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Abstract 
 
 
Some of the more than 75% of Minnesotans who rely on groundwater may find it in short supply 
in the face of population, land-use and climate change. Aquifer storage and recovery (ASR) is a 
technological approach to treat and inject clean water into an aquifer for temporary storage. The 
hydrogeological characteristics and the chemistry of the source water and aquifer impact treatment 
needs prior to injection and after extraction. Aquifer properties that control how water moves 
determine the volume and rate of water injected. This study examined four different kinds of 
aquifers across Minnesota with unique pressures to determine their suitability for ASR. The study 
findings suggest three may be suitable for ASR. The Buffalo aquifer in Moorhead has variable 
injection capacity and multiple sources of water for injection. Water quality issues of arsenic, 
sulfate, manganese, and hardness would require treatment after extraction. The Jordan aquifer in 
Rochester faces increased pressure from growth and nitrate contamination in the surrounding 
agricultural areas. The wastewater treatment plant could provide adequate source water if treated. 
Woodbury faces pressure from increasing population and PFAS contamination of the Jordan 
aquifer.  ASR could recharge groundwater from wastewater treatment plants and also be integrated 
with PFAS remediation scenarios by reinjection of treated groundwater. ASR is not recommended 
for the surficial sand aquifer in the Straight River Groundwater Management area in north central 
Minnesota because there is no source of water to make it a feasible option at this time. Cost-benefit 
analysis combined with a sensitivity analysis of economic factors should be a component of ASR 
project feasibility. Modified state well code and a streamlined permitting path would allow more 
successful development and deployment of ASR. State adoption of control over Class V injection 
wells from the USEPA is also necessary.  
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Banking Groundwater
A study examining aquifer storage and recovery for groundwater 
sustainability in Minnesota

Executive Summary 
There are no substitutes for water. It is essential to life, our economy, and the environment. 
However, the social and environmental values of water are difficult to measure precisely because 
of water’s essential and somewhat idiosyncratic role in our lives. The value of groundwater 
includes both its direct use because 75% of Minnesotans drink it and agriculture and industries 
rely on it, and its indirect or ecological use because groundwater supplies water to rivers, lakes, 
and wetlands. There is also value in reserving groundwater for future generations especially in an 
uncertain water future. Even if groundwater is not scarce now, its quality and availability vary 
across Minnesota.  Clean water may be in short supply at critical times and pressure on 
groundwater reserves could also develop from beyond our borders. The primary purpose of 
investigating Aquifer Storage and Recovery (ASR) is to have a tool at the ready that could be 
deployed safely to ensure groundwater availability.  

Managed aquifer recharge encompasses a number of techniques for improving groundwater 
recharge and maintaining aquifer levels. ASR is one of those technological approaches that 
involves treating and pumping clean water into an aquifer for temporary storage and later recovery. 
ASR wells may inject water into either a 
confined or unconfined aquifer.  

Motivations to deploy ASR include: 

● creating reliable seasonal water supply;
● meeting peak demand without building

a larger treatment plant;
● creating water reserves that are less

vulnerable to contamination;
● conserving land area used for water

storage; and
● sustaining groundwater-fed

ecosystems like trout streams, lakes,
and fens.

Although the indirect or environmental benefits of ASR are tricky to evaluate in a true economic 
sense, assessing the environmental and social costs and benefits of groundwater can help clarify 
decision-making processes, raise awareness of the environmental impacts of depletion, and 
illuminate alternative water supplies before a crisis is upon us.  

Diagram of an ASR system.   
Image credit:  Tarrant Regional Water District 2019. 
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Study Areas

Future growth, projected climate change, groundwater-level trends and other pressures like 
groundwater pollution have the potential to negatively impact future groundwater supply. These 
external forces informed the choice of four study areas with a range of geologic conditions. The 
availability of adequate aquifer data also constrained the choices to the following four areas: 

1. A portion of the Buffalo aquifer near Moorhead, one of only a few aquifers available to the
city. It has been adequately mapped and characterized and is an elongate, south trending,
partly confined, sand-and-gravel aquifer that extends along much of the western part of Clay
County. Alleviating flood pressure in the Red River valley was a secondary motivation for
site selection.

