallowest SPW (LW-2D) shows
decreasing sodium and chloride concentrations along the halite dissolution line. Figure 6-15B is a plot of sodium
+ potassium verses total cations. Most deep SPW (LW-1E and LW-2E) fall below the y = 0.5X trend line suggesting
that silicate weathering is not the dominant process at these depths. In cluster 1 (LW-1C), the data falls on the
line y = 0.5x suggesting that silicate weathering is possible. The shallower SPW samplers, LW-1A, LW-1D, LW-2A,
and LW-2D show the sample data for the most part falls between the trend lines y = 0.5x and y = x, which could
suggest that silicate weathering is an important process or leaching of a source as the result of urban fill (Figure
6-15B).
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Figure 6-15. Plots of A. Sodium vs. chloride. B. Sodium + potassium vs. total cations for soil porewater
samples north of Main Street in the Louisville study. In both plots the black circles are LW-1E data, black
triangles are LW-1C data, black diamonds are LW-1A data, black stars are LW-1D data, red circles are LW-2E
data, red diamonds are LW-2A data, and red stars are LW-2D data.
Figure 6-16A is a plot of calcium + magnesium verses bicarbonate + sulfate. Unlike the data south of Main Street,
most of the SPW data north of Main Street does not fall on this trend line, which suggests that the dominant
geochemical process controlling calcium and magnesium concentrations in the soil porewater may not be the
precipitation/dissolution of calcite, dolomite and gypsum. In this case, most of the samples lie above the 1:1
trend line. This implies that ion exchange or mineral weathering is potentially responsible for the excess calcium
and magnesium in the soil porewater (Zaidi et al., 2015; Batabyal and Gupta, 2017; Ndoye et al., 2018). In many
cases bicarbonate + sulfate was in excess and there was depletion of calcium + magnesium in those porewater
samples. This would potentially indicate that reverse ion exchange was occurring (Schoeller, 1965, Schoeller,
1967, Kortatsi, 2007; Zaidi et al., 2015; Batabyal and Gupta, 2017; Ndoye et al., 2018). In general, there is
no trend in the deep SPW data (LW-1E and LW-2E); however, for shallower samples there is a trend showing
decreasing calcium and magnesium concentrations with time. The observed chemical behavior of calcium and
magnesium could also suggest the potential of urban fill having a role in affecting calcium and magnesium
concentrations.
A plot of magnesium verses calcium is shown in Figure 6-16B. As was the case with data south of Main Street,
the data north of Main Street plots below the 1:1 trend line indicating that calcite is the dominant carbonate
phase controlling the calcium and magnesium concentrations in the porewater samples.
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Figure 6-16C is a plot of the dolomite SI versus the calcite SI. Approximately one third of the SPW samples are
likely in equilibrium with either calcite or dolomite solid phases present in the vadose zone. About a third of the
SPW samples are oversaturated with respect to calcite and dolomite. The excess calcium or magnesium in this
case would be available to participate in other geochemical processes, such as ion exchange, occurring in the
vadose zone or potentially be transported to the groundwater if precipitation does not occur. The remainder of
the samples were undersaturated with respect to calcite and dolomite.
Figure 6-16D shows a plot of the gypsum SI for the porewater data. The soil porewater is undersaturated with
respect to gypsum. If gypsum is present in the vadose zone, it would dissolve releasing additional calcium into
the soil porewater.

Figure 6-16. A. Plot of calcium + magnesium vs. bicarbonate + sulfate. B. Plot of magnesium vs. calcium.
C. Plot of dolomite SI vs. calcite SI. D. Plot of Gypsum SI for soil porewater samples collected North of Main
Street. In all plots the black circles are LW-1E data, black triangles are LW-1C data, black diamonds are LW1A data, black stars are LW-5A data, red circles are LW-2E data, red diamonds are LW-2A data, and red stars
are LW-2D data. In plot C the gray shaded areas indicate equilibrium with calcite or dolomite, yellow shaded
area indicates that calcite is undersaturated and dolomite is oversaturated, green shaded area indicates
both calcite and dolomite are oversaturated, blue shaded area indicates both calcite and dolomite are
undersaturated, and purple shaded area is oversaturated with respect to calcite and undersaturated with
respect to dolomite. In D the gray shaded area indicates equilibrium with gypsum.
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Figure 6-17A is a plot of CAI1 verses CAI2 for SPW samplers north of Main Street. About half of the CAIs are
negative which suggests ion exchange reactions are the dominant process overall. The other half of the samples
had positive CAIs. These positive CAIs indicate that reverse ion exchange is potentially occurring. Cluster 1,
LW-1D (the shallowest SPW sampler), had all negative CAIs which suggest that ion exchange was the dominant
near-surface mechanism. Initial samples from LW-1E were all positive, but after October 2017 they became
negative. This would suggest that initially, reverse ion exchange was important; however, with time, it shifted
to ion exchange. With LW-1A, all the samples were positive suggesting reverse ion exchange was the important
mechanism. In LW-1C, the data suggests cycling between ion exchange and reverse ion exchange is occurring
over time. In cluster 2, LW-2E and LW-2A (with the exception of July 2016), all the CAIs were negative. This
indicates ion exchange is important. LW-2D, however, showed the opposite trend. Initially the CAIs were positive
and in the last two samples the CAIs were negative.
A plot of sodium + potassium – chloride verses calcium + magnesium – bicarbonate – sulfate is shown in Figure
6-17B. Most of the soil porewater data plot along this line, which indicates that ion exchange reactions including
reverse ion exchange reactions are a dominant geochemical process in the vadose zone north of Main Street.

Figure 6-17. Plots indicating the significance of ion exchange reactions. A. Plot of CAI1 vs. CAI2. B. Plot of
Na+K-Cl vs. Ca+Mg-HCO3-SO4. The dashed black lines in both plots represent the origin of the plots and
divides the negative and positive values. In all plots the black circles are LW-1E data, black triangles are
LW-1C data, black diamonds are LW-1A data, black stars are LW-5A data, red circles are LW-2E data, red
diamonds are LW-2A data, and red stars are LW-2D data. The light green shaded area indicates samples
where ion exchange reactions may be dominant, and the pink shaded areas indicate where reverse ion
exchange may be dominant.
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6.7.1.2 Other Soil Porewater Constituents
6.7.1.2.1 Fluoride
The chloride data showed spikes in February 2018 and spikes were also shown in some of the fluoride data.
Figure 6-18 is a plot of fluoride data and chloride data during the study for SPW samples north and south of Main
Street. There were three SPW samples that showed fluoride concentration spikes in February 2018 south of Main
Street (Figure 6-18A upper panel). All SPW samples, except LW-4C, showed spikes in chloride data in February
2018 (Figure 6-18A lower panel). The fluoride and chloride data in most cases did not have the same patterns
during the study. North of Main Street (Figure 6-18B), there were no spikes in the chloride or fluoride data in
February 2018 and the patterns of chloride and fluoride concentrations were not similar during the study. This
suggests that chloride/fluoride ratios would not be useful in tracking source of chloride at this study location.

Figure 6-18. Plots of fluoride and chloride concentration with time comparing the fluoride and chloride
A. South of Main Street and B. North of Main Street. Black circles and lines are LW-1E, black triangles and
lines are LW-1C, black diamonds and lines are LW-1A, and black stars and lines are LW-1D; B. SPW cluster 2,
red circles and lines are LW-2E, red diamonds and lines are LW-2A, and red stars and lines are LW-2D, green
circles and lines are LW-4C, green triangles and lines are LW-4A; B. SPW cluster 5, blue circles and lines are
LW-5C, blue triangles and lines are LW-5A; C. SPW cluster 6, cyan circles and lines are LW-6C, cyan triangles
and lines are LW-6A; D. SPW cluster 7, blue circles and lines are LW-7C, blue triangles and lines are LW-7A.
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6.7.1.2.2 Iodide
The importance of iodide in this study was its potential use to help track sources of chloride (Vengosh and
Pankratov, 1998; Panno et al., 2005; Panno et al., 2006). Figure 6-19 shows the iodide concentrations (with time
in comparison) with chloride concentration with time for SPW samples north and south of Main Street. South
of Main Street there were no spikes in iodide concentration in February 2018 (Figure 6-19A). In addition, the
pattern of iodide concentrations differed from the pattern of chloride concentrations. Figure 6-19B shows the
iodide and chloride data north of Main Street. There were no spikes in chloride or iodide concentrations and
the pattern of iodide and chloride concentrations were not similar. As was the case with fluoride, iodide in the
vadose zone would likely not be useful in tracking chloride sources.

Figure 6-19. Plots of iodide and chloride concentration with time comparing the fluoride and chloride
A. South of Main Street and B. North of Main Street. Black circles and lines are LW-1E, black triangles and
lines are LW-1C, black diamonds and lines are LW-1A, and black stars and lines are LW-1D; B. SPW cluster 2,
red circles and lines are LW-2E, red diamonds and lines are LW-2A, and red stars and lines are LW-2D, green
circles and lines are LW-4C, green triangles and lines are LW-4A; B. SPW cluster 5, blue circles and lines are
LW-5C, blue triangles and lines are LW-5A; C. SPW cluster 6, cyan circles and lines are LW-6C, cyan triangles
and lines are LW-6A; D. SPW cluster 7, blue circles and lines are LW-7C, blue triangles and lines are LW-7A.
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6.7.1.2.3 Nitrate + Nitrite
Figures 6-20 and 6-21 show the nitrate + nitrite concentrations for the SPW samples north and south of Main
Street.
Nitrate + nitrite concentrations in SPW clusters north of Main Street are shown in Figure 6-20. In cluster 1 (Figure
6-20A), only LW-1D had a trend, and in this case the nitrate + nitrite concentrations increased (p < 0.001). Cluster
2 showed decreasing trends in nitrate + nitrite concentrations in LW-2E and LW-2A (Figure 6-20B), and in both
cases the trend was significant (p = 0.020 and p < 0.001, respectively). The nitrate + nitrite concentration in all
other SPW samplers in both clusters had no statistical trend.

Figure 6-20. Changes in nitrate + nitrite concentration with respect to time for the SPW’s north of Main
Street. A. SPW cluster 1 and B. SPW cluster 2. Black circles and lines are LW-1E, black triangles and lines are
LW-1C, black diamonds and lines are LW-1A, and black stars and lines are LW-1D; B. SPW cluster 2, red circles
and lines are LW-2E, red diamonds and lines are LW-2A, and red stars and lines are LW-2D. The red dashed
line shows the nitrate + nitrite MCL (10 mg N/L).
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Figure 6-21 shows the nitrate + nitrite data for SPW clusters south of Main Street. There is no significant
difference in the nitrate + nitrite concentrations in these clusters. In SPW clusters 4, 5, and 6 (Figures 6-21AC), there was a decreasing trend in nitrate + nitrite concentrations. These were all significant (p’s ranged from
< 0.001 to < 0.011). In cluster 7 (Figure 6-21D), LW-7A had a decreasing trend and was almost significant (p =
0.054). There was no trend for LW-7C.

Figure 6-21. Changes in nitrate + nitrite concentration in relationship to time for the SPW’s south of Main
Street. A. SPW cluster 4, B. SPW cluster 5, C. SPW cluster 6, and D. SPW cluster 7. Green circles and lines are
LW-4C, green triangles and lines are LW-4A; B. SPW cluster 5, blue circles and lines are LW-5C, blue triangles
and lines are LW-5A; C. SPW cluster 6, cyan circles and lines are LW-6C, cyan triangles and lines are LW-6A;
D. SPW cluster 7, blue circles and lines are LW-7C, blue triangles and lines are LW-7A. The red dashed line
shows the nitrate + nitrite MCL (10 mg N/L).
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6.7.1.2.4 Phosphate
Figure 6-22 shows the time series data for PO4 north of Main Street and Figure 6-23 shows the time series data
for phosphate south of Main Street.
Phosphate time series data north of Main Street is plotted in Figure 6-22. The phosphate concentrations in
cluster 1, LW-1A, LW-1C, LW-1D, and LW-1E showed increasing phosphate concentrations during the study
(Figure 6-22A) and these trends were significant (p < 0.001, p = 0.001, p = 0.001, and p = 0.049, respectively).
Cluster 2 (Figure 6-22B), LW-2A, LW-2D, and LW-2E all had significantly increasing phosphate concentrations
during the study (p = 0.001, p = 0.030, and p = 0.005). There was no pattern to phosphate increases with depth
in SPW data north of Main Street.

Figure 6-22. Changes in phosphate concentration with respect to time for the SPW’s north of Main Street.
A. SPW cluster 1 and B. SPW cluster 2. Black circles and lines are LW-1E, black triangles and lines are LW-1C,
black diamonds and lines are LW-1A, and black stars and lines are LW-1D; B. SPW cluster 2, red circles and
lines are LW-2E, red diamonds and lines are LW-2A, and red stars and lines are LW-2D.
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South of Main Street time series data is plotted in Figure 6-23. The phosphate concentrations were significantly
increasing at all depths (LW-4C and LW-4A, p < 0.001) in cluster 4 (Figure 6-23A). In cluster 7 (LW-7C and LW-7A,
p < 0.001 and p = 0.004, respectively) the phosphate significantly increased (Figure 6-23D). Cluster 7 was the
SPW cluster nearest the infiltration gallery, and cluster 4 was the next SPW cluster moving south from the
infiltration gallery. The shallower depths in clusters 5 and 6 (LW-5A and LW-6A) had statistically increasing
phosphate concentration (p < 0.001 in both; Figure 6-23B and C). However, the deeper depths, LW-5C and LW-6C,
had decreasing phosphate concentration and were significant (p = 0.075 and p = 0.054, respectively).

Figure 6-23. Changes in phosphate concentration in relationship to time for the SPW’s south of Main Street.
A. SPW cluster 4, B. SPW cluster 5, C. SPW cluster 6, and D. SPW cluster 7. Green circles and lines are LW-4C,
green triangles and lines are LW-4A; B. SPW cluster 5, blue circles and lines are LW-5C, blue triangles and
lines are LW-5A; C. SPW cluster 6, cyan circles and lines are LW-6C, cyan triangles and lines are LW-6A;
D. SPW cluster 7, blue circles and lines are LW-7C, blue triangles and lines are LW-7A.
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6.7.1.2.5 Dissolved Organic Carbon
Figures 6-24 and 6-25 are plots of the DOC concentrations north and south of Main Street during the duration
of the study, respectively. Figure 6-24A shows the changes in DOC concentration in SPW cluster 1 north of Main
Street. The DOC concentration was decreasing at three depths in this cluster, LW-1E, LW-1C, and LW-1A. LW-1C
was not a significant decreasing trend (p = 0.082), whereas LW-1E and LW-1A were significant trends (p = 0.003
and p = 0.034, respectively). The shallowest depth, LW-1D did not have a trend in DOC concentration during
the study. In cluster 2 (Figure 6-24B), the deepest depth, LW-2D did not have a trend in DOC concentration but
the shallower two depths (LW-2A and LW-2E) did show nonsignificant (p = 0.118 and p = 0.105, respectively)
decreasing concentrations with depth. The decreasing DOC concentration trend suggests that the soluble
carbon pool in the vadose zone is being depleted. More time is needed to determine if the soluble carbon pool
continues to be depleted or if equilibrium with the DOC in the porewater and carbon pools will be obtained.

Figure 6-24. Changes in dissolved organic carbon concentrations with respect to time for the SPW’s north of
Main Street. A. SPW cluster 1 and B. SPW cluster 2. Black circles and lines are LW-1E, black triangles and lines
are LW-1C, black diamonds and lines are LW-1A, and black stars and lines are LW-1D; B. SPW cluster 2, red
circles and lines are LW-2E, red diamonds and lines are LW-2A, and red stars and lines are LW-2D.
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Plots of DOC concentrations versus time for clusters south of Main Street are shown in Figure 6-25. There were
significant differences in DOC concentration between clusters 4 and 7 (p = 0.015) and between clusters 5 and 7
(p = 0.023). The concentrations of DOC in cluster 4 are larger than in cluster 7 and in cluster 7 are larger than
in cluster 5. Cluster 7 is the closest group to the infiltration gallery followed by cluster 4 then cluster 5. Figure
6-25A shows how DOC concentrations changed with time in Cluster 4. Both LW-4C and LW-4A had decreasing
DOC concentration with time and the trends were significant (p = 0.011 and p = 0.016, respectively). For cluster
5 (Figure 6-25B), both depths had significantly decreasing DOC concentrations (LW-5C, p = 0.003 and LW-5A, p =
0.001). The DOC trends in cluster 6 (Figure 6-25C) followed those of clusters 4 and 5 with LW-6C (p = 0.046) and
LW-6A (p = 0.028) had significantly decreasing concentrations of DOC. In cluster 7 (Figure 6-25D), the deepest
SPW sampler (LW-7C) had a significantly decreasing concentration of DOC (p = 0.006), but the shallower SPW
sampler (LW-7A) did not show a trend in DOC concentration based on the statistical trend analysis. As was the
case with SPWs north of Main Street, the soluble carbon pools in the vadose zone are being depleted. More
sampling is needed to determine if this trend will continue.

Figure 6-25. Changes in DOC concentration in relationship to time for the SPWs south of Main Street.
A. SPW cluster 4, B. SPW cluster 5, C. SPW cluster 6, and D. SPW cluster 7. Green circles and lines are LW-4C,
green triangles and lines are LW-4A; B. SPW cluster 5, blue circles and lines are LW-5C, blue triangles and
lines are LW-5A; C. SPW cluster 6, cyan circles and lines are LW-6C, cyan triangles and lines are LW-6A;
D. SPW cluster 7, blue circles and lines are LW-7C, blue triangles and lines are LW-7A.
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6.7.1.2.6 Barium
Barium is a contaminant listed on the National Primary Drinking Water Regulations (EPA, 2017). In addition,
barium can be used as surrogate for other metals that have increased solubility because of its ability to complex
with chloride (Kabata-Pendias and Mukherjee, 2007; Madejón, 2013). The concentrations of barium with respect
to time north of Main Street are plotted in Figure 6-26 and south of Main Street are plotted in Figure 6-27.
North of Main Street, the barium concentrations for SPW clusters 1 and 2 are plotted in Figure 6-26. For cluster
1, LW-1E, LW-1C, LW-1A, and LW-1D (Figure 6-26A), the barium concentration over time were all decreasing
significantly (p = 0.046, p = 0.006, p = 0.001, and p < 0.001, respectively). Similarly, in cluster 2, LW-2E, LW-2A,
and LW-2D (Figure 6-26B), the barium concentrations have decreasing trends with respect to time. However, in
LW-2E the barium trend was significant (p = 0.054), but the trends in LW-2A and LW-2D were significantly
decreasing with time (p < 0.001 for both).

Figure 6-26. Changes in barium concentrations with respect to time for the SPWs north of Main Street.
A. SPW cluster 1 and B. SPW cluster 2. Black circles and lines are LW-1E, black triangles and lines are LW-1C,
black diamonds and lines are LW-1A, and black stars and lines are LW-1D; B. SPW cluster 2, red circles and
lines are LW-2E, red diamonds and lines are LW-2A, and red stars and lines are LW-2D.
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Barium concentration versus time south of Main Street are plotted in Figure 6-27. In cluster 4, both SPW
samplers showed decreasing barium concentration during the study (Figure 6-27A). This decreasing trend was
significant in LW-4C (p = 0.054) and in LW-4A (p = 0.003). Cluster 5 also showed a decreasing trend in barium
concentrations (Figure 6-27B). In the case of cluster 5 the decreasing trends in barium concentration for both
LW-5C and LW-5A were significant (p = 0.038 and p = 0.007, respectively). The barium concentration trend in
SPW cluster 6 was different than in clusters 4 and 5 (Figure 6-27 C). LW-6C had a significant decreasing trend
in barium concentration (p = 0.006). LW-6A on the other hand showed no trend in barium concentrations over
time. In cluster 7, the barium concentration trends were the inverse of cluster 6 (Figure 6-27D). In cluster 7, the
deepest SPW sampler (LW-7C) does not show a trend in barium concentrations but the shallower SPW sampler
(LW-7A) does have a significantly decreasing trend (p = 0.006).

Figure 6-27. Changes in barium concentration in relationship to time for the SPWs south of Main Street.
A. SPW cluster 4, B. SPW cluster 5, C. SPW cluster 6, and D. SPW cluster 7. Green circles and lines are LW-4C,
green triangles and lines are LW-4A; B. SPW cluster 5, blue circles and lines are LW-5C, blue triangles and
lines are LW-5A; C. SPW cluster 6, cyan circles and lines are LW-6C, cyan triangles and lines are LW-6A;
D. SPW cluster 7, blue circles and lines are LW-7C, blue triangles and lines are LW-7A.
There was a significant positive correlation between chloride concentrations and barium concentrations
(r2= 0.72). When excess chloride concentrations are not a factor, barium concentrations are likely controlled by
the solid phases through dissolution/ precipitation, sorption, and ion exchange. Barium movement downward in
the vadose zone is likely caused by chloride concentration spikes. At this study site barium transport is likely with
the application of de-icing salts on the streets and sidewalks. Thus, the greater risk for mobilization of barium
would be during the winter months.
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6.7.1.2.7 Stormwater Contaminants
The Nationwide Urban Runoff Program (NURP) and the National Stormwater Quality Database (NSQD) have
identified several inorganic contaminants and organic contaminants that are important to evaluate when
infiltrating stormwater in a GI system (U.S. EPA, 1983; NSQD, 2015). Summary of NURP and NSQD inorganic
compounds as well as other trace metals are shown in Table 6-2.
Geogenic3 background concentrations of these parameters are unknown in the soil and soil porewater in this
study. For most parameters in this table the concentration range would likely be consistent with background
concentrations. There were a few parameters, chromium, copper, manganese, molybdenum, nickel, antimony,
vanadium, and zinc, in which the maximum concentrations were considerably greater than the concentration
in the 75th percentile. For manganese and nickel (LW-2D); molybdenum and zinc (LW-1D); antimony (LW-1C);
and vanadium (LW-5A) the maximum concentrations were in the initial sampling (July 2016) and decreased in
subsequent events. The maximum concentration for copper (LW-6A) occurred in September 2016 and decreased
in subsequent events. The maximum concentration for chromium was found in LW-4C. Initially the chromium
concentrations were low in the SPW sampler but increase to the maximum concentration in July 2017 and
October 2017. After October 2017 the concentrations of chromium decreased in LW-4C. This suggests that the
increased infiltration of stormwater likely initially flushed these trace components through the vadose zone. This
data does not indicate whether or not there is sequestration of these trace components in the vadose zone.

Resulting from geological processes.

3
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Table 6-2. Summary of trace inorganic data for the Louisville soil porewater samples.
Ammonia

Total
Nitrogen

Phosphate

Ag

Al

As

Ba

Be

Cd

Co

Cr

Cu

mg N/L

mg N/L

mg P/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

Total Number of Analyses

130

130

130

130

130

130

130

130

130

130

130

130

Number of Detects

10

127

18

1

71

75

127

8

15

35

78

74

Percent Detects

8

98

14

1

55

58

98

6

12

27

60

57

Mean

0.04

1.52

0.163

0.5

25

0.9

63

0.8

0.7

1.1

2.3

4.5

Standard Deviation

0.02

1.27

0.052

-----

29

0.3

40

0.5

0.2

0.6

2.7

21

Minimum

0.02

0.08

0.111

-----

1

0.5

8

0.5

0.5

0.6

0.5

0.5

25th Percentile

0.02

0.80

0.140

-----

7

0.7

33

0.6

0.5

0.8

0.8

0.7

Median

0.03

1.21

0.148

0.5

16

0.8

56

0.6

0.6

1.1

1.0

0.8

75th Percentile

0.04

1.73

0.163

-----

26

1.0

87

0.8

0.8

1.2

2.3

1.2

Maximum

0.07

8.51

0.341

-----

132

2.8

210

1.8

1.1

4.1

13

132

Fe

Mn

Mo

Ni

Pb

Sb

Se

Th

Tl

U

V

Zn

Units

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

Total Number of Analyses

130

130

130

130

130

130

130

130

130

130

130

130

Number of Detects

0

43

88

81

0

36

57

1

2

40

109

8

Percent Detects

0

33

68

62

0

28

44

1

2

31

84

6

Mean

-----

254

3.0

5.2

-----

1.9

5

0.5

0.3

0.9

59

99

Standard Deviation

-----

761

2.2

12

-----

5.1

5

-----

0.2

0.4

68

72

Minimum

-----

0.5

0.3

0.5

-----

0.5

1

-----

0.2

0.5

3

52

Units

25th Percentile

-----

0.9

1.7

0.8

-----

0.5

1

-----

0.3

0.6

12

61

Median

-----

3.7

2.7

1.2

-----

0.7

3

0.5

0.3

0.7

26

64

75th Percentile

-----

120

3.5

3.5

-----

0.8

6

-----

0.4

0.9

87

98

Maximum

-----

4170

14

69

-----

24

23

-----

0.5

1.9

339

250
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6.7.1.3 Louisville Soil Porewater Summary
Soil porewater data indicated that there was a difference in soil porewater quality depending on if the porewater
was collected north or south of Main Street. Overall, the major anion and cation data and SPC showed larger
values north of Main Street. North of Main Street, many of these same parameters showed decreasing
concentrations with time. This trend was similar south of Main Street, except that chloride concentrations did
not show a trend overall.
North of Main Street, the dominant geochemical processes that were indicated were precipitation/dissolution
and exchange reactions based on major anion and cation data. However, in the shallower depths, silicate
weathering could also be a major process affecting porewater chemistry. Weathering (in deeper depths),
redox process, and sorption are likely occurring, but these are likely minor geochemical processes based on
major anion and cation chemistry. Exchange reactions in the deeper depths were predominantly ion exchange
reactions. In the middle depths the exchange reactions shifted from reverse ion exchange reactions to ion
exchange reactions, and in the shallower depths the exchange reactions cycled between ion exchange and
reverse ion exchange reactions. Urban fill could also be contributing to the changes shown in the major anions
and cations because of the increased leaching that resulted from the installation of GI (Boudreault et al., 2010;
Swanson and Lamie, 2010; Shuster et al., 2014; Shuster et al., 2015; McGrane, 2016).
South of Main Street, the dominant geochemical processes that were indicated were precipitation/dissolution
and exchange reactions based on major anion and cation data. Exchange reactions were shown to be either ion
exchange or reverse ion exchange. The reverse ion exchange process was mainly found in the deeper soil depths
and ion exchange in the shallow depths.
Nitrate + nitrite, DOC, barium, and strontium concentrations decreased with time; however, phosphate
concentrations were increasing with time. Based on the study data, fluoride and iodide would not be useful
in tracking road salt applications (source delineation) because of the significant delay in the peak fluoride and
iodide concentrations relative to the peak chloride concentrations.
There were a few parameters, chromium, copper, manganese, molybdenum, nickel, antimony, vanadium, and
zinc, that had greater than expected concentrations in a few events. For manganese, nickel, molybdenum, zinc,
antimony, and vanadium, the maximum concentrations were in the initial sampling (July 2016) and decreased
in subsequent events. The maximum concentrations for copper occurred in September 2016 and decreased in
subsequent events. The maximum concentrations for chromium were in 2017 and then the concentrations of
chromium decreased. This suggests that urban fill and the potential to have associated contaminants may in part
be why we are seeing these patterns in trace metal behavior (Swanson and Lamie, 2010). The other part is that
GI has been shown to increase infiltration in urban soils (Boudreault et al., 2010; Shuster et al., 2014; Shuster et
al., 2015; McGrane, 2016). This suggests that the increased infiltration of stormwater likely flushed these trace
components through the vadose zone.
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6.7.2 Groundwater
All groundwater quality data can be found in Appendix E, Table E-2.

6.7.2.1 Background Groundwater Quality
To assess changes in groundwater quality, it is important to understand the groundwater quality before
implementing the GI infrastructure. A background sampling event was undertaken in February 2016. No single
sampling event can account for seasonal changes or ongoing trends in groundwater chemistry. Therefore, a
literature and database search was conducted to gather more groundwater quality information for this study
site.
The USGS NWIS (USGS, 2016) was the only data source located that provided any background water quality data
for this study. Only groundwater data from outwash aquifers and wells within a 10 km radius of the study site
south of the Ohio River were used. The total number of sampling points was 269.
Concentrations from both the monitoring wells (MW) and the piezometers (PW) were compared against the
NWIS groundwater quality data from the NWIS database. All parameters in the NWIS database that could be
compared with the study data were significantly different. Because of this the NWIS data is not suitable for use
in understanding the background water quality in this study. The results of statistical analysis, which compares
NWIS groundwater quality data to MW and PW data can be found in Appendix B Table B-3.
Other methods can be used to help define background in geochemical data (Matschullat et al., 2000; Reimann
et al., 2008). Matschullat et al. (2000) proposed several other means of determining background concentrations,
specifically, methods designed to predict the upper limits of the threshold of background. These methods include
the Iterative 2σ (σ= Standard Deviation) technique, the 3σ outlier test, the calculated distribution function, and
the inflection points on a cumulative frequency curve. Reimann et al. (2008) suggested the use of the mean ±
2σ. Matschullat et al. (2000) concluded that the iterative 2σ-technique and the calculated distribution function
provide realistic approximations of the background condition; however, they further point out that no single
method can provide absolute results due to the inherent complexity of geochemical data sets. Finally, Reimann
et al., 2018 proposed the use of the interquartile range and median ± 2MAD (MAD= Median Absolute Deviation).
All these techniques were applied to the study data and based on this analysis the iterative 2σ technique was
selected to define the background ranges. This choice was based on not being appropriately conservative and
yielding consistent results. The background ranges for parameters that will be discussed in this study are given
in Table 6-3 and for all parameters in Table B-4, Appendix B. The lower and upper critical values define the
background concentration ranges in Table 6-3 and the percentage of samples included in the background range
is also shown.

6.7.2.2 Monitoring Wells and Piezometers
Only chromium and iodide concentrations showed significant differences (p = 0.014 and p = 0.020, respectively)
between samples collected from the MWs and PWs (See Appendix B, Table B-5 for other statistical comparisons).
The MWs and the PWs are completed approximately at the same depths. The difference in these is that the MWs
have a 3.1 m screened interval and the PWs have a 0.6 m screened interval. This analysis also suggests that the
aquifer is likely not stratified. Therefore, since it is expected that the top of the aquifer will be a better indicator
of potential changes to groundwater quality and the MW wells are the only wells that are screened across the
top of the aquifer, only the MWs will be used in subsequent analysis.

6.7.2.3 Major Anions and Cations, pH, Specific Conductivity
Detailed analysis of time series and trend analysis for major anions and cations, pH and specific conductivity can
be found in Appendix B, Section 1.6.
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Table 6-3. Study specific background ranges for select analytes determined for the Louisville GI Study.
Parameter

Units

Total
Number of
Analyses

Number of
Analyses
Used

Mean

Lower
Critical
Value

Upper
Critical
Value

Specific Conductance

µS/cm

220

200

220

202

1302

746

1302

90.9

7.26

6.77

7.25

91.8

mg/L

220

0.36

0.86

0.3

0.78

90.9

mg HCO3/L

285

263

496

291

471

94.5

Chloride

23.7

73.8

25.6

122

24.2

119

92.3

75.7

16.8

76.9

39.8

112

42.0

109

93.6

198

0.20

0.05

0.20

0.08

0.31

0.10

0.30

90.0

120

115

5.61

3.50

5.40

0.75

17.5

BDL

1

12.6

95.8

mg N/L

220

210

4.20

1.50

4.10

1.31

7.23

1.20

7.20

95.5

Phosphate

mg P/L

220

211

0.064

0.037

0.055

0.004

0.167

BDL

0.138

95.9

Total Phosphorous

mg P/L
µg/L

110

102

0.058

0.016

0.056

0.028

0.093

0.026

0.09

92.7

171

164

4.6

8.1

1

0.5
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BDL

21

95.9

Barium

µg/L

220

206

64

15

64

25

121

34

94

93.6

Calcium

mg/L
µg/L

220

198

113

15

115

79.6

144

83.8

142

90.0

195

183

0.4

0.2

0.3

0.3

1.3

BDL

0.8

93.8

195

192

1.9

3.4

1.0

0.3

29

1.4

5.4

98.5

Copper

µg/L
µg/L

170

163

1.5

2.5

1.0

0.3

16

BDL

6.6

95.9

Iron

µg/L

220

212

31

21

25

25

156

BDL

73

96.4

Potassium

mg/L

220

197

5.45

1.00

5.55

3.21

7.84

3.45

7.45

89.5

Magnesium

mg/L
µg/L

220

206

37.2

5.64

37.9

24.9

48.6

25.9

48.5

93.6

195

183

17

25

6.0

0.3

124

BDL

67

93.8

mg/L
µg/L

220

208

43.9

11.3

43.7

17.0

73.6

21.2

66.6

94.5

195

194

1.2

1.4

0.6

0.3

6.4

BDL

4.0

99.5

Std Dev

Median

1024

139

7.01

0.12

200

0.54

220

208

mg/L

220

Sulfate

mg/L

Fluoride

mg/L
µg/L

Nitrate + Nitrite

pH
Dissolved Organic Carbon
Bicarbonate

Iodide

Aluminum

Cobalt
Chromium

Manganese
Sodium
Nickel

Min

Max

1040

746

7.03

6.76

0.12

0.53

381

45

203

71.6

220

206

220

Percent of
Samples
Included

BDL = Below Detection Limit.

1
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6.7.2.4 Dilution Effects on Major Cations and Anions
The GI infrastructure at the Louisville study site is designed to infiltrate very large quantities of water into the
subsurface. Although the stormwater runoff itself is not sampled in this study, the concentrations of major
anions and cations are likely much lower than what has been measured in the groundwater. Because of this, it
is likely that when the infiltrated stormwater mixes with the groundwater, the infiltrated stormwater dilutes the
major anions and cations in groundwater locally. Based on this analysis, the slopes of the trend lines can be used
as rough indicators of changes in water quality caused by the dilution of the major anions and cations. The slopes
are given in Table 6-4.
Table 6-4. Slopes from the trend analysis that are being used for rate of change in parameter
concentrations. Locations’ rates of change are the average of the wells north and south of Main Street.
Slopes
Well/ Location

Bicarbonate

Chloride

Sulfate

Calcium

Magnesium

Sodium

Potassium

mg/L/yr

mg/L/yr

mg/L/yr

mg/L/yr

mg/L/yr

mg/L/yr

mg/L/yr

MW-01

-28.6

-10.4

-14.2

-10.5

-10.5

-1.85

-0.87

MW-02

-16.7

-0.43

-13.8

3.71

3.71

-5.38

0.04

MW-03

-27.0

-10.8

-12.9

-5.78

-5.78

-3.90

1.06

MW-04

-18.5

-22.4

-9.03

-7.96

-7.96

-5.86

-0.35

MW-05

-56.8

-6.87

-15.4

-16.2

-16.2

4.89

-0.88

MW-06

-20.2

-8.81

-9.48

-5.40

-5.40

-1.88

-0.10

MW-07

-20.0

1.14

-10.5

-5.48

-5.48

5.33

0.15

MW-08

-14.3

-3.90

-14.6

-4.30

-4.30

-1.94

-0.42

MW-09

-29.5

-11.4

-23.8

-13.4

-13.4

-6.31

-0.67

MW-10

-6.33

-23.0

-13.8

-7.04

-7.04

-6.54

-0.47

North of Main St

-29.2

-10.8

-17.5

-7.99

-4.63

-3.16

-0.39

South of Main St

-14.2

-6.97

-14.6

-7.12

-4.75

-3.54

-0.30

Changes in groundwater quality caused by the major anion and cation composition can be extrapolated using
the rates of change for the major anions and cations along with the concentrations of these parameters in the
August 2018 samples. This analysis assumes that the rates of change will remain constant, the composition of
the stormwater remains constant, and that the geochemical processes currently happening will not change
with dilution. Even though these assumptions will not hold, the extrapolations will provide insight into potential
changes in groundwater quality that could arise because of changes in major anion and cation compositions.

52

Figure 6-28 is a Piper diagram showing data from the background sampling (February 2016), the August 2018
sampling, extrapolations five years into the future, and extrapolations 10 years into the future. In the cation
trilinear diagram (bottom left) of the Piper diagram, the black arrow shows the path of how the major cation
composition changes with time. The relative amounts of magnesium are decreasing rapidly, and the relative
amounts of calcium are decreasing slowly. The relative amount of sodium is increasing. The extrapolation in five
years shows that magnesium composition would be a minor component, and calcium has decreased slightly
more than was in August 2018. In ten years, the groundwater is still dominated by calcium, but the contribution
of sodium has increased. In the case of wells south of Main Street, it is approaching being the major cation. The
anion trilinear plot (lower right Figure 6-28) of the piper diagram shows that sulfate and chloride amounts are
decreasing and the extrapolation to five and ten years shows these to only be trace components. The mixing
diamond, on the other hand, shows that water type is shifting, and the extrapolations would indicate that water
is becoming softer – that is calcium and magnesium are decreasing. The ten-year extrapolation indicates that the
water is still a calcium-bicarbonate type water but is shifting toward a more sodium-bicarbonate type water.