2. Southern Washington County centered on Woodbury. Projected deficits in groundwater
supply and groundwater pollution issues motivated this choice. Extensive data sets exist for
the fine to coarse-grained Jordan Sandstone aquifer that supplies the City of Woodbury.

3. The City of Rochester in Olmsted County. The Jordan Sandstone aquifer extends across much
of southeastern Minnesota. Rochester is totally dependent on groundwater and has projected
significant growth.

4. The Straight River watershed. A surficial sand aquifer west of Park Rapids is part of the larger
Pineland Sands aquifer and receives rapid recharge of about five to six inches per year that
discharges as baseflow to the Straight River, a cold-water stream. Irrigated agriculture is
reducing baseflow to the stream seasonally. The aquifer spans several counties; we focus on
the portion within Becker County that has a recent geologic atlas and has been designated a
Groundwater Management Area.

Study area locations for the Banking Groundwater project. 
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Aquifer Injection Capacity 
The volume and rate of water injected into an aquifer ‒ the injection capacity ‒ is a critical 
component of the geologic suitability of an aquifer for ASR. Injection capacity is primarily limited 
by how thick and how transmissive the rock or sediment layer is. Limiting conditions for ASR 
projects are that they do not flood the surface in an unconfined-aquifer setting or fracture the 
confining unit in a confined-aquifer setting.  

A new GIS-based mapping tool created for this 
study uses Minnesota's aquifer properties 
database along with data reported in 
publications and unpublished government and 
consulting reports. The tool produced maps for 
three of the four study aquifers that show: (1) 
the long-term, average groundwater level and 
depth-to-groundwater; (2) aquifer-
characteristic data obtained from aquifer tests 
and specific capacity tests; (3) available 
headspace in the aquifer where water can be 
safely injected for storage, and (4) injection 
capacity of the aquifers.  

For the three suitable aquifers, the spatial 
variability of the aquifers illuminates ideal 
injection sites. The Buffalo aquifer shows the 
highest variability in the injection capacity 
because the transmissivity variability is very 
large. In the Jordan aquifer, the allowable head 
change is significantly greater. In all cases, 
multiple injection wells could be deployed to 
store a three-month water supply. The fourth 
site, the surficial aquifer in the Straight River 
watershed in Becker County was not evaluated 
for injection capacity due to the unavailability of 
sufficient water volume for injection. However, 
its hydrogeologic characteristics are described.  

Three study sites have the necessary injection capacity 

This study confirms that three of the investigated sites are suitable for ASR practice in terms of 
injection capacity. The hydrogeological conditions of the aquifers provide sufficient storage space 
and transmissivity.  

Example of injection capacity maps produced for the 
study aquifers.  Injection capacity is a critical 
characteristic to determine the suitability for ASR. 
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Source Water for ASR Injection 
Assuming that the injection capacity of the target aquifer is sufficient, evaluating the feasibility of 
ASR at a scale that would be significant to nearby communities can be divided into three steps: 
1) identifying a source water of ample quantity and its required treatment; 2) evaluating the aquifer
geochemistry and native groundwater quality to anticipate any potential reactions of source water
with the aquifer and 3) determining the feasibility of treating the water after recovery to meet water-
quality expectations. An assessment of cost-effective treatment technology prior to injection and after
recovery should be incorporated into ASR project design.

Buffalo Aquifer, Moorhead  
The City of Moorhead obtains approximately 80% of their drinking water from the Red River and 
20% from the Buffalo aquifer. The aquifer is also used by outlying municipalities for drinking 
water and for irrigation. The Red River can experience extended low flow due to drought. In 
anticipation of that possibility, ASR could be used to increase the available water volume in the 
Buffalo aquifer. The three potential sources of injection water are: 1) the Red River during high 
flow; 2) the Buffalo River, however the average flow of this river is low, or 3) effluent of the City 
of Moorhead wastewater treatment plant which is currently discharged to the Red River. 
ASR could be a viable technique to provide water security for the City of Moorhead, however, 
arsenic, sulfate, manganese, and hardness are water-quality concerns. Water injected into the 
Buffalo aquifer should not be expected to maintain a potable condition but could be treated after 
extraction in the same way the city’s drinking water is currently treated. 

Jordan Aquifer, Rochester 
Rochester derives 100% of their drinking water from groundwater, primarily from the Jordan aquifer 
through 33 municipal wells, each equipped with their own treatment system. The only potential 
sources of injection water are: 1) the Zumbro River; 2) other bedrock aquifers, or 3) treated effluent 
from the wastewater treatment facility. Additional treatment of the wastewater would probably 
involve reverse osmosis and advanced oxidation unit processes. New wells would be needed for 
injection but existing wells could continue to be used for recovery.  

Jordan Aquifer, Woodbury
Washington County relies entirely on groundwater, primarily from the Jordan aquifer which may 
experience drawdown from overdrafting, contamination mitigation, and expected population 
increase. There are ample sources of water that could be injected: 1) the St. Croix River, 2) the 
Mississippi River, or 3) effluent from one or more nearby wastewater treatment plants. Remediation 
of known PFAS contamination could be integrated with ASR after water is treated. 

Surficial  Aquifer, Straight River  Watershed 
The Straight River watershed is an area of irrigated agriculture which constitutes most of the 
groundwater use from the surficial aquifer. Withdrawals from the aquifer have steadily increased and 
the Straight River, a trout stream is threatened by a declining water table. However, there are no 
significant sources of water for ASR. Water treatment facilities in the City of Park Rapids are at the 
southeast end of the surficial aquifer, too far away to benefit the stream and aquifer. ASR is not 
recommended at this time and other approaches such as conservation should take priority. 
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Policies 
State and federal policies impact the use of ASR and can be both drivers and barriers to its 
implementation.  Nationally, the Safe Drinking Water Act enacts regulation to help ensure that 
aquifers maintain consumption standards and that threats from pollution are prevented.   ASR 
involves the use of Class V injection wells and the primary authority over those defaults to the 
United States Environmental Protection Agency (USEPA).  States may apply for primacy over 
Class V injection wells and gain the ability to issue permits directly but Minnesota currently does 
not have primacy over Class V injection wells.   

Minnesota also has state codes and a regulatory framework that impact the use of ASR.  The State’s 
well code, specifically Minnesota Administrative Rule 4725.2050, disallows wells or borings from 
being used for injection or disposal of surface water or groundwater.   

Multiple state agencies have jurisdiction over specific activities or processes within an ASR 
system. For example, source water quality is commonly managed by the Minnesota Pollution 
Control Agency, aquifer quality and standards by the Minnesota Department of Health, and 
quantity of withdrawal by the Minnesota Department of Natural Resources.  Distributed water 
governance has both advantages and disadvantages, but more importantly for ASR, it requires 
conversation and collaboration across agencies.  An ASR decision-support system can help assess 
ASR applicability and allow for a more streamlined navigation of state and local policies. See page 
6 for example. 

Given that aquifer boundaries do not align with political boundaries, there are additional 
jurisdictional concerns that may need to be addressed planning for ASR.  This may be especially 
true for areas near tribal lands and in regions where specific drinking-water or groundwater policies 
are in place. 

Minnesota's state codes, regulation and management spans multiple agencies and jurisdictions. 
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A decision support system that includes cost-benefit 
analysis, such as the following, should be adopted. 