Figure 6-28. A Piper Diagram showing the February 2016 (circles), August 2018 (triangles), extrapolation
5 years into the future (diamonds), and extrapolation 10 years into the future (stars). Black symbols are
data for north of Main Street and red symbols are for data south of Main Street. The black arrows in
each field indicate the direction data would trend in the 5 year and 10 year extrapolations.
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6.7.2.5 Major Anion and Cation Geochemical Processes
Geochemical processes that can modify the composition of groundwater quality need to be identified and their
contribution and importance need to be identified. Several geochemical processes that may participate in the
altering of groundwater quality for major anions and cations are oxidation/reduction reactions, precipitation/
dissolution reactions, and ion exchange reactions. These processes will be discussed below.
The relationship of sodium compared to chloride is plotted in Figure 6-29A. The halite dissolution line indicates
that neither sodium nor chloride are in excess. This suggests that equilibrium of a solid such as halite is
controlling the solubility of sodium and chloride or that there is a potential influx of water that was influenced
by deicing chemicals. The groundwater data from this study falls on the halite dissolution line (Figure 6-29A).
This suggests that exchange reactions and silicate weather are not likely dominant processes controlling sodium
and chloride; however, this does not distinguish between halite controlling the concentrations of sodium and
chloride or the infiltration of water that is heavily influenced by deicing compounds.
Figure 6-29B is a plot showing the relationship of sodium + potassium to total cations. All the groundwater data
collected falls below the y=0.5x line indicating that silicate weathering is not a dominant geochemical process
controlling sodium and potassium.

Figure 6-29. Plots of A. Sodium versus chloride. B. Sodium + potassium versus total cations for the Louisville
study site. Black circles and lines show data for MW-01, red circles and lines show data for MW-02, green
circles and lines show data for MW-03, blue circles and lines show data for MW-04, cyan circles and lines
show data for MW-05, magenta circles and lines show data for MW-06, dark yellow circles and lines show
data for MW-07, purple circles and lines show data for MW-08, wine-colored circles and lines show data for
MW-09, and dark cyan circles and lines show data for MW-10. Gray shaded areas in B indicate region where
silicate weathering is dominant and yellow shaded areas indicate region where silicate weathering is not
dominant.
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Calcium and magnesium relationships are shown in Figure 6-30. Calcite would be the important carbonate solid
phase based on the data collected (Figure 6-30A). This inference is based on calcium being in excess.
Figure 6-30B is a plot of calcium + magnesium versus bicarbonate + sulfate. Although the study data falls on
or near the 1:1 line, most of the data plots above the line. This suggests that both precipitation/dissolution
reactions and reverse ion exchange reactions could be dominant processes. There are a very few points that fall
below the 1:1 line which would indicate that ion exchange reactions are the dominant process.
Figures 6-30C and 6-30D are plots indicating which solid phases are potentially controlling the calcium and
magnesium concentration in the samples. Figure 6-30C indicates that all the samples are in equilibrium with
calcite and dolomite, suggesting that dissolution and precipitation reactions are important processes. However,
Figure 6-30D indicates that all the samples are undersaturated with respect to gypsum.

Figure 6-30. Plots of A. Magnesium versus calcium. B. Calcium + magnesium versus bicarbonate + sulfate.
C. Dolomite SI versus calcite SI. D. Gypsum SI. Black circles and lines show data for MW-01, red circles show
data for MW-02, green circles show data for MW-03, blue circles show data for MW-04, cyan circles show
data for MW-05, magenta circles show data for MW-06, dark yellow circles show data for MW-07, purple
circles show data for MW-08, wine-colored circles show data for MW-09, and dark cyan circles show data
for MW-10. In C the gray shaded region indicates equilibrium between the sample and solids, the yellow
shaded region indicates the sample is undersaturated with respect to calcite and oversaturated with respect
to dolomite, green shaded region is where the sample is oversaturated with respect to calcite and dolomite,
blue shaded region is where the sample is undersaturated with respect to both calcite and dolomite, and the
purple shaded region is where the sample is oversaturated with respect to calcite and undersaturated with
respect to dolomite. In D the gray shaded region indicates equilibrium with gypsum.

55

The plots in Figure 6-31 indicate the role ion exchange process plays in the groundwater at the Louisville study
site. Figure 6-31A is a plot of the chloro-alkaline indices. Based on this plot, both types of ion exchange reactions
are possible. There were no temporal patterns, but most of the samples indicate ion exchange reactions. Even
though ion exchange reactions are suggested in most samples, there is still considerable data that suggests
reverse ion exchange is important. Figure 6-31B is a plot of sodium + potassium – chloride versus calcium +
magnesium – bicarbonate – sulfate. In this plot data, the plots on the y=-x trend line suggest that ion exchange
reactions are important. The study data did not plot on the y=-x trend line. An ordinary least squares regression
of the data shows that the slope of a trend line would be -0.535, and this indicates that there is an ion imbalance
in solution. In this case, the data suggests that in most samples, calcium and magnesium are in excess. This
would suggest that ion exchange reactions are an important process.

Figure 6-31. Plots of the A. Chloro-alkaline index 1 versus chloro-alkaline index 2 and B. Na+K-Cl versus
Ca+Mg-HCO3- SO4. Black circles and lines show data for MW-01, red circles and lines show data for MW-02,
green circles and lines show data for MW-03, blue circles and lines show data for MW-04, cyan circles and
lines show data for MW-05, magenta circles and lines show data for MW-06, dark yellow circles and lines
show data for MW-07, purple circles and lines show data for MW-08, wine-colored circles and lines show
data for MW-09, and dark cyan circles and lines show data for MW-10. In A the green shaded areas represent
the region where ion exchange reactions would be important, and the magenta shaded areas represent the
region where reverse ion exchange reactions would be important.
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6.7.2.6 Other Chemical Constituents
6.7.2.6.1 Dissolved Organic Carbon
Figure 6-32 shows plots of DOC concentrations versus time. North of Main Street (Figure 6-32A), there were no
trends in DOC concentrations in wells MW-01, MW-03, and MW-04. In MW-02 there was a significant decreasing
trend in DOC concentration (p = 0.036). However, MW-05 showed a significant increasing trend in DOC
concentrations (p = 0.010). South of Main Street (Figure 6-32B), there were no trends in DOC concentrations
in MW-06, MW-07, and MW-10. For wells MW-08 and MW-09, there were significant decreasing DOC
concentrations (p = 0.010 and p = 0.015, respectively).

Figure 6-32. Plots showing the changes in dissolved organic carbon concentrations with time for A. Wells
north of Main Street and B. Wells south of Main Street. Black circles and lines show data for MW-01, red
circles and lines show data for MW-02, green circles and lines show data for MW-03, blue circles and lines
show data for MW-04, cyan circles and lines show data for MW-05, magenta circles and lines show data for
MW-06, dark yellow circles and lines show data for MW-07, purple circles and lines show data for MW-08,
wine-colored circles and lines show data for MW-09, and dark cyan circles and lines show data for MW-10.
Gray shaded areas represent the site-specific background.
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6.7.2.6.2 Fluoride
The time series plots for fluoride are shown in Figure 6-33. Fluoride concentrations plotted against time for
samples north of Main Street are shown in Figure 6-33A. There were no trends in fluoride concentrations north
of Main Street. South of Main Street (Figure 6-33B), there were no trends in fluoride concentrations in wells,
MW-06, MW-07, and MW-08. Fluoride concentrations in MW-09 and MW-10 had a significant increasing trend in
fluoride concentrations (p = 0.019 and p = 0.003, respectively).
Although there were, except for MW-09 and MW-10, no trends in fluoride concentrations, the groundwater
fluoride concentrations could still be affected by de-icing. There was overall no correlation between fluoride and
chloride (r2= 0.06). The correlations with chloride in just MW-09 and MW-10 showed slightly better correlation
(r2= 0.25). It is unlikely that de-icing agents play much of a role in fluoride concentrations.

Figure 6-33. Plots showing the changes in fluoride concentrations with time for A. Wells north of Main Street
and B. Wells south of Main Street. Black circles and lines show data for MW-01, red circles and lines show
data for MW-02, green circles and lines show data for MW-03, blue circles and lines show data for MW-04,
cyan circles and lines show data for MW-05, magenta circles and lines show data for MW-06, dark yellow
circles and lines show data for MW-07, purple circles and lines show data for MW-08, wine-colored circles
and lines show data for MW-09, and dark cyan circles and lines show data for MW-10. Gray shaded areas
represent the site-specific background.
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6.7.2.6.3 Iodide
Figure 6-34 shows plots of the time series iodide concentration data. There were no trends in iodide
concentration for MW-01, MW-03, MW-04, and MW-05 wells (Figure 6-34A) north of Main Street. MW-02 did
show an increasing trend in iodide concentrations, and it was significant (p = 0.063). There were no trends in
iodide concentration in any of the wells south of Main Street during the study (Figure 6-34B). There was no
correlation in iodide and chloride concentrations (r2 = -0.01). This is not surprising since the data from the vadose
zone suggested that iodide did not correlate with chloride. This means that it is unlikely that iodide would be
useful in determining if de-icing agents were used at this site.

Figure 6-34. Plots showing the changes in iodide concentrations with time for A. Wells north of Main Street
and B. Wells south of Main Street. Black circles and lines show data for MW-01, red circles and lines show
data for MW-02, green circles and lines show data for MW-03, blue circles and lines show data for MW-04,
cyan circles and lines show data for MW-05, magenta circles and lines show data for MW-06, dark yellow
circles and lines show data for MW-07, purple circles and lines show data for MW-08, wine-colored circles
and lines show data for MW-09, and dark cyan circles and lines show data for MW-10. Gray shaded areas
represent the site-specific background.
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6.7.2.6.4 Nitrate + Nitrite
Time series data for nitrate + nitrite is plotted in Figure 6-35. All wells north of Main Street (Figure 6-35A), had
decreasing nitrate + nitrite concentrations with time. The wells with significant trends are MW-01 (p = 0.010),
MW-02 (p = 0.019), MW-03 (p = 0.063), MW-04 (p = 0.016) and MW-05 (p = 0.002). South of Main Street (Figure
6-35B), also showed decreasing nitrate + nitrite concentrations in MW-06, MW-07, and MW-09. The decreasing
trends were significant in MW-06 and MW-07 (p = 0.016 and p = 0.037, respectively). MW-08 and MW-10 did not
show any concentration trends during the study.

Figure 6-35. Plots showing the changes in nitrate + nitrite concentrations with time for A. Wells north of Main
Street and B. Wells south of Main Street. Black circles and lines show data for MW-01, red circles and lines
show data for MW-02, green circles and lines show data for MW-03, blue circles and lines show data for MW04, cyan circles and lines show data for MW-05, magenta circles and lines show data for MW-06, dark yellow
circles and lines show data for MW-07, purple circles and lines show data for MW-08, wine-colored circles
and lines show data for MW-09, and dark cyan circles and lines show data for MW-10. Gray shaded areas
represent the site-specific background. Red dashed lines represent the MCL for nitrate (10 mg N/L).
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6.7.2.6.5 Phosphate
Figure 6-36 shows plots of the time series phosphate data for the groundwater at the Louisville study site.
Groundwater north of Main Street (Figure 6-36A), shows increasing phosphate concentrations in all wells except
MW-04. These increasing phosphate concentration trends were all significant (p-values range 0.006 – 0.025).
South of Main Street (Figure 6-36B), three of the wells showed increasing phosphate concentrations. These wells
were MW-06, MW-07, and MW-09. The increasing trends were significant in MW-06, MW-07, and MW-09 (p =
0.010, p = 0.006, and p = 0.089, respectively). The other two wells, MW-08 and MW-10 did not show trends in
phosphate concentrations.

Figure 6-36. Plots showing the changes in phosphate concentrations with time for A. Wells north of Main
Street and B. Wells south of Main Street. Black circles and lines show data for MW-01, red circles and lines
show data for MW-02, green circles and lines show data for MW-03, blue circles and lines show data for
MW-04, cyan circles and lines show data for MW-05, magenta circles and lines show data for MW-06, dark
yellow circles and lines show data for MW-07, purple circles and lines show data for MW-08, wine-colored
circles and lines show data for MW-09, and dark cyan circles and lines show data for MW-10. Gray shaded
areas represent the site-specific background.
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6.7.2.6.6 Barium
Figure 6-37 shows how the barium concentrations varied during the study period. The barium concentrations
north of Main Street during the study are shown in Figure 6-37A. In wells MW-01 and MW-05, there was a
trend of decreasing barium concentrations. In both cases these trends were significant (p = 0.037 and p = 0.003,
respectively). There were no trends in barium concentration in wells MW-02, MW-03, and MW-04. South of Main
Street (Figure 6-37B), four of the wells had decreasing trends in Ba concentration. These wells were MW-06,
MW-08, MW-09, and MW-10. There was no trend in barium concentrations in MW-07. The decreasing barium
concentration trends were significant in MW-06 (p = 0.063), MW-08 (p = 0.030), MW-09 (p = 0.076), and MW-10
(p = 0.004).

Figure 6-37. Plots showing the changes in barium concentrations with time for A. Wells north of Main Street
and B. Wells south of Main Street. Black circles and lines show data for MW-01, red circles and lines show
data for MW-02, green circles and lines show data for MW-03, blue circles and lines show data for MW-04,
cyan circles and lines show data for MW-05, magenta circles and lines show data for MW-06, dark yellow
circles and lines show data for MW-07, purple circles and lines show data for MW-08, wine-colored circles
and lines show data for MW-09, and dark cyan circles and lines show data for MW-10. Gray shaded areas
represent the site-specific background.
Another potential mechanism controlling barium is ion exchange as was indicated during the analysis of major
cations. There is a weak correlation between barium concentrations and chloride concentrations (r2= 0.39)
which would suggest that when the concentration of chloride increases, barium is complexed, and the barium
concentration increases. There is also a weak correlation between barium and sodium (r2= 0.38). As was the case
with chloride, as the sodium concentration increases the barium concentration also increases. This suggests that
at least some of the barium is weakly held by the solids in the aquifer. Chloride can complex with barium and
form a soluble and stable solution complex. Sodium on the other hand can participate in reverse ion exchange
reactions and replace barium weakly bound to the solids. In both cases, this provides evidence that at least some
of the barium is weakly bound to aquifer solids and ion exchange would be an explanation for this weak bonding.
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6.7.2.6.7 Chromium
Chromium time series information is plotted in Figure 6-38. There were no trends in chromium concentrations
north of Main Street in wells MW-01, MW-02, and MW-03 (Figure 6-38A). However, in wells MW-04 and MW05, the chromium concentrations were increasing with time. These trends were significant (p = 0.010 and p
= 0.006, respectively). The data for chromium concentrations with time are plotted in Figure 6-38B for wells
south of Main Street. There were no chromium concentration trends in wells MW-09 and MW-10. In wells MW06, MW-07, and MW-08, the chromium concentrations were increasing with time. These trends in chromium
concentration were significant in MW-06 (p = 0.002) and MW-07 (p = 0.008) and in MW-08 (p = 0.063). Both
north and south of Main Street, the wells with increasing chromium concentrations are the wells closest to the
infiltration gallery.

Figure 6-38.Plots showing the changes in chromium concentrations with time for A. Wells north of Main
Street and B. Wells south of Main Street. Black circles and lines show data for MW-01, red circles and lines
show data for MW-02, green circles and lines show data for MW-03, blue circles and lines show data for MW04, cyan circles and lines show data for MW-05, magenta circles and lines show data for MW-06, dark yellow
circles and lines show data for MW-07, purple circles and lines show data for MW-08, wine-colored circles
and lines show data for MW-09, and dark cyan circles and lines show data for MW-10. Gray shaded areas
represent the site-specific background. The red dashed line represents the MCL for chromium (100 µg/L).
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6.7.2.6.8 Nickel
Figure 6-39 shows plots of nickel concentrations versus time collected north and south of Main Street. Nickel
concentrations during the study north of Main Street are plotted in Figure 6-39A. There were increasing trends
in nickel concentrations in wells MW-01, MW-03, MW-04, and MW-05. These increasing trends were significant
(p-values ranged from 0.030 – 0.097). In well MW-02, there was no trend in nickel concentrations with time
during the study. South of Main Street, only the two wells closest to the infiltration gallery show any trends in
nickel concentrations (Figure 6-39B). In both MW-06 and MW-07 these trends in increasing nickel concentrations
were significant (p = 0.016 and p = 0.048, respectively). In wells MW-08, MW-09, and MW-10 there were no
trends in nickel concentrations.

Figure 6-39. Plots showing the changes in nickel concentrations with time for A. Wells north of Main Street
and B. Wells south of Main Street. Black circles and lines show data for MW-01, red circles and lines show
data for MW-02, green circles and lines show data for MW-03, blue circles and lines show data for MW-04,
cyan circles and lines show data for MW-05, magenta circles and lines show data for MW-06, dark yellow
circles and lines show data for MW-07, purple circles and lines show data for MW-08, wine-colored circles
and lines show data for MW-09, and dark cyan circles and lines show data for MW-10. Gray shaded areas
represent the site-specific background. The red dashed line represents the MCL for chromium (100 µg/L).
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6.7.2.6.9 Stormwater Inorganic Contaminants and Select Trace Metals in Groundwater
The NURP and NSQD have identified several inorganic contaminants and organic contaminants that are
important to evaluate when infiltrating stormwater in a GI system (U.S. EPA, 1983; NSQD, 2015). Summary
of NURP and NSQD inorganic compounds as well as other trace metals are shown in Table 6-5. Site-specific
background concentrations of these parameters are given in Table 6-4 and these will be used to compare data to.
Phosphate, barium, chromium, and nickel were discussed in the previous sections and in Appendix B Section 1.7.
Initially the concentrations for aluminum, iron, and manganese were greater than the site-specific background
for these metals. The reasons for this were likely that initially the wells were not fully developed and the
sediment in the water caused the higher concentrations observed. Total phosphorous, cobalt, and copper
had concentrations greater than the site-specific background. Total phosphorous concentrations increased
throughout the study similar to what was observed for phosphate. The concentrations of cobalt initially were
within the site-specific background concentration range but the concentrations near Main Street began to
increase in October 2017 and were still increasing in August 2018. The source of the cobalt is not known. Initially,
copper concentrations were within the range of the site-specific background for copper. In September 2016, the
copper concentrations were greater than the site-specific background in the wells near Main Street. The copper
concentrations then decreased and were within the site-specific background for the remainder of the study. The
source of copper is not known.
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Table 6-5. Summary of trace inorganic data for Louisville groundwater samples.
Ammonia

Total
Nitrogen

Phosphate

Total
Phosphorous

Ag

Al

As

Ba

Be

Cd

Co

Cr

Cu

mg N/L

mg N/L

mg P/L

mg P/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

100
29
29
0.11
0.15
0.03
0.04
0.05
0.08
0.67

100
100
100
4.15
1.74
0.51
2.72
4.20
5.50
7.64

90
90
100
0.077
0.055
0.009
0.038
0.062
0.096
0.325

100
90
90
0.061
0.020
0.024
0.049
0.057
0.072
0.136

100
0
0
-----------------------------

100
33
33
18
33
1
4
6
16
136

100
83
83
1.0
0.2
0.5
0.8
1.0
1.1
1.6

100
100
100
61
20
19
51
60
67
177

100
28
28
0.9
0.3
0.5
0.6
0.8
1.1
1.8

100
1
1
0.5
----0.5
0.5
0.5
0.5
0.5

100
29
24
1.0
0.6
0.5
0.6
0.8
1.6
2.2

100
78
78
5.6
24
0.5
0.8
1.1
1.9
209

100
63
63
8.1
25
0.5
0.8
1.2
2.2
129

Fe

Mn

Mo

Ni

Pb

Sb

Se

Th

Tl

U

V

Zn

Units

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

Total Number of Analyses
Number of Detects
Percent Detects
Mean
Standard Deviation
Minimum
25th Percentile
Median
75th Percentile
Maximum

100
6
6
159
136
51
92
121
146
428

100
85
85
31
109
0.5
1.5
3.7
9
735

100
59
59
1.2
0.6
0.5
0.9
1.0
1.2
3.8

100
54
54
1.1
0.6
0.5
0.6
0.8
1.3
3.0

100
7
7
0.8
0.4
0.5
0.5
0.6
1.0
1.4

100
24
24
0.6
0.1
0.5
0.5
0.6
0.7
0.9

100
85
85
2.9
1.2
1.0
2.2
2.6
3.6
6.6

100
5
5
0.5
0.0
0.5
0.5
0.5
0.5
0.5

100
3
3
0.46
0.18
0.26
0.40
0.53
0.57
0.60

100
46
46
0.7
0.2
0.5
0.6
0.6
0.9
1.1

100
11
11
0.6
0.1
0.5
0.5
0.5
0.5
0.8

100
7
7
108
54
56
70
86
142
194

Units
Total Number of Analyses
Number of Detects
Percent Detects
Mean
Standard Deviation
Minimum
25th Percentile
Median
75th Percentile
Maximum
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6.7.2.6.10 Changes in Other Chemical Constituents
From the above analysis it was shown that in general the parameters had increasing or decreasing trends in at
least some of the wells. Table 6-6 shows the mean rate of change in the parameters with the wells grouped as
north or south of Main Street. Except for DOC, the rate of change north and south of Main Street had the same
sign, meaning they were either increasing or decreasing trends. DOC north of Main Street had increasing rate
but south of Main Street there was a decreasing rate. Using the rates obtained, an extrapolation can be made
assuming that these rates will not change in the future. This assumption is likely not the reality because there
are other potential geochemical processes that could modify these rates or changes in the kinetics of the system.
Table 6-7 shows the initial concentrations (February 2016), the concentration in the last sampling (August 2018),
and extrapolations five and ten years into the future using the rates derived in Table 6-6 north and south of Main
Street.
Table 6-6. Rates of change for parameters north and south of Main Street for the Louisville Study.
Dissolved
Organic Carbon

Nitrate +
Nitrite

Phosphate

Barium

Chromium

Nickel

mg/L-y

mg N/L-y

mg P/L-y

µg/L-y

µg/L-y

µg/L-y

North of Main Street

0.019

-1.60

0.046

-6.39

22.3

0.34

South of Main Street

-0.078

-0.68

0.032

-6.31

13.9

0.42

Parameter
Units

Table 6-7. Initial parameter concentrations, last sampling concentrations, and concentrations extrapolated 5 and
10 years into the future assuming rates in Table 6-6.
February 2016

August 2018

August 2023 (5 y)

August 2028 (10 y)

Parameter

Units

North of
Main St.

South of
Main St.

North of
Main St.

South of
Main St.

North of
Main St.

South of
Main St.

North of
Main St.

South of
Main St.

Dissolved
Organic Carbon

mg/L

0.46

0.65

0.58

0.49

0.68

0.10

0.77

<0.50

Nitrate + Nitrite mg N/L

6.67

6.13

2.70

2.44

<0.10

<0.10

<0.10

<0.10

Phosphate

mg P/L
µg/L

0.069

0.048

0.155

0.137

0.387

0.299

0.619

0.461

70

76

69

48

37

16

5

<1.0

µg/L
µg/L

1.0

0.8

2.5

15

114

84

226

154

0.7

0.6

1.1

1.1

2.8

3.2

4.5

5.3

Barium
Chromium
Nickel

Based on the extrapolations in Table 6-6, phosphate, chromium, nickel, and DOC north of Main Street would be
expected to increase in concentration in five and ten years. Nickel and chromium are both naturally occurring
elements in soils and sediments; however, both are associated with automobile parts and fluids (Minnesota
Stormwater Manuel, 2019). In addition, chromium has been associated with fossil fuel combustion. The
source of the increasing nickel and chromium concentrations is not known at this time, but urban fill could be
the source. Phosphate is also a naturally occurring compound. In urban setting sources of phosphate include
atmospheric deposition, plant and leaf litter, fertilizers, and road salt (Minnesota Stormwater Manuel, 2019).
Any of these sources of phosphate are possible at this study site, along with urban fill.
In contrast, nitrate + nitrite, barium, and DOC south of Main Street would be expected to decrease in
concentrations. Within 5 years, nitrate + nitrite concentrations would be negligible, and within 10 years, barium
and strontium concentrations would also be negligible. A likely reason for the decreasing concentrations
observed is dilution effects caused by the infiltration of stormwater.
Trends can be affected by many subsurface processes. These subsurface processes could change the rates of
increase or decrease, reverse the trends, or stop the trends. An example of a process that could potentially
mitigate the current rates is given in Appendix B Section 1.8.
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6.7.3 Summary of Geochemical Analysis
Most of the major anions and cations, regardless of whether north or south of Main Street, showed decreasing
concentrations. Calcium and magnesium concentrations were decreasing, and sodium showed no trends.
Because of this, the water type is gradually becoming less calcium dominant shifting towards sodium dominant.
This is likely caused by the dilution effect from the influx of infiltrated stormwater.
The data indicated that the dominant geochemical processes were precipitation/dissolution and exchange
processes. Reverse ion exchange processes were also shown to be an important type of exchange process.
Weathering processes, redox processes, and sorption were likely happening though these were minor processes.
Nitrate + Nitrite, strontium, barium concentrations were all decreasing over time; however, barium
concentrations did increase in relationship to chloride concentrations. This was similar to what was seen in the
soil porewater samples.
Phosphate and total phosphorous concentrations were shown to increase. The increase in phosphate
concentrations is likely caused by the infiltration of stormwater. Nickel, cobalt, and chromium concentrations
were also found to increase with time in the wells nearest to the infiltration gallery. The relationship of
stormwater to nickel, cobalt and chromium is not understood at this time, but it is likely that chromium
concentrations are not related to stormwater because of the magnitude of the concentration increase.
Aluminum, iron, and manganese initially had concentrations greater than the site-specific background but
decreased in concentration throughout the study.

6.7.4 Impacts to Groundwater Quality
6.7.4.1 Regulatory Standards
One measure of water quality are federal and state drinking water standards such as the National Primary
Drinking Water Standards (MCL; EPA, 2017), National Secondary Drinking Water Standards (sMCL; EPA, 2017)
and Commonwealth of Kentucky Drinking Water Standards (401 KAR 10:031). Figure 6-40 gives the number of
exceedances and percent of samples that exceed these drinking water standards for each regulated contaminant
analyzed for. Only 1.1% of samples exceeded that MCL for Cr in the study. All other samples were less than the
MCL. There were several exceedances in the sMCL for TDS, aluminum, iron, and manganese. Eighty-four percent
of the samples analyzed exceeded the sMCL for TDS. For aluminum 3.8% of samples exceeded the sMCL, 1.0% of
samples exceeded the sMCL for iron, and 7.8% of samples exceeded the sMCL for manganese.
The Commonwealth of Kentucky water quality standards are slightly different than the Federal standards
(Figure 6-40). First, some of the sMCLs are not regulated in Kentucky such as aluminum, silver, and manganese.
Kentucky does regulate TDS, chloride, sulfate, and iron as an enforceable standard. Kentucky includes nickel as a
water quality parameter that is regulated but the Federal standards do not. Finally, there are differences in the
regulatory limits for TDS, barium, antimony, and thallium. In all cases, the Kentucky standards are more stringent
than the Federal standards (Figure 6-40). Using the Kentucky standards, all the samples exceed the contaminant
limits for TDS. The exceedances for chromium and iron are the same as MCLs discussed earlier. Thallium
exceeded the contaminant limit in 2.2% of samples.
Another set of criteria that could be applied to the groundwater at this study site are those of the Drinking Water
Standards and Health Advisories (DWSHA; EPA, 2018). There were no exceedances of the One-Day or Ten-Day
Health Advisories during the study. The Drinking Water Equivalent Level (DWEL) did have exceedances in 1.1%
of the samples analyzed for chromium (Figure 6-40). The Lifetime Health Advisory had 3.3% of the samples
analyzed for manganese exceeding this advisory value (Figure 6-40). The Taste Threshold was exceeded in this
study in 89% of the samples for sodium (Figure 6-40).
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Figure 6-40. Percentage of samples exceeding regulatory standards for analytes which have regulatory
standards. Black bars show data for National Primary Drinking Water Standards and National Secondary
Drinking Water Standards, red bars show data for Commonwealth of Kentucky Drinking Water Standards,
green bars show data for One-Day Health Advisories, blue bars show data for Ten-Day Health Advisories,
cyan bars show data for Drinking Water Equivalent Level, magenta bars show data for Lifetime Health
Advisory, and dark yellow bars show data for Taste Threshold.
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6.7.4.2 Water Quality Index
One can compare regulatory standards to water quality data to determine if impacts to water quality have
occurred. This method is somewhat tedious and provides a yes or no answer to whether impacts occurred
or not and does not account for all standards simultaneously. In addition, it does not account for values for
contaminants that do not exceed the MCL or other regulatory standards, but in combination with other data,
could potentially degrade water quality. The WQI, introduced in Section 5.4, attempts to bridge the gap and
provide an index of water quality. The WQI score and its assessment are provided in Table 5-1.
For the Louisville study there are two WQI indices that were calculated using the National Primary Drinking
Water Standards and the included National Secondary Drinking Water Standards (EPA, 2017) and using the
Commonwealth of Kentucky Drinking Water Standards (401 KAR 10:031). Figure 6-41 shows plots of the WQI
versus time for the data collected in this study.

Figure 6-41. Water Quality indices plotted over time for the Louisville Study. A. Using the Federal Drinking
Water Standards and B. Using the Commonwealth of Kentucky Drinking Water Standards. MW-01 data
are the black lines and circles, MW-02 data are the red lines and circles, MW-03 data are the green lines
and circles, MW-04 data are the blue lines and circles, MW-05 data are the cyan lines and circles, MW-06
data are the magenta lines and circles, MW-07 data are the dark yellow lines and circles, MW-08 data are
the purple lines and circles, MW-09 data are the wine-colored lines and circles, and MW-10 data are the
dark cyan lines and circles. The gray shaded areas show samples that are of excellent water quality, olive
shaded areas show samples that are of good water quality, blue shaded areas show samples of poor water
quality, teal shaded areas show data of very poor water quality, light yellow shaded areas show water that
is unsuited for drinking without adequate treatment.
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The use of Federal drinking water standards (MCLs and sMCLs) is shown in Figure 6-41A. Using these standards,
most of the samples indicate excellent to good water quality. Only four data points would be considered of poor
water quality, and all of these are for one well MW-03 in April 2017, October 2017, May 2018, and August 2018.
On the other hand, using the State water quality limits (Figure 6-41B), the only data that would be considered
excellent water quality would be MW-08 in July 2017. Most of the samples collected would be considered good
to poor water quality. Eleven samples would be considered very poor water quality, and these occurred mainly
in February 2016 and August 2018. Finally, five samples would be considered unsuited for drinking water. These
samples were MW-01 in February 2016, MW-06 in September 2016, and MW-03 in April 2017, October 2017,
May 2018, and August 2018.
The differences in the WQIs are due to the differences in standards used and the differences in some to the
regulatory limits. Because there are slightly different standards, the weighting factor becomes different in the
two WQI calculations. The differences in concentrations of the regulatory limits affects the quality ratings for
individual contaminants and this also affects the weighting factors.
What is apparent in both WQI plots is that in general, initially, the WQIs decrease with time; however, in 2018
the WQIs appeared to be increasing. One possible explanation for this is that chromium concentrations are
increasing in wells near the infiltration galleries, but this explanation does not explain the trend in wells that the
chromium concentrations are not increasing. Another possible explanation is this is part of the natural cycle.
Additional samplings are needed to ascertain if there is a cyclic nature to the water quality at this research site.
At this time, an adequate explanation for this trend cannot be determined; however, it is apparent that there are
changes in water quality during the study, but the question of whether GI is the cause of the changes seen will
take more monitoring based on this method.

6.7.4.3 Dilution Effects
At the Louisville study site, dilution of the major anions and cations and several trace components appears to
be playing a major role in changing water quality. Although these would appear to be benign and not causing
human health risk, this could potentially cause a water quality problem. Changes in water quality can negatively
impact drinking water treatment and distribution systems (Santana et al., 2014) as was observed recently in
Flint, Michigan (Pieper et al., 2018; Roy and Edwards, 2019). It is important to stress that the groundwater at
the Louisville GI study site is not being used as a source of drinking water, but it could serve as a model for other
locations.
If changes in water quality affect the major anions and cations this can potentially cause problems for water
treatment. In this example, dilution of the major anions and cations will change the ionic strength of the water
and this would affect the flocculation step in water treatment for example. The water’s buffer capacity would
likely change, which is another problem that dilution could cause. This means that any pH control used could
change the pH of the water, and this could lead to corrosion problems in the water distribution network and
potentially increase the levels of metals such as copper and lead at the tap. Changes in pH could also affect water
disinfection or cause potential disinfection by-products (Suslow, 2001; Ge et al. 2008; Hu et al., 2010; Hansen et
al., 2012).
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7.0
Yakima Study
7.1 Yakima Study Summary
Analysis of the major anions and cations, geochemical processes, and other constituents leads to the conclusion
that mixing of the upgradient groundwater with the infiltrated treated wastewater from the outfall would
explain the changes in water quality seen in the wells near the outfall. Mixing is likely the major process changing
the water quality in the Yakima study. For many parameters the treated wastewater in the outfall had larger
concentrations than the upgradient groundwater and the wells near the outfall had concentrations between
these two sources.
The analysis of the water quality in relationship to drinking water regulatory standards suggested that the
contaminants of concern in the groundwater and treated wastewater were nitrate + nitrite and arsenic. Nitrate
+ nitrite would be of the biggest concern in the groundwater if the State of Washington arsenic regulatory limits
were not considered. If you consider the State of Washington arsenic regulatory limits, then all the samples
collected (which had arsenic analysis), would be of concern. The WQI analysis determined that the groundwater
and treated wastewater had excellent to good water quality during the study. The New York effluent limits
showed that the treated wastewater was good.
Reverse ion exchange did not seem to be an important geochemical process in the wells near the outfall. This
suggests that sodium loading is not an issue in this study. However, there was some evidence that phosphate
concentrations in the groundwater were increasing and this could potentially affect the subsurface sediments.
Because of the hydrology, the phosphate increases could be potentially problematic to surface water at some
point. Therefore, continued monitoring would be important in this system.
A final point about the Yakima study is that the infiltration of treated wastewater is potentially an important
and useful management practice for the disposal or conveyance of treated wastewater. The initial results of this
study suggest that the concentrations in the groundwater near the outfalls would be no greater than the treated
wastewater when mixing upgradient water and infiltrated treated wastewater. If the treated wastewater is of
acceptable water quality, then the infiltration of treated wastewater into groundwater could potentially be a way
to dispose of treated wastewater based on the results of this study.

7.2 Overview
The Yakima River is a major tributary of the Columbia River in Washington State with a drainage area of 15701
km2 and an average discharge of 99 m3/s. Over the past 100 years, several reaches of the Yakima River have
undergone some form of levee construction and channel-migration restriction in response to flooding. Levee
construction has modified natural fluvial processes by reducing the river’s total sediment supply, eliminating offchannel habitats, and disconnecting the river from its historical floodplain. However, these levees historically fail
to protect completely in large flood events (YCFCZD, 2007). The levees are also thought to impair nutrient and
thermal retention, affect Chinook salmon rearing and migration seasons, and a myriad of other river floodplain
functions (Tockner and Stanford 2002, Stanford et al. 2002). This has led to the development of a comprehensive
flood management plan that integrates the consideration of floodplain restoration with environmental concerns.
A local consortium (that includes federal, state, and municipal agencies) determined to set back levees and
re-establish floodplains between Union and Selah Gap. This location was identified as the highest restoration
potential within the Yakima River because of the channel’s high level of constriction and constraint caused by
levees and other infrastructure that prevent connection between the river and floodplain (Stanford et al., 2002).
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The benefits of setting back levees and restoring reclaimed floodplains can enhance a variety of ecosystem
services like flood control, excess nutrient attenuation, temperature pollution mitigation, and salmonid habitat.
Indeed, recent findings by EPA researchers has demonstrated that levee setback and restoration can enhance
important hydrological characteristics, and particularly hyporheic flow (Singh et al. 2018). However, this levee
setback effort poses a challenge to existing municipal infrastructure, including a wastewater treatment plant. In
this case, the rearrangement of levee systems would allow the river to migrate and potentially expose an existing
discharge point within the river channel which would violate the terms of an NPDES discharge permit. To prevent
this from occurring, the City of Yakima decided to develop a floodplain restoration approach that incorporated
indirect discharge of effluent across the surface of the floodplain to manage the system proactively. As a result,
the wastewater treatment plant’s effluent outfall was moved from directly discharging within the river channel
to discharging over the floodplain in two conveyance channels. This restoration approach created floodplain
habitat and surface water features that would effectively be more resilient to alterations of river channel
morphology change and provide ecosystem service benefits.

7.3 Climate
Depending on the reference, the climate of Yakima, Washington is a cold semi-arid climate (Plantmap.com,
2019). The cold semi-arid climate is described by warm to hot dry summers and tend to have cold winters
with large diurnal temperature variations. Precipitation patterns are typically dry summers, with relatively wet
winters. Figure 7-1 shows the temperature and precipitation patterns for the Yakima study site (NOAA, 2019d).
The hot season typically runs from mid-June to mid-September (Figure 7-1A), in which the mean temperature
extremes range from 4 °C to 31 °C (NOAA, 2019d). The coldest part of the year typically runs from midNovember to mid-February with mean temperature extremes ranging from -6 °C to 10 °C (NOAA, 2019d). The
annual precipitation in Yakima is 209.6 mm. The wettest part of the year is mid-October to the end of March
(Figure 7-1B) and the most snowfall occurs during the wettest part of the year. The mean snowfall in Yakima is
548.6 mm. The windiest part of the year is from mid-February to mid-August with an average wind speed of 2.9
m/s (Weatherspark, 2019). Typically, for most of the year, the wind is out of the west and only out of the North
from mid-December to mid-January (Weatherspark, 2019).

Figure 7-1.
Temperature and
precipitation data for
the Yakima study site
(NOAA, 2019).
A. Monthly maximum
daily, mean daily,
and minimum daily
temperatures.
B. Monthly mean
precipitation and
snowfall data.
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7.4 GI Design
As part of this project, the City of Yakima and the U.S. EPA worked to evaluate the effects of effluent on shallow
groundwater and floodplain nutrient changes caused by the indirect discharge of the treated wastewater onto
the floodplain. This type of GI is a simple alternative surface conveyance structure for treated wastewater
composed of surface ditches that have been implemented within a larger river floodplain restoration project.
These ditches include localized groundwater infiltration which differs from the other cases in this report (e.g.,
Fort Riley and Louisville) that focus on intentional stormwater infiltration. In the Yakima study, infiltration
occurs along two discharge channels creating a water feature and conveyance design that is more sustainable
and resilient to natural river channel processes, such as channel migration, when compared to mid channel
piped conveyance that could be left exposed and out of compliance for common discharge permits. This
more sustainable and resilient alternative does, however, expose shallow floodplain groundwater to potential
communication with treated effluent. In this study, direction of flow and changes to water quality composition
provide insight to the effects of this GI practice on groundwater quality.
In 2015, effluent began moving across the floodplain in shallow (1 m deep and 2 m wide) ditches (Figure 7-2).
These ditches convey the flow of effluent for ~650 meters where it meets the Yakima River. As the treated
wastewater moves across the floodplain surface, some of the effluent migrates into the shallow groundwater
immediately below and downstream of the channels, but ultimately enters the river system. This is depicted in
Figure 7-3.

Figure 7-2. Yakima study site aerials before outfall construction and after outfalls were constructed. The
red oval shows the locations of the outfalls.
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Figure 7-3. Pictures of the outfall at the Yakima study site. A. shows the outfall origin, and B. shows the
outfall channel downstream of the outfall origin.

7.5 Monitoring Network Yakima, Washington
Groundwater and samples collected along the outfall are all part of the sample collection activities at the Yakima
study site. The monitoring network is depicted in Figure 7-4.

Figure 7-4. The monitoring network at the Yakima study site. Red circles show the locations of the
monitoring wells, the yellow circles represent the outfall sampling locations, and the blue circles show the
approximate location of surface water sampling.
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7.5.1 Subsurface Monitoring Network - Yakima, Washington
The subsurface monitoring system was designed to monitor the chemical and hydrological interaction of the
surface discharged wastewater infiltrating to groundwater. The network consisted of a series of wells installed
at the study site. The location of the wells is depicted in Figure 7-4. This network consisted of nine monitoring
wells. The groundwater monitoring wells were constructed with screens 1 m in length. The monitoring well
locations are given in Table C-1, Appendix C.

7.5.2 Outfall Monitoring Network - Yakima, Washington
The outfall samples are taken along the western outfall of the treated wastewater flowing out of the water
treatment plant. The locations of the outfall samples are shown in Figure 7-3 and the locations are listed in
Table C-2, Appendix C. Two of the monitoring wells are close to this outfall, BCF836 and MW 06, and are 23 m
and 27 m respectively west of the outfall. Outfall sampling location Outfall 01 and Outfall 03 are the nearest
corresponding samples to these wells.

7.6 Yakima Hydrology
The hydrology at the Yakima study site is described in Narr et al., 2019 and Singh et al., 2018. Singh et al. (2018)
described the Yakima study site on a basin scale following floodplain restoration efforts. Narr et al. (2019)
describes the hydrology on a local scale at the Yakima infiltration site. Based on those published studies the
groundwater flows generally toward the river following the surface river flow patterns (Figure 7-5).

Figure 7-5. Groundwater flow directions at the Yakima Study site. (a.) Groundwater flow under river low flow
conditions. (b.) Groundwater flow under river high flow conditions. Figure modified from Narr et al., 2019.
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At the basin scale, after levees were setback as part of the larger flood plain restoration, there is likely greater
infiltration and flux of water between the surface and groundwater which is described as greater hyporheic flow
(Singh et al., 2018). There was also a corresponding shift in flow direction in two transects discussed that suggest
infiltration and flow direction change in the floodplain river system when large scale restoration (i.e., extensive
large river levee setback) takes place in a basin. Specific examples of the basin wide pattern were represented
in two transects. In transect A (north part of the basin), the flow shifted from south and southeast to the east
after flood plain restoration. In the southern part of the basin (transect B), the flow shifted from southeast
to south and southwest. These changes were likely driven by greater infiltration during flood events and river
flow patterns. This is relevant because the direction of shallow groundwater is critical for understanding how
groundwater and surface water will move, but in the case of GI that incorporates surface infiltration, these
patterns help determine potential for mixing of surface water into groundwater. For a more detailed description
of the basin hydrology, refer to Singh et al. (2018).
A localized version of the groundwater model in Singh et al. (2018) was developed as the basis for the more
site-specific hydrology presented in Narr et al. (2019). Figure 7-5 shows the flow directions (black arrows)
under river low flow conditions and high flow conditions. One important point is that based on the analysis of
hydrology present in Narr et al. (2019) the upgradient wells, wells not influenced by the outflow channels would
be MW-05, BCF837, BCF838, and BCF839. MW-04 is also considered an upgradient well and is not depicted in
Figure 7-5 since it north and west of MW-05 (see Figure 7-4). During river low flow conditions (modeled using
river discharge of 67.39 m3/s), the groundwater moves southeast across the site from all upgradient wells
(Figure 7-5a); however, under river high flow conditions (modeled using river discharge of 453.07 m3/s), the
upgradient groundwater moves in a more easterly direction (Figure 7-5b). Regardless of the river flow conditions,
the upgradient water flows towards BCF836 and MW-06 – which are the wells nearest the outflow channels.
These wells next to the outflow are the first observable locations of infiltrated treated wastewater that enter
the shallow groundwater on the floodplain. Although there is always potential variability in flow direction,
particularly during flood, drought, or aberrant inland groundwater elevation, the surface water that infiltrates
into the shallow floodplain groundwater generally tends to move into the river system. The river system is the
intended receiving water for the surface water outfall. The well placement also allows us to observe the water
quality patterns of infiltrated water as it infiltrates into shallow groundwater. For a more detailed understanding
of the site-specific hydrology, see Narr et al. (2019).

7.7 Yakima Study Results
All of the water quality data for groundwater and the outfalls are in Appendix E, Tables E-5 and E-6.

7.7.1 Background Groundwater Quality
To assess changes in groundwater quality it is important to understand what the groundwater quality was
before the implementation of the GI infrastructure. Background sampling events were undertaken in November
2014 and March 2015. A literature and database search was conducted to gather more groundwater quality
information for this study site.
The USGS NWIS (USGS, 2016) was the only data source located that provided background water quality data for
this study. Only groundwater data from outwash aquifers and only wells within a 10 km radius of the study site
south of the Yakima were used. The total number of sampling points was 331. The data from the monitoring
wells were compared against the NWIS groundwater quality data from the NWIS database. The results of the
statistical analysis indicate that 56% of the parameters in the NWIS database that could be compared with
the study data were significantly different. Because of this, the NWIS data would not be suitable for use in
understanding the background water quality in this study. For detailed statistics see Table C-3 in Appendix C.
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As was the case in the Louisville study, other methods can be used to help define background in geochemical
data (Matschullat et al., 2000; Reimann et al., 2008). Matschullat et al. (2000) proposed several other means of
determining background concentrations. The background ranges discussed in this study are given in Table 7-1.
The lower and upper critical values define the background concentration ranges in Table 7-1. The percentage of
samples included in the background range is also shown. A complete background concentration table can be
found in Appendix C, Table C-4.
Table 7-1. Study-specific background ranges determined using the 2-sigma method for the Yakima Study.
Parameter

Units

N

n

Mean

Std Dev

Median

Min

Max

Lower
Critical
Value

Upper
Critical
Value

Percent
Used

Specific
Conductance

µS/cm

252

244

333

122

345

76

628

88

577

96.8

pH

-----

252

224

6.47

0.28

6.48

5.83

7.09

5.91

7.03

88.9

Dissolved
Organic Carbon

mg/L

252

234

1.02

0.61

0.86

0.33

3.18

MDL1

2.24

92.9

mg HCO3-/L

250

228

85.9

31.1

88.5

23.6

148

23.6

148

91.2

Bicarbonate
Nitrate + Nitrite
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2.09

2.16

2.09

0.005

7.78

MDL

6.41

91.5

Chloride

mg/L
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25.6

13.8

27.0

1.61

55.7

MDL

53.2

92.9

Sulfate

mg/L

254

232

16.2

7.62

16.4

2.23

36.9

0.98

31.5

91.3

Fluoride

mg/L

224

206

0.09

0.05

0.09

0.01

0.22

MDL

0.19

92.0

Phosphate

mg P/L

28

25

0.589

0.690

0.250

0.113

2.490

MDL

1.969

89.3

Calcium

mg/L

254

238

29.2

9.49

31.0

9.16

51.1

10.3

48.2

93.7

Potassium

mg/L

254

242

3.81

1.55

4.13

0.73

8.74

0.71

6.91

95.3

Magnesium

µg/L

254

238

10.9

3.79

11.3

3.29

19.5

3.36

18.5

93.7

Sodium

mg/L

254

228

14.7

5.38

14.8

3.97

28.8

3.94

25.5

89.8

Method Detection Limit.
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7.7.2 Major Anions and Cations, pH, Specific Conductivity
Detailed analysis of time series and trend analysis for major anions and cations, pH and specific conductivity can
be found in Appendix C, Sections 3.1 – 3.9.

7.7.3 Major Anion and Cation Geochemical Processes
Based on the compositional analysis (Appendix C, Sections 3.1 – 3.9) several parameters, SPC, chloride, sulfate,
potassium and sodium suggested that the groundwater near the outfalls was being influenced by the infiltrated
wastewater; however, there are other geochemical processes that can modify the composition of groundwater.
Geochemical processes that may participate in the altering of groundwater quality for major anions and cations
are oxidation/reduction reactions, precipitation/dissolution reactions, and ion exchange reactions. These
processes will be discussed below with respect to the wells near the outfall (BCF836 and MW-06).
Since sodium concentration data suggest that wells near the outfall were potentially a mixture of upgradient
water and wastewater from the outfalls, a plot of sodium and chloride was made and is shown in Figure 7-6A.
The gray shaded areas in Figure 7-6A show where the outfall water samples plotted, and the yellow shaded areas
show where the upgradient groundwater plotted. The outfall samples (treated wastewater) plot above the halite
dissolution line in Figure 7-6A. This indicates that the treated wastewater had sodium in excess of chloride. The
upgradient groundwater lies on or slightly below the halite dissolution line, which would indicate that neither
sodium nor chloride are in excess or there is a slight excess of chloride (Figure 7-6A). This suggests that sodium
in equilibrium with a solid phase or reverse ion exchange are important geochemical processes in the upgradient
wells. The wells near the outfall, BCF836 and MW-06, before the wastewater outflows had more upgradient
water characteristics than outfall characteristics (Figure 7-6A). As wastewater infiltrated into the groundwater
from the outflow, both BCF836 and MW-06 groundwater shifted to be more like the treated wastewater (as
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indicated by the blue arrow in Figure 7-6A). Regardless of the geochemical processes happening, this data
further supports the mixing of the infiltrated wastewater with the upgradient groundwater in the wells near the
outflow.
The relationship between sodium + potassium versus total cations is shown in Figure 7-6B. Most of the treated
wastewater in the outflows plotted between the y = x and y = 0.5x trend lines (the cyan shaded area in Figure
7-6B). The upgradient groundwater in all samples collected plot below the y = 0.5x trend line (magenta shaded
areas in Figure 7-6B). BCF836 is the closest well to the start of the outflow channel (Figure 7-3). With BCF836,
all the data plots below the y = 0.5X trend line, but with time was shifting to greater sodium + potassium and
greater total cations as indicated by the black arrow in Figure 7-6B. MW-06 is located about halfway down the
outflow channel (Figure 7-4). The initial groundwater data before the infiltration of treated wastewater is plotted
below the y = 0.5x trend line (Figure 7-6B). After the initiation of infiltration of treated wastewater, the data
shifted to greater sodium + potassium and greater total cations and data that plotted above the y = 0.5x trend
line in the outflow data field as indicated by the magenta dashed arrow in Figure 7-6B. In both wells near the
outflow, the groundwater gradually shifts away from water similar to upgradient water. It is likely that in BCF836,
the water over time is being influenced by the infiltrated wastewater, but this groundwater is being influenced
to a greater extent by the upgradient water than in MW-06. MW-06 is likely being influenced to a greater extent
by the infiltrated wastewater than in BCF836. This is further evidence that the groundwater at BCF836 and MW06 is the result of the mixing of the infiltrated wastewater with upgradient water flowing to the wells near the
outfall.

Figure 7-6. Plots of A. Sodium versus chloride. B. Sodium + potassium versus total cations for the Yakima study
site. In both A and B the black circles are BCF836 data and magenta triangles are MW-06 data. In A the gray
shaded areas represent the outflow data, the yellow shaded areas represent the upgradient groundwater,
and the blue arrow shows the direction of shift in BCF836 and MW-06 with time. In B the cyan shaded areas
represent the outflow data, the magenta shaded area represents the upgradient groundwater, the black arrow
shows the direction of shift in BCF836 data with time, and the magenta dashed arrow shows the shift in
MW-06 data with time.
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Although calcium, magnesium, and bicarbonate concentrations did not indicate mixing (Appendix C Sections 3.4,
3.6, 3.7), geochemical processes related to these constituents might give some information about the potential
for mixing of the upgradient water with the infiltrated wastewater from the outflows. Figure 7-7A is a plot of
calcium versus magnesium. The gray shaded areas represent the data collected in the outflow samples, and
the yellow shaded areas represent the upgradient groundwater in Figure 7-7A. The upgradient data indicates
excess calcium to magnesium more so than in the outflow samples. Most of the data for BCF836 is more like the
upgradient water, and there was no temporal pattern to this data (Figure 7-7A). In the case of MW-06, most the
data was similar to the outflow data with respect to calcium and magnesium and again there was no temporal
pattern to the data (Figure 7-7A). The majority of the groundwater data would indicate that calcite would be an
important geochemical phase controlling calcium solubility.
A plot of bicarbonate + sulfate versus calcium + magnesium is shown in Figure 7-7B. The sulfate concentrations
did indicate mixing of the upgradient groundwater (Appendix C, Section 3.5). The infiltrated wastewater
influenced the groundwater near the outflows. The upgradient groundwater (yellow shaded area) in Figure
7-7B is mainly above the 1:1 trend line, suggesting that both precipitation/dissolution reactions and reverse ion
exchange reactions could be dominant processes in the upgradient water. The treated wastewater in the outflow
(gray shaded areas) is mainly below the 1:1 trend line (Figure 7-7B), which would indicate that ion exchange
reactions are the dominant process in the outflow samples. BCF836 is plotted like the upgradient groundwater,
but the groundwater shifted to greater calcium + magnesium and bicarbonate + sulfate with time as shown by
the black arrow in Figure 7-7B. In most samples calcium and magnesium were in excess compared to bicarbonate
and sulfate. MW-06 before the infiltration of treated wastewater was similar to the upgradient water, but with
time MW-06 plotted more like the outfall data as indicated by the magenta arrow in Figure 7-7B. Like BCF836
with time MW-06 shifted to greater calcium + magnesium and greater bicarbonate + sulfate. Unlike BCF836,
MW-06 shifted to bicarbonate and sulfate being in excess to calcium and magnesium. This analysis suggests that
the mixing of the infiltrated treated wastewater with upgradient groundwater has a greater influence in MW-06.
Calcite SI versus dolomite SI for the study data is shown in Figure 7-7C. The importance of this analysis is that
most samples, regardless of the source, are undersaturated with respect to calcite and dolomite. Only a few
samples showed equilibrium with these phases. All samples, regardless of the source, were undersaturated with
respect to gypsum (Figure 7-7D).
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Figure 7-7. Plots of A. Magnesium versus calcium. B. Calcium + magnesium versus bicarbonate + sulfate.
C. Dolomite SI versus calcite SI. D. Gypsum SI. In A black circles are BCF836, black arrow shows the trend
in BCF836, magenta triangles are MW-06, magenta arrow shows the trend in MW-06, gray shaded areas
represent the outflow data, and yellow shaded areas represent the upgradient groundwater data. In B black
circles are BCF836, magenta triangles are MW-06, gray shaded areas represent the outflow data, and yellow
shaded areas represent the upgradient groundwater data. In C and D the black circles are BCF836, red circles
are BCF837, green circles are BCF838, blue circles are BCF839, blue triangles are MW-04, cyan triangles
are MW-05, magenta triangles are MW-06, black stars are Outfall 1, red stars are Outfall 2, green stars are
Outfall 3, blue stars are Outfall 4, and gray shaded areas indicate equilibrium with solid phase. In C yellow
shaded area represents data that is undersaturated with respect to calcite and oversaturated with respect
to dolomite; green shaded area represents data that is oversaturated with respect to calcite and dolomite;
cyan shaded area represents data the is undersaturated with respect to calcite and dolomite; and purple
shaded area represents data that is oversaturated with respect to calcite and undersaturated with respect
to dolomite.
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Plots of the CAI indices are shown in Figure 7-8A. The upgradient groundwater data – yellow shaded area –
indicates that reverse ion exchange is the dominant process in the majority of the samples. Contrast this with
the treated wastewater (gray shaded area in Figure 7-7A). This indicates ion exchange is the dominant process.
Only three of fifteen groundwater samples in BCF836 plot in the reverse ion exchange field, and seven of fifteen
groundwater samples plot in the upgradient groundwater field (Figure 7-8A). Two BCF836 samples plotted in the
outfall data field, and the remainder of the samples fell between these two fields. It should be noted that there
was no temporal pattern to the BCF836 data (Figure 7-8A). Other than one data point, the MW-06 data indicated
that ion exchange was the dominant process. Most of the data plotted in the outfall data field (Figure 7-8A). As
was the case with BCF836, there was no temporal pattern to MW-06 data. The CAI indicate that the data from
the wells near the outfall were different than the upgradient groundwater in most cases. This could suggest that
the processes taking place in the outfall samples would be similar to the majority of the groundwater samples
taken near the outfall.
The groundwater data collected near the outfall, with the exception of two samples, indicates that Ca+Mg-HCO3SO4 is in excess compared with Na+K-Cl (Figure 7-8B). There was no temporal pattern to the BCF836 data. More
than half of the time, the BCF836 data plotted in or near the upgradient groundwater data (yellow shaded area
in Figure 7-8B). This is in contrast to the groundwater data for MW-06, where there was a temporal pattern to
the data (Figure 7-8B). The magenta arrow in this plot shows the direction of the shift in MW-06 data. Over time,
the data from MW-06 moved from upgradient, like groundwater, to outfall, like water (gray shaded area in Figure
7-8B). This again supports the idea that mixing of upgradient water and treated wastewater in the outfalls are
mixing near the outfalls.

Figure 7-8. Plots of the A. Chloro-alkaline index 1 versus chloro-alkaline index 2 and B. Na+K-Cl versus
Ca+Mg-HCO3-SO4. The black circles are BCF836, magenta triangles are MW-06, gray shaded areas
represent treated wastewater in the outfalls, and the yellow shaded areas represent the upgradient
water samples. In B the magenta arrow shows the direction of the shift in data with time in MW-06.
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Piper diagrams can be used to show mixing of different source waters (Hounslow, 1995). Piper diagrams showing
the upgradient groundwater and treated wastewater in the outfalls for BCF836 and MW-06 are shown in Figures
7-9 and 7-10. Initially, the groundwater data in BCF836 plotted in the upgradient groundwater field in the mixing
diamond of the Piper diagram (Figure 7-9). With time, the groundwater data in BCF836 shifted towards the
infiltrated treated wastewater data in the outfalls in the mixing diamond of the Piper plot (black arrow in Figure
7-9 mixing diamond). This would indicate that there is mixing of upgradient groundwater with the infiltrated
treated wastewater. Further evidence of mixing is the shift that can be seen in the metals trilinear plot in Figure
7-9. For BCF836, the water shifts with time from a Ca-type/mixed-type water towards a Na-type water. Sodium
concentrations increase in the wells near the outfall, and the sodium concentrations in the outfall are greater
than the upgradient groundwater.

Figure 7-9. Piper diagram for BCF836 groundwater during the Yakima Study. Black arrows in the mixing
diamond and metals trilinear plots show the direction of change in this well with time. The gray shaded
areas in all plots represent the treated wastewater in the outfall and the yellow shaded areas represent the
upgradient groundwater data.
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The Piper diagram for MW-06 is shown in Figure 7-10. The trends in MW-06 are similar to what was reported
previously in BCF836. The difference is that shift occurred more quickly and the mixing is greater in MW-06 than
BCF836 (Figure 7-10).

Figure 7-10. Piper diagram for MW-06 groundwater during the Yakima Study. Black arrows in the mixing
diamond and metals trilinear plots show the direction of change in this well with time. The gray shaded
areas in all plots represent the treated wastewater in the outfall and the yellow shaded areas represent the
upgradient groundwater data.
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7.7.4 Summary of Major Anion and Cation Analysis
The evidence from the time series analysis showed that even though the calcium, magnesium and bicarbonate
were not significantly different than the two source waters (upgradient groundwater and the infiltrated treated
wastewater), there were differences in chloride, sulfate, potassium and sodium in the source waters. The mixing
of the source waters explains the concentrations in the groundwater in the wells near the outfalls.
Mixing of the source waters to explain the groundwater near the outfalls was further demonstrated by the
geochemical analysis in the previous section. Before the wastewater released to the outflows, the makeup of
the groundwater in the wells near the outfall was more similar to upgradient water characteristics than outfall
characteristics. Once the wastewater infiltrated into the groundwater from the outflow, the groundwater in the
wells near the outfall became more like the treated wastewater. This is further evidence that the groundwater
near the outflow was the result of mixing of the infiltrated wastewater with upgradient water flowing to the
wells near the outfall.
Mixing of the two source waters, infiltrated wastewater and the upgradient groundwater was clearly
demonstrated using Piper diagrams. The Piper diagrams also indicated that the two wells near the outflow
had different amounts of mixing. The well closest to the outlet of the treated wastewater into the outflow
channel showed less influence of the treated wastewater when the infiltrated water mixed with the upgradient
groundwater. The well near the outflow further down the outflow channel had the greatest influence of the
infiltrated wastewater when mixed with the upgradient groundwater.

7.7.5 Other Chemical Constituents
7.7.5.1 Dissolved Organic Carbon
The site-specific background DOC concentrations in the groundwater at the study site ranged from 0.33 – 3.13
mg/L and in the outfall, concentrations ranged from 1.98 – 11.4 mg/L (Figure 7-11). There were significant
differences in DOC concentrations between the near outfall groundwater samples and the outfall samples
(p < 0.001), between the upgradient groundwater samples and the outfall samples (p < 0.001), and between
upgradient groundwater samples and near outfall groundwater samples (p < 0.001). The DOC concentrations
were the largest in the outfall samples, followed by the wells near the outfall, and finally, upgradient
groundwater.
Figure 7-11. Time series plots
for dissolved organic carbon
concentrations in A. Upgradient
wells, B. Wells near the outfall, and
C. Outfall samples. Gray shaded areas
indicate the range of the site-specific
background for dissolved organic
carbon in groundwater (Table 7-4).
Black circles and lines are BCF836 data,
red circles and lines are BCF837 data,
green circles and lines are BCF838 data,
blue circles and lines are BCF839 data,
green triangles and lines are MW-04
data, blue triangles and lines are MW05 data, cyan triangles and lines are
MW-06 data, black stars and lines are
Outfall 1 data, red stars and lines are
Outfall 2 data, green stars and lines are
Outfall 3 data, and blue stars and lines
are Outfall 4 data. Gray shaded areas
represent the site-specific background
ranges in the Yakima Study.
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In the upgradient wells (Figure 7-11C), there were trends in DOC concentrations in three of the five wells.
In BCF837 and MW-04, the DOC concentrations were increasing with time. These increasing trends were
significant in BCF837 (p = 0.017) and not a significant trend in MW-04 (p = 0.108). The DOC concentrations were
significantly decreasing in BCF839 (p = 0.041). In the wells near the outfall (Figure 7-11B), only MW-06 had
increasing DOC concentrations and this was a significant trend (p = 0.003). In the outfall samples, Outfall 3 and
Outfall 4 had increasing DOC concentrations during the study. In Outfall 3, the increasing trend was significant
(p = 0.050), and in Outfall 4 the increasing trend was significant (p = 0.064). These two outfall samples were the
furthest two sampling points from the outlet of the treated wastewater into the outfall channels.

7.7.5.2 Nitrate + Nitrite
Site-specific nitrate + nitrite concentrations in the groundwater ranged from 0.005 – 7.78 mg N/L and ranged
from 1.16 – 17.9 mg N/L in the outfall samples (Figure 7-12). There was significant difference in nitrate + nitrite
between the outfall samples and the upgradient groundwater (p < 0.001) and between the outfall samples and
the groundwater in the wells near the outfall (p < 0.001). There were no differences in nitrate + nitrite between
upgradient groundwater and the groundwater near the outfalls.
There were increasing nitrate + nitrite concentrations in all but one well, MW-04, in the upgradient groundwater
(Figure 7-12C). The increasing trend in nitrate + nitrite was significant in BCF838 (p < 0.001), BCF 839 (p = 0.018),
BCF837 (p = 0.075), and MW-05 (p = 0.099). In the wells near the outfall (Figure 7-12B), one of the two wells,
MW-06, showed increasing nitrate + nitrite concentrations with time. This increasing trend was significant (p =
0.049). There were no trends in the wastewater in the outfall samples (Figure 7-12A).
Figure 7-12. Time series plots for
nitrate + nitrite concentrations in
A. Upgradient wells, B. Wells near the
outfall, and C. Outfall samples. Gray
shaded areas indicate the range of the
site-specific background for nitrate
+ nitrite in groundwater (Table 7-4).
Black circles and lines are BCF836 data,
red circles and lines are BCF837 data,
green circles and lines are BCF838 data,
blue circles and lines are BCF839 data,
green triangles and lines are MW-04
data, blue triangles and lines are MW05 data, cyan triangles and lines are
MW-06 data, black stars and lines are
Outfall 1 data, red stars and lines are
Outfall 2 data, green stars and lines are
Outfall 3 data, and blue stars and lines
are Outfall 4 data. Gray shaded areas
represent the site-specific background
ranges in the Yakima Study.
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7.7.5.3 Fluoride
Groundwater site-specific fluoride concentrations ranged from 0.01 – 0.22 mg/L. The treated wastewater from
the outfalls ranged from 0.07 – 0.83 mg/L (Figure 7-13). The fluoride concentrations were significantly different
between the upgradient groundwater and the infiltrated wastewater in the outfall (p < 0.001) and between
the wells near the outfall and the wastewater in the outfall (p < 0.001). There was also a significant difference
between the upgradient groundwater and the groundwater in the wells near the outfall (p < 0.001). Overall,
the fluoride concentrations in the wastewater in the outfall were greater than the concentrations of fluoride in
the two groundwater sources. The concentration of fluoride in the wells near the outfall were larger than the
concentration of fluoride in the upgradient wells.
There were increasing fluoride concentrations in one of the five upgradient wells (Figure 7-13C). The well,
BCF837 had a significantly increasing fluoride trend (p = 0.002). In the wells near the outfall (Figure 7-13B), only
MW-06 had a significantly increasing fluoride concentration trend (p < 0.001). There were no trends in fluoride
concentration in the outfall samples (Figure 7-13A).
Figure 7-13. Time series plots for
fluoride concentrations in
A. Upgradient wells, B. Wells near
the outfall, and C. Outfall samples.
Gray shaded areas indicate the range
of the site-specific background for
fluoride in groundwater (Table 7-4).
Black circles and lines are BCF836
data, red circles and lines are BCF837
data, green circles and lines are
BCF838 data, blue circles and lines are
BCF839 data, green triangles and lines
are MW-04 data, blue triangles and
lines are MW-05 data, cyan triangles
and lines are MW-06 data, black stars
and lines are Outfall 1 data, red stars
and lines are Outfall 2 data, green
stars and lines are Outfall 3 data,
and blue stars and lines are Outfall 4
data. Gray shaded areas represent the
site-specific background ranges in the
Yakima Study.

7.7.5.4 Phosphate
Because of high laboratory background phosphate concentrations, any phosphate concentration less than 0.100
mg P/L was not used. Therefore, most (92%) of the phosphate data in the upgradient wells was not used in this
analysis.
The site-specific phosphate concentration range in the groundwater samples were from 0.113 – 2.490 mg P/L
and the phosphate range in the outfall samples were from 0.510 – 7.780 mg P/L (Figure 7-14). There were
significant differences in phosphate concentration between the upgradient groundwater and the infiltrated
groundwater in the outfalls (p < 0.001) and between the groundwater in the wells near the outfalls and
the infiltrated groundwater in the outfall (p < 0.001). There were also significant differences in phosphate
concentrations in the upgradient wells and the wells near the outfall (p < 0.001). The phosphate concentrations
in the outfall samples were larger than the concentrations in the wells near the outfall and the upgradient wells.
In addition, the phosphate concentrations in the wells near the outfall were larger than the upgradient wells.
This suggests that the phosphate concentrations in the wells near the outfall likely result from the mixing of
upgradient groundwater and infiltrated wastewater from the outfall.
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Phosphate concentration increased in all the upgradient wells (Figure 7-14C). These increasing trends were
significant or nearly significant in BCF837 (p = 0.055) and BCF838 (p = 0.013). These trends were not significant in
three of the wells BCF839 (p = 0.116), MW-04 (p = 0.148), and MW-05 (p = 0.107). In the wells near the outfall,
only MW-06 had increasing phosphate concentrations (Figure 7-14C). In MW-06, increasing trend was significant
(p = 0.020). There were no trends in phosphate concentrations in the outfall samples (Figure 7-14A). Because
of the proximity of the site to the Yakima River and a pond at the study site, the increasing trends in phosphate
concentrations could be potentially problematic given the close connectivity of the groundwater and surface
water (Narr et al., 2019).
Figure 7-14. Time series plots for
phosphate concentrations in
A. Upgradient wells, B. Wells near
the outfall, and C. Outfall samples.
Gray shaded areas indicate the range
of the site-specific background for
phosphate in groundwater (Table
7-4). Black circles and lines are
BCF836 data, red circles and lines are
BCF837 data, green circles and lines
are BCF838 data, blue circles and lines
are BCF839 data, green triangles and
lines are MW-04 data, blue triangles
and lines are MW-05 data, cyan
triangles and lines are MW-06 data,
black stars and lines are Outfall 1
data, red stars and lines are Outfall 2
data, green stars and lines are Outfall
3 data, and blue stars and lines are
Outfall 4 data. Gray shaded areas
represent the site-specific background
ranges in the Yakima Study.

7.7.5.5 Summary of Other Chemical Constituents
The concentrations of DOC, nitrate + nitrite, fluoride, and phosphate in the treated wastewater in the outfall
were greater than the corresponding concentrations in the near outfall wells, and the upgradient wells. The
concentrations of DOC, fluoride, and phosphate in the wells near the outfall were greater than the upgradient
wells. Nitrate + Nitrite concentrations in the wells near the outfall and the upgradient wells were not
significantly different. Because in most cases the concentrations in the wells near the outfall were between the
concentrations in the outfall and the upgradient wells, mixing of the infiltrated treated wastewater with the
upgradient water would be a probable mechanism occurring in the Yakima Study.
It is likely that the infiltrated treated wastewater represents the maximum concentrations in the shallow near
river groundwater at this site – assuming the concentration trends do not change drastically. This means that the
concentrations in the treated wastewater could be used as a worst-case scenario for most constituents analyzed
for in the study. The regulatory framework for this site is primarily based on point source discharge and the
hydrology of the site and the relatively rapid movement of shallow groundwater to the river suggests that the
infiltrated water enters the river and will dilute as the water moves downstream. Further study related to the
mixing zone and dynamics of groundwater of this site is relevant for continued investigation.
Finally, the phosphate observations do suggest that phosphorous may be building in the sediments in the
long-term. At this site, phosphorus removal technology is likely to be implemented as part of the wastewater
treatment process (personal communication, M. Price, Yakima City Wastewater Manager) and monitoring
continues at the site. Phosphorus build up in the subsurface and increasing phosphate concentrations are
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potential concerns. The study site discharges to the Yakima River and at high water may discharge to a nearby
restored pond. The phosphorus may enrich sediments in the most nearby subsurface sediments and erosion of
these sediments could be a concern for surface water quality. There is, however, a close hydrologic connection
and relatively quick transit times from the shallow aquifer to Yakima River (Singh et al., 2018, Narr et al.,
2019). Increasing phosphate concentration in the groundwater may act as a source of P in the surface water
leading to eutrophication, but further observations are needed before any relationship should be inferred. As
enhancements to wastewater treatment are implemented, continued monitoring and the likely decrease in P
concentrations would address these potential concerns.

7.8 Impacts to Groundwater Quality
7.8.1 Regulatory Standards
Please note that the current understanding of the Yakima site is that the outfall channels are designed to
transport treated wastewater to the river. Infiltration of treated wastewater to the shallow hyporheic zone
groundwater suggests that the system functions well as conveyance to the river with minimal movement of
water outside of the river floodplain system (Narr et al. 2019). In this report, the application of drinking water
standards to the shallow near river groundwater should not be construed as impacts to drinking water. It is
possible that similar conveyance methods are under consideration in areas where the groundwater is used as
a drinking water source. Therefore, an improved understanding of how wastewater and GI practices influence
water quality in a drinking water aquifer is needed. This report compares the data collected at the Yakima site to
drinking water standards as an informative exercise. Based on the current published study (Narr et al. 2019) and
the findings of this report the effect on shallow groundwater quality is minimal.
One measure of water quality are federal and state drinking water standards such as the National Primary
Drinking Water Standards (MCL; EPA, 2017), National Secondary Drinking Water Standards (sMCL; EPA, 2017)
and State of Washington’s, Washington State Water Quality Standards (State of Washington, 2016). Figure
7-15 gives the number of exceedances and percent of groundwater samples and Figure 7-16 gives the number
of exceedances and percent of outfall samples that exceed these drinking water standards for each regulated
contaminant analyzed.
Two contaminants, arsenic (1.6 % of samples) and nitrate + nitrite (12.1 % of samples), exceeded MCLs in the
groundwater in this study (Figure 7-15). All other contaminants were less than the MCL. There were several
exceedances in the sMCL for the aluminum (1.6 % of samples), iron (29.6 % of samples), and manganese (61.2
% of samples) in groundwater samples (Figure 7-15). In the wastewater in the outfall, there were again two
contaminants that exceeded MCLs in this study. Beryllium exceeded the MCL in 3.4 % of samples and 71.2 % of
samples for nitrate + nitrite (Figure 7-16). The wastewater in the outfall exceeded the sMCL for aluminum (3.6 %
of samples), manganese (3.8 % of samples), and total dissolved solids (7.7 % of samples) (Figure 7-16).
The State of Washington’s water quality standards are different than the Federal standards (Section 5.4, Table
5-2). The MCL for arsenic in the state of Washington is 200× lower (0.05 µg/L) than the Federal standards. For
this reason, any detectable arsenic in a sample will be larger than the Washington State standard. In this study
100 % of the arsenic samples were greater than the Washington State regulatory standard. Aluminum, iron,
manganese and nitrate + nitrite exceedances in groundwater were the same as with the Federal standards
(Figure 7-15). The infiltrated wastewater in the outfalls compared to the Washington State water quality is shown
in Figure 7-16. With the exception of arsenic, the exceedances for the infiltrated wastewater in the outfalls are
the same as in the Federal Standards. As was the case in groundwater, all the arsenic samples collected exceeded
the Washington State standard (Figure 7-16).
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Figure 7-15. Percentage of groundwater samples exceeding regulatory standards for analytes which
have regulatory standards. Black bars show data for National Primary Drinking Water Standards and
National Secondary Drinking Water Standards, red bars show data for State of Washington Drinking Water
Standards, green bars show data for One-Day Health Advisories, blue bars show data for Ten-Day Health
Advisories, cyan bars show data for Drinking Water Equivalent Level, magenta bars show data for Lifetime
Health Advisory, and dark yellow bars show data for Taste Threshold.
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Figure 7-16. Percentage of treated wastewater samples from outfalls exceeding regulatory standards for
analytes which have regulatory standards. Black bars show data for National Primary Drinking Water
Standards and National Secondary Drinking Water Standards, red bars show data for State of Washington
Drinking Water Standards, green bars show data for One-Day Health Advisories, blue bars show data for
Ten-Day Health Advisories, cyan bars show data for Drinking Water Equivalent Level, magenta bars show
data for Lifetime Health Advisory, and dark yellow bars show data for Taste Threshold.