Source:  Dillon, Peter & Molloy, Robert. (2006). Technical Guidance for ASR.  Adapted from Dillon and Pavelic, 1996. 
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Cost-Benefit
Costs for ASR systems include design and analysis, construction and capital, and operation and 
maintenance.  These are highly variable and depend on a number of factors, many of which are 
local and temporal.  Costs and economics are project-specific and depend on the local physical 
and hydrological conditions, the recovered and storage water uses, and alternative water supply 
and treatment options.  The acquisition of needed technical and geologic data to fully characterize 
an aquifer’s extent, material properties, composition and grain size, recharge and discharge, 
conditions of confinement, and hydraulic conductivity is costly.  These data are not available 
everywhere in Minnesota. This is especially true outside of the Twin Cities Metropolitan area. 
Making these data available will reduce site characterization costs and risks in future ASR projects.

Like any other investment project, ASR needs to be economically feasible, with monetary benefits 
at least as large as the total costs. Evaluating the cost of annual recharge in an ASR project requires 
dividing the capital, operating, and maintenance costs by the lifetime of the project. It is useful to 
determine which of the variables are the most uncertain and evaluate them over a range of values. 
Risks and uncertainties also arise if future demand does not materialize or if a system does not 
perform as anticipated. Therefore, in addition to conducting a careful needs assessment, detailed 
site characterization is important to avoid future complications that will result in higher costs.  

The cost-benefit analysis is the most comprehensive and robust assessment method and the 
preferred method for state and federal agencies.  Ideally, the analysis identifies all benefits and 
costs, both market and non-market, to all involved parties. The results should be compared to a 
"no-project" situation. Furthermore, a sensitivity analysis can help analyze the most uncertain 
variables including demand, discount rate, capital, operating costs, or the benefits included in the 
analysis.  Adapting an existing cost-benefit analysis tool for use in Minnesota would be beneficial. 

Case  studies – Learning from others 
Seven case studies involving ASR were examined as part of 
this study to represent a cross-section of the kinds of systems 
being adopted by a range of U.S. municipalities. They 
showcase different environmental conditions, water sources 
and technology and include examples of ASR and ASR-type 
systems.  Reflection on these and the lessons learned can 
provide valuable insight for future application of ASR in 
Minnesota.  The seven case studies included in the full report 
are: 

1. Shakopee-Mdewakanton Sioux Community, Minnesota
2. St. Michael, Minnesota
3. Des Moines and Ankeny, Iowa
4. Green Bay, Wisconsin
5. El Paso, Texas
6. Tucson, Arizona
7. Roseville, California

See more about this project and the others 
in the case study section of the full report. 

Minnesota has one 
operational ASR 
system in St. Michael. 
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Aquifer Data Gaps – more information is needed 
Low spatial density of groundwater levels and the absence of time-series data limits the 
understanding of allowable head change both seasonally and inter-annually. Pump test data of 
longer duration assess properties farther away from a well and are more desirable. The more 
common, specific-capacity tests measure properties closer to the well are adequate but not ideal. 
For Woodbury and Olmsted County, storativity data were also scarce.  

The details of how an aquifer is tested and the results of the test are important to assessing the 
suitability of a site for ASR. A complete, unified aquifer-property database would save the state 
money by avoiding the need to repeat pump tests. 
It would also make ASR project design and other 
groundwater modeling efforts less expensive. A 
database structure has been created and MnDNR 
is populating it, focusing on areas of interest to 
them. However, information created and housed 
by other agencies, consulting companies, archived 
in technical documents and in published articles is 
slow to be interpreted and entered. This is 
complicated by pump tests and aquifer property 
data not being reported in a standardized way. The 
database is not user-friendly so data are not easily 
retrieved. A complete and useful database will 
require continued collaboration and additional 
resources.   

The modeling conducted for this study made simplifying assumptions using available 
hydrogeologic data. The next steps for future studies could address factors that affect the recovery 
of injected water from an ideal, uniform scenario (below) including: leakage, density differences 
of the two waters, dispersive mixing, hydraulic gradient that could migrate the water, storage 
duration, and fractures in the aquifer or confining unit.  