91

Another set of criteria that can be applied to the groundwater and infiltrated wastewater in the outfalls in
this study are those of the Drinking Water Standards and Health Advisories (DWSHA; EPA, 2018). Figure 7-15
(groundwater) and Figure 7-16 (infiltrated wastewater in the outfall) show the five different advisory levels that
are part of the DWSHA.
There were two contaminants that exceeded the One-Day Health Advisory during the study in the groundwater
(Figure 7-15): nitrate + nitrite exceeded in 12.1 % of the samples and manganese exceeded in 12.7 % of the
samples. The 10-Day Health Advisory was exceeded by the same contaminants and the percentages were used
as found in the One-Day Health Advisory (Figure 7-15). The only contaminant that exceeded the DWEL in the
groundwater was arsenic and this standard was exceeded in 1.6 % of the samples taken (Figure 7-15). In the
groundwater samples, only manganese had exceedances of the Lifetime Health Advisory and this occurred in
48.5 % of the groundwater samples collected in this study (Figure 7-15). The only contaminant that exceeded the
taste threshold in this study for groundwater samples was sodium (17.8 % of the samples).
The One-Day Health Advisory was also applied to the treated wastewater in the outfalls (Figure 7-16). The
only contaminant that exceeded this standard was nitrate + nitrite and it was exceeded in 71.2% of the treated
wastewater samples. The 10-Day Health Advisory was exceeded by the same contaminants and the percentages
were used as found in the One-Day Health Advisory (Figure 7-16). There were no exceedances in any
contaminant when comparing the treated wastewater with the DWEL standards (Figure 7-16). Comparing the
Lifetime Health Advisory to the treated wastewater in the outfalls (Figure 7-16), it was found that none of these
samples exceeded any of the Lifetime Health Advisory limits. The only contaminant that exceeded the taste
threshold in this study for treated wastewater samples was sodium (96.2 % of the samples).

7.8.2 Water Quality Index
Comparing water quality data to regulatory standards to determine impacts to water quality is somewhat
tedious and provides a yes or no answer to whether impacts occurred or not. It does not account for all
standards simultaneously. In addition, this method does not account for values for contaminants that do not
exceed the MCL or other regulatory standards. The WQI, introduced in Section 5.4, attempts to bridge the gap
and provide an overall index of water quality. The WQI score and its assessment are provided in Table 5-1.
Unlike the Louisville study, where two WQI indices were calculated, the Yakima study will only use the Federal
Standards because the State of Washington’s arsenic standard limit indicates that the water is unsuitable
for drinking. Figure 7-17 shows plots of the WQI versus time for groundwater and the treated wastewater in
the outfall collected during this study. The WQI data for groundwater indicated that the groundwater was of
excellent or good water quality. The treated wastewater in the infiltration galleries for most samples was of
excellent water quality.
The treated wastewater in the outfalls can also be compared with the New York Effluent Limitations for
Discharges to Groundwater (6 CRR-NY §703.6) using the WQI approach. The effluent standards used in this
analysis are shown in Section 5.4, Table 5-2. Using the New York limits, the WQI analysis indicates that the
treated wastewater in the outfalls would have good water quality (Figure 7-18).
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Figure 7-17. Water Quality indices
plotted over time for the Yakima
Study using the Federal Drinking
Water Standards. The gray shaded
areas show samples that are of
excellent water quality, olive shaded
areas show samples that are of
good water quality, blue shaded
areas show samples of poor water
quality, teal shaded areas show data
of very poor water quality, light
yellow shaded areas show water
that is unsuited for drinking without
adequate treatment. BCF836 data
are the black lines and circles,
BCF837 data are the red lines and
circles, BCF838 data are the green
lines and circles, BCF839 data are the
blue lines and circles, MW-04 data
are the green lines and triangles,
MW-05 data are the blue lines and
triangles, MW-06 data are the cyan
lines and triangles, Outfall 1 data
are the black lines and stars, Outfall
2 data are the red colored lines and
stars, Outfall 3 data are the green
lines and stars, and Outfall 4 data
are the blue lines and stars.

Figure 7-18. Water Quality indices
plotted over time for the treated
wastewater in the outfall in the
Yakima Study using the New York
Effluent Limitations for Discharges
to Groundwater. The gray shaded
areas show samples that are of
excellent water quality, olive shaded
areas show samples that are of
good water quality, blue shaded
areas show samples of poor water
quality, teal shaded areas show data
of very poor water quality, light
yellow shaded areas show water
that is unsuited for drinking without
adequate treatment. Outfall 1 data
are the black lines and stars, Outfall
2 data are the red colored lines and
stars, Outfall 3 data are the green
lines and stars, and Outfall 4 data
are the blue lines and stars.
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8.0
Fort Riley Study
8.1 Fort Riley Study Summary
The Fort Riley study was the most comprehensive GI study in this report. The vadose zone and aquifer materials
were characterized for chemical and physical properties, the hydrogeology was characterized, and water quality
samples were taken and analyzed.
The characterization of the vadose zone and aquifer showed that there was a decrease in finer grained materials
in the upper portion of the sediment profile. This was confirmed by the ERI analysis and from texture analysis
of core materials. There was also heterogeneity of texture at the study site, and in general, the clay content
decreased as one moves south across the study site.
The decreases in fine-grained materials were also related to the chemical properties of the vadose zone and
aquifer sediments. The CEC, total calcium, Na, Al, Mn, Fe, Si, total organic carbon, and total C concentrations
decrease with depth. This means that the sorptive and reactive properties of the vadose zone materials
would decrease with increasing depth. The ability of the vadose zone to remove contaminants and modify the
infiltrated groundwater would be less with depth.
The hydrologic assessments indicated that changes in water table elevation were not related to the infiltrated
stormwater. The water table elevations were a function of the natural infiltration and changes in water level in
the stormwater retention basin south of the GI site. There was little evidence for mounding under the infiltration
gallery likely due to the high hydraulic conductivity of the aquifer materials and the small volume of groundwater
infiltrated through the gallery relative to the volume infiltrated through the storm water retention basin. The
predominant groundwater flow direction was to the southeast and fluctuated from the east to south during the
study, with minor deviations to the north.
From the analysis of the temperature data, it was shown that if there was a sufficient temperature contrast
between the ambient temperature and the temperature of the infiltrated water, then temperature could be used
to monitor water movement in the vadose zone and groundwater. This was also confirmed by the tensiometer
data.
In addition, soil water tension could also be used to monitor wetting fronts and water movement through the
vadose zone. Based on the tensiometer data, it was shown that water movement through the vadose zone
following an infiltration event was within hours to approximately a day. The other important point that the
tensiometers showed is that there was an effective radius in which the water moves from the bottom and
sides of the infiltration gallery. The infiltrated water only moved from the infiltration gallery to a radius of less
than 3.1m. The final point that the tensiometers showed is that using water level elevations in the infiltration
gallery was not the best method for predicting an infiltration event. The tensiometers showed water movement
(infiltration) in the vadose zone following precipitation events where there was no rise in measured water levels
in the infiltration gallery. The rise in water levels in the infiltration gallery is analogous to a related rates problem.
That is, if the rate of water entering the infiltration gallery is greater than the rate of exfiltration out of the
gallery, then one will get a rise in the water level in the infiltration gallery. The converse is also true. The rate of
water entering the infiltration gallery is related to rainfall intensity and volume.
The analysis of water in the vadose zone (SPW) indicated that major anions and cations were transported
through the vadose zone. The SPWs were nested between 327 m-msl to 322 m-msl, which also corresponds
to the zone where CEC and other sorptive properties were largest. The predominant geochemical process that
could be examined with the data collected, indicated that ion exchange and precipitation/dissolution reactions
were the most important. In the later dates, there was indication that reverse ion exchange may be occurring
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which could be problematic since sodium could build up in the vadose zone. The buildup of sodium in the vadose
zone could potentially cause dispersion of the fine-grained materials in the vadose zone and cause reduced
infiltration rates through the vadose zone to the aquifer.
In the vadose zone, it was demonstrated that chloride (conservative species) moved through the vadose zone
faster than other analytes and could be used as a tracer for the movement of chemical species. This also
shows that the interactions of nonconservative species are retarded by interactions with the vadose zone solid
phases. Another important point the chloride showed was that as chloride concentrations increased, barium
concentrations also increased and would be more mobile. Although this barium behavior is not likely a problem
at this site, it does suggest that other contaminants that have similar behavior with chloride could be mobilized if
de-icing agents are used and be a risk to groundwater quality.
The groundwater analysis showed that the upgradient concentrations of some chemical species were larger than
the background groundwater and the groundwater downgradient. The upgradient source for these chemical
species is not known.
It was also demonstrated in this study that the stable isotopes of water can also be used to track the infiltrated
water in the groundwater. As was the case with temperature there are limitations to the use of the stable
isotopes of water. If the isotopic composition of the infiltrated water is not sufficiently different than the isotopic
composition of the groundwater, then the mixing of the infiltrated water with the groundwater would not yield
isotopic compositions in the mixed water different enough to detect. There is also an effective radius where the
stable isotopes of the infiltrated water can be distinguished from the ambient groundwater isotopic composition.
As the infiltrated water moves through the groundwater, the more mixing occurs and the more the isotopic
composition becomes like the ambient isotopic composition. At some distance, the infiltrated water will not be
distinguishable from the native groundwater.
Sulfate concentration in general in the downgradient wells was decreasing in concentration as was observed
in the SPW samples. Background wells and upgradient wells showed no trends in sulfate concentrations or
increasing sulfate concentrations. This suggested dilution from the infiltrated stormwater. There was also
evidence of dilution in barium, strontium, arsenic, and uranium.
There was also evidence for mixing causing changes to groundwater quality downgradient of the infiltration
gallery. There was evidence of a chloride spike in the well next to the infiltration gallery. In the analysis of
the trilinear plot of the major anions, the chloride was related to the mixing of the infiltrated water with the
background groundwater. However, the upgradient water is difficult to rule out as being the source of the spike.
The increasing phosphate concentrations in the wells immediately downgradient of the infiltration gallery were
not related to infiltrated groundwater. The increasing phosphate concentrations appeared to be from upgradient
groundwater moving under the infiltration gallery to these wells.
As was the case in the SPW samples, changes in barium concentration could be related to chloride
concentrations. In some of the wells, as the chloride concentrations increased, so did the barium concentrations,
and as chloride concentration decreased, so did the barium concentrations.
The geochemical processes that dominate the groundwater in this study were mixed. In some cases, such as
sodium and potassium the dominant process appeared to be ion exchange or reverse ion exchange. In other
cases, such as with calcium and magnesium the dominant process was likely precipitation/dissolution reactions.
There was not one dominant mechanism affecting the groundwater quality downgradient. It is possible that the
infiltration of stormwater has not enough time to measurably affect downgradient groundwater quality. It is also
possible that there will be no long-term changes to groundwater. More monitoring of this system is needed to
fully address the question of whether there will be long-term changes to water quality.
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The analysis of the organic contaminants in the SPW indicated that the most analyzed contaminants were
not detectable. The contaminant with the most detects in both the SPWs and in the groundwater was DEET,
which the likely source was from the sampling and not likely present in the SPW or groundwater. There was no
detected organic compound that had concentration of regulatory concern.
The groundwater results of the water quality in reference to regulatory standards or advisory limits suggested
that the main drivers to risk could be the MCL exceedance of uranium and arsenic. The WQI analysis indicated
that the background well water quality and downgradient water quality was excellent – good. The upgradient
wells groundwater quality was rated as good – poor based on the WQI analysis. The WQI analysis suggests that
there were not major differences in water quality in the background wells and downgradient wells.

8.2 Introduction
The Fort Riley project is part of the GI research and development effort of the U.S. EPA Office of Research and
Development (ORD) Safe and Sustainable Water Resources (SSWR) research program, EPA Region 7’s Regional
Applied Research Effort (RARE) program, and the joint EPA - U.S. Army’s Net Zero Initiative. The project is being
conducted under a Memorandum of Understanding (MOU) between the Army and ORD signed in 2011. This Net
Zero water project was completed at Fort Riley, KS.
The project was conducted at the Seitz Elementary School (39.0700278° latitude and -96.8421944° longitude) in
the Camp Forsyth area of Fort Riley, Kansas. The school is part of the Geary County school district, Kansas school
system (USD 475). Although the school is surrounded by the Post, the property is owned and managed by the
school district. The K-5 school opened in the fall of 2012.
Researchers with EPA ORD collaborated with the US Army Corps of Engineers (USACE) to design an 80-space
parking lot to collect stormwater runoff and infiltrate the runoff into the subsurface. The parking lot was
built behind the school and includes a permeable interlocking concrete pavement (PICP) section along the
downgradient edge (Figure 8-1). Under the PICP, a storage gallery was constructed, and this gallery was designed
to capture 100% of the runoff volume from a 5-year 24-hr rain event (108 mm) on the parking lot. During the
design phase, the estimated time required for water in the gallery to drain was based on geotechnical studies of
the soil at the original estimated depth of the bottom of the storage gallery (Kaw Valley, 2014), previous studies
completed during school construction (Kaw Valley, 2011), and additional studies undertaken by U.S. EPA.

Figure 8-1. Location of
parking lot (outlined in
black) and the storage
gallery (red area) at the
Fort Riley Study site.
(Source: Google Earth)
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8.3 Climate
Fort Riley is in the Flint Hills Uplands Region of Kansas (Goodin et al., 1995) and has a humid subtropical
climate (Plantmaps.com, 2019). This climate type is described in the Louisville Study (Section 6.3). Figure 8-2
shows monthly temperature and precipitation data obtained from the NOAA (NOAA, 2019b). As is shown on
Figure 8-2A, the hot season ranges from the beginning of June and lasts until September, in which the mean
temperature extremes are approximately 15 °C to 33 °C (NOAA, 2019b). The cold season typically runs from
December through February, in which the mean temperature extremes range from -8 °C to 8 °C (NOAA, 2019b).
The mean yearly precipitation at Fort Riley is 905 mm (NOAA, 2019b). Between April and September is typically
the part of the year which has the greatest precipitation, and the most snowfall occurs during December and
January (Figure 8-2B). Fort Riley typically receives 399 mm of snow each year. The average wind speeds at Fort
Riley show only slight differences ranging from 4.1 to 5.9 m/s (Weatherspark, 2019a). The windier part of the
year typically is from February to mid-May where the average wind speeds are greater than 5.0 m/s. The wind
direction from mid-March to December is most often out of the south and from January to mid-March is most
often out of the North (Weatherspark, 2019a).

Figure 8-2. Summary
of temperature and
precipitation data
obtained from NOAA
(2019b) for the Fort
Riley study. Panel A is
the Temperature Data
and Panel B is the
Precipitation data.

8.4 Regional Geology/Hydrogeology
Fort Riley is in the Flint Hills Upland physiographic region (Shoewe, 1949), characterized by rolling hills and deep
stream valleys with steep valley walls (USGS, 1996). The upland geology is dominated by Permian shales and
limestones. The area was strongly impacted by Kansan and Nebraskan glaciation (Frye and Leonard, 1952). The
current hydrogeologic setting of Fort Riley is the direct result of Pleistocene glacial processes and subsequent
erosion of the shales and limestones that comprise the hills surrounding the site.
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8.5 Hydrogeologic Setting
The study area is located on alluvial deposits of the Republican River. The sediments consist of approximately
20 m of course to fine sand, silt and interbedded clay layers. The coarser sediments commonly found above the
weathered bedrock surface are glaciofluvial, deposited near the terminus of glaciers during the end of Kansan
glaciation. The upper portion of the alluvium is generally characterized by an increase in fine-grained sediments
with relatively low permeability, consistent with flood plain deposits. Seitz Elementary School is situated
between the Republican River to the south and a weathered shale and limestone ridge to the north, which
contains the Fort Riley Limestone unit (Figure 8-3). The Republican River joins the Smoky Hill River approximately
3.6 km southeast of the site to form the Kansas River. Two stormwater retention basins are located within about
60 m and 0.5 km from the infiltration gallery, respectively. Possible impacts of the nearest basin are discussed
later.

Figure 8-3. Location of Seitz Elementary School in relation to surface water features in the area.
(Source: Google Earth)
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8.6 Parking Lot and Storage Gallery Design
The parking lot was constructed using traditional hot-mix asphalt except for the PICP at the southern end of
the parking lot. The parking lot was sloped from north to south at approximately 1.2% to direct stormwater to
the PICP section. The outer perimeter of the parking lot has swales graded to direct off site runoff around the
parking lot away from the PICP section. The parking lot drainage area is 1833.7 m2 and the PICP is 175.7 m2. The
completed parking lot is shown in Figure 8-4.

Figure 8-4. A picture of the Fort Riley parking lot showing the PCIP section.
Razzaghmanesh and Borst (2019) reported that the contributing drainage area to PICP area was 10.4 and that
this is approximately double the recommended ratio. This design feature should increase the frequency of water
accumulation in the storage gallery and aid in the monitoring efforts of water moving into and out of the storage
gallery. However, it should be noted that the doubling of this ratio will likely mean more frequent maintenance
of the PICP because of more rapid accumulation of sediment between the pavers leading to surface plugging.
The storage gallery design was heavily influenced by the low infiltration rates (less than 0.15 cm/h) of the surface
soil at the site. The low infiltration rate necessitated the need for a deep storage gallery. The final storage gallery
design dimensions were 3.2 m × 54.9 m × 3.3 m (L×W×D), which would capture the 5-year, 24 h rainfall event
(107.8 mm; Razzaghmanesh and Borst, 2019). The design of the storage gallery is shown in Figure 8-5 and a
picture showing this installation of the storage gallery is shown in Figure 8-6. The walls and bottom of the storage
gallery were lined with nonwoven, double-needle punched geotextile. The storage gallery has three layers
under the PICP surface. The layer immediately under the pavers is a 5 cm bedding layer consisting of American
Association of State Highway and Transportation Officials (AASHTO) No. 8 aggregate (Figure 8-5). The second
layer beneath the pavers is the choker layer, which consists of 15.2 cm of AASHTO No. 57 aggregate (Figure 8-5).
The final layer is the storage gallery. The storage gallery is 3.1 m of AASHTO No. 2 aggregate (Figures 8-5 and 8-6).
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Figure 8-5. Storage gallery design at the Fort Riley study site. (Source: USACOE, Zieson)

Figure 8-6. Photo showing the installation of the storage gallery at the Fort Riley study site.
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8.7 Subsurface Monitoring Network
The subsurface monitoring system was designed to focus on the subsurface movement of water and associated
water quality changes arising from the implementation of the stormwater recharge gallery. Specifically, the
network was designed to:
		 1) Monitor changes in water chemistry as the exfiltrate migrates through the vadose zone.
		 2) Monitor changes in groundwater chemistry attributable to stormwater infiltration.
		 3) Monitor aquifer recharge and possible mounding resulting from the stormwater infiltration.
		 4) Allow determination of changes in groundwater movement that might be attributable to stormwater 		
			 infiltration.
The primary monitoring network consists of a series of tensiometers, soil porewater samplers, piezometers,
wells, and temperature sensors installed within and near the infiltration gallery. The locations of the monitoring
points are depicted in Figure 8-7. The initial network, installed in 2015, consisted of twelve tensiometers, twelve
soil porewater samplers, twelve piezometers, and nine monitoring wells. Four additional wells and two vadose
zone temperature profilers were added to the network in 2017.

Figure 8-7. Aerial view of the soil porewater samplers, piezometers, and monitoring wells at the Fort Riley
study site. The soil porewater samplers are the blue round targets, the piezometers are the yellow square
targets, monitoring wells in the storage gallery are the purple circular targets, the temperature profilers are
the cyan square targets, and the monitoring wells are the red circular targets. The locations of FRPW11 and
FRPW12 are not shown.
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8.7.1 Groundwater Monitoring Wells and Piezometers
The initial groundwater monitoring wells and piezometers were installed in boreholes drilled using hollowstem auger techniques. They were constructed using 5.08-cm diameter, schedule 40 PVC casing and slotted
PVC screens. Wells were constructed with screens 3.1 m in length and piezometers with screens 0.6 m in
length. All monitoring wells were screened (Table D-1, Appendix D) at the water table. The piezometers were
installed within the alluvial aquifer at selected depths between the bottom of the well screens and the top of
bedrock. The annular space between the borehole wall and the well screen relied on natural collapse of aquifer
materials with a well sock placed around the screen in the saturated zone. A silica sand filter pack was placed
using a tremie pipe adjacent to the portion of the screen within the vadose zone in each monitoring well. The
piezometers were constructed using a well sock covering the screen and natural collapse of aquifer materials.
For both wells and piezometers, the annular space above the natural collapse or sand pack was sealed with
bentonite to the surface and were completed at the surface with a concrete well pad and a lockable metal
protective cover. For purposes of determining groundwater elevations, the designated measuring point on the
top of the well casing was surveyed to 0.30 cm relative to the NAVD88 vertical datum.
The water level and temperature in all wells and piezometers were monitored using pressure transducers. Wells/
piezometers within approximately 75 m of a central location were equipped with Campbell Scientific, Inc., model
CS451 differential pressure transducers and hard wired to above-ground data loggers. The water level with
temperature and time-date stamp was routinely recorded at a 10 min intervals. Distant piezometers (FRPW01,
FRPW02, FRPW07, FRPW08, FRPW10, FRPW11, and FRPW12) and wells (FRGW01, FRGW08, FRGW10, FRGW11,
FRGW12, and FRGW13) were monitored using self-contained temperature/absolute pressure loggers (model
3001 produced by Solinst Canada Ltd.) recording at 1-hour intervals.
Based on preliminary data, four additional wells (FRGW10, FRGW11, FRGW12, and FRGW13) (Figure 8-7)
were installed in February 2017. These wells were also installed in boreholes drilled using hollow-stem auger
techniques and constructed using 5.08-cm diameter, schedule 40 PVC casing and slotted PVC screens 3.1 m in
length. The wells were constructed with screens 3.1 m in length and screened (Table D-1, Appendix D) at the
water table within the alluvial aquifer. A silica sand filter pack was placed adjacent to the screen in each well
using a tremie pipe. A seal consisting of bentonite pellets was tremied in place above the filter pack, and the
borehole annular space was grouted to the surface. Wells FRGW10, FRGW11, and FRGW13 were finished with
a concrete well pad and lockable protective steel casing. Well FRGW12 was installed in a flush-mounted vault
within the parking lot.

8.7.2 Tensiometers and Porewater Samplers
Twelve tensiometers and twelve porewater samplers were installed in a three-dimensional array within the
vadose zone near the infiltration gallery (Figure 8-7). Each tensiometer and porewater sampler was installed
in an individual borehole angled at about 30 degrees to the horizontal plane. The tensiometers chosen for this
application were model TS1 produced by UMS. The tensiometers were also hardwired to the data loggers and
recorded at a frequency of 10 min (with a 1 min frequency used during rainfall events). The porewater samplers
were also manufactured by UMS (model SIC20 for shallower locations and SICS20 for deeper locations). One
porewater sampler (T1A) was installed using the core barrel method. The remainder of the porewater samplers
and the tensiometers were installed in a borehole drilled with 10.2 cm outside diameter continuous flight
augers. The soils at the site had enough cohesion to allow the borehole to remain open after the augers were
removed from the hole. Based on the cohesiveness of the soils, the remaining eleven porewater samplers and
all the tensiometers were installed using the open hole method also described below. Once installed, bentonite
chips were used to seal the upper 30 cm to 60 cm of each borehole to mitigate excess infiltration of water along
the tensiometer cables and porewater sampler tubes. The porewater samplers were finished at the surface with
a concrete pad and lockable steel protective casing.

102

8.7.2.1 Core Barrel Method
Installation was accomplished using a CME-45C drill rig equipped for directional drilling. The borehole was
advanced with an NQ core barrel (approximately 5.08-cm inside diameter) equipped with a shale bit and using
potable water as drilling fluid. Cuttings from the borehole were segregated and reused in a soil slurry to backfill
the hole as the core barrel was withdrawn. When the borehole reached the required depth, the water swivel was
removed for insertion of the porewater sampler. The porewater sampler was equipped with an approximately
0.6-m long socket constructed of PVC pipe, friction fitted to the upper body of the sampler. Sections (each 3.1
m long) of 1.27-cm PVC pipe were bolted together and used as a ramrod to push the porewater sampler to the
design installation depth by hand. The lead section of the 1.27-cm PVC ramrod had a 0.30-m steel tube affixed
to the pipe to facilitate easy removal of the ramrod from the socket. The PVC socket and ramrod assembly
permitted the porewater sampler to be held in place while the NQ core barrel was withdrawn, and the soil slurry
pumped to the bottom of the borehole. Once it was determined that the soil slurry had firmly anchored the
instrument in place, the ramrod was withdrawn from the borehole. The remaining portion of the borehole was
backfilled by flushing the soil cuttings down into the borehole with potable water.

8.7.2.2 Open Hole Method
Each borehole was advanced using 10.2-cm outside diameter continuous flight augers and a CME-45C drill
rig equipped for directional drilling. Once the planned depth was reached, the augers were removed and
the cuttings from the borehole were segregated and reused to backfill the borehole. The tensiometers and
porewater samplers were equipped with an approximately 0.6-m long socket constructed of PVC pipe which
was friction fitted to the upper body of each instrument. Sections of 1.27-cm PVC pipe were bolted together
and used as a ramrod to push the tensiometer or porewater sampler down into the open borehole by hand, to
the designed installation depth. The lead section of the 1.27-cm PVC ramrod had a 0.30-m steel tube affixed
to the pipe to facilitate easy removal of the ramrod from the socket. Once the instrument had been pushed to
the design installation depth, soil cuttings from the borehole were mixed with potable water in a steel trough
and pumped to the bottom of the hole to surround the instrument. The PVC ramrod held the instrument in
place while the soil slurry was emplaced. Once it was determined that the soil slurry had firmly anchored the
instrument in place, the ramrod was withdrawn from the borehole. The borehole was then backfilled by flushing
the soil cuttings into the hole with potable water.

8.7.3 Infiltration Gallery Water Level
Water level and temperature within the infiltration gallery were monitored using Campbell Scientific, Inc., model
CS451 differential pressure transducers installed in two wells built within the infiltration gallery using 3.81-cm
diameter schedule 80 PVC casing and screen (Figure 8-7). The screen of each well was 1.52 m long and placed
at the bottom of the gallery. The pressure transducers were positioned at the bottom of each well within a
small sump created by the well end cap. This results in a slightly elevated baseline pressure recorded by each
transducer between rainfall events.

8.7.4 Infiltration Gallery Monitoring Wells
Four wells constructed of 10.2-cm diameter schedule 80 PVC casing and screen (Figure 8-7) were installed in the
northwestern end of the infiltration gallery to allow for collection of water samples from the gallery.

8.7.5 Vadose Zone Temperature Profilers
In February 2017, two cased borings (Figure 8-7) were installed about 1 m south of the southern edge of the
parking lot. The borings were constructed of 2.4-m long, 15.2-cm diameter schedule 40 PVC pipe installed in a
20-cm diameter boring. The annular space between the casing and the borehole wall was filled with bentonite
clay grout.
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A SensorRod manufactured by Alpha Mach, Inc. (Naranjo and Turcotte, 2015) was installed in the bottom of each
cased borehole using procedure G-LMMD-SOP-1222-0 adapted for installation of sensors through a borehole.
Each SensorRod contains four iButton temperature loggers. The bottom iButton was positioned at the tip of the
rod. The second, third and fourth iButtons were located 0.30 m, 0.601 m and 0.91 m, respectively, above the
tip of the rod. Each SensorRod was driven into the base of the open borehole such that the bottom button was
at an elevation equivalent to 0.15 m above the bottom of the gallery, and the top iButton was at an elevation
equivalent to approximately 1.1 m above the bottom of the gallery. The temperature loggers were programmed
to record the temperature at 30 min intervals.

8.7.6 Weather Station
To facilitate data interpretation, the site was instrumented with a weather station on the southwest corner of
the school roof. The weather station monitored and logged wind speed, wind direction, air temperature, relative
humidity, barometric pressure, rainfall, and solar radiation. The logger program recorded readings at 1-minute
intervals during rain events and 10-minute intervals otherwise.

8.7.7 Fort Riley Subsurface Monitoring Network Summary
This design will not only allow for the collection of data for chemistry, but it will also allow for water level
measurements and data to be collected for wetting fronts in the vadose zone. This design will provide a means
to understand the exfiltration of water from the storage gallery through the vadose zone into the groundwater
and groundwater movement in the aquifer. This design will also provide data that can be used to understand the
changes in groundwater movement that may occur as the result of this GI practice.

8.8 Fort Riley Study Results
8.8.1 Subsurface Characterization
Subsurface materials of the unsaturated and saturated zones were characterized using geophysical methods
including borehole logging, electrical resistivity imaging surveys, and direct push electrical conductivity (EC)
survey.

8.8.1.1 Electrical Resistivity Imaging Survey
Electrical resistivity imaging (ERI) surveys were performed along five transects (Figure 8-8). The ERI surveys were
conducted using AGI SuperSting with 1 meter spacing between 64 electrodes. All surveys were conducted using
dipole-dipole arrays. The ERI surveys were conducted along the red lines in the figure below. The green and red
markers indicate the locations of electrode 1 (E1) and electrode 64 (E64), respectively. Results of the ERI surveys
are illustrated on Figure 8-8 and in Section 2.1 in Appendix D.
The ERI results in Figure 8-8 are plotted on the same color scale, where cool colors (e.g., purple and blue)
indicate low electrical resistivity (e.g., high electrical conductivity) materials such as silts and clays, and hot colors
(e.g., yellow and red) indicate high electrical resistivity (e.g., low electrical conductivity) materials, such as sands
and gravels.
These results indicate fine grained materials in the upper portion of the profile and coarse grained materials
with increasing depth. The results for the ERI survey approximately 1-meter south of the infiltration gallery are
presented in Figure 8-9, where a relatively continuous unit with resistivity values greater than approximately 220
Ohm-m extends from east to west, punctuated by zones with higher resistivity values, which may represent sand
zones in the unsaturated zone.
Results for other ERI lines are presented in Section 2.1 in Appendix D.
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Figure 8-8. Approximate locations and results of ERI surveys. Cool colors (purple and blue) indicate low
resistivity materials (e.g., silt and clay) and hot colors (yellow and red) indicate high resistivity materials
(e.g., sands).

Figure 8-9. Results
for transect TIL08-1
adjacent to infiltration
gallery. Y-axis is depth
in m.
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8.8.1.2 Borehole Geophysical Methods
Geophysical logging results for piezometer FRPW04 (Figure 8-10) are typical of responses observed across the
site. Two natural gamma signatures are shown in Figure 8-10. The data represented by the red line is from the
dedicated natural gamma tool (9012), which has a gamma detector located approximately one meter from the
bottom of the tool. This configuration allows a larger portion of a shallow well to be logged. Data represented
by the black line are from the gamma detector on the induction tool (9510), located 2.5 m from the bottom of
the tool. These results suggest the presence of less clay in sediments below about 321 m and an increase in clay
upwards from 321 m, as indicated by the natural gamma response. The induction conductivity log for FRPW04
indicates relatively clean sands below 321 m and a zone with relatively high clay content around 325 m. The
induction log for the interval between 321 – 324 m suggests interbedded sand, silt, and clay sediments, which is
also reflected by the natural gamma log.
Natural gamma logs for boreholes along west to east and south to north transects (see Section 2.2 in Appendix
D) indicate lower clay content in sediments below about 321 m. The transition between the coarse-grained
sediments in the lower portion of the profile upwards into the fine-grained sediments varies from abrupt to
gradual.

Figure 8-10. Responses from natural gamma and induction conductivity logging tools for FRPW04.
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8.8.1.3 Direct-Push Soil Electrical Conductivity Profiling Survey
Soil EC profiles were measured at 13 locations, primarily on the western portion of the site (Figure 8-11).

Figure 8-11. Locations of soil EC profiles, monitoring wells and piezometers in relation to the permeable
pavement.
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Results of the EC profiles along a north-south transect are presented in Figure 8-12. It is noted that the highest
EC values for most of the locations occur above 326 msl, except for temporary well, TNS11 that has a sharp
increase in EC just below 322 msl. Since the water level in the aquifer was approximately 321 m msl, most of the
EC profiles depict stratigraphy within the unsaturated zone. These results suggest a decrease in clay content in
the upper portion of the vadose zone towards the south. Several of the units observed in the EC logs appear to
be laterally persistent. For example, the EC spike observed in TNS1-1 (just above 327 msl) may be traced laterally
at least 77 m (TNS1-6) and possibly 93 m (TNS1-7).

Figure 8-12. Soil EC profile results for north (TNS1-1) to south (TNS1-8) transect. Note that all profiles are
plotted on the same scale.
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The EC profile for TNS1-7 is compared to natural gamma and induction log results for piezometer FRPW10,
located approximately 5 meters away (Figure 8-13). The upper portion of the natural gamma log suggests finer
grained material between about 323 msl and 328 msl, with a decrease in fines below that interval. The induction
log indicates the presence of fine-grained materials above 326 msl with sand units at 325 msl, just below 324 msl
and between 321 msl and 320 msl. The logs also indicate a uniform sand with some fine-grained material from
321 msl to 318 msl. The TNS1-7 EC profile generally agrees with the induction log but appears to differentiate
more of the fine-grained units. This is expected, given the close sensor spacing of the EC tool, relative to the
induction tool.

Figure 8-13. Soil electrical conductivity profile (TNS1-7) compared to natural gamma and
induction log from adjacent well (FRPW10). Black line is Natural Gamma log FRPW10, red
line is conductivity TNS1-7, green line is conductivity FRPW10, and blue line is resistivity
FRPW10.
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The natural gamma log for FRGW11 was compared to EC profiles from a north-south transect (Figure 8-14).
FRGW11 exhibits the general natural gamma signature observed in many of the wells on site, indicating a higher
percentage of fine-grained material from 328.5 msl to about 324 msl, with a decrease in fines toward the bottom
of the well. The EC log for TEW2-3 located 4 m from FRGW11 generally agrees with the natural gamma log from
FRGW11 but suggests greater variability in stratigraphy throughout the well.

Figure 8-14. Soil EC profiles (redlines) from north (TEW1-3) to south (TEW4) transect, and natural
gamma for FRGW11 (black line).
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The EC profile for TNS1-7 was compared to ERI survey results from RIL09-1, located approximately 2 m from
profile (Figure 8-15). The EC results correlate well with the ERI results. Specifically, the highly resistive feature
denoted by the red area of the underlying ERI figure corresponds favorably with the low conductivity EC results
between 5 and 7 m below land surface.

Figure 8-15. EC profile results for TNS1-7 agree favorably with the RIL09-1 ERI survey results. The vertical
blue line represents the location of TNS1-7. Y-axis is depth.
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8.8.1.4 Site Specific Geologic Impacts on GI Design
The original design for the permeable pavement called for a shallow (e.g., 1 m) infiltration gallery; however, early
site characterization results suggested the permeability of the shallow soils was too low to ensure adequate
drainage. The subsequent design extended the depth of the trench below the shallow, low permeability soils.
The current design appears more than adequate to store and transmit high intensity storm water runoff events.
The sediments underlying the infiltration gallery appear to be transmissive enough to allow the relatively rapid
infiltration of water from the gallery. Further, the high hydraulic conductivity aquifer material appears to transmit
water quickly, preventing the formation of a long-lasting mound under the gallery.
Preliminary assessment of ERI survey results conducted on October 8, 2020, before and after a high intensity,
precipitation event is presented as percent difference in resistivity values in Figure 8-16. The orientation of
the surveys is identical to RIL8-01 depicted in Figures 8-8 and 8-9, with electrodes E1 and E64 located east and
west of the infiltration gallery, respectively. These results suggest preferential infiltration of lower electrical
conductivity water on the eastern end of the gallery. This may be related to the heterogeneity and anisotropy
of the subsurface sediments. However, further investigation/site characterization is required to make this
determination.