Olmsted County – map of monitoring wells and groundwater 
levels.  Increasing the spatial density of monitoring wells would 
help us better understand groundwater level trends and better 
evaluate ASR, as well as other groundwater related activities.
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Recommendations 
If we can all agree that water is a public good, then it is the responsibility of the government to 
make it accessible to all. Where groundwater levels are depleted and not naturally recovering with 
sufficient speed, we recommend that artificial recharge options be considered and implemented 
where feasible and appropriate. ASR is a tool that may be useful in ensuring groundwater 
sustainability in some places with strict oversight, clear guidelines and a permitting path. However, 
ASR should remain a tool of last resort after other approaches to meet groundwater sustainability 
needs are exhausted. To this end, the State should first encourage conservation efforts and second, 
eliminate barriers to water reuse.  

The suggested actions are tentatively assigned to the implementers with a potential timeline. 

Action Implementers Timeline 

Develop and support legislation to advance ASR as a 
tool for sustainable groundwater use  

Legislature Now 

Develop an ASR-decision-support system for interested 
communities 

Interagency groundwater team; 
study authors; interested 
communities 

Near term 

Apply to EPA for primacy over Class V injection wells MDH, as directed by the legislature Near term 

Modify State well code to allow injection wells MDH lead with interagency 
groundwater team and stakeholders 

Mid term 

Review progress and evaluate need to modify 
centralized aquifer-property database  

DNR with other agencies and MGS Now 

Acquire aquifer properties and apply GIS-tool to other 
aquifers where ASR is being considered. 

Kang Group at the U of M, Earth 
and Environmental Sciences with 
MGS and DNR 

as requested by 
municipalities 

Make a cost-benefit analysis tool available for ASR 
projects following FEMAs 2016 Methodology for 
Aquifer Storage and Recovery Benefit Cost Analysis.  

MDH lead with Water Resources 
Center  

Mid-term 

Develop permit process with engineering and 
environmental requirements that must be met that may 
include: 1) source water considerations including pre-
treatment; 2) avoidance of potential aquifer impacts; 3) 
post-treatment requirements; 4) pilot project 
requirements, and 5) on-going reporting and monitoring. 

MDH lead Mid-term 
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Introduction 

Carrie E. Jennings, Brian Bohman and Galen Xiang 
 

Groundwater-dependent parts of Minnesota that anticipate increasing population and changing 
land use may face threats to groundwater sustainability. Increased withdrawals and changes to 
aquifer recharge may be exacerbated by a changing climate. Approaches to sustainable aquifer 
management could therefore require novel practices not currently permitted in Minnesota. One of 
these is recharging aquifers to supplement the natural groundwater supply.  
 
In this study we consider four areas in Minnesota with different types of aquifers that are currently 
or have recently faced challenges to groundwater supply. We evaluate whether managing recharge 
to those aquifers is a suitable tool and if so, what the current barriers to using that tool are. 
 
We evaluate the potential for Aquifer Storage and Recovery (ASR) by examining: 1) the geology 
of the site; 2) the aquifer characteristics, 3) potential sources of recharge water, 4) federal and state 
policies, and 5) the economics that would make ASR a reasonable solution including any co-
benefits that recharge might have. For example, in addition to augmenting drinking water supply, 
recharging an aquifer might also support ecosystems or mitigate pollution; those would be 
considered co-benefits.  
 
During our 18-month-long desk-top analysis we were approached by a city investigating ASR to 
solve an immediate groundwater challenge; four of their seven wells had gone dry and rather than 
drilling new wells or building a surface-water-treatment plant, they were considering ASR. They 
would in essence create an underground storage area that could potentially hold a decade’s worth 
of water that would be available during peak-demand including prolonged drought. ASR would 
allow this city to keep its existing treatment plant and bank groundwater in an affordable way.  
 
It is for cities like this that we are exploring the drivers for ASR, the data needed to evaluate the 
suitability of a site, the geologic and health constraints, the economics that make ASR viable and 
current policy barriers to permitting ASR in Minnesota. The benefits and limitations of the tool 
are presented through relevant case studies so that Minnesota can evaluate the safest path to 
groundwater sustainability.  
 