Figure 8-16. Percent change in resistivity profile from ERI surveys conducted before and after high intensity
precipitation event on October 8, 2018. Y-axis = depth (m), x-axis = distance (m).
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8.8.2 Aquifer Hydraulic Conductivity Structure
Pneumatic slug tests were performed
in wells and piezometers at the Fort
Riley site to estimate the range and
distribution of hydraulic conductivity
of the aquifer materials. Results (Table
8-1) of the tests performed in wells,
which were constructed at the water
table using 3.0 m long screens, ranged
from approximately 5.8 m/d to 26 m/d
with an average of approximately 16
m/d. Results of pneumatic slug tests
performed in the piezometers, which
were constructed using 0.6 m long
screens, ranged from approximately
3.4 m/d to 70 m/d. These results
indicate that the hydraulic conductivity
of aquifer materials at the study site
is relatively high with a significant
degree of aquifer heterogeneity.

Table 8-1. Saturated Hydraulic Conductivity of Aquifer Materials Estimated
using Pneumatic Slug Testing Techniques in Wells and Piezometers.
Well

Estimated Saturated
Hydraulic Conductivity
(m/d)

Piezometer

Estimated Saturated
Hydraulic Conductivity
(m/d)

FRGW01

22

FRPW01

46

FRGW04

18

FRPW02

29

FRGW05

6.1

FRPW03

8.8

FRGW07

20

FRPW04

9.4

FRGW08

FRPW05

11

FRGW09

5.8
19.8

FRPW08

3.4

FRGW11

5.8

FRPW09

20

FRGW12

23

FRPW10

70

FRGW13

26

FRPW11

55

FRPW12

10

The borehole flowmeter methodology was used to characterize the hydraulic conductivity distribution of aquifer
materials adjacent to five wells (FRGW01, FRGW04, FRGW10, FRGW11, and FRGW13) (Figure 8-7). Each of these
wells, except well FRGW10, was screened from approximately the water table to the midpoint of the alluvial
aquifer. At wells FRGW04, FRGW10, and FRGW13, the bulk hydraulic conductivity appears to be moderately high
and increases with depth (Figure 8-17) within the portion of the aquifer screened by these wells. Well FRGW11
exhibits a similar pattern with depth but appears to be screened in materials with a lower bulk hydraulic
conductivity. The data from well FRGW01 indicate materials with a more uniform hydraulic conductivity may
exist in this area apart from a relatively thin zone of lower hydraulic conductivity material near the middle of
the screen. All the profiles indicate a significant, but not extreme, degree of heterogeneity may exist within the
upper half of the aquifer at the Fort Riley site.

Figure 8-17. Saturated hydraulic
conductivity distribution
estimated for materials adjacent
to the screened intervals of wells
FRGW01, FRGW04, FRGW10,
FRGW11, and FRGW13 based on
characterization using borehole
flowmeter techniques. Well
names are abbreviated for
simplicity.
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8.8.3 Groundwater Flow Field Characterization
The elevation of the water table at
the study site varied within a range
of approximately 1.5 m (Figure 8-18)
between July 2015 and October 2018.
Groundwater elevations were manually
measured in each well and piezometer
during each sampling event and other
site characterization studies using an
electronic water level indicator. These
data were used to create potentiometric
surface maps representing observed
water-table elevations between August
2015 and October 2018 (Section
3.1 in Appendix D). The average
direction of groundwater flow near
the infiltration gallery as inferred from
these potentiometric surfaces was
approximately east-southeast; however,
estimated groundwater flow directions
for all measurement events ranged from
southeast (Figure 8-19) to approximately
northeast (Figure 8-20).

Figure 8-18. Groundwater elevation recorded using a pressure
transducer/data logger at well FRGW01 between July 2015
and September 2018. Daily rainfall recorded at National
Oceanic and Atmospheric Administration weather station
GHCND:US1KSGE0001 located in Junction City, Kansas, during
the same period is plotted for comparison.

Figure 8-19. Shallow potentiometric surface interpreted from groundwater elevation measurements obtained
using an electronic water level indicator on March 29, 2018. All posted groundwater elevations are provided in
m NAVD88. The contour interval between equipotential lines is 0.05 m. The groundwater flow direction near
the infiltration gallery is interpreted to be approximately southeast on this date.
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Figure 8-20. Shallow potentiometric surface interpreted from groundwater elevation measurements obtained
using an electronic water level indicator on October 9, 2018, immediately following a significant rain event. All
posted groundwater elevations are provided in m NAVD88. The contour interval between equipotential lines is
0.05 m. Groundwater flow direction near the infiltration gallery is interpreted to be approximately northeast
on this date.

To better evaluate the temporal variation in hydraulic gradients near the infiltration gallery, data obtained from
pressure transducers/data loggers installed in wells FRGW02, FRGW05, and FRGW07 (Figure 8-21) were used to
estimate the direction and magnitude of the hydraulic gradient from groundwater elevations measured every ten
minutes between February 2016 and September 2017. Automated estimation of the magnitude and direction of
the hydraulic gradient using a three-point methodology was performed using the 3PE spreadsheet application
(Beljin et al., 2014). Wells FRGW02, FRGW05, and FRGW07 were chosen for this analysis based on their locations
in areas south and east of the gallery, their relative positions within the flow field, and the length of the data
record available for each well. The magnitude of the hydraulic gradient calculated from this expanded data set
ranged from approximately 0.0008 m/m to 0.0020 m/m (Figure 8-22) with a mean of 0.0011 m/m and a median
value of 0.0012 m/m. Assuming the hydraulic conductivity of aquifer materials is relatively isotropic in the
horizontal plane (i.e., does not vary significantly as a function of horizontal direction), the calculated hydraulic
gradient direction should reflect the horizontal direction of groundwater flow. Therefore, the predominant
direction of groundwater flow was inferred from these data to be east-southeast to southeast with a median
direction of approximately 135 degrees from north. Overall, calculated groundwater flow directions ranged from
north to south. However, estimated directions ranging from north to east were observed in less than 6% of the
data (Figure 8-23). Based on this assessment, it appears that groundwater originating from the infiltration gallery
would move through the southeastern portion of the monitoring network (Figure 8-24).
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Figure 8-21. Location of wells FRGW02, FRGW05, and FRGW07 used for automated calculation of temporal
variations in the magnitude and direction of the hydraulic gradient between February 2016 and September
2017. Well names on the map are abbreviated for simplicity. (Source: USACOE, Zieson)

Figure 8-22. Temporal
variation in the magnitude
(upper plot) and direction
of the hydraulic gradient
(lower plot) calculated
using groundwater
elevation measurements
made by pressure
transducers in wells
FRGW02, FRGW05, and
FRGW07 between February
2016 and September 2017.
Gaps in the record reflect
lack of data for one or more
of the wells used in the
three-point analysis.
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Figure 8-23. Rose
diagram depicting the
azimuthal distribution
of the hydraulic gradient
vectors (i.e., inferred
groundwater flow
directions) calculated
using groundwater
elevation measurements
made by pressure
transducers in wells
FRGW02, FRGW05,
and FRGW07 between
February 2016 and
September 2017.

Figure 8-24. Distribution
of variation in inferred
groundwater flow
direction between
February 2016 and
September 2017
superimposed on
monitoring network.
Well names are
abbreviated for
simplicity.
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From these data, it was possible to estimate preliminary values of the rate of groundwater flow using Darcy’s
Law (Freeze and Cherry, 1979) which relates groundwater velocity, hydraulic gradient magnitude, hydraulic
conductivity, and effective porosity (i.e., the fraction of pore space within saturated aquifer materials through
which water moves). Using the mean hydraulic gradient magnitude calculated from these data, the mean
hydraulic conductivity estimated from pneumatic slug tests performed in the monitoring wells at the site, and a
range of effective porosity representative of materials with a moderately high hydraulic conductivity (i.e., 0.20 –
0.40), preliminary estimates of groundwater flow velocity range from approximately 17 m/yr to 33 m/yr.
It was also noted that hydraulic gradient directions and, therefore, inferred groundwater flow directions changed
from approximately southeast to northeast abruptly on several occasions between March and October of 2016
(Figure 8-25). These changes in flow direction occurred rapidly and were sustained for as long as three weeks
before returning to the dominant southeast flow direction. Comparison of these changes in the direction of
the hydraulic gradient with precipitation measured by the onsite weather station indicate a likely correlation
with periods of increased rainfall. Given the proximity of the stormwater retention basin – which is located
immediately south of the gallery and receives storm water from the surrounding neighborhoods – it is possible
that these abrupt northward changes in hydraulic gradient are the result of stormwater infiltration from the
retention basin.

Figure 8-25. Temporal variability of hydraulic gradient and inferred groundwater flow direction between March
and October of 2016 as estimated using groundwater elevations measured in wells FRGW02, FRGW05, and
FRGW07. Daily precipitation was recorded by the onsite weather station. Periods where the groundwater flow
direction ranges from northeast to east appear to be associated with periods of significant rainfall. Gaps in the
record reflect lack of data for one or more of the wells used in the three-point analysis.
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8.8.4 Water-Table Mounding due to Gallery Infiltration
Precipitation events of sufficient intensity and duration to result in a significant rise in water elevation within the
infiltration gallery were identified using data from pressure transducers installed within the gallery. Precipitation
events that resulted in an increase of 0.5 m or greater peak water elevation in the gallery were identified, and
data from all available pressure transducers for these events were examined to determine in which wells the
response to precipitation was most rapid and greatest. In general, wells closest to the gallery responded no
quicker to precipitation than did the wells farther from the gallery. It is also noted that the increases in watertable elevation began within minutes of the onset of increased water elevation in the gallery. In contrast,
responses observed at the tensiometers installed directly beneath the gallery were delayed by several hours
from the onset of increased water elevation in the gallery. The largest increases in water-table elevation were
observed in wells closest to the storm water retention basin located south of the infiltration gallery. Based on
these data, the degree of water-table mounding due solely to infiltration of precipitation through the gallery
could not be discerned from the rise in the water table associated with aquifer recharge from the retention
basin and other areas surrounding the site. This indicates that the rise in groundwater elevation at the site due
to precipitation is mainly due to infiltration from the storm water retention basin and, possibly, other nearby
locations rather than the infiltration gallery.

8.8.5 Infiltration Gallery Side Wall Temperature Monitoring
Vadose zone temperature profiles were monitored at locations TP1 and TP2 (Figure 8-7) adjacent to the gallery
for indications of exfiltration through the sidewall of the gallery. The monitoring design included installation of
vertical temperature profilers at depth adjacent to the southern sidewall of the gallery. Temperature can provide
an indirect method to detect water flow through the vadose zone for situations in which there is a temperature
contrast between infiltrating water and the soil in contact with the gallery. During stormwater infiltration, heat
transfer through the vadose zone occurs due to a combination of processes, including conductive and convective
processes (Rutten et al., 2010). Conductive heat transport is driven by a temperature gradient and is dependent
on the thermal properties of the vadose zone material, including the soil particles, porosity, and the pre-existing
soil moisture content. Convective heat transport is due to movement of water through the pore space within the
soil column. The rate and magnitude of soil temperature change in response to convective heat transport will be
governed by the velocity of water flow and the temperature contrast between the vadose zone and water that
flows out of the infiltration gallery. It is anticipated that the rapid influx of infiltrating stormwater would result in
a rapid, step change in vadose zone temperature adjacent to the infiltration gallery.
Temperature profile sensors installed adjacent to the lower portion of the infiltration gallery were programmed
for continuous temperature monitoring for extended time periods during 2017 and 2018. This data was
evaluated within the context of monitored stormwater flow into the infiltration gallery. Concurrent data was
recorded by shallow water content reflectometers (Campbell Scientific model CS650) embedded in the gallery
aggregate and transducers installed within gallery piezometers were also evaluated to assess the connection
between vadose zone temperature response to stormwater flow through the infiltration gallery. An example
of the system response to a rainfall event during July 2018 was provided in Figure 8-26. Shallow temperature
within the infiltration gallery (dashed, black line) was regulated by diel temperature fluctuations in the aboveground atmosphere. This daily fluctuation was perturbed in response to inflow of stormwater generated by
three rainfall events that occurred during the evening of July 13 and the early morning of July 14. Stormwater
flow down through the infiltration gallery caused concurrent increases of water temperature within the gallery
(gray line). There was an overall increase in temperature at depth, since the temperature of infiltrating water was
higher than the temperature at the bottom of the infiltration gallery. Given the vertical position of the gallery
piezometer screen, an increase in water height within the gallery was only observed after the third rainfall event
(blue line). For the expanded temperature scale used in this figure, a slight upward inflection in soil temperature
was observed at the deepest vadose zone temperature sensor at location TP1 (brown line).
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Figure 8-26. Trends in monitored precipitation, temperature, and gallery water height for a five-day period
in July.

The link between both water accumulation and temperature variations in the infiltration gallery to concurrent
variations in vadose zone temperature was used as a metric to assess water flow through the gallery sidewall.
The temporal trend in soil temperature over the depth monitored at location TP1 is shown in Figure 8-27 for a
period extended across July through early September 2018. During this time, the vadose zone at the monitored
depth was gradually warming in response to sustained, warmer atmospheric temperatures during summer. This
gradual increase was perturbed in response to stormwater infiltration events, which are highlighted by spikes
in the gallery water height. The response in vadose zone temperature to the focused stormwater infiltration
events was characterized as an approximate step increase added to the longer-term temperature trend. Cursory
inspection of the temperature trend at each monitored depth indicated a general correspondence between the
magnitudes of the gallery water height increase and the corresponding vadose zone temperature increase. The
degree of correspondence between vadose zone temperature increase and potential stormwater exfiltration
across the gallery sidewall at the monitored depth was evaluated through comparison of the magnitude of
stormwater flow into the gallery and the rate of temperature increase at each depth for the vadose zone
temperature profiles. The magnitude of gallery stormwater flow was approximated by integrating the area
under the peak of monitored gallery water height versus time, expressed in units of centimeter-day (cm d).
In two instances, there were two infiltration events that occurred within a two-day period (29-30 June 2017
and 29-30 July 2018). For these periods, only a single vadose zone temperature step increase was discernable,
so the contributions from both infiltration events were summed to estimate the overall magnitude for the
infiltration event. The rate of vadose zone temperature increase was evaluated by isolating the temperature
step increase from the longer-term warming trend. This was accomplished by fitting a linear trend to the vadose
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zone temperature approximately two days prior to the step increase and subtracting this contribution from the
temperature trend for several days following the infiltration event. The temperature step increase isolated from
the overall trend revealed the characteristic of an increasing asymptotic curve of the form Ti = To + A*(1 – e-kt),
where Ti is the detrended temperature (°C) at each time, To is the starting temperature, A is the amplitude of the
asymptote temperature (°C), k is the rate of temperature increase (°C/d), and t is elapsed time (d). Optimized
values for parameters A and k were derived through best-fit regression to the temperature step change.
Subsequently, the fitted trend was numerically differentiated to determine the maximum rate of temperature
increase at each depth for each infiltration event.

Figure 8-27. Trends in monitored vadose zone temperature and gallery water height during July-September
2018.
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Comparison of the maximum rate of vadose zone temperature change versus the magnitude of each infiltration
event is shown in Figure 8-28. As previously stated, heat transfer by conduction and convection are the two
primary factors contributing to a change in vadose zone temperature at the monitored depth. When there is a
temperature contrast between infiltrating water and the vadose zone, heat conduction will always be active.
When gallery water actively exfiltrates through the sidewall into the monitored vadose zone, it is anticipated that
the combined influence of heat transfer by conduction and convection will increase the rate of the temperature
change. Examination of the discontinuous trend in response to increased infiltration magnitude (Figure 8-28)
provides insight into the processes that are likely driving vadose zone temperature changes during the monitored
period. First, there appears to be a minimum threshold of approximately 20 cm d for an infiltration to cause a
substantial change to the rate of temperature increase. A linear fit to the derived rates of temperature change
at the four depths monitored at the TP1 location produced a range of threshold values from 16-22 cm d. Heat
transfer still occurs for infiltration events of smaller magnitude, but the ability to discern changes is limited
by the accuracy of the analysis approach. Above the minimum threshold for infiltration magnitude, there is a
general linear correspondence between increasing infiltration magnitude and rate of vadose zone temperature
change. For monitored depths of 0.3-1.1 m above the bottom of the infiltration gallery, the magnitude of this
correspondence was essentially identical. In contrast, the rate of vadose zone temperature change at a depth of
0.15 m above the bottom of the infiltration gallery shows proportionately larger increases for a given infiltration
magnitude. A likely cause for this increased rate of temperature change was the influence of convective heat
transfer from gallery water exfiltration across the sidewall and contacting the temperature sensor at the
monitored depth. This assessment depends on the assumption that factors controlling heat conduction at the
four depths were consistent across the monitored depth interval.

Figure 8-28. Trends in the rate of vadose zone temperature change as a function of infiltration magnitude for
seven events monitored during June 2017 and July-September 2018.
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8.8.6 Vadose Zone Properties
Infiltration and water/ solute movement through the vadose zone is determined by the physical and chemical
properties of the vadose zone (Hou et al, 2019). Physical and chemical characterization of the vadose zone
soils and sediments were investigated as part of the Fort Riley study. These properties will help understand the
transport behavior of water and solutes through the vadose zone to groundwater and aid in the evaluation of
potential risks to groundwater quality.
Before construction of the infiltration gallery at the Fort Riley study site, three vadose zone sediment samples
were collected from three different surficial and vertical points below the ground surface (bgs), sample A (0.911.52 m bgs), sample B (1.52-2.13 m bgs), and sample C (2.13-2.74 m bgs). Approximately 2.5 kg of sample were
collected at each point. These were undisturbed soils excavated for the construction of the filtration gallery. The
characteristics of these soil/sediment samples are summarized in Table E-9 in Appendix E.
The measured total organic carbon (TOC) for the three samples were 0.725, 0.183 and 0.069 % for soil A, B, and
C, respectively. The soil texture of sample A was loam, and sample B and C were silt-loam. The specific surface
area (BET) for this soil was determined to be 28.06, 15.93, and 15.39 m2/g for samples A, B, and C, respectively.
In addition, chemical analysis of soil extracts (1:1 soil:water) showed that these soil samples contain background
concentrations of chloride, fluoride, sulfate, and phosphorus.
Two additional soil/ sediment cores were collected in February 2017 during installation of monitoring wells
FRGW11 and FRGW13. These cores were collected over the entire length of the borehole and comprised not
only the vadose zone, but also the saturated interval of the aquifer to the bottom of the well screen. These core
samples were analyzed for physical and chemical properties (Table E-10 in Appendix E).
In general, the vadose zone and the screened portion of the aquifer have coarse textures that are identified as
sand, loamy sand, sandy loam, silt loam, and loam (Table E-10 in Appendix E). As can be seen in Figure 8-29,
sand is present at the top of the vadose zone which may correspond to fill material, decreases in the middle of
the vadose zone, and increases in the lower part of the vadose zone and into the aquifer for both FRGW11 and
FRGW13. In the middle of the vadose zone, the silt tends to dominate and rapidly decreases in the lower part of
the vadose zone and into the aquifer. The percentage of clay is the highest in the middle of the vadose zone, but
it was never a dominant component of the texture in both FRGW11 and FRGW13. The clay content was low in
the lower portion of the vadose zone and into the aquifer.

Figure 8-29. Comparison of sand, silt and clay content from the continuous cores taken during the installation
of FRGW11 and FRGW13.
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The dominance of sand in the lower portion of the cores suggests that water will be more easily infiltrated and
more rapidly transported through the lower vadose zone because of greater hydraulic conductivity (Domenico
and Schwartz, 1990; Hillel, 1998). However, caution should be exercised when generalizing water movement
based on texture. The initial cores collected at the site suggest much higher content of fine-grained materials
in the upper portion of the vadose zone. This suggests that spatial heterogeneity at the study site needs to be
accounted for, and there may be areas where infiltration is slower.
Soil texture can also affect chemical properties. Figure 8-30 compares the composition of sand, silt and clay to
select chemical properties for the cores collected during the installation of FRGW11 and FRGW13. From Figure
8-30, the chemical properties CEC, total carbon, and total calcium for the most part follow the trends in the silt
and clay fractions. This effect is muted in the total sodium plot, but there appears to be an anomaly in the lower
depths, which is likely due to the influence of groundwater concentrations of sodium.
It is well known that CEC is a function of mineralogy, organic matter content and surface area (Sposito, 1989;
Hounslow, 1995; Sparks, 1995). Smaller particles have greater surface area and the greater surface area in
general makes the smaller particles more reactive. Similarly, clay minerals typically fall into the silt and clay size
range and they are known to have more charged sites and high surface area for CEC to occur (Sposito, 1989;
Hounslow, 1995; Sparks, 1995). Other minerals such as carbonates often are found in association with the silt
and clay fractions. These minerals along with organic carbon would be represented by the total carbon fraction
in Figure 8-30. They not only follow the clay and silt fraction data, but also trend with the CEC data since they
also contribute to the CEC. Total calcium also trends with the silt and clay fractions of the two core samples.
In the case of total calcium, the calcium was attracted to the CEC exchange site and was associated with the
carbonate minerals in the vadose zone.

Figure 8-30. The relationship of vadose zone textural properties to chemical properties in the vadose zone and
upper aquifer at FRGW11 and FRGW13. The magenta diamonds and lines represent the clay fraction, the cyan
triangles and lines represent the silt fraction, and the blue squares and lines represents the sand fraction. For CEC,
total carbon, total calcium, and total sodium, the black circles and lines are the data from FRGW11 and the red
circles and lines are the data from FRGW13.
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Figure 8-31 shows total aluminum, calcium, iron, manganese, silicon, and TOC concentrations decreasing with
increasing depth in the vadose zone and screened portion of the aquifer at the wells FRGW11 and FRGW13. The
importance of this was that these parameters can serve as a rough proxy for aluminum, iron, and manganese
oxyhydroxide phases; calcium for carbonate phases; aluminum and silicon for aluminosilicate phases; and TOC
for natural organic matter. These phases are important phases for not only CEC type reactions, but important in
specific sorption of inorganic and organic contaminants.
The decreasing CEC and sorptive capacity of the vadose zone and screened portion of the aquifer has important
implications to the transport of contaminants through the vadose zone and screened portion of the aquifer. First,
the ability to capture and retain infiltrated contaminants is likely the greatest in the upper portions of the vadose
zone and the ability of the vadose zone to capture contaminants decreases steadily with depth. Secondly, over
time, it is possible that the upper portion of the vadose zone ability to capture contaminants could decrease
as the sorption sites become filled. Because the lower portion of the vadose zone has less ability to capture
contaminants, contaminants could migrate to the aquifer and change the water quality.

Figure 8-31. Concentration profiles versus depth for total aluminum, total calcium, total iron, total manganese,
total silicon, and total organic carbon in the cores collected during the installation of FRGW11 and FRGW13.
The black lines and circles represent the data for FRGW11 and the red lines and circles represent the data for
FRGW13.
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8.8.7 Precipitation Patterns During the Study
Infiltration of stormwater depends on precipitation and therefore, it is important to understand the precipitation
patterns that occur. The daily precipitation patterns at the Fort Riley site during the entire study are shown in
Figure 8-32. The daily precipitation patterns indicate a similar pattern to what NOAA reported (2019b), that most
of the precipitation comes between April and September.

Figure 8-32. Daily precipitation
during the Fort Riley study.

Figure 8-33 shows the annual precipitation and monthly precipitation that occurred during the study. The mean
annual precipitation at Fort Riley is 905 mm (NOAA, 2019b). For three of the study years (2015, 2016, and 2018),
the precipitation was similar to the mean annual precipitation as is shown in Figure 8-33A.
Although the precipitation for three years of the study was typical, there are different patterns in the monthly
distribution of precipitation among the years, Figure 8-33B and Table D-2 Appendix D. For example, in June of
2016 there was considerably less precipitation (29.2 mm) than in June of 2015 (136 mm), 2017 (111 mm), and
2018 (50.3 mm) (Figure 8-33B). Another example would be in November. In 2015, there was significantly more
precipitation (128 mm) than in any other year during the study, 2016 (0.76 mm), 2017 (3.56 mm), and 2018
(21.1 mm).

Figure 8-33. Annual and mean
monthly precipitation for
the Fort Riley Study. A. Total
annual precipitation, the value
in the text box in each bar is
the total annual precipitation
and the green line represents
the mean annual precipitation
from NOAA (2019b).
B. Monthly mean precipitation
for each year of the study.
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8.8.8 Movement of Water Through the Vadose Zone
Razzaghmanesh and Borst (2019) previously reported on the use of the network of tensiometers to monitor
water movement through the vadose zone at the Fort Riley site. These authors provide several key points which
are important to understanding of water movement for this study. The first point is that beyond 3.1 m from
the gallery, the tensiometers showed very little change after a rainfall event. Therefore, the effective recharge
radius of the storage gallery was less than 3.1 m. This point verifies the original study data collection design,
in which tensiometers T5A and T5B and SPW samplers FRLW11 and FRLW12 can be considered outside the
influence of the gallery. These sampling points can be used as natural or background conditions at the study
site. Razzaghmanesh and Borst (2019) also demonstrated that the water accumulating in the storage gallery was
positively correlated with soil tension changes. This means that following a precipitation event, water moves
out of the gallery into the vadose zone and this water movement from the gallery to the vadose zone can be
detected and tracked. They also point out that there was a positive correlation between total rainfall and rises
in groundwater elevation (Razzaghmanesh and Borst, 2019). This point suggests that the water table is being
recharged directly as the result of precipitation or the precipitation is filling the pond just to the south of the
study site. This would result in the water level in the pond rising causing a rise in the groundwater elevation. The
final point is that there is effective exfiltration for the side gallery walls supporting the hypotheses developed
by Lee et al. (2015). This means that with time, as the bottom of the gallery clogs with fine materials, water will
move out the sidewalls of the gallery into the vadose zone.
The remaining discussion in sections below will discuss water movement from the gallery to the vadose zone
and through the vadose zone by using the tensiometer and temperature data from the tensiometers to monitor
changes in soil temperature resulting from the heat exchange during water movement. See Table D-1, Appendix
D for positions of the sampling point. Figure 8-34 shows the depths and location of the soil porewater samplers.

Figure 8-34. Depths and locations of the soil pore samplers. (Modified from: USACOE and Zieson)
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8.8.8.1 Daily Precipitation and Water Level Inside the Infiltration Gallery
The Fort Riley study was designed to capture stormwater runoff from the parking lot and infiltrate the water
into the subsurface. Piezometers PT01 and PT02 were installed in the infiltration gallery to monitor changes in
water level using two pressure transducers located in sumps positioned at the bottom of the gallery. The sumps
were never completely empty, and retained approximately 12- 13 cm of water, which served as the “zero” for
the pressure transducers. Figure 8-35 shows the fluctuations in water level in the infiltration gallery and the
corresponding precipitation during the entire study period.

Figure 8-35. Changes in water level elevation inside the infiltration gallery and the daily precipitation during
the study at the Fort Riley study side. A. Water levels measured inside the infiltration gallery measured by
PT1. B. Daily precipitation.
The water level inside the infiltration gallery (Figure 8-35A) in some cases corresponded to the daily precipitation
pattern (Figure 8-35B). However not all precipitation events caused a rise in the water levels in the infiltration
gallery (Figure 8-35). There are a few potential reasons why precipitation can happen with no rise in water level
in the gallery.
To have a rise in water level in the infiltration gallery the rate at which stormwater runoff enters the gallery must
exceed the rate of water exfiltrating through the bottom and sides of the gallery (relative rates). The rate at
which the stormwater enters the infiltration gallery is related to the rainfall intensity and duration once surface
“wetting” is overcome (Jungerius and ten Harkes, 1994; Hillel, 1998; UDFCD, 2016a; UDFCD, 2016b; Gunaratne
et al., 2017). An example of the stormwater infiltration rate exceeding the exfiltration rate of the gallery was on
April 24, 2016 and is shown in Figure 8-36. As can be seen in this example, the intensity of the rainfall averaged
47.5 mm/hr and the rain lasted for 1 hr (Figure 8-36B). This caused the water level in the gallery to rise to 121
cm (Figure 8-36A). An example of a stormwater event where the stormwater infiltration rate did not exceed the
exfiltration rate of the gallery was on July 25, 2016 and is shown in Figure 8-37. During this event, there was
no discernable rise in the water level in the infiltration gallery (Figure 8-37A). In this case, because the gallery
was new, the surface clogging was minimal and likely not playing a significant role in preventing the stormwater
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from entering the gallery. The initial rainfall intensity during the first hour of the event was 58.2 mm/hr (Figure
8-37B). The asphalt surface likely needed “wetting” (abstraction volume) before runoff could occur and may
be a possible explanation for why the water level did not rise. The total duration of the precipitation event on
July 25, 2016 was 6.67 hr with an average rainfall intensity of 11.5 mm/hr for this event. Even though the total
precipitation on July 25, 2016 was 77.0 mm and was 29.5 mm larger than the April 24, 2016 rainfall event, there
was no rise in the water level in the infiltration gallery. The likely causes were the wetting of the parking lot
surface and that the precipitation fell over a longer period of time which did not cause an increase in the water
level in the infiltration gallery.

Figure 8-36. A single
precipitation event in April
2016 showing the
A. Changes in water level in
the infiltration gallery and
B. The rainfall intensity and
duration.

Figure 8-37. A single
precipitation event in July
2016 showing the
A. Changes in water level in
the infiltration gallery and
B. The rainfall intensity and
duration.
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Another explanation for why there would be no rise in the water levels in the infiltration gallery would be
because of surface clogging of the pavers with fine grain materials (Figure 8-38). As clogging increases the
stormwater infiltration will decrease. Under some clogging conditions, the runoff may bypass the paver section.
Like the previous explanation, there will be no rise in water level in the gallery once the rate of stormwater
entering the infiltration gallery is equal to or less than the rate of exfiltration out of the gallery.
The important point in this discussion is that even when water levels inside the infiltration gallery do not rise
following a precipitation event, one cannot assume that water is not being conveyed into the subsurface.
It possibly just means that the rate of exfiltration is greater than the rate at which the stormwater runoff is
entering the infiltration structure. Another means other than relying on water level rise needs to be incorporated
into the system to know if exfiltration is occurring.

Figure 8-38. Surface clogging of a permeable paver infiltration gallery. The gravel spaces between the pavers
allows the stormwater runoff to enter the infiltration gallery. A. An unclogged surface, and B. Clogged
surface with fine grained materials in the gravel spaces.
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8.8.8.2 Tensiometer Data Collection
To track the movement of water through the vadose zone, tensiometers were used to measure soil moisture
tension. Tensiometers were installed in five clusters: two clusters were directly under the infiltration gallery
(Clusters 1 and 2), one cluster 0.6 m from the side of the infiltration gallery (Cluster 3), a cluster 3.1 m from the
side of the infiltration gallery (Cluster 4), and Cluster 5 was 10.67 m from the side of the gallery. Tensiometers in
each cluster were placed at different depths, and each cluster and depth has an associated SPW sampler. Figure
8-34 and Table D-1, in Appendix D give the location and depth of each tensiometer. Tensiometers were also
equipped to measure temperature.
The tensiometers recorded soil moisture tension and temperature data every 10 minutes. An example of the
tensiometer data output is shown in Figure 8-39. Although the tensiometers are designed to provide continuous
data, issues with the loggers and batteries in general caused gaps in the data. Consequently, only the best data
was used.

Figure 8-39. Example of tensiometer output from tensiometer T2A. The black line is the soil moisture
tension data and the red line is the temperature data.
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8.8.8.3 Soil Moisture Tension and Water Movement Through the Vadose Zone
Two events were chosen to show how soil moisture tension can be used to understand the water movement
through the vadose zone. The events chosen were ones when there were water level rises in the infiltration
gallery and when there were complete or nearly complete data sets in all the clusters at all the depths and
similar total precipitation.
The first event chosen was on November 17, 2015 (Figure 8-40). This event was chosen because it was a single
water level rise in the infiltration gallery over a short period (about 7 hr). The total precipitation was 56.4 mm.
Figure 8-40 shows that except for tensiometer cluster 5, there was a time lag between the water level rise in the
infiltration gallery and the onset of a major change in soil moisture tension. For tensiometer clusters 1, 2, and 3
the lag time varied with the depth of the tensiometer, the wetting front arrived first in the shallowest depth and
the lag time was longer with each progressive depth. For tensiometer cluster 4, the shallowest depth had soil
moisture tensions twice that in the deeper two depths and the wetting front arrival was longer than the middle
depth. The higher soil moisture tensions in the shallowest depth most likely is the result of the vadose zone at
that depth being drier than the deeper depths or that the shallower tensiometer was installed in a part of the
vadose zone composed of finer grained materials. The slow downward trend in the soil moisture tension data
in cluster 5 is similar to the soil moisture before and after the event. This indicates that the precipitation event
had no influence on the tensiometers, which was expected since cluster 5 tensiometers were installed to be the
control for natural water movement in the vadose zone.

Figure 8-40. Soil moisture tension data during the November 17, 2015 precipitation event. For Clusters 1, 2, and 5 the black line
shows the soil moisture tension for T1A, T2A, and T5A; the red line shows the soil moisture tension for T1B, T2B, and T5B. For
Clusters 3 and 4 the black line represents the soil moisture tension data for T3A and T4A; the red line shows the soil moisture
tension data for T3B and T4B; and the green line shows the soil moisture tension data for T3C and T4C. The groundwater
elevation data in the lowest right corner of the figure shows the groundwater elevation changes in FRGW04 (black line) and
FRGW05 (red line).
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Groundwater elevation data are important in understanding the depth of the vadose zone. During this event
the groundwater elevation changed 0.09 m in FRGW04 and 0.15 m in FRGW05. The slightly larger change in
the groundwater elevation in FRGW05 than in FRGW04 is believed to be because FRGW05 is closer to the
stormwater retention pond south of these wells. The water level in the pond is thought to be an influence on
groundwater elevations at this study site. The groundwater elevation in FRGW05 and FRGW04 suggest that the
tensiometers T1B, T2B, and T5B are likely in the saturated zone or in the capillary fringe above the aquifer.
Figure 8-41 shows the data for the water level changes in the infiltration gallery along with the changes in soil
moisture tension during the late May 2016 precipitation events. The data for the infiltration gallery PT1 shows
multiple rises in the water level in the infiltration gallery from May 25- May 28, 2016 (Figure 8-41); however,
our analysis will concentrate on the 4 water level rises beginning on May 26th and ending in the early morning
of May 27th. The duration of this event was 15.67 hr and the total precipitation was 51.6 mm. Unlike the earlier
precipitation event discussion, only tensiometer clusters 1, 2, and 3 showed any changes in soil moisture tension.
In tensiometer clusters 4 and 5, the soil moisture tension remained constant or was already in a gradual decline
prior to the May 25th precipitation. As was the case previously, the lack of changes in soil moisture tension likely
indicates no influence of the infiltration gallery on the tensiometers in clusters 4 and 5. Similar to the previous
example, tensiometer clusters 1, 2 and 3 showed the soil moisture tension changing first in the shallowest
tensiometer and the soil moisture tension changing progressively as the tensiometer depth increased.

Figure 8-41. Soil moisture tension data during the May 26, 2016 precipitation event. For Clusters 1, 2, and 5 the black line
shows the soil moisture tension for T1A, T2A, and T5A; the red line shows the soil moisture tension for T1B, T2B, and T5B. For
Clusters 3 and 4 the black line represents the soil moisture tension data for T3A and T4A; the red line shows the soil moisture
tension data for T3B and T4B; and the green line shows the soil moisture tension data for T3C and T4C. The groundwater
elevation data in the lowest right corner of the figure shows the groundwater elevation changes in FRGW04 (black line) and
FRGW05 (red line).
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The groundwater elevation data indicated that the depth of the vadose zone was initially 320.87 m and changed
0.38 m and 0.73 m for FRGW04 and FRGW05, respectively. The groundwater elevation in FRGW05 and FRGW04
suggests that the tensiometers T1B, T2B, and T5B were likely in the saturated zone or in the capillary fringe
above the aquifer by the end of the event.
Lag times were estimated in both events based on the start of the rise in water levels in the infiltration gallery
and the start of the change in soil moisture tension. Table 8-2 gives the estimated lag times for these two
events. Both events had similar precipitation depths. Tensiometer clusters 1 and 2 are directly below the
infiltration gallery and would represent the most direct path for stormwater to reach groundwater. Because
the deepest tensiometers in clusters 1, 2, and 5 were close to or in the saturated zone, it can be estimated
that the stormwater runoff in both the November 11, 2015 and May 26, 2016 precipitation events reached
the groundwater rapidly in 6 hr. For both dates, the stormwater reached the groundwater fastest in cluster 2.
In cluster 1 the stormwater reached the groundwater in 11 hr to 7 hr for the November 17, 2015 and May 26,
2016 events, respectively. The difference is likely due to differences in the physical properties of the vadose zone
between the water table and the bottom of the infiltration gallery as well as initial soil moisture content.
At 0.6 m from the gallery wall T3A had a response to the infiltrated stormwater in 0.33 to 0.17 hr in November
17, 2015 and May 26, 2016, respectively. It is unknown if this water was coming from water exfiltrating from
the sidewall of the gallery or if the water is from the lateral movement of water from the bottom of the gallery.
The infiltrated stormwater in both events showed a response in the T3B in approximately 3 hr. The tensiometer
T3C was the deepest tensiometer in this cluster and was at an equivalent depth as the shallowest tensiometers
in clusters 1 and 2. In November 2015, the T3C response to the infiltrating stormwater was approximately two
times that in cluster 1 and 2. However, in May 2016, the response to the stormwater was similar to the response
of the shallow tensiometer in cluster 2 –about 3 hr and was twice as fast as the shallow tensiometer in cluster
1. Although the amount of precipitation was similar in both events, the November 17, 2015 event was short
lived, and on May 26, 2016, the precipitation fell over a longer duration and there was rainfall the day before this
event. The more recent precipitation before the May 26, 2016 event may have “primed” the system and allowed
for quicker transport to cluster 3.
Tensiometer Cluster 4 is 3.1 m from the side of the infiltration gallery. The data from T4B and T4C was not
recorded for the May 26, 2016 precipitation event, and there was no discernible response in T4A for this event.
Therefore, only the November 17, 2015 event will be discussed. Because of the distance from the infiltration
gallery, T4B had the fastest response to the infiltrated stormwater in this event, 3.17 hr. Razzaghmanesh and
Borst (2019) reported that the captured stormwater exfiltrates from the gallery but moving outward in a
parabolic pattern which is supported by the work of Bouwer (2002). So, water reaching T4B first is reasonable.
The infiltrated stormwater then moved downward to T4C in approximately 14 hr and could have moved laterally
or upwards through capillary action to T4A in the 7.17 hr.
The importance of the data presented in Table 8-2 is that the transport of water from the infiltration gallery was
rapid, on the order of hours to a day, and limited to less than 3.1 m from the gallery wall.
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Table 8-2. Estimated lag times of water exiting the infiltration gallery to reaching tensiometers for the
November 17, 2015 and May 26, 2016 precipitation events.
Id

Start Date/ Time
(MM/DD/YYYY/ hr:min)

Lag Time
(hr)

November 17, 2015
PT1
Cluster 1
T1A
T1B
Cluster 2
T2A
T2B
Cluster 3
T3A
T3B
T3C
Cluster 4
T4A
T4B
T4C
Cluster 5
T5A
T5C

11/17/2015/ 03:00
11/17/2015/ 10:20
11/17/2015/ 14:00

3.67
11.00

11/17/2015/ 06:10
11/17/2015/ 09:20

3.17
6.33

11/17/2015/ 03:20
11/17/2015/ 06:00
11/17/2015/ 09:20

0.33
3.00
6.33

11/17/2015/ 10:10
11/17/2015/ 06:10
11/17/2015/ 17:00

7.17
3.17
14.00

No Response
No Response
May 26, 2016

PT1
Cluster 1
T1A
T1B
Cluster 2
T2A
T2B
Cluster 3
T3A
T3B
T3C
Cluster 4
T4A
T4B
T4C
Cluster 5
T5A
T5B

5/26/2016/ 14:00
5/26/2016/ 19:40
5/26/2016/ 21:20

5.67
7.33

5/26/2016/ 17:20
5/26/2016/ 20:10

3.3
6.17

5/26/2016/ 14:10
5/26/2016/ 17:10
5/26/2017/ 17:00

0.17
3.17
3.00

No Response
No Data Recorded
No Data Recorded
No Response
No Response
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8.8.8.4 Temperature and Water Movement Through the Vadose Zone
In addition to soil moisture tension the tensiometers also measured temperature. Temperature can also be
potentially used to monitor water movement through the vadose zone. In this section the temperature data
from the tensiometer will be used to understand the movement of water in the vadose zone
Figures 8-42 and 8-43 show the temperature data obtained from the tensiometers from the November 17, 2015
and May 26, 2016 precipitation events. What is apparent from these figures is that temperature differences
could only be measured in the tensiometer Clusters 1, 2, and 3. These correspond to the tensiometer cluster
located directly below the infiltration gallery and 0.6 m from the side of the infiltration gallery. Tensiometer
Clusters 4 and 5 show either no changes in temperature data or were the continuation of gradual changes in
temperature before and after the precipitation events (Figures 8-42 and 8-43).
The temperature change in PT1 on November 17, 2016 was a negative change with the temperature initially at
20.72 °C dropping to 15.21 °C and rising again to approximately 18 °C. The net temperature change was
-2 °C (Figure 8-42). Although there appears to be changes in temperature based on the tensiometer data, the
maximum temperature change in any tensiometer was 0.36 °C. The precision and accuracy of the temperature
measurement of the tensiometer is 0.1 °C and 0.4 °C (UMS, 2007). The small temperature changes observed are
not reliable because the temperature change was within the precision and accuracy of the tensiometer.

Figure 8-42. Temperature data during the November 17, 2015 precipitation event. For Clusters 1, 2, and 5 in the upper panel
the black line shows the temperature for T1A, T2A, and T5A; the red line shows the temperature for T1B, T2B, and T5B. For
Clusters 3 and 4 in the upper panel the black line represents the temperature data for T3A and T4A; the red line shows the
temperature data for T3B and T4B; and the green line shows the temperature data for T3C and T4C. For all clusters the black
line in lower panel shows gallery water level and the red line shows the water temperature.
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During the May 26, 2016 precipitation event, the temperature change in PT1 was +2 °C. The initial temperature
in the infiltration gallery was 19.16 °C, and the final temperature was 21.16 °C (Figure 8-43). There were no
observable temperature changes in tensiometer Clusters 4 and 5. There were observable temperature changes
in tensiometer clusters 1, 2, and 3, but the apparent changes in temperature below 4.88 m depth (T1B and T2B)
are not reliable as discussed previously in the November 17, 2015 event. In depths 4.88 m or shallower, the
tensiometer temperature could be used to calculate lag times (Figure 8-43). The lag times in the tensiometers
directly below the infiltration gallery (T1A and T2A) showed water reaching these tensiometers rapidly with
lag times of less than 0.01 hr and 0.67 hr, respectively. The cluster 3 tensiometers (0.6 m from gallery) showed
water moving to T3A (depth 3.1 m) in 1.33 hr, T3B (depth 3.96 m) in 1.67 hr and to the deepest tensiometer, T3C
(depth 4.88 m), in 5.38 hr.

Figure 8-43. Temperature data during the May 26, 2016 precipitation event. For Clusters 1, 2, and 5 in the upper panel the
black line shows the temperature for T1A, T2A, and T5A; the red line shows the temperature for T1B, T2B, and T5B. For
Clusters 3 and 4 in the upper panel the black line represents the temperature data for T3A and T4A; the red line shows the
temperature data for T3B and T4B; and the green line shows the temperature data for T3C and T4C. For all clusters the black
line in lower panel shows gallery water level and the red line shows the water temperature.
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8.8.8.5 Summary of the Movement of Water in the Vadose Zone
The analysis of data water movement in vadose zone of this report agreed with what Razzaghmanesh and
Borst (2019) concluded. The analysis of tensiometer data indicated that the effective recharge radius of the
infiltration gallery is less than 3.1 m, and that the SPW samplers FRLW11 and FRLW12 should reflect the vadose
zone background conditions. The temperature and tension data also support Razzaghmanesh and Borst (2019)
assertion that the water moved out of the infiltration gallery both through the bottom and the sides of the
gallery. The tensiometers also showed that water movement through the vadose zone to the groundwater is
rapid occurring within hours to a day of the stormwater runoff event. This also verified that tensiometers, if
made more robust, can be used to track water movement from the gallery and through the vadose zone.
Although temperature could be used to monitor water movement through the vadose zone, temperature data
has important limitations. In November 2015 the temperature contrast in the tensiometers was so small that
the changes in temperature could not be distinguished from the noise in the tensiometer temperature sensor.
In contrast, in May 2016, the temperature contrast was sufficient in the tensiometers that water movement
could be tracked at depths 4.88 m or shallower. Because of the limitations in the use of temperature data, the
tensiometer clusters beyond 0.6 m from the infiltration gallery could not detect water movement which could
be detected using tension data. This indicates, at least for this study, that tension is the better way to track water
movement in the vadose zone.

8.8.9 Fate and Transport of Constituents through the Vadose Zone
Monitoring the fate and transport of chemical constituents through the vadose zone was accomplished using
SPW samplers. The locations and placement of the SPW samplers are given in Table D-1 in Appendix D and
shown in Figure 8-7. The SPW samplers were paired with tensiometer clusters previously discussed; FRLW01
and FRLW02 paired with tensiometer cluster 1; FRLW09 and FRLW10 paired with tensiometer cluster 2; FRLW03,
FRLW04, and FRLW05 paired with tensiometer cluster 3; FRLW06, FRLW07, and FRLW08 paired with tensiometer
cluster 4; and FRLW11 and FRLW12 paired with tensiometer cluster 5.
FRLW11 and FRLW12 were designed to provide information on the natural conditions and processes occurring
in the vadose zone. Based on the tensiometer data collected from tensiometer cluster 5 in Sections 8.8.8.3 and
8.8.8.4, these SPW samplers were useful in determining natural conditions and processes; however, FRLW11
was not used in this discussion because only small water volumes could be obtained. Based on the very high soil
moisture tensions reported, FRLW11 appears to be in a tight material that limited water movement through this
zone. In most cases, even obtaining 20 mL of sample to conduct the pH and conductivity measurements was not
possible. Another potential problem with FRLW11 is that it was in the root zone of a mature cottonwood tree,
and the water uptake by the cottonwood could potentially be significant during the growing season. It is also
important to note that FRLW12 was at times in the saturated zone and would be more reflective of groundwater
conditions rather than the vadose zone. Although FRLW12 is not the ideal control, it will be used as a control
SPW.
All the SPW data are reported in Appendix E, Tables E-12 and E-13.

8.8.9.1 Alkalinity, Major Anions and Cations, pH, Specific Conductivity
Detailed analysis of time series and trend analysis for major anions and cations, pH and specific conductivity in
the vadose zone can be found in Appendix D, section 4.2.
8.8.9.1.1 Comparison of Major Anion and Cation Spikes in 2018
There were several sampling points where spikes can be seen in the major anion and cation data as well as in
SPC. The following analysis focused on the March 2018 data set because spikes in the data were seen for most of
the parameters in most of the clusters. Figure 8-44 shows the chloride vs SPC and sodium vs SPC for porewater
clusters 1 and 2. The SPC spike that occurred in FRLW01 and FRLW09 (Figure 8-44A and 8-44B) showed an
identical chloride spike pattern as the SPC (Figure 8-44A). Sodium had a spike in FRLW01 in March of 2018, but
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the spike in FRLW09 did not occur until June 2018 (Figure 8-44B). The sodium in FRLW01 had not returned yet
to baseline in June 2018 (blue arrow in Figure 8-44B). This suggested that movement of sodium was retarded in
FRLW09 with respect to SPC and chloride, and sodium was, to a lesser extent, in FRLW01. FRLW02 and FRLW10
did not have required sample volume for chloride and metal analysis, but, based on SPC FRLW02, would not
show a concentration spike in 2018. One possible explanation is that in March 2018 and June 2018 FRLW02 was
near to or below the water table (elevation ~ 321 m), and the SPC was indicative of the groundwater rather than
the soil porewater.
Figure 8-44. Chloride,
Sodium, and SPC with
respect to time for soil
porewater clusters 1 and 2.
A. Chloride and SPC.
B. Sodium and SPC. FRLW01
are the black circles, FRLW02
are the black triangles,
FRLW09 are the red circles
and FRLW10 are the red
triangles. The solid lines
represent the data for
chloride or sodium in A and
B, respectively. The dashed
lines represent the SPC data
in both A and B. Blue arrows
highlight the June 2018 data
points. Gray shaded areas
show spikes.

Only SPC and chloride data were available in porewater cluster 3 (0.6 m from the gallery wall) because of small
sample volumes and the data is shown in Figure 8-45. In FRLW03 (the shallowest SPW in this cluster), the SPC
and chloride both had a spike in March 2018 and had returned to baseline in September 2018. The deepest SPW
sample in this cluster, FRLW05, showed both SPC and chloride increasing in March 2018, but did not peak until
later in June 2018, and returned to baseline by September 2018. This would indicate that movement of both
chloride and SPC were retarded in FRLW05.

Figure 8-45. Chloride and
SPC data with time in soil
porewater cluster 3. Green
circles represent the FRLW03
data for both chloride and
SPC, the green diamonds
represent the FRLW05 data
for chloride and SPC. The
solid lines represent the
chloride data and the dashed
lines represent the SPC data.
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In soil porewater cluster 4, SPC, chloride, and sodium had spikes but these spikes did not occur in March 2018
(Figure 8-46A and 8-46B). Instead, the spikes occurred in June 2018. In the middle and deepest SPWs, FRLW07
and FRLW08, the SPC and chloride spike returned to baseline by September 2018 (Figure 8-46A). However, in
FRLW06, the shallowest SPW, the chloride had not completely returned to baseline in September 2018. Because
of limited SPW sample volume, there was no sodium data for FRLW06 and FRLW08 in March 2018, so no
evaluation can be made. FRLW07 did show a spike in sodium in June 2018 (Figure 8-46B) and had not returned to
baseline in September 2018 (black arrows in Figure 8-46B). FRLW08 showed an increase in sodium concentration
after June 2018 and potentially was still rising in September 2018. The increase in sodium concentration in
FRLW08 was delayed in comparison to SPC and chloride in all SPWs and sodium in FRLW07.
In SPW cluster 4 the delay was not easily explained. The delay could be because of the time it takes to move
through the 3 m of vadose zone from the wall to the SPWs. The delay could also be from the infiltration through
the vadose zone from the surface. There was no tensiometer data during 2018 to compare lag times to. Based on
earlier tensiometer data, the response of the wetting front depends on the intensity and duration of the rainfall
events. In some cases, the lag time was 3 to 14 hours and in other cases the water did not appear to reach this
SPW cluster.
Figure 8-46. SPC, chloride
and sodium data with
time for soil porewater
cluster 4. A. Chloride and
SPC data. B. Sodium and
SPC data. Blue circles are
for FRLW06, blue triangles
are for FRLW07, and blue
diamonds are for FRLW08.
Solid lines represent the
chloride data in A and
sodium data in B. Dashed
lines are for SPC in both
A and B. Black arrows
highlight the sodium data
points in September 2018.

8.8.9.1.2 Geochemical Processes for Major Anions and Cations in the Vadose Zone
As precipitation or infiltrated water moves through the vadose zone, it is modified by interaction with the
surrounding media in the vadose zone. This monitoring shows that several geochemical processes are occurring
in the subsurface that affect the major anions and cations.
Specific conductivity was shown to be a good proxy for the movement of dissolved constituents through the
vadose zone. Chloride was the only major anion which correlated well with SPC. Chloride is a conservative
species, and as such, it is not expected to have major interactions with the vadose zone media, so, the high
correlation between SPC and chloride is expected. Bicarbonate and sulfate did not correlate well with SPC.
Both bicarbonate and sulfate can react with the media in the vadose zone. Except for potassium, the other
major cations, calcium, magnesium, and sodium correlated with SPC. Calcium, magnesium and sodium are
not conservative species and participate in other geochemical processes such as dissolution/precipitation, ion
exchange, sorption and interactions with biota in the vadose zone.
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Since it has been shown that there are spikes in SPC, calcium, and sodium concentration, and road salt (halite)
was used as a deicing agent, the dissolution of halite was likely the dominant geochemical process governing
the sodium concentrations in the vadose zone. Figure 8-47A is a plot of sodium verses chloride. Most of the data
are above the 1:1 line indicating that there was an excess of sodium compared to chloride in the soil porewater.
This suggests that ion exchange or aluminosilicate weathering controlled the sodium concentrations (Schoeller,
1965, Schoeller, 1967, Kortatsi, 2007; Zaidi et al., 2015; Batabyal and Gupta, 2017; Ndoye et al., 2018). Some
of the data, generally correlating to the samples with spikes, did lie below the 1:1 line, and chloride is enriched
with respect to sodium in the porewater. This suggests reverse ion exchange – that is, sodium in the porewater
replacing calcium and magnesium on the solids in the vadose zone (Schoeller, 1965, Schoeller, 1967, Kortatsi,
2007; Zaidi et al., 2015; Batabyal and Gupta, 2017; Ndoye et al., 2018). The gray shaded data highlights where
the spikes in concentrations of sodium and chloride were observed (Figure 8-47A). Most of the data when
spikes were occurring suggests that reverse ion exchange was occurring. This makes sense since chloride the
conservative species does not interact with the surrounding media and would have been in excess compared
with sodium that does interact with the surrounding media. In this case, some of the sodium was removed from
solution. Figure 8-47B is a plot of sodium + potassium verses total cations. Except for three porewater samples
all the data was below the y = 0.5X trendline, and this suggested that silicate weathering was not a dominant
geochemical process affecting sodium concentrations in the vadose zone (Figure 8-47B) and ion exchange
processes likely dominate (Batabyal and Gupta, 2017; Ndoye et al., 2018).

Figure 8-47. A. Sodium vs. chloride. B. Sodium + potassium vs. total cations. In both plots the black circles are FRLW01
data, black triangles are FRLW02 data, green circles are FRLW03 data, green diamonds are FRLW05 data, blue circles
are FRLW06 data, blue triangles are FRLW07 data, blue diamonds are FRLW08 data, red circles are FRLW09 data, red
triangles are FRLW10 data, and cyan triangles are FRLW12 data. Gray shaded area in A shows the chloride and sodium
data during spike events.
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Figure 8-48A is a plot of calcium + magnesium verses bicarbonate + sulfate. Data falling on the 1:1 trend line
indicated that calcite, dolomite, and gypsum are likely controlling the Ca and Mg concentrations in the soil
porewater (Schoeller, 1965, Schoeller, 1967, Kortatsi, 2007; Zaidi et al., 2015; Batabyal and Gupta, 2017; Ndoye et
al., 2018). Most of the soil porewater data fell on this line indicating the dominant geochemical process controlling
calcium and magnesium concentrations in the soil porewater was precipitation/dissolution. Several samples lie
above the 1:1 trend line which suggests that ion exchange or mineral weathering was responsible for the excess
calcium and magnesium in these porewater samples (Zaidi et al., 2015; Batabyal and Gupta, 2017; Ndoye et al.,
2018). In very few cases bicarbonate + sulfate was in excess and there was depletion of calcium + magnesium in
those porewater samples. This indicated that reverse ion exchange was occurring, i.e., calcium and magnesium
replacing sodium or potassium on the solid phases in the vadose zone (Schoeller, 1965, Schoeller, 1967, Kortatsi,
2007; Zaidi et al., 2015; Batabyal and Gupta, 2017; Ndoye et al., 2018). A plot of magnesium versus calcium
is shown in Figure 8-48B. Most of the study data plots below the 1:1 trend line, which suggests that calcite is
the dominant carbonate phase controlling the Ca and Mg concentrations in the porewater samples (Ndoye et
al., 2018). There are a few samples that indicate (points above the 1:1 trend line) dolomite was the dominant
carbonate phase. Figure 8-48C is a plot of the dolomite saturation index (SI) versus the calcite SI. Most of the soil
porewater samples were likely in equilibrium with either calcite or dolomite solid phases present in the vadose
zone (Figure 8-48C). There were a few samples that were oversaturated with respect to calcite and dolomite
(Figure 8-48C). The excess Ca or Mg in this case would be available to participate in other geochemical processes,
such as ion exchange, occurring in the vadose zone or potentially be transported to the groundwater (Sposito,
1989; Hounslow, 1995; Batabyal and Gupta, 2017). Calcium concentrations can also be controlled by gypsum if
gypsum was present in the vadose zone. Figure 8-48D shows a plot of the gypsum SI for the porewater data. The
soil porewater was undersaturated with respect to gypsum.

Figure 8-48. A. Plot of calcium + magnesium vs. bicarbonate + sulfate. B. Plot of magnesium vs. calcium. C. Plot of dolomite SI vs.
calcite SI. D. Plot of Gypsum SI. In all plots the black circles are FRLW01, black triangles are FRLW02, green circles are FRLW03, green
diamonds are FRLW05, blue circles are FRLW06, blue triangles are FRLW07, blue diamonds are FRLW08, red circles are FRLW09, red
triangles are FRLW10, and cyan triangles are FRLW12. In plot C the gray shaded areas indicate equilibrium with a calcite or dolomite,
yellow shaded area indicates that calcite is undersaturated and dolomite is oversaturated, green shaded area indicates both calcite
and dolomite are oversaturated, blue shaded area indicates both calcite and dolomite are undersaturated, and purple shaded area is
oversaturated with respect to calcite and undersaturated with respect to dolomite. In D the gray shaded area indicates equilibrium
with gypsum.
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Figure 8-49A is a plot of CAI1 verses CAI2. As is shown in this figure, most of the CAIs are negative suggesting ion
exchange reactions were the dominant process overall. However, there were also limited positive CAIs, occurring
mostly in 2018 when the major spikes in major anions and cations occurred. The positive CAIs indicated that
reverse ion exchange was occurring late in the study, meaning sodium and potassium are moving to the vadose
zone solids. If this trend continues, this would suggest that sodium loading on the vadose zone solids could occur
and this could be problematic. Excess sodium could cause dispersion of the vadose zone solids, which could limit
infiltration of the stormwater into the subsurface.
A plot of sodium + potassium – chloride versus calcium + magnesium – bicarbonate – sulfate is shown in Figure
8-49B. Data that plots on or close to the trend line y = -x indicates that ion exchange reactions are the dominant
process (Zaidi et al., 2015, Batabyal and Gupta, 2017; Ndoye et al. 2018). Most of the soil porewater data plotted
on this line, which indicated that ion exchange reactions are a dominant geochemical process in the vadose zone.

Figure 8-49. Plots indicating the significance of ion exchange reactions. A. Plot of CAI1 vs. CAI2. B. Plot of
Na+K-Cl vs. Ca+Mg-HCO3-SO4. The dashed black lines in both plots represent the origin of the plots and
divides the negative and positive values. In all plots the black circles are FRLW01, black triangles are FRLW02,
green circles are FRLW03, green diamonds are FRLW05, blue circles are FRLW06, blue triangles are FRLW07,
blue diamonds are FRLW08, red circles are FRLW09, red triangles are FRLW10, and cyan triangles are FRLW12.

The major geochemical processes that were occurring that were modifying the infiltrated stormwater are
precipitation/dissolution reactions and ion exchange reactions. As the infiltrated stormwater was modified, the
modified stormwater (soil porewater) moved through the vadose zone.
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8.8.9.2 Other Soil Porewater Constituents
In addition to the major anions and cations discussed above, other parameters were also studied. Most of
these parameters did not show any significant changes or trends that warranted further discussion; however,
parameters such as barium, uranium, nitrate + nitrite, and fluoride will be discussed in this section.
8.8.9.2.1 Barium – Soil Porewater
Barium time series plots for each SPW cluster are shown in Figure 8-50. Barium in FRLW12 (Cluster 5) showed
little to no change in barium concentration. In cluster 1 (Figure 8-50A), FRLW01 showed data spikes in barium
concentrations similar to what was observed for calcium in FRLW01. The deeper SPW sampler, FRLW02, showed
little change in barium concentration. In SPW cluster 2, FRLW09 showed similar trends in barium concentration
changes as was seen in FRLW01 (Figure 8-50B). FRLW10 appeared to behave like FRLW02 for the limited data
obtained in this SPW sampler (Figure 8-50B). Because of the very limited data for SPW cluster 3 (Figure 8-50C),
no analysis was performed. The pattern in barium concentrations in cluster 4 was initially different than the
pattern seen for calcium in the same cluster initially (Figure 8-50D). A significant rise in barium concentration was
observed in the fall and winter of 2015 – 2016. FRLW07 and FRLW08 appeared to have a similar concentration
pattern to what was observed for calcium in these SPWs (Figure 8-50D). Because of the lack of data in FRLW06
from 2017 – 2018, no analysis was performed for barium in FRLW06 (Figure 8-50D). Between the winter of 2016
and spring of 2018, the concentrations of barium showed little change in FRLW07 (Figure 8-50D).

Figure 8-50. Changes in barium concentration in relationship to time for the Fort Riley SPWs. In all graphs
the cyan triangles and lines represent FRLW12 the unimpacted control. A. SPW cluster 1, black circles and
lines are FRLW01, black triangles and lines are FRLW02; B. SPW cluster 2, red circles and lines are FRLW09,
red triangles and lines are FRLW10; C. SPC cluster 3, green circles and lines are FRLW03, green diamonds and
lines are FRLW05; and SPW cluster 4, blue circles and lines are FRLW06, blue triangles and lines are FRLW07,
blue diamonds and lines are FRLW08.
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Barium concentrations were generally largest when there were chloride concentration spikes. Plot 8-51 is a plot
of barium versus chloride for the SPW data. Most of the barium concentrations are clustered together when
chloride concentrations were in their normal range. But when chloride spikes occurred, as happened in the
spring of 2018, then the barium concentrations increased. The two largest concentrations of barium on this plot
correspond to the two highest chloride concentrations observed in this study.
Based on the analysis above, when excess chloride concentrations were not a factor, barium concentrations
were likely controlled by the solid phases through dissolution/precipitation, sorption, and ion exchange. It has
been reported that barium is more mobile in the presence of chloride and is more easily leached (Madejón,
2013). Therefore, barium movement downward in the vadose zone was dominantly caused by spikes in chloride.
At this study site, barium transport was mainly caused by the application of de-icing salts on the parking lot
and sidewalks. When excess chloride is not present, the transport of barium in the vadose zone would likely be
minimal and not a factor affecting groundwater quality.

Figure 8-51. A plot of barium vs.
chloride. Black circles are FRLW01,
black triangles are FRLW02,
green circles are FRLW03, green
diamonds are FRLW05, blue
circles are FRLW06, blue triangles
are FRLW07, blue diamonds are
FRLW08, red circles are FRLW09,
and red triangles are FRLW10.

8.8.9.2.2 Uranium – Soil Porewater
Uranium was consistently detected in the groundwater with some samples exceeding regulatory limits. Because
of this, it was important to understand the role played by the GI and vadose zone in uranium mobility at the
study site. Figure 8-52 is a plot of uranium concentrations with respect to time for the SPW samples at this site.
In SPW cluster 1 (Figure 8-52A), there was little change in uranium concentrations during the study. FRLW02, on
the other hand, initially had high concentrations of uranium, but by August 2016, the uranium concentrations
stabilized. There was little change in uranium concentration for the remainder of the study. FRLW09, in SPW
cluster 2, was similar to FRLW01 with little change in uranium concentrations with time (Figure 8-52B). FRLW10
had initial uranium concentration lower than FRLW02, and even though there are missing data points, it appears
that the uranium concentration stabilized by 2016 and through September 2017 did not appear to increase in
concentration. There was no uranium data for FRLW10 after September 2017. SPW clusters 1 and 2 are directly
below the infiltration gallery. Cluster 3 did not have enough data to predict uranium trends (Figure 8-52C).
FRLW06, in cluster 4, initially had large uranium concentrations, and the concentrations decreased until August
2016. Between August 2016 and September 2018, there were no metal samples collected in FRLW06. Uranium
concentrations in FRLW07 after September 2015 appeared to oscillate around a mean concentration, and overall
the changes in uranium concentration were minor (Figure 8-52C). The uranium concentration in FRLW08 was
high initially and dropped until August 2016 (Figure 8-52C). After August 2016 there were only a few data points,
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but in June and September 2018, the uranium concentrations were lower than in August 2016, which suggests
that the uranium concentrations were stable after August 2016. Finally, in SPW cluster 5, FRLW12, uranium
concentration increased and peaked in March 2016 and stabilized by August 2016 (Figure 8-52). After August
2016 the uranium concentrations leveled off and there was little change in uranium concentrations for the
remainder of the study.

Figure 8-52. Changes in uranium concentration in relationship to time for the Fort Riley SPWs. In all graphs
the cyan triangles and lines represent FRLW12 the unimpacted control. A. SPW cluster 1, black circles and
lines are FRLW01, black triangles and lines are FRLW02; B. SPW cluster 2, red circles and lines are FRLW09,
red triangles and lines are FRLW10; C. SPC cluster 3, green circles and lines are FRLW03, green diamonds and
lines are FRLW05; and SPW cluster 4, blue circles and lines are FRLW06, blue triangles and lines are FRLW07,
blue diamonds and lines are FRLW08. The red dashed line indicates the MCL for uranium.

The initial high uranium concentrations in the SPW samples were likely caused by installing the SPW samplers.
The installation disturbed the vadose zone materials and used potable water to make the slurry. The installation
process likely disrupted the existing equilibrium and caused the large uranium concentration before August 2016.
After August 2016, it was not likely that the transport of uranium through the vadose zone to the groundwater
was a major process affecting the groundwater uranium concentrations.
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8.8.9.2.3 Fluoride – Soil Porewater
Figure 8-53 is a plot comparing the changes in fluoride concentration with the changes in chloride concentration
during the study in the shallowest SPW samplers under the gallery (FRLW01 and FRLW09). The spikes in fluoride
concentrations took longer to appear compared to the spikes in the chloride concentrations. This suggests that
the movement of fluoride was retarded compared to chloride. This was not surprising since fluoride is generally
not considered a conservative tracer. The other point was that the major dips in the fluoride concentrations
occur with the chloride spikes. The smaller fluoride concentrations were less than the quantification limit and
their concentrations are estimates. Because of the two reasons presented, the use of Cl/F ratios for tracking
deicing sources was limited and likely not useful.

Figure 8-53. Plot comparing
fluoride concentration and
chloride concentration vs
time for the SPW data in
the Fort Riley Study. Solid
lines represent the fluoride
concentrations, dashed
lines represent the chloride
concentrations, black circles
are FRLW01, red circles are
FRLW09, and cyan triangles
are FRLW12.

8.8.9.2.4 Nitrate + Nitrite – Soil Porewater
Figure 8-54 shows the nitrate + nitrite concentrations versus time for the SPW data. In cluster 5, FRLW12, nitrate
+ nitrite concentrations were small (less than 1 mgN/L) between September 2015 and August 2016 (Figure 8-54).
Between August 2016 and June 2017, there were no nitrate + nitrite data available, but in June 2017, the nitrate
+ nitrite concentrations were larger than 1.5 mg N/L (Figure 8-54). The nitrate + nitrite concentrations peaked
in March 2018 at 4.34 mg N/L and was still larger than 3 mg N/L in September 2018. In SPW cluster 1 (Figure
8-54A), after the initial sampling the nitrate + nitrite concentrations declined from 2.66 mg N/L to less than 1
mg N/L during the remainder of the study period. In FRLW02 (Figure 8-54A) the nitrate + nitrite concentrations
were between 1 and 2 mg N/L in 2015 but were less than 1 mg N/L for the remainder of the study. In Cluster 2,
FRLW10, with the exception of September 2015 nitrate + nitrite concentrations were less than 1 mg N/L (Figure
8-54B). In FRLW09, most of the nitrate + nitrite concentrations were less than 1 mg N/L except for August 2016,
September 2017, and March 2018 where the concentrations of nitrate + nitrite were > 1 mg N/L and this highest
concentration was 1.15 mg N/L in March 2018 (Figure 8-54B). In SPW cluster 3, there were very few data points
for nitrate + nitrite concentrations and they ranged from 0.49 – 2.09 mg N/L (Figure 8-54C). Initially, in FRLW06
(cluster 4), the nitrate + nitrite concentration was 7.82 mg N/L and decreased rapidly until April 2016 (Figure
8-54D). The nitrate + nitrite concentration appeared to spike in March 2017 (8.80 mg N/L) and decreased to >
1 mg N/L for the rest of the study (Figure 8-54D). The concentration of nitrate + nitrite in FRLW07 decreased
from 1.96 in September 2015 and remained less than 1 mg N/L until August 2017, when the nitrate + nitrite
concentration increased to 5.26 mg N/L (Figure 8-54D). The nitrate + nitrite concentrations then decreased until
the end of the study in FRLW07, and in September 2018, the nitrate + nitrite concentrations were 1.91 mg N/L.
Finally, in FRLW08, the nitrate + nitrite concentrations appeared to spike in September 2015, March 2016, March
2017 and March 2018 (Figure 8-54D). Except for September 2015, it appears that there was a flush of nitrate +
nitrite each spring in FRLW08 (Figure 8-54D).
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Figure 8-54. Changes in nitrate + nitrite concentration in relationship to time for the Fort Riley SPWs. In all
graphs the cyan triangles and lines represent FRLW12 the unimpacted control. A. SPW cluster 1, black circles
and lines are FRLW01, black triangles and lines are FRLW02; B. SPW cluster 2, red circles and lines are FRLW09,
red triangles and lines are FRLW10; C. SPC cluster 3, green circles and lines are FRLW03, green diamonds and
lines are FRLW05; and SPW cluster 4, blue circles and lines are FRLW06, blue triangles and lines are FRLW07,
blue diamonds and lines are FRLW08. The red dashed line indicates the MCL for nitrate + nitrite.

The largest concentrations of nitrate + nitrite were in SPW clusters 4 and 5. This is likely because these SPW
clusters are in grassy areas that were possibly subject to fertilization. Also, cluster 4 was in a low spot
topographically where ponding was observed. Any fertilizer would runoff to this low point and infiltrate through
the vadose zone.
8.8.9.2.5 Stormwater Contaminants
The NURP and NSQD have identified several inorganic contaminants and organic contaminants that are
important to evaluate when infiltrating stormwater in a GI system (U.S. EPA, 1983; NSQD, 2015). Summary of
NURP and NSQD inorganic compounds as well as other trace metals are shown in Table 8-3. Summaries of NURP
and NSQD organic contaminants are shown in Appendix D, Table D-3 (halogenated aliphatics and aromatics),
Appendix D, Table D-4 (PAHs), Appendix D, Table D-5 (pesticides), and Appendix D, Table D-6 (phenols, ethers,
and phthalates).
The geogenic background concentration ranges for the stormwater contaminants in the SPW were not known. It
is likely that for most of the inorganic compounds and trace metals the concentrations measured were within the
background ranges (Table 8-3). Nitrate + nitrite, barium and uranium were discussed previously and will not be
discussed here. Aluminum, initially high in most of the SPW samplers, was high in the December 2015 sampling.
148

In FRLW06 the concentrations for arsenic were much greater than in the other SPW samplers throughout the study.
For chromium FRLW06 and FRLW08 had greater concentrations than the other SPW samplers. The September
2015 sampling had greater concentrations of cobalt (FRLW12), copper (FRLW03, FRLW05, FRLW06, and FRLW09),
manganese (FRLW01, FRLW07, and FRLW12) and were similar to concentrations in other SPWs for the rest of the
study. In the case of FRLW12 the nickel concentration was greater than other SPWs throughout the study. Zinc was
only detected in FRLW01 and the zinc concentration was the highest in September 2015 and the zinc concentration
decreased throughout the study.
For the halogenated aliphatics and monocyclic aromatics, only 1,2-dichlorbenzene was detected in 10 % of the
samples. The source of the 1,2-dichlorobenzene is not known but is commonly used for cleaning metal surfaces
and synthesis of pesticides. There was no detectable PAHs or pesticides in the SPW samples. In the case of
phenols, ethers, and phthalates in the SPW samples, 2-4-Dichlorophenol was detected in one sample, phthalates,
butylbenzylphthalate (15 % of samples), diethylphthalate (13 % of samples), and di-n-butylphthalate (5% of
samples). 2-4-dichlorophenol is a known degradation product of the herbicide 2,4-D and the antimicrobial triclosan
(Daughetry and Karel, 1994; Latch et al., 2005). Phthalates are ubiquitous in the environment, so it is not surprising
that these were detected (Griffiths et al., 1985; Serôdio and Nogueira, 2006; Stiles et al., 2008; Teil et al., 2013).