Managed Aquifer Recharge 

Managed aquifer recharge (MAR) encompasses a number of techniques for improving 
groundwater recharge and maintaining aquifer levels that are typically subdivided by the source 
of water used, the recharge method, the storage method, the recovery method, and the end-use of 
recovery. They include bank filtration, infiltration ponds or galleries, dry wells, aquifer storage 
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transfer recovery (ASTR) wells, and aquifer storage and recovery (ASR) wells (Ringleb et al., 
2016; Page et al., 2018; Ross and Hasnain, 2018; Dillon et al., 2019).  

ASR and ASTR systems rely on direct injection of water to aquifer systems rather than gradual 
recharge (Bray, 2020; Page et al., 2018; Pyne, 2005). They are very similar in that both approaches 
recharge the aquifers with treated surface water and then recover that water for later, potable or 
other water uses (Page et al., 2018). However, a primary difference is that ASR systems are 
configured so that the same well is used for recharge and recovery of the stored water whereas      
ASTR uses different wells for recharge and recovery. ASR wells are the dominant type of MAR 
in the United States (Pyne, 2005; Bray, 2020).  

ASR projects may inject water into either a confined or unconfined aquifer.  Unconfined aquifers 
can also be recharged through natural infiltration processes. This is a less onerous prospect in 
Minnesota; recharge areas are largely mapped and there are not as many policy barriers to directing 
water to them. Confined aquifers can only be recharged through injection wells. The policy barriers 
and data needs are greater for these systems. This study only addresses  the possible use of ASR 
in Minnesota.   

Groundwater use in Minnesota  

Predicting aquifer sustainability requires an understanding of recharge, aquifer storage, flow 
within and between aquifers, and aquifer discharge in addition to pumping and consumptive use 
from that aquifer. Recharge, the input to the aquifer is the foundation for any budget (Minnesota 
Department of Natural Resources, 2010).  
 
Minnesota has positive annual recharge to the water-table aquifer decreasing to the west (U.S. 
Geological Survey, 2015). Although the water table aquifer is not commonly used for drinking 
water except in some shallow private wells, rain or snow melt must first enter the water table 
before it can recharge deeper aquifers. Therefore, monitoring trends in the water-table aquifer can 
be used to assess if more or less water is available for deeper recharge.  
 
The water table aquifer is either known or assumed to be close to the surface for most of the state 
and fluctuates seasonally in response to rain and snowmelt events. Of the 335 water-table 
monitoring wells with data from 2000-2015, four wells scattered across the state showed a weak 
trend of declining groundwater level (written comm. 2019 and 2020, Harsh Anurag). Using this 
information, the average groundwater recharge was computed in monthly timesteps at a resolution 
of 25km with an ecohydrological model. The results showed that 36% of the state, predominantly 
in the west, was receiving an annual recharge of < 2 in/yr. How much of that recharge reaches the 
deeper, more commonly used aquifers is the fundamental question that needs to be understood to 
predict the sustainability of current and projected groundwater withdrawals.       
 
The State of Minnesota has a network of monitoring wells designed to assess the long-term water-
level trends of the deeper, more commonly used aquifers across the state (Mn DNR, Cooperative 
Groundwater Monitoring). Select data from this network are displayed in the National Ground-
Water Monitoring Network of the U.S. Geological Survey  (National Groundwater Monitoring 
Network Report and National Ground-Water Monitoring Network Data Portal.) However, despite 
the availability of these individual well records, an aquifer-based compilation and assessment of 
groundwater sustainability for the state is not yet available. The MnDNR, the legally responsible 
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agency for this work has designated three Groundwater Management Areas and six Groundwater 
Projects to address emerging groundwater conflicts in parts of the state (MnDNR, Groundwater 
Management). 
 

Climate change impacts on groundwater 

A recent report downscales a regional climate model to assess impacts on water at finer spatial and 
temporal scale than previously attempted (Keeler et al., 2019). The authors model sub-regional 
variations in frequency, intensity, and seasonality of precipitation