Table 8-3. Summary of trace components from the Fort Riley soil porewater samples.
Ammonia

Total
Nitrogen

Phosphate

Ag

Al

As

Ba

Be

Cd

Co

Cr

Cu

mg N/L

mg N/L

mg P/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

Total Number
of Analyses

94

47

121

83

83

83

83

83

83

83

83

83

Number of
Detects

9

47

16

4

82

83

83

5

2

11

67

74

Percent Detects

10

100

13

5

99

100

100

6

2

13

81

89

Mean

0.16

1.15

0.06

1.0

15

5.6

223

0.6

1.0

1.6

1.4

1.2

Standard
Deviation

0.19

0.91

0.06

0.0

28

5.0

201

0.0

0.6

2.8

0.7

0.7

Minimum

0.00

0.01

0.01

1.0

2

1.0

19

0.6

0.6

0.6

0.5

0.5

25th Percentile

0.04

0.50

0.03

1.0

6

3.1

95

0.6

0.8

0.7

0.9

0.7

Median

0.07

0.90

0.05

1.0

9

4.2

170

0.6

1.0

0.8

1.2

1.1

75th Percentile

0.15

1.55

0.07

1.0

15

6.4

295

0.6

1.3

0.9

1.7

1.5

Maximum

0.52

3.67

0.47

1.0

247

30

1198

0.6

1.5

10

3.6

5.0

Fe

Mn

Mo

Ni

Pb

Sb

Se

Th

Tl

U

V

Zn

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

Total Number
of Analyses

83

83

83

83

83

83

83

83

83

83

83

83

Number of
Detects

2

37

71

80

3

66

64

28

6

82

82

10

Percent Detects

2

45

86

96

4

80

77

34

7

99

99

12

Mean

139

46

8.5

3.2

0.6

0.8

11.6

0.6

0.4

40

92

285

Standard
Deviation

115

108

4.9

2.5

0.1

0.2

17.0

0.1

0.2

70

111

287

Units

Units

Minimum

58

0.5

1.1

0.5

0.5

0.5

0.8

0.5

0.2

1.4

7.4

75

25th Percentile

99

0.7

4.9

1.6

0.6

0.7

1.9

0.5

0.2

7.3

25

102

Median

139

1.6

8.1

2.4

0.7

0.8

3.5

0.5

0.5

23

45

190

75th Percentile

180

11

12

4.7

0.7

0.9

11.9

0.6

0.6

48

121

350

Maximum

220

497

24

11.1

0.7

1.5

69

1.0

0.6

576

548

1030
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8.8.9.3 Soil Porewater Organic Constituents
Organic analysis performed on the soil porewater samplers was for semi-volatile compounds (SVOCs) since the
sampling method for soil porewater samples requires a vacuum and this would cause errors in VOC analysis. The
classes of compounds tested for in the SVOCs were chlorinated compounds, hormones, phthalates, surfactants,
PAHs, pesticides, solvents, antimicrobials, and plasticizers. Most of the compounds were not detected, and
detected compounds were not above their MCLs or other known regulatory limits. The detected compounds
are shown in Table 8-4. The compounds detected in this study fall into a few categories: pesticides, chlorinated
compounds and phthalates. The most commonly detected compound was diethyltoluamide (DEET). DEET was
detected in 70 % of the samples and the detection was likely caused by sample contamination during sampling.
Atrazine and butylbenzylphthalate were detected in 15 % of the samples. Ten percent of the samples collected
had 1,2-dichlorobenzene, diethylphthalate, and metolachlor detected. In 7 % of the samples, 2,4-dichlorophenol
was detected, and in 5 % of the samples, di-n-butylphthalate was detected.
Table 8-4. SVOC compounds detected in the soil porewater samples collected at the Fort Riley study site.
MCL

Screening
Level1

µg/L

-----

-----

2,4-Dichlorophenol

µg/L

-----

46

Atrazine

µg/L

3

30

Butylbenzylphthalate

µg/L

-----

Diethylphthalate

µg/L

Diethyltoluamide (DEET)

µg/L

Di-n-butylphthalate

µg/L

Metolachlor

µg/L

Analyte

Units

1,2-Dichlorobenzene

Detects

Detection
Frequency (%)

Mean

σ

Median

Min

Max

20

2

10

0.031

-----

-----

0.030

0.031

15

1

7

0.270

-----

-----

-----

-----

20

3

15

0.077

0.042

0.120

0.077

0.160

16

20

3

15

0.027

0.002

0.027

0.025

0.030

-----

15,000

20

2

10

0.755

-----

-----

-----

-----

-----

-----

20

14

70

0.303

0.671

0.114

0.025

2.600

-----

900

20

1

5

0.290

-----

-----

-----

-----

-----

2,700

20

2

10

0.135

-----

-----

-----

-----

N

U.S. EPA Superfund screening levels for the protection of groundwater (U.S. Environmental Protection Agency, 2019).

1

8.8.10 Vadose Zone Summary
Water moved from the infiltration gallery through the vadose zone relatively quickly depending on the intensity
and duration of the precipitation event. It was also shown that monitoring water level rises in the gallery was
not the best method for gauging if infiltration events occurred. To have water levels rise in the gallery, the rate of
infiltration at the surface of the gallery had to be greater than the rate of exfiltration out the bottom and sides of
the infiltration gallery. If this condition was not met, then there would be no rise in water levels in the infiltration
gallery. Not meeting this condition likely happened on a regular basis.
The infiltrated water would reach the SPWs near the gallery typically in hours to a day following the precipitation
event. It was also shown that from the gallery walls there was a 3-m effective radius of influence of the infiltrated
water in the vadose zone. SPWs farther way did not show any influence of the infiltrated water in the vadose
zone.
The chemical and physical properties investigated in this study indicated that the clay and silt content in the
sediments were predominately from the surface to a depth of approximately 6 m. This correlated well with
other properties that depended on the clay and silt content of the sediments such as CEC, total aluminum,
total calcium, total iron, total manganese and TOC. The SPWs were all positioned in this depth interval with
the deepest at 322 m-msl. The importance of this was that geochemical processes that could modify the
infiltrated stormwater would be primarily occurring in this part of the vadose zone, so any contaminant reaching
the deepest SPWs would be more likely to move to the groundwater. Because CEC, total aluminum, total
calcium, total iron, total manganese and TOC were the largest in the vadose zone where the SPW samplers
were positioned, it was not surprising to find that ion exchange was an important mechanism for the fate and
transport of analytes through the vadose zone.
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Precipitation/dissolution was also indicated as a major geochemical process that occurred in the vadose zone.
This would be especially true in the cases of calcium, magnesium, and bicarbonate.
Chloride and sodium moved relatively quickly into the vadose zone following runoff after the application of
de-icing agents. Chloride quickly moved below the SPW samplers as was indicated by the changes in chloride
concentrations. Sodium concentrations did not return to background quickly, which suggests that sodium was
being retained in the vadose zone.
A potentially important ion exchange mechanism that could potentially affect the GI was reverse ion exchange.
Reverse ion exchange is the process where sodium and potassium in solution replaces calcium and magnesium
on the solids liberating calcium and magnesium into solution. In 2018, the data analysis indicated that reverse
ion exchange was potentially occurring in the vadose zone. If this process continued, this could cause dispersion
of the fine grain materials such as clay in the vadose zone. This process could potentially contribute to plugging
of the pores in the vadose zone and negatively affect water exfiltration from the storage gallery.
Although barium is not likely to be a groundwater problem, the interaction of barium with chloride is worthy
to note as a mechanism that could mobilize other metals. Barium in the presence of chloride was more mobile.
This was because barium likely formed stable solution complexes with chloride which makes barium more
soluble. Although barium is not a problem in this case, in areas with higher barium concentrations in the soils
and sediment of the vadose zone, the application of de-icing agents (for example) could create water quality
problems with the increased soluble barium. An example of another metal that would be expected to behave
similarly in the presence of chloride is cadmium (not evidenced in this study). Cadmium also forms stable
solution complexes with chloride and these complexes enhance the mobility of cadmium (Smolder and Mertens,
2013). The use of GI in areas with high cadmium concentrations or other contaminants that can form soluble
complexes with chloride at the surface or in the vadose zone should be discouraged, especially in areas where
de-icing agents are used.

8.8.11 Groundwater
All groundwater quality data can be found in Appendix E, Tables E-14 – E17.

8.8.11.1 Tracking Infiltrated Water in Groundwater - Stable Isotopes of Water
The stable isotopes (δ18O and δ2H) of water can potentially be used to track infiltrated water in groundwater.
Figure 8-55 shows a plot of δ18O versus δ2H for the groundwater samples. The gray shaded region in this figure
indicates where the background well data plotted, the yellow shaded region where the upgradient well data
plotted, and the cyan shaded area indicated the region where the precipitation data plotted. The upgradient data
and the background data show considerable overlap, meaning that the isotopic composition of these waters
was very similar. A large portion of the downgradient data was clustered in the same region as the upgradient
and background data. This indicated that these data had similar isotopic composition; however, there were
downgradient data that did not plot the same as the background or upgradient data. FRGW04 (the well closest
to the infiltration gallery) had the most points that plotted outside the background and upgradient regions.
FRGW03 and FRGW06, farther from the storage gallery than FRGW04, had several points outside this cluster.
This suggested that the δ18O and δ2H could be useful in tracking the infiltrated water in the groundwater.
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Figure 8-55. Plot of δ18O versus δ2H for the groundwater collected at the Fort Riley GI study site. Gray shaded
regions show where the background well samples plotted. The yellow shaded regions show where the
upgradient wells plotted. The cyan shaded regions show where the precipitation samples plotted. The black
line is the Global Meteoric Water Line (Craig, 1961a,b). The red line is the Kansas Meteoric Water Line (Kendal
and Coplen, 2001). FRGW03 are green circles, FRGW04 are blue circles, FRGW06 are magenta circles, FRGW07
are dark yellow circles, FRGW09 are wine-colored circles, and FRGW13 are pink circles.
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Not only were the changes in isotopic composition with time for the groundwater needed, but the isotopic
composition of the SPW was needed as well. Because of the limited SPW samples, isotopic analysis was not
done on many of the samples collected. The only SPW samplers that had mostly complete time series isotopic
compositions were FRLW01 and FRLW02. As was discussed previously, these SPW were the shallowest SPWs in
cluster 1 and cluster 2 directly beneath the infiltration gallery. Figure 8-56 shows the time series plots for δ18O
and δ2H in both the groundwater samples and in the SPW samples. The changes in δ18O and δ2H groundwater
paralleled any SPW changes. This suggested that there was no preferential fractionation of δ18O or δ2H in
relationship to other isotopes and that δ18O and δ2H moved at the same rate through the vadose zone to the
aquifer.

Figure 8-56. Plots of the changes in δ18O and δ2H with time for the A. Downgradient samples and B. SPW
samples FRLW01 and FRLW09. Gray shaded region represents the background groundwater isotopic
composition. Green circles and lines are FRGW03, blue circles and lines are FRGW04, magenta circles and
lines are FRGW06, dark yellow circles and lines are FRGW07, wine-colored circles and lines are FRGW09, pink
circles and lines are FRGW13, black triangles and lines are FRLW01, and red circles and lines are FRLW09.
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Figures 8-57 and 8-58 show the time series data for δ18O and δ2H, respectively. For both δ18O and δ2H, the peaks
and valleys in the plots for both isotopes are different in time for the SPW and groundwater samples. The peaks
and valleys showed up earlier in the SPW samples than the groundwater. This finding is not unexpected since
the infiltrated stormwater would reach the SPW samplers first, then travel through the remainder of the vadose
zone to the groundwater, and then travel with the groundwater to the wells. For example, in Figure 8-57, there
was a peak in δ18O in September 2015 in SPW samplers FRLW01 and FRLW09. The first peak in the groundwater
was in FRGW04 in December of 2015 followed by a peak in FRGW06 in April 2016. This was also the same in
δ2H in Figure 8-58. An example of a valley in the time plot was FRLW01 in December 2015 (decreasing δ18O
and δ2H composition in FRLW09) and was still present in FRLW01 and FRLW09 in March and April 2016 (Figures
8-57 and 8-58). The valley in FRGW04 and FRGW03 occurred in May of 2016 and continued through August
2016. In FRGW06, the valley did not appear until February 2017. From these examples, the transport times in
groundwater were different and since there was no peak in FRGW03 in the first example this could represent
differences in groundwater flow velocity and groundwater flow directions.
During the infiltration events, Figures 8-57 and 8-58, the magnitude of the change was generally larger in the
SPW samples than in the groundwater. The probable reason for this was that as the infiltrated stormwater
reaches the groundwater it was diluted by the formation groundwater changing the isotopic composition of the
infiltrated groundwater – which is clearly seen in FRGW04. As the mixed water moves further downgradient,
it mixed with more formation water, further changing the isotopic composition of the infiltrated groundwater
as seen in FRGW03 and FRGW06. Dilution of the infiltrated stormwater by the formation groundwater was
likely the reason why no changes in the isotopic composition were observed in any of the samples in FRGW09
(background isotopic composition) during the study. That is, there was an effective distance through which the
infiltrating stormwater can be tracked.
Kendal and Coplen (2001) stated that the isotopic composition of precipitation was affected by seasonal
differences. In general, the δ18O and δ2H values are more positive (higher) in the summer than in the winter. In
the winter, the δ18O and δ2H values are more negative (lower). As is shown in Figures 8-57 and 8-58, in both SPW
the higher values were in September 2015, August 2016, September 2017, and June 2018, the warmer months
of the year. Conversely, the lower values in the SPWs were in December 2015, March – April 2016, March 2017,
and March 2018, the colder months of the year. However, since there was a lag time in the transport of the
infiltrated stormwater to and through the groundwater, the higher and lower trends were not seen until later in
the monitoring wells. This also suggests that when the infiltrated stormwater has isotopic composition similar
to the ambient isotopic composition of the groundwater the infiltrated stormwater cannot be tracked. This is a
potential limitation to the use of δ18O and δ2H for tracking infiltrated stormwater.
Figure 8-57. Changes in δ18O with time for
the SPW and downgradient groundwater
in the Fort Riley study. Gray shaded region
represents the background groundwater
isotopic composition. Green circles and
lines are FRGW03, blue circles and lines
are FRGW04, magenta circles and lines
are FRGW06, dark yellow circles and lines
are FRGW07, wine-colored circles and
lines are FRGW09, pink circles and lines
are FRGW13, black triangles and lines are
FRLW01, and red triangles and lines are
FRLW09.
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Figure 8-58. Changes in δ2H with time for
the SPW and downgradient groundwater
in the Fort Riley study. Gray shaded region
represents the background groundwater
isotopic composition. Green circles and
lines are FRGW03, blue circles and lines
are FRGW04, magenta circles and lines
are FRGW06, dark yellow circles and lines
are FRGW07, wine-colored circles and
lines are FRGW09, pink circles and lines
are FRGW13, black triangles and lines are
FRLW01, and red triangles and lines are
FRLW09.

8.8.11.2 Background Groundwater Quality
No background groundwater sampling was conducted before the construction of the parking lot. Therefore, a
literature and database search were conducted to gather more groundwater quality information for this study
site.
The only literature found for groundwater in the Fort Riley area were two USGS reports (Myers et al. 1996,
Myers et al., 1999), but these only dealt with the hydrology. The background groundwater quality sources were
the USGS NWIS (USGS, 2016) and the USGS National Uranium Resource Evaluation database (USGS, 2004). Only
groundwater data from outwash or alluvial aquifers within a 10 km radius of the study site were used. The total
number of data points was 112.
Both the monitoring wells (GW) and the piezometers (PW) wells were compared against the USGS groundwater
quality data. The results of statistical analysis comparing USGS groundwater quality data to GW and PW data
are given in Appendix D Table D-7. Most parameters in the USGS databases that could be compared with the
study data were significantly different. There were no statistical differences in the GW wells for the following
parameters: fluoride, barium, manganese, sodium, nickel, and vanadium. In the case of the PW samples, 70 %
of the parameters in the USGS databases were significantly different. The parameters that had no significant
differences with the PW wells were DOC, iron, potassium, lithium, molybdenum, nickel, selenium, strontium, and
vanadium. Because of the large number of parameters in USGS databases that were statistically different from
the study data, it was determined that the USGS databases would not be suitable for describing the background
water quality in this study.
Other methods have been proposed to delineate background in geochemical data (Matschullat et al.,
2000; Reimann et al., 2008). All these techniques were applied to the study data and based on this analysis
the Iterative 2σ technique was selected to define the background ranges. This choice was based on being
appropriately conservative and yielding consistent results. The results of the statistical comparisons are given
in Appendix D Table D-8. The background ranges of all analytes that will be used in this discussion are given in
Table 8-5. The lower and upper critical values define the background concentration ranges in Table 8-5, and the
percentage of samples included in the background range is also shown.
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Table 8-5. Study specific background ranges determined for the Fort Riley GI Study.
Parameter

Units

Specific
Conductance

µS/cm

pH

Mean

Std
Dev

Median

Min

Max

Lower
Critical
Value

Upper
Critical
Value

Percent of
samples
Included

162 154

1402

221

1408

960

1934

960

1844

95.1

N

162 159

6.73

0.18

6.72

6.12

7.24

6.37

7.09

98.1

-

mg HCO3 /L

162 139

563

59

573

416

695

445.62

681.26

85.8

Nitrate +
Nitrite

mg N/L

160 143

0.24

0.34

0.13

0.01

1.58

BDL1

0.92

89.4

Chloride

mg/L

162 144

31.34

12.42

29.6

6.98

83.4

6.5

56.18

88.9

Sulfate

mg/L

162 156

231

101

216

48.0

440

28.45

433.33

96.3

162 152

0.053

0.034

0.055

0.001

0.168

BDL

0.121

93.8

Arsenic

mg P/L
µg/L

162 144

4.2

1.7

4.4

0.3

9

0.8

7.6

88.9

Barium

µg/L

162 141

98

21

100

60

164

56

140

87.0

Calcium

mg/L

162 156

216

40.5

218

139

309

135.3

297.3

96.3

Potassium

mg/L

162 158

15.8

5.48

15.2

4.77

27.0

4.85

26.77

97.5

Magnesium

mg/L

162 155

42.5

6.68

42.8

26.3

63.2

29.14

55.86

95.7

Sodium

mg/L
µg/L

162 153

30.4

8.7

29.4

16.7

53.6

13

47.8

94.4

162 148

2.7

1.5

2.7

0.3

6.3

BDL

5.7

91.4

µg/L
µg/L

162 156

43

26

36

0.3

145

BDL

94.9

96.3

162 154

2.5

2.7

1.8

0.3

12.6

BDL

7.9

95.1

18

d O

‰

162 141

-6.31

0.21

-6.31

-6.77

-5.74

-6.73

-5.89

87.0

dH

‰

162 146 -39.33

1.48

-39.18

-43.73

-35.19

-42.29

-36.37

90.1

Bicarbonate

Phosphate

Nickel
Uranium
Vanadium
2

-----

n

BDL = below detection limit

1

8.8.11.3 Monitoring Wells and Piezometers
When the GW wells were compared with the PW wells, it was found that 59 % of the parameters were
significantly different (Appendix D Table D-9). In general, the GW wells were completed at shallower depths than
the PW wells. During three special sampling events, it was determined that there was stratification in the aquifer
in this study. Therefore, since it was expected that the top of the aquifer would be a better indicator of potential
changes to groundwater quality caused by the GI only the GW wells will be used in this analysis.
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8.8.11.4 Upgradient Discussion
Preliminary analysis of the data suggested that wells believed to be upgradient of the GI, FRGW01 and FRGW11,
had much larger concentrations of some parameters than other wells in this study. Because of this, a sampling
event was conducted to examine the upgradient concentration outside the monitoring well network in October
2018. Temporary wells were installed as described in Section 3.1.1.2, and the well locations are given in
Table D-1 in Appendix D. Select parameter concentration maps for uranium, antimony, nickel, and arsenic are
shown in Figure 8-59. As can be seen in each concentration map, northwest and west of the GI study site had
concentrations larger than the study site. This suggested that groundwater flowing towards the study site had
larger concentration than at the study site complicating the data analysis. Therefore, FRGW01 and FRGW11 will
be designated as upgradient wells but will be treated differently than other background wells designated as
background wells (FRGW02, FRGW05, FRGW08, FRGW10, and FRGW12). The wells designated as downgradient
wells (FRGW03, FRGW04, FRGW06, FRGW07, FRGW09, and FRGW13) were wells that are downgradient to the
GI infiltration gallery based on the general flow direction. The downgradient wells will be compared with the
upgradient wells and the background wells.

Figure 8-59. Concentration maps for the October 2018 upgradient sampling at the Fort Riley GI study site.
A. Uranium concentration map. B. Antimony concentration map. C. Nickel concentration map. D. Arsenic
concentration map. In all maps north is the upper most edge of the map.
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8.8.11.5 Major Anions and Cations, pH, Specific Conductivity
The major anion and cation, pH, and SPC will be discussed in this section. It is important to note that data
collection in FRGW01, FRGW02, FRGW03, FRGW04, FRGW05, FRGW06, FRGW07, FRGW08, and FRGW09 was
initiated in September 2015. In wells FRGW10, FRGW11, FRGW12, and FRGW13 the initiation of data collection
began in March 2017.
Detailed analysis of time series and trend analysis for major anions and cations, pH and specific conductivity in
the vadose zone can be found in Appendix D, section 5.2.

8.8.11.6 Major Anion and Cation Geochemical Process
As was discussed in the previous two studies, geochemical processes that can modify the composition of
groundwater quality need to be identified, and their contribution and importance need to be identified to fully
understand the changes to groundwater quality. Several geochemical processes that may participate in the
altering of groundwater quality for major anions and cations are oxidation/reduction reactions, precipitation/
dissolution reactions, and ion exchange reactions.
The relationship of sodium compared to chloride is plotted in Figure 8-60A. The gray shaded regions in this
plot show where the background well groundwater plotted, and the yellow shaded regions show where the
upgradient well groundwater concentrations are plotted. Most of the downgradient data did not plot on the
halite dissolution line suggesting that dissolution/precipitation was not a major process controlling sodium
and chloride concentrations. Much of the downgradient groundwater data plotted in the same region as the
background groundwater with only a few data points for FRGW04 plotted in the same region as the upgradient
groundwater. These correlate with when spikes in chloride concentrations occurred. Generally, the data in this
plot indicated that sodium was in excess compared with chloride suggesting that ion exchange or weathering
reactions were important in controlling sodium and chloride concentrations. Only the upgradient samples and
a few of the downgradient samples indicate that reverse ion exchange was an important process, and when
this occurred in the downgradient wells, the wells were the ones nearest to the infiltration gallery (FRGW04,
FRGW03, and FRGW13).
Figure 8-60B is a plot of sodium + potassium concentration versus the total cation concentration in the sample.
The tan shaded region is where the background well groundwater plotted, and the cyan shaded region is where
the upgradient well groundwater plotted. This figure indicates that silicate weathering is not the dominant
process influencing sodium and chloride concentrations in the groundwater in this study.
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Figure 8-60. Plots of A. Sodium versus chloride and B. Sodium + potassium versus total cations for the Fort
Riley study. In both A and B the green circles are FRGW03, blue circles are FRGW04, magenta circles are
FRGW06, dark yellow circles are FRGW07, wine-colored circles are FRGW09, and pink circles are FRGW13.
In A the gray shaded region reflects where the background wells plotted, and the yellow shaded region
reflects the region that the upgradient wells plotted. In B the gray shaded region is where silicate weather
would be dominant, yellow shaded region is where silicate weathering is not dominant, the tan shaded
region is where the background wells plotted, and the cyan shaded region is where the upgradient wells
plotted.
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The processes that can affect calcium and magnesium concentrations are shown in Figure 8-61. The plot of
calcium + magnesium verses bicarbonate + sulfate is shown in Figure 8-61A. Most samples in the background
wells and in the wells downgradient plot on or near the 1:1 trend line. This suggested that, in these samples,
the dominant process controlling calcium and magnesium concentrations would be solid phases such as calcite,
dolomite and gypsum. There are a few samples downgradient, and most of the upgradient samples above the
1:1 trend line would indicate that calcium and magnesium are in excess compared with bicarbonate and sulfate.
This indicated that reverse ion exchange would be important. A plot of magnesium versus calcium is shown in
Figure 8-61B. All the groundwater samples in this study plotted below or near the 1:1 trend line indicating that
dolomite was not an important phase controlling calcium or magnesium concentrations. Figure 8-61C is a plot
of the dolomite SI versus the calcite SI. Most of the data in the study plotted in the region that suggested that
calcium and magnesium concentrations were in equilibrium with calcite and dolomite. In Figure 8-61D, data
indicated that all the samples collected were undersaturated with respect to gypsum. This suggests that any
gypsum if present would dissolve into solution.

Figure 8-61. Plots of A. Magnesium versus calcium. B. Calcium + magnesium versus bicarbonate + sulfate.
C. Dolomite SI versus calcite SI. D. Gypsum SI. Black circles are FRGW01, red circles are FRGW02, green
circles are FRGW03, blue circles are FRGW04, cyan circles are FRGW05, magenta circles are FRGW06, dark
yellow circles are FRGW07, purple circles are FRGW08, wine-colored circles are FRGW09, dark cyan circles
are FRGW10, orange circles are FRGW11, violet circles are FRGW12, and pink circles are FRGW13. In C the
gray shaded region indicates equilibrium between the sample and solids, the yellow shaded region indicates
the sample is undersaturated with respect to calcite and oversaturated with respect to dolomite, green
shaded region is where the sample is oversaturated with respect to calcite and dolomite, blue shaded
region is where the sample is undersaturated with respect to both calcite and dolomite, and the purple
shaded region is where the sample is oversaturated with respect to calcite and undersaturated with respect
to dolomite.
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Figure 8-62A is a plot of CAI1 vs CAI2. The gray shaded region indicated the background well samples, and
the yellow shaded region indicated the upgradient wells. This suggests that in most of the background
wells, ion exchange reactions would be important. As was suggested previously, most of the upgradient
well data suggested that reverse ion exchange was important. The majority of the downgradient well data
suggested that ion exchange reactions were important, but as indicated by the black arrow in FRGW04,
there was a shift towards reverse ion exchange reactions’ importance in later samples. Figure 8-62B is a plot
of sodium+potassium-chloride versus calcium+magnesium-bicarbonate-sulfate. In this figure, ion exchange
reactions should plot near the y = -x trendline and have negative slope. None of the data in the study plotted
near this trend line. The slope is negative, but it is questionable as to what extent ion exchange plays based on
this analysis.

Figure 8-62. Plots of the A. Chloro-alkaline index 1 versus chloro-alkaline index 2 and B. Na+K-Cl versus
Ca+Mg-HCO3-SO4. Green circles are FRGW03, blue circles are FRGW04, magenta circles are FRGW06, dark
yellow circles are FRGW07, wine-colored circles are FRGW09, and pink circles are FRGW13. In A the green
shaded areas represent the region where ion exchange reactions would be important, and the magenta
shaded areas represent the region where reverse ion exchange reactions would be important.
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8.8.11.7 Major Anion and Cation Mixing
The statistical analysis of the groundwater concentration in this study was shown to have differences in chloride,
sulfate, calcium, magnesium, potassium, and sodium concentrations depending on if the groundwater was
upgradient, downgradient or background. This suggests that mixing influences the concentrations of the major
anions and cations in the downgradient wells. The stable water isotope data (Section 8.8.11.1) supported mixing
of SPW and groundwater. The assumption in this analysis is that the background groundwater was mixed with
either upgradient groundwater or infiltrated stormwater in the infiltration gallery to produce the downgradient
groundwater at this study site.
The Piper diagram in Figure 8-63 shows where the different sources of groundwater and SPW plot. The gray
shaded regions are the background groundwater samples, the yellow shaded regions are the upgradient
groundwater samples, and the cyan shaded regions are the SPW samples. FRGW04 was the well most likely
to show mixing because of its proximity to the infiltration gallery and because only known sources that could
potentially influence the groundwater would be the upgradient water. The upgradient water would have to flow
under impermeable paved surfaces once it moved past the transect running from the upgradient wells FRGW01
and FRGW11 to reach FRGW04 (See Figure 8.7). In Figure 8-63, the lower left trilinear plot shows where the
major cations in the data collected for FRGW04 plotted in relationship to the different sources. This indicated
that Ca was the dominant cation and that the data plotted where all three sources overlapped.
The lower right trilinear plot in Figure 8-63 shows where the major anions in FRGW04 plotted. All the samples
in 2015 and 2016 were only in the background groundwater field. All the FRGW04 data in 2017 and June 2018
plotted in the overlap of the background groundwater and the upgradient groundwater in the anion trilinear
plot. In March 2018 and September 2018, the data in FRGW04 plotted in the overlap between the upgradient
groundwater and the SPW. In March 2018 and September 2018, dates were the same as the ones that showed
potential spikes in Cl concentrations. All the data, except for the March 2018 and September 2018, would plot in
the background groundwater region, assuming the upgradient groundwater is not influencing the downgradient
concentrations, the results in March and September 2018 would suggest that these points were the result of
mixing of SPW with the background GW. The stable isotopes of water support this.
The mixing diamond in Figure 8-63 indicated that most of the samples (10) plot in the region where all three
sources overlap. Of the samples that do not plot in this region, two samples plot solely in the background
groundwater region, two samples plot in the overlap between the upgradient groundwater and the background
groundwater, and one sample in the overlap between the upgradient groundwater and the SPW. The watertype (Ca-HCO3) did not show a pattern of changing after the initial sampling. If mixing is occurring, there is no
evidence of changing water-type at this point.
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Figure 8-63. Piper diagram examining potential mixing in the groundwater. The gray shaded regions
represent the background groundwater, the yellow shaded regions represent the upgradient groundwater,
and the cyan shaded regions represent the SPW.
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8.8.11.8 Summary of Isotopes, Major Anion and Cations
Upgradient concentrations for some parameters were much larger than any of the site wells. This complicated
the analysis since the use of the upgradient data was not at background concentrations for the site. Upgradient
groundwater data was treated as a distinct groundwater source.
The stable isotopes of water, δ18O and δ2H, showed that with limitations, could be used to track the infiltrated
stormwater in the groundwater. A limitation is that if the isotopic composition was not significantly different
from the ambient isotopic composition, tracking would be limited as the mixing with groundwater would
not yield detectable change. Another limitation identified was that there was an effective distance from the
infiltration gallery the isotopes could be tracked. As the infiltrated stormwater moves through the aquifer, the
mixing with ambient groundwater will change the isotopic composition. At a certain distance from the infiltration
gallery, the infiltrated stormwater will be the same as the ambient groundwater.
Sulfate concentrations in four of the six downgradient wells showed decreasing sulfate concentrations with time.
These downgradient wells, FRGW03, FRGW04, FRGW06, and FRGW13, were the wells near SPW samplers. The
farther downgradient wells, FRGW07 and FRGW09, did not show trends in sulfate concentrations. All the SPW
samples showed decreasing sulfate concentrations that correlated with the decreasing trends in these down
gradient wells. The upgradient well FRGW01 which also showed decreasing sulfate concentrations would not
likely be the sources.
The chloride time series data showed that the upgradient groundwater chloride concentrations were larger
than the background groundwater and the downgradient groundwater. There were limited chloride spikes in
the time series data. The chloride spikes in wells FRGW02 and FRGW10 were likely from FRGW01 based on the
groundwater flow directions determined. In FRGW04, the chloride spike could not be tracked to a single source
based on the data discussed. Two possible sources would be groundwater moved into the well from upgradient
or from the infiltration of stormwater.
The geochemical analysis indicated that the dominant processes affecting groundwater composition were
precipitation/dissolution and ion exchange reactions. The sodium data suggested that ion exchange reactions
were the most important process for sodium, but for calcium and magnesium the data suggests that
precipitation/dissolution processes were more important for calcium and magnesium. In the upgradient data,
the calcium and magnesium data suggested reverse ion exchange would also be important. In FRGW04, the well
closest to the infiltration gallery, in the 2018 samplings reverse ion exchange was important. This corresponds to
the SPW sample analysis that found that reverse ion exchange was important. Reverse ion exchange reactions
suggested that sodium loading on the sediments could potentially be problematic, leading to dispersion of the
sediments and potential plugging issues.
The mixing analysis was mixed. In the cation trilinear plot, mixing was not occurring since all the study data
plotted in a cluster. Similarly, the mixing diamond suggested that mixing was not likely occurring, and that watertypes were not changing overall in the study. The anion trilinear plot did suggest that mixing of different source
water was occurring. This mixing was likely between the background groundwater and the infiltrated stormwater
(SPW data).

8.8.11.9 Other Chemical Constituents
8.8.11.9.1 Phosphate
The phosphate concentrations in the study ranged from 0.001 – 0.332 mg P/L (Figure 8-64). There were no
significant differences in phosphate concentrations between the upgradient wells and either the downgradient
wells or the background wells. There were significant differences between the background wells and
downgradient wells (p = 0.002). The phosphate concentrations in the background wells were larger than the
downgradient wells. There were no trends in the phosphate concentrations in the upgradient wells (Figure
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8-64A). There were trends in the phosphate concentrations in the downgradient wells (Figure 8-64B). In
the downgradient wells, there were significant increasing phosphate concentrations in FRGW04 (p = 0.037)
and in FRGW13 (p = 0.031). These are the two downgradient wells nearest the infiltration gallery. The other
downgradient well with a phosphate concentration trend was FRGW09 and this was a significant decreasing
phosphate trend (p = 0.019). This was the furthest downgradient well from the infiltration gallery. The
only background well that had a phosphate trend was FRGW12 (Figure 8-64C). In FRGW12 the phosphate
concentrations were significantly increasing trend (p = 0.013). FRGW12 is the well in the parking lot, and it is
near the infiltration gallery. This well would be upgradient of FRGW04 and FRGW13. This would suggest that
the increasing concentrations in phosphate in FRGW04 and FRGW13 were likely coming from groundwater
upgradient. The phosphate concentrations that were greater than the site-specific background range occurred
in 2018 and happened in some of the background wells (FRGW02, FRGW05, and FRGW08), upgradient wells
(FRGW01) and downgradient wells (FRGW07, FRGW09, and FRGW13).

Figure 8-64. Time series plots for phosphate concentrations in A. Upgradient wells, B. Downgradient wells,
and C. Background wells. The gray shaded regions represent the site-specific background range. Black circles
and lines are FRGW01, red circles and lines are FRGW02, green circles and lines are FRGW03, blue circles
and lines are FRGW04, cyan circles and lines are FRGW05, magenta circles and lines are FRGW06, dark
yellow circles and lines are FRGW07, purple circles and lines are FRGW08, wine-colored circles and lines are
FRGW09, dark cyan circles and lines are FRGW10, orange circles and lines are FRGW11, violet circles and
lines are FRGW12, and pink circles and lines are FRGW13.
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8.8.11.9.2 Arsenic
Arsenic concentrations in the groundwater ranged from 0.5 – 15.4 µg/L (Figure 8-65). There were significant
differences in arsenic concentrations between the background wells and the upgradient wells (p < 0.001), and
there were significant differences in arsenic concentrations between the background wells and downgradient
wells (p < 0.001). The arsenic concentrations in the upgradient wells were also significantly different than the
downgradient wells (p < 0.001). The upgradient wells had larger arsenic concentration than in the downgradient
wells and background wells. The background wells had larger arsenic concentrations than the downgradient
wells. In the upgradient wells, there were trends in arsenic concentrations in both wells (Figure 8-65A). The
arsenic concentrations in FRGW01 showed an increasing trend in arsenic and this trend was significant (p
= 0.082). In FRGW11, the arsenic concentrations were decreasing with time. The arsenic trend in FRGW11
was significant (p = 0.060). There were arsenic trends in two of the downgradient wells (Figure 8-65B). The
downgradient well FRGW04 had increasing arsenic concentrations with time, and this trend was significant (p
= 0.062). The arsenic trend in FRGW06 was decreasing arsenic concentrations with time and this again was a
significant trend (p = 0.056). The background well arsenic time series data is plotted in Figure 8-65C. The trend in
arsenic trend concentration in FRGW05 was a decreasing trend and this was a significant trend (p = 0.099). There
were increasing arsenic concentrations in FRGW12 during the study, and this was a significant trend (p = 0.060).

Figure 8-65. Time series plots for arsenic concentrations in A. Upgradient wells, B. Downgradient wells, and
C. Background wells. The gray shaded regions represent the site-specific background range. Black circles
and lines are FRGW01, red circles and lines are FRGW02, green circles and lines are FRGW03, blue circles
and lines are FRGW04, cyan circles and lines are FRGW05, magenta circles and lines are FRGW06, dark
yellow circles and lines are FRGW07, purple circles and lines are FRGW08, wine-colored circles and lines are
FRGW09, dark cyan circles and lines are FRGW10, orange circles and lines are FRGW11, violet circles and
lines are FRGW12, and pink circles and lines are FRGW13. The red dashed lines represent the As MCL of
10 µg/L.
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There were several arsenic MCL exceedances in the groundwater during this study. The arsenic MCL is 10 µg/L.
Most arsenic MCL exceedances were in the upgradient wells. FRGW01 exceeded the arsenic MCL in 53% of
the samples and in 43% of the samples collected in FRGW11. There was only one arsenic MCL exceedance in
the downgradient well FRGW09 and one arsenic MCL exceedance in the background well FRGW10. This was
not unexpected since the data from this study showed that the upgradient groundwater had higher arsenic
concentrations than the study site wells.
8.8.11.9.3 Barium
Barium concentration ranged from 60 – 364 µg/L (Figure 8-66). Like arsenic, barium concentrations were
significantly different between the background wells and the upgradient wells (p <0.001) and the barium
concentrations between the background wells and downgradient wells (p < 0.001). Again, the barium
concentrations in upgradient wells were larger than the background wells and downgradient wells. The
background wells had larger barium concentrations than the downgradient wells. In the upgradient wells,
there was a time trend in the barium concentrations in FRGW01 (Figure 8-66A). The barium concentrations
were increasing in FRGW01, and this trend was significant (p = 0.075). There were increasing trends in barium
concentrations in the downgradient wells (Figure 8-66B). The increasing barium concentrations in FRGW03
(p = 0.082), FRGW04 (p = 0.002), and FRGW07 (p = 0.007) were significant. There were no trends in barium
concentration in the background wells (Figure 8-66C).

Figure 8-66. Time series plots for barium concentrations in A. Upgradient wells, B. Downgradient wells, and
C. Background wells. The gray shaded regions represent the site-specific background range. Black circles
and lines are FRGW01, red circles and lines are FRGW02, green circles and lines are FRGW03, blue circles
and lines are FRGW04, cyan circles and lines are FRGW05, magenta circles and lines are FRGW06, dark
yellow circles and lines are FRGW07, purple circles and lines are FRGW08, wine-colored circles and lines are
FRGW09, dark cyan circles and lines are FRGW10, orange circles and lines are FRGW11, violet circles and
lines are FRGW12, and pink circles and lines are FRGW13.
167

8.8.11.9.4 Nickel
Nickel concentration ranged from 0.5 – 12 µg/L in this study (Figure 8-67). There were significant differences
in nickel concentrations between the background wells and the upgradient wells (p < 0.001) and differences
in nickel concentrations between the background wells and downgradient wells (p < 0.001). There were also
significant differences between the upgradient wells and downgradient wells (p < 0.001). The upgradient wells
had the largest nickel concentrations, followed by the downgradient wells, and finally the background wells. The
upgradient well FRGW11 (Figure 8-67A) showed decreasing concentrations in nickel with time. This nickel trend
was significant (p = 0.088). In the downgradient wells, two wells showed trends in nickel concentrations (Figure
8-67B). These wells, FRGW07 and FRGW09, both had increasing nickel concentrations with time. This trend was
significant in FRGW07 (p = 0.075) and in FRGW09 (p = 0.004). The background wells, FRGW05 and FRGW10, also
had trends in nickel concentrations (Figure 8-67C). In FRGW05, the nickel concentrations were increasing with
time (p = 0.002). The nickel trend in FRGW10 was a significantly decreasing during the study (p = 0.031).

Figure 8-67. Time series plots for nickel concentrations in A. Upgradient wells, B. Downgradient wells, and
C. Background wells. The gray shaded regions represent the site-specific background range. Black circles
and lines are FRGW01, red circles and lines are FRGW02, green circles and lines are FRGW03, blue circles
and lines are FRGW04, cyan circles and lines are FRGW05, magenta circles and lines are FRGW06, dark
yellow circles and lines are FRGW07, purple circles and lines are FRGW08, wine-colored circles and lines are
FRGW09, dark cyan circles and lines are FRGW10, orange circles and lines are FRGW11, violet circles and
lines are FRGW12, and pink circles and lines are FRGW13.
There was a spike in the nickel concentrations in FRGW01 in April 2016 which had corresponding nickel
concentration spikes in the downgradient wells FRGW03 and FRGW04 (Figure 8-67). There were no spikes in any
of the other downgradient wells or background wells.
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8.8.11.9.5 Vanadium
Vanadium concentration ranged from 0.5 – 39 µg/L (Figure 8-68). The vanadium concentration was significantly
different between the background wells and the upgradient wells (p < 0.001). There were also significant
differences in vanadium concentrations between the upgradient wells and the downgradient wells (p < 0.001).
There were no differences in vanadium concentrations between the background wells and the downgradient
wells. The vanadium concentrations in the upgradient wells were larger than the downgradient wells and
background wells. There were no trends in the vanadium concentrations in the upgradient wells (Figure 8-68A).
In the downgradient wells, there was a trend in FRGW07 (Figure 8-68B). There was a significantly increasing
trend in vanadium concentrations in FRGW07 (p = 0.002). FRGW08 in the downgradient wells (Figure 8-68C) had
a significantly increasing trend in vanadium concentrations (p = 0.003). Vanadium concentrations were much
larger in the upgradient wells than in any of the other wells. The reason for the higher vanadium concentrations
upgradient is not known at this time.

Figure 8-68. Time series plots for vanadium concentrations in A. Upgradient wells, B. Downgradient wells,
and C. Background wells. The gray shaded regions represent the site-specific background range. Black circles
and lines are FRGW01, red circles and lines are FRGW02, green circles and lines are FRGW03, blue circles
and lines are FRGW04, cyan circles and lines are FRGW05, magenta circles and lines are FRGW06, dark
yellow circles and lines are FRGW07, purple circles and lines are FRGW08, wine-colored circles and lines are
FRGW09, dark cyan circles and lines are FRGW10, orange circles and lines are FRGW11, violet circles and
lines are FRGW12, and pink circles and lines are FRGW13.
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8.8.11.9.6 Uranium
Uranium concentration ranged from 0.5 – 349 µg/L during this study (Figure 8-69). There were significant
differences in uranium concentration between the background wells and the upgradient wells (p < 0.001)
and between the upgradient wells and the downgradient wells (p < 0.001). There were no differences in
concentrations between the background and upgradient wells. The upgradient wells had larger uranium
concentrations than the background wells or downgradient wells. In the upgradient wells (Figure 8-69A), only
FRGW01 had a trend in uranium concentrations. This was a decreasing trend and was significant (p = 0.099).
Three of the downgradient wells (Figure 8-69B) had uranium concentration trends. FRGW04 and FRGW13 had
decreasing uranium concentrations, and these concentration trends were significant (p = 0.002 and p = 0.031,
respectively). FRGW07 showed increasing uranium concentrations during the study, and this was a significant
trend (p = 0.001). In the background wells (Figure 8-69C), FRGW08 and FRGW10 showed trends in uranium
concentrations. FRGW08 showed decreasing trend in uranium concentrations and was significant (p = 0.061).
The trend in FRGW10 indicated that the uranium concentrations were increasing but was not a significant trend
(p = 0.106).

Figure 8-69. Time series plots for uranium concentrations in A. Upgradient wells, B. Downgradient wells,
and C. Background wells. The gray shaded regions represent the site-specific background range. Black circles
and lines are FRGW01, red circles and lines are FRGW02, green circles and lines are FRGW03, blue circles
and lines are FRGW04, cyan circles and lines are FRGW05, magenta circles and lines are FRGW06, dark
yellow circles and lines are FRGW07, purple circles and lines are FRGW08, wine-colored circles and lines are
FRGW09, dark cyan circles and lines are FRGW10, orange circles and lines are FRGW11, violet circles and
lines are FRGW12, and pink circles and lines are FRGW13. The red dashed line represents the uranium MCL.
The uranium MCL is 30 µg/L. There were a significant number of samples that exceeded this MCL. The uranium
MCL was exceeded in the upgradient wells, downgradient wells and the background wells.
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8.8.11.9.7 Organic Compounds in Groundwater
Organic analysis performed on the groundwater was for SVOCs and for VOCs. The classes of compounds tested
for in the SVOCs were chlorinated compounds, hormones, phthalates, surfactants, PAHs, pesticides, solvents,
antimicrobials, and plasticizers. Most of the compounds were not detected and detected compounds were
not above their MCLs or other known regulatory limits. The compounds detected in this study fall into a few
categories: solvents, pesticides, polyaromatic hydrocarbons (PAH), flame retardants, and phthalates. The most
commonly detected VOC was acetone and was detected in 5.7% of the samples. Acetone is a common solvent
and could have been detected as the result of lab contamination. Benzene and carbon disulfide were detected
in 1.9% of the samples. The most commonly detected SVOC was diethyltoluamide (DEET). DEET was detected
in 43.4% of the samples and the detection was likely caused by sample contamination during sampling. Di-nbutylphthalate was detected in 15.1% of the samples. The PAH, benzo(k)fluoranthene, was detected in 7.5%
of the samples collected. The flame retardants, Tris (2-chloroethyl) phosphate (TCEP) and Tris (2-butoxyethyl)
phosphate (TBEP) were detected in 3.8% and 2.3%, respectively. Pendimethalin was detected in 1.9% of the
samples.
8.8.11.9.8 Stormwater Contaminants and Other Trace Metals
The NURP and NSQD have identified several inorganic contaminants and organic contaminants that are
important to evaluate when infiltrating stormwater in a GI system (U.S. EPA, 1983; NSQD, 2015). Summary
of NURP and NSQD inorganic compounds as well as other trace metals are shown in Table 8-6. Site-specific
background concentrations of these parameters are given in Table 8-5 and these will be used to compare data
to. Total nitrogen, total phosphorous, aluminum, arsenic, barium, copper, iron, manganese, molybdenum, nickel,
selenium, uranium, and vanadium all had data that was outside the site-specific background concentration
range. Phosphate, arsenic, barium, uranium, and vanadium were discussed previously and will not be discussed
here. In the case of total nitrogen and total phosphorous there was only one sample with a concentration
outside the site-specific background concentrations range. For selenium one sampling, in April 2016, had
concentrations outside the site-specific background concentration range. This event is likely an outlier for
selenium concentrations. Nickel concentrations were consistently greater than the site-specific background
range in FRGW01 starting in April 2016. In this well nickel concentrations are likely influenced by the upgradient
groundwater. Molybdenum had concentrations greater than the site-specific background in FRGW02 (December
2016) and FRGW11 (November 2017 and September 2018). Both wells are upgradient of the infiltration gallery,
so these exceedances were not caused by the GI. Copper concentration exceeded the site-specific background
concentrations in three downgradient wells, FRGW04 (March 2017), FRGW06 (March 2017), and FRGW07
(March 2017, September 2017 and November 2017). Copper also exceeded the site-specific background in
upgradient wells FRGW11 (March 2017), and FRGW01 (September 2017). The exceedances in the upgradient
wells were not related to GI. In the downgradient wells, GI cannot be ruled out as the source of the copper
exceedances. Iron in wells FRGW06, FRGW09, and FRGW10 consistently had concentrations that were greater
than the site-specific background iron concentration range. The iron exceedances are not caused by the GI,
rather these are likely due to the wells or natural conditions around the wells. In well FRGW06 the manganese
concentrations were consistently greater than the site-specific background concentrations. Like iron, this was not
caused by the GI, it was likely caused by natural conditions around the wells or the wells themselves.
Summary of NURP and NSQD organic contaminants are found in Appendix D, Table D-10 (halogenated aliphatics
and aromatics), Table D-11 (PAHs), Table D-12 (pesticides), and Table D-13 (phenols, ethers, and phthalates).
In the groundwater at this site there were no detections of halogenated aliphatics or aromatics (monocyclic),
NURP and NSQD pesticides, and phenols or ethers in any of the samples collected. There were four samples
that detected benzo(k)fluoranthene in May 2016. The detections of benzo(k)fluoranthene were not related to
GI since similar concentrations of benzo(k)fluoranthene were detected in all the blank samples. There were two
phthalates detected, di-n-butylphthalate and di-n-octylphthalate. The source of these phthalates is unknown,
and phthalates are ubiquitous in the environment (Griffiths et al., 1985; Serôdio and Nogueira, 2006; Stiles et al.,
2008; Teil et al., 2013).
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Table 8-6. Summary of trace components for the Fort Riley groundwater samples.
NH3

Total N

PO4

Total P

Ag

Al

As

Ba

Be

Cd

Co

Cr

Cu

mg N/L

mg N/L

mg P/L

mg P/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

Total Number of
Analyses

162

162

162

162

162

162

162

162

162

162

162

162

162

Number of
Detects

73

161

154

147

8

53

160

162

9

12

109

7

98

Percent Detects

45

99

95

91

5

33

99

100

6

7

67

4

60

Units

Mean

0.07

1.06

0.067

0.080

1.0

31

5.1

115

0.8

0.5

1.6

0.7

1.7

Standard
Deviation

0.06

2.31

0.056

0.034

0.0

67

2.7

56

0.4

0.0

1.2

0.1

3.1

Minimum

0.03

0.04

0.009

0.026

1.0

1

<1

60

0.5

0.5

0.5

0.5

0.5

25th Percentile

0.04

0.18

0.028

0.059

1.0

5

3.1

82

0.6

0.5

0.8

0.6

0.6

Median

0.05

0.31

0.056

0.075

1.0

11

4.4

100

0.6

0.5

1.1

0.7

0.8

75th Percentile

0.07

0.55

0.081

0.098

1.0

29

5.8

119

0.8

0.6

2.1

0.8

1.1

Maximum

0.44

15.3

0.332

0.308

1.0

426

15

364

1.8

0.6

7.8

0.8

17

Fe

Mn

Mo

Ni

Pb

Sb

Se

Th

Tl

U

V

Zn

Units

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

µg/L

Total Number of
Analyses

162

162

162

162

162

162

162

162

162

162

162

162

Number of
Detects

122

162

162

160

11

67

133

17

11

161

151

6

Percent Detects

75

100

100

99

7

41

82

10

7

99

93

4

Mean

824

121

8.8

3.2

0.8

0.7

6.2

0.6

0.5

51

3.6

134

Standard
Deviation

1344

106

4.1

2.1

0.5

0.2

15.0

0.2

0.2

49

5.3

101

Minimum

31

1.1

0.8

0.6

0.5

0.5

0.6

0.5

0.2

<1

0.5

51

25th Percentile

145

43

5.8

1.5

0.6

0.6

1.6

0.5

0.5

25

1.2

54

Median

352

103

7.7

2.7

0.6

0.7

2.4

0.6

0.5

37

2.0

96

75th Percentile

955

177

12

4.2

0.9

0.8

5.8

0.6

0.6

57

2.7

200

11480

839

23

12

2.1

1.8

161

1.2

0.9

349

39

287

Maximum
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8.8.11.9.9 Summary of Other Chemical Constituents and Organic Analysis
The higher concentrations of some parameters in the upgradient wells that were suspected and were shown
in the special sampling examining the upgradient water quality were shown to be occurring throughout the
study. The upgradient concentrations of arsenic, barium, vanadium, and uranium were in general consistently
larger than other study sample wells. This suggested that there was potentially an upgradient source for some
constituents.
The barium, arsenic, and uranium concentrations in the downgradient water was lower than the upgradient
groundwater and background groundwater. This suggests the possibility of dilution of the groundwater by the
infiltrated stormwater. Additional data is needed to confirm this.
The phosphate concentrations just downgradient of the infiltration gallery were increasing. Other wells
downgradient of the infiltration gallery showed no trends or decreasing phosphate concentrations. The well
just upgradient of the infiltration gallery also showed increasing phosphate concentrations. This suggested
the increasing phosphate concentrations just downgradient of the infiltration gallery were likely the result of
groundwater migrating under the infiltration gallery to these wells, and they were not the result of the GI.
Barium concentrations were influenced by chloride concentrations. In the upgradient wells, when chloride
concentrations increased, so did the barium concentrations. Conversely, when the chloride concentration
decreased, so did the barium concentrations.
Finally, the results of the organic analysis indicated that VOCs and SVOCs would not be a problem in this study.
The two compounds with the most detections (DEET and phthalate) could be related to contamination from
the sampling or sampling equipment. The solvents detected could have also resulted from the sampling or
lab contamination. The other detections that could not be related to field or lab contamination did not have
concentrations of regulatory concern.

8.8.11.10 Impacts to Groundwater Quality
8.8.11.10.1 Regulatory Standards
One measure of water quality are federal and state drinking water standards such as the National Primary
Drinking Water Standards (MCL; EPA, 2017), National Secondary Drinking Water Standards (sMCL; EPA, 2017)
and State of Kansas Drinking Water Standards (KDHE, 2015). Except for the National Secondary Drinking Water
Standards, all contaminant limits are based on human health risk.
The National Primary Drinking Water Standards were exceeded for four contaminants during the study (Figure
8-70). Uranium exceeded the MCL in 63.0% of the samples, arsenic in 8.0% of the samples, nitrate + nitrite
in 1.3% of the samples, and selenium in 0.6% of samples. The National Secondary Drinking Water Standards
were exceeded for seven contaminants in this study (Figure 8-70). TDS that exceeded the sMCL in 99.4% of
the samples, manganese in 72.2% of the samples, iron in 43.2% of the samples, sulfate 42.0% of the samples
collected, pH in 8.6% of the samples, aluminum in 4.3% of the samples, and chloride 2.5% of the samples. The
State of Kansas water standards are the same as the Federal standards (Figure 8-70).
Another set of criteria that could be applied to the groundwater at this study site are those of the Drinking
Water Standards and Health Advisories (DWSHA; EPA, 2018). Figure 8-70 shows the five different advisory levels
that are part of the DWSHA. There were no exceedances of the One-Day Health Advisory during the study.
The risk posed based on the One-Day Health Advisory would be no risk. As was the case with the One-Day
Health Advisory, there were no exceedances of the 10-Day Health Advisory (Figure 8-70). The DWEL did have
exceedances in 8.0% of the samples for arsenic (Figure 8-70). There were two contaminants that exceeded the
Lifetime Health Advisory (Figure 8-70), manganese exceeded this standard in 3.7% of the samples and selenium
exceeded this standard in 0.6% of the samples. In this study, 47.5% of the samples exceeded the taste threshold
for sodium, and 42.0% of the samples for sulfate (Figure 8-70).
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Figure 8-70. Percentage of groundwater samples exceeding regulatory standards for analytes which have
regulatory standards. Black bars show data for National Primary Drinking Water Standards and National
Secondary Drinking Water Standards, red bars show data for State of Kansas Drinking Water Standards,
green bars show data for One-Day Health Advisories, blue bars show data for Ten-Day Health Advisories,
cyan bars show data for Drinking Water Equivalent Level, magenta bars show data for Lifetime Health
Advisory, and dark yellow bars show data for Taste Threshold.
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8.8.11.10.2 Water Quality Index
Comparing water quality data to regulatory standards to determine if impacts to water quality have occurred
is somewhat tedious and provides a yes or no answer to whether impacts occurred (sample exceeded a
contaminant value) or not, and it does not account for all standards simultaneously. In addition, this method
does not account for values for contaminants that do not exceed the MCL or other regulatory standards. The
method in the previous section also does not consider water quality data that is not a human health risk data
that could potentially degrade water quality. The WQI, introduced in Section 5.4, will attempt to bridge the gap
and provide an index of water quality. The WQI score and its assessment are provided in Table 5-1.
For the Fort Riley study there are two WQI indices that were calculated using the National Primary Drinking
Water Standards and they included the use of the National Secondary Drinking Water Standards (EPA, 2017) and
the State of Kansas Drinking Water Standards (KDHE, 2015). Figure 8-71 shows plots of the WQI versus time for
the data collected in this study.
Figure 8-71. Water Quality indices
plotted over time for the Fort Riley
Study. FRGW01 data are the black
lines and circles, FRGW02 data are
the red lines and circles, FRGW03
data are the green lines and circles,
FRGW04 data are the blue lines
and circles, FRGW05 data are the
cyan lines and circles, FRGW06 data
are the magenta lines and circles,
FRGW07 data are the dark yellow
lines and circles, FRGW08 data are
the purple lines and circles, FRGW09
data are the wine-colored lines and
circles, FRGW10 data are the dark
cyan lines and circles, FRGW11 data
are the orange lines and circles,
FRGW12 data are the violet lines
and circles, and FRGW13 are the
pink lines and circles. The gray
shaded areas show samples that
are of excellent water quality, olive
shaded areas show samples that are
of good water quality, blue shaded
areas show samples of poor water
quality, teal shaded areas show data
of very poor water quality, light
yellow shaded areas show water
that is unsuited for drinking without
adequate treatment.

The use of Federal drinking water standards (MCLs and sMCLs) and the State of Kansas standards to calculate
the WQIs are shown in Figure 8-71. Since the standards have the same values, the WQIs are the same. The WQI
indicated that for the background groundwater, the water quality would be excellent – good. The upgradient
groundwater was good – poor. The poor water quality was in March 2017, and it was also almost poor in
November 2017. These correspond to the highest measured uranium concentrations. In the downgradient wells,
the WQI indicated that the groundwater quality would be excellent – good. The WQIs indicated that the use of GI
did not degrade groundwater quality since the water quality was similar to the background water quality.
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9.0
Summary, Conclusions, and Future Research Needs
The three study locations were selected to represent different types of GI and climates. The site diversity was
expected to correspond to a diversity of results. It is important to note that these three sites do not represent
every potential risk of GI on groundwater quality. The aim of this study is to shed light on potential common
issues and show an array of possible groundwater quality outcomes.

9.1 Types of Green Infrastructure
The three study locations have different GI types in their designs. In addition, different water types infiltrate into
each subsurface. The Louisville and the Fort Riley studies both have engineered infiltration systems whereas
the Yakima study used a “natural” system to infiltrate the water. The Louisville study site GI consisted primarily
of subsurface infiltration galleries (Section 6) to capture and infiltrate stormwater runoff. The Yakima study site
used indirect discharge as the GI and did not have a discrete infiltration infrastructure (Section 7). Here the
treated wastewater was released onto the floodplain where it infiltrated into the subsurface. The Fort Riley study
used a permeable pavement GI system to capture stormwater runoff in an infiltration gallery (Section 8).
There were also differences in the types of water infiltrated into the subsurface. The Yakima study infiltrated
treated wastewater whereas the Fort Riley and Louisville studies infiltrated stormwater runoff. The infiltration
water quality varied among the sites. The Fort Riley and Louisville infiltrated stormwater runoff had discrete
water pulses that coincided with precipitation events and the vadose zone had times when the pore spaces
remained unsaturated. In the Yakima study, continuous infiltration was based on the outfall from the wastewater
treatment plant. This suggests that mounding may result in a fully saturated zone from the surface, except at
the margins of the mound. The saturation differences are important in how both the water and constituents in
the water interact with the vadose zone. For example, where unsaturated conditions occur, evapotranspiration
can remove the infiltrated water trapped in the vadose zone pore spaces that can cause dissolved components
to precipitate forming solid phases. These solid phases cannot move through the vadose zone until they are
redissolved and transported further into or through the vadose zone. In contrast, when the pore spaces in the
vadose zone are continuously saturated the constituents in the infiltrated water can more freely be transported
into the groundwater.

9.2 Vadose Zone
The Fort Riley GI study had the most comprehensive examination of the vadose zone. The vadose zone
and aquifer materials were characterized for chemical and physical properties, and the hydrogeology was
characterized. In addition, water quality samples were taken.
The characterization of the vadose zone and aquifer at the Fort Riley site showed that there was a decrease
in finer grained materials in the upper portion of the sediment profile. This was confirmed by ERI analysis and
texture analysis of core materials. There was heterogeneity in texture and in general, the clay content decreased
as one moves south across the study site. The decreases in fine-grained materials were also related to the
chemical properties of the vadose zone and aquifer sediments. The CEC, total Ca, total Na, total Al, total Mn,
total Fe, total Si, total organic carbon, and total C concentrations decrease with depth. This indicated that the
sorptive and reactive properties of the vadose zone materials also decreased with depth. Due to this trend,
the ability of the vadose zone to remove contaminants and modify the infiltrated groundwater decreased with
depth.
The hydrology at the Fort Riley study site suggested that changes in water table elevation were not related to
the infiltrated stormwater. The water table elevations were a function of the natural infiltration and changes
in height of water in the stormwater retention basin located south of the GI site. There was little evidence for
mounding.
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Analysis of the Fort Riley temperature data showed that if there was a large temperature contrast between the
ambient vadose zone temperature and the infiltrated water temperature, then temperature data could be used
to monitor water movement in the vadose zone and groundwater. This was also supported by the tensiometers
temperature data.
At Fort Riley, soil water tension monitored wetting fronts and water movement through the vadose zone. The
tensiometer data showed water movement through the vadose zone following an infiltration event happened
within hours to about a day. There was an effective radius in which the water moves out the sides of the
infiltration gallery. This is an important point because the infiltrated water only moved out from the infiltration
gallery to a radius of less than 3.1 m. While the radius is site specific, the method is transferable. Understanding
the limited radius is critical when considering GI placement near existing infrastructure. In this application, the
measured radius is roughly the depth of the gallery.
The tensiometers showed that using infiltration gallery water elevations was not the best method for predicting
infiltration. The tensiometers showed water movement (infiltration) in the vadose zone following precipitation
events when there was no corresponding rise in infiltration gallery water levels. The rise in water levels in the
infiltration gallery is a related rates problem. That is, the water level in the gallery will only rise if the rate of
water entering the infiltration gallery exceeds the exfiltration rate from of the gallery. Tensiometers proved to
be a valuable monitoring tool, clearly demonstrating sidewall exfiltration. The instrument selected was designed
to operate autonomously. However, the instruments failed early in the monitoring period limiting the ability to
observe temporal changes in the patterns.
The geochemistry of the infiltrated stormwater at both the Fort Riley and the Louisville study sites could be
compared in the vadose zone. In the Louisville study, the predominant geochemical processes occurring in the
vadose zone were ion exchange and dissolution/precipitation reactions, which was also the case with the Fort
Riley study. The SPW samplers in the Fort Riley study were nested between 327 m-msl to 322 m-msl, which also
corresponds to the zone where CEC and other sorptive properties were prevalent. This data was not available
for the Louisville study, but it was expected that the CEC and other sorptive properties in the Louisville study
would be largest near the surface also, so it was expected that ion exchange would be an important process
in the vadose zone. In both studies, one process that could potentially be problematic is reverse ion exchange
reactions. Reverse ion exchange was suggested at both study locations in the later samplings. Reverse ion
exchange could lead to sodium loading on the fine-grained materials in the vadose zone and aquifer, and lead
to these particles dispersing. Dispersion of the fine-grained particles in the vadose zone over time could cause
plugging and lower the infiltration rates of stormwater.
In the Louisville and Fort Riley vadose zones, the chloride (conservative species) moved faster than other
analytes. This also showed that the movement of nonconservative species was inhibited by interactions with
the vadose zone solid phases. As chloride concentrations increased, barium concentrations also increased and
were more mobile. Although this barium behavior is not likely a problem at these sites, it does suggest that other
contaminants that have similar behavior with chloride could mobilize when de-icing agents are used and thus be
a risk to groundwater quality.

9.3 Stable Isotopes as Water Movement Tracers
In addition to temperature and soil water tension, the stable isotopes of water could potentially be used to
monitor infiltrated water movement in the vadose zone and groundwater. Although there were differences in the
usefulness, the Fort Riley study showed the potential utility of this approach. In the Fort Riley study, the runoff
isotopic composition was sufficiently different from the isotopic composition of the groundwater that it could
be effectively used as a tracer. If the infiltrated water isotopic composition is not sufficiently different than the
groundwater isotopic composition, then mixing infiltrated water with groundwater would not yield changes in
isotopic compositions in the mixed water large enough to detect.
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The Fort Riley study also indicated that there was an effective radius where the stable isotopes of the infiltrated
water can be distinguished from the ambient groundwater isotopic composition. As the infiltrated water
moves through the groundwater, more mixing occurs and the more the isotopic composition becomes like the
ambient isotopic composition. At some distance the infiltrated water will be indistinguishable from the native
groundwater.

9.4 Groundwater
During the study there were changes to groundwater quality at all three locations. In the Louisville and the
Yakima studies these changes in groundwater quality could be related to changes brought about using GI. In
the Fort Riley study, the changes in groundwater quality were difficult to attribute to the use of GI. Changes in
groundwater at Fort Riley could be because of the upgradient groundwater flowing into the site.
In the Yakima study, the changes in groundwater quality near the outfalls resulted from the mixing of the
upgradient water with the treated wastewater. This conclusion was based on the analysis of the major anions
and cations, geochemical processes, and other constituents. The concentration of many parameters in the
treated wastewater was larger than the upgradient groundwater. The groundwater wells near the outfall
had concentrations less than the outfall and more than the upgradient groundwater. The groundwater wells
near the outfall documented the likely mixing of these two waters. Contrast this with the infiltration from the
precipitation that occurs over much larger areas, whereas the infiltration from the wastewater is limited to the
infiltration structure. Therefore, temporal distribution of the two types of infiltration is also a major difference.
The chemistry of precipitation would be expected to be very dilute compared to the wastewater and it would
be expected that the changes to upgradient water small or only dilute the upgradient water compared with the
mixing of infiltrated treated wastewater with upgradient water.
Dilution was the likely reason for changes to groundwater quality in the Louisville study. Many of the measured
parameters showed decreasing groundwater concentrations with time. Even though the concentrations in the
stormwater runoff were not measured, it is expected that the major anion and cations concentrations would
be smaller than those in the groundwater. Therefore, infiltrating large quantities of stormwater would have the
effect of diluting the groundwater near the infiltration gallery. Because of the linear design of the groundwater
monitoring network it is not known how far away from the infiltration gallery these changes to groundwater
quality would be quantifiable.
In the Fort Riley study, there was not one dominant demonstrated mechanism affecting the groundwater
quality downgradient of the infiltration gallery. In some cases, such as with sulfate, the concentrations in the
downgradient wells generally decreased. The background and upgradient wells did not show trends in sulfate
concentrations. This suggests that constituent dilution from the infiltrated stormwater might be occurring. There
was also evidence of dilution in barium, strontium, arsenic, and uranium. There was also evidence that mixing
of infiltrated stormwater with background groundwater could have caused changes in groundwater quality
downgradient of the infiltration gallery. For example, there was evidence of a chloride spike in the well next to
the infiltration gallery. In the analysis of the trilinear plot of the major anions, the chloride was related to the
mixing of the infiltrated water with the background groundwater. However, it is difficult to rule out upgradient
water as the source of the spike. It is also possible that the stormwater infiltration did not have enough time to
significantly affect groundwater quality or that stormwater infiltration will not cause any long-term changes to
groundwater quality.
At all three study locations there was evidence of increasing groundwater phosphate concentrations. At the
Louisville and Yakima study sites the increasing phosphate concentrations were likely caused by the runoff in the
GI. In the Fort Riley study, there was evidence that suggested the increasing phosphate concentrations were the
result of upgradient water and not the infiltrated groundwater. Increasing phosphate in the groundwater could
degrade water quality, especially if the groundwater is used as an irrigation source. Surficial sediment phosphate
loading could be potentially problematic if these sediments were allowed to erode into a surface water body.
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The groundwater at the Louisville study site is not used as a drinking water source. If it were used as a drinking
water source, it would be important to monitor the chromium concentrations to determine if they continue to
increase.
At Fort Riley, the groundwater analysis showed that, for some chemical species, the upgradient concentrations
were larger than both the background groundwater and the downgradient groundwater concentrations. There
is no obvious source for these chemical species and the long-term effects of the higher concentrations are
unknown.
Organic contaminant analysis was only done for the Fort Riley study. Most of the organic compounds analyzed
were not detectable. DEET had the most detects in both the SPW samples and in the groundwater samples. DEET
was most likely the result of contamination during sample collection and probably not present in the SPW or
groundwater. The compounds detected in this study fall into a few categories: solvents, pesticides, polyaromatic
hydrocarbons (PAH), flame retardants, chlorinated compounds and phthalates. None of the detected organic
compounds had concentrations of regulatory concern.

9.5 Conclusions
This is the first known monitoring effort to demonstrate potential changes to groundwater from GI practice.
The project begins to fill the gaps identified by “The Influence of Green Infrastructure Practices on Groundwater
Quality: The State of the Science” (Brumley et al., 2018), and in some cases identify the necessary techniques to
obtain the data.
The climatic variable that affects the groundwater quality in the Fort Riley and Louisville sites is precipitation. In
areas that received regular infiltration from stormwater, dilution of the groundwater is potentially the biggest
concern. The increased infiltration from the GI would dilute the groundwater near the GI more than what would
occur naturally and with time the diluted groundwater could move away from the GI structure. In the Louisville
study, which has a regular precipitation pattern, most parameters showed decreasing concentration trends.
Whereas in Fort Riley, which gets less precipitation and the wet season is more discrete, there were parameters
which showed dilution and others that did not. Data is needed from wet years and drought years to understand
the role of dilution. The climatic influence in Yakima could not be inferred in this study since it receives almost
continuous infiltration.
Both the Louisville and the Fort Riley studies indicated that there were changes to groundwater quality. However,
these short-term studies indicated that the stormwater infiltration overall did not have negative effects on
drinking water quality. It needs to be stressed that for both these studies, the long-term equilibrium was likely
not yet established. Louisville study projections in analyte concentrations can be made that suggest in the
future the groundwater near the infiltration gallery will become more diluted. The Louisville groundwater could
shift from a Ca-HCO3 type water to a Na-HCO3 type water. This water softening through dilution could present
negative consequences if the groundwater is being used as a drinking water source. Water treatment plants
may have to alter their treatment processes because of water quality changes if softening of the groundwater
occurred in the future after the implementation of GI.
The Yakima study looked at treated wastewater infiltration. Based on this short-term study, it would appear that
treated wastewater infiltration could be an important management option for wastewater disposal. The results
of this study suggest that if both the upgradient groundwater concentrations and the infiltrated wastewater
composition stay the same, the downgradient groundwater concentrations will be no larger than those found in
the treated wastewater.
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9.6 Research Needs
The results presented in this report are short-term results. The long-term effects of stormwater and wastewater
infiltration needs to be understood in the context of the results presented here. Monitoring at these study sites
should continue. Each of the studies showed data gaps and these data gaps need to be addressed to have a
complete understanding of how groundwater quality is affected by GI practices.
The research presented also shows the need for long-term studies of stormwater infiltration in dry areas similar
to the precipitation conditions at the Yakima site. Research should also include measurements or estimations of
evapotranspiration. This is a major question that was not addressed in this study.
In addition, the infiltration of treated wastewater in other climatic conditions would be important to study. This
study indicated that in a dry region this is likely a good practice, but in areas that receive more water it is not
understood how treated wastewater infiltration would affect groundwater quality or hydrology. Although these
effects could be modeled, there are still questions that cannot be addressed using a model and these questions
can only be adequately addressed with the collection of data.
The vadose zone needs to be addressed in more detail. Long-term use of GI requires a better understanding of
the vadose zone capacity to sequester contaminants and conditions that could mobilize the contaminants for
release to the groundwater. Since the vadose zone is the apparent contaminant sink it is not clear what would
happen if the GI use is discontinued or if the land use changes. This should include laboratory column studies
with samples of the vadose zone and the water that will infiltrate at the site. Column studies will give a general
understanding of the likely period where sorptive process will function. Cores should be available from the
GI design investigation (e.g., determination of depth to groundwater, soil structure, and subsurface hydraulic
conductivity).
It is important to refine the vadose zone monitoring. A better understanding of the vadose zone is essential
to provide guidance on GI placement. Municipalities and communities would need to understand the zone of
influence and how that changes with local soil structure to design and implement GI.
We need to improve techniques to measure the hydrology in the vadose zone. Protocols for monitoring vadose
zone water movement that are cost effective, easily understood, autonomous, and reliable are needed to
document long-term GI performance. This would allow users to document the whole life costs and benefits.
Further characterization of subsurface materials with electrical conductivity profiling, electrical resistivity
imaging and borehole geophysics is recommended. Most of the EC profiling occurred on the western portion of
the site. Additional EC profiling south and east of the infiltration gallery will provide a better understanding of
the heterogeneity and anisotropy of subsurface materials that control groundwater flow. Additional ERI profiling
immediately south of the infiltration gallery prior to and following natural or anthropogenic recharge events,
over time may provide insight related to the impact of permeability reductions on the base of the gallery. Any
additional wells installed on site should be logged with borehole geophysical tools including natural gamma and
induction conductivity.
Another research need is to understand the background water quality prior to the initiation of GI. Background
groundwater quality should be monitored for an extended period of time (greater than one year) to understand
the temporal variations in groundwater quality. In addition, if SPW is to be monitored the background SPW
chemistry should also be established.
Although there has been research looking at stormwater quality, site specific stormwater quality is critical to
understanding impacts to groundwater. Each site has its own unique chemical signature that will likely not be
captured at other locations. The unique chemical signature will be the result of environment, land usage, and
human activities for example.
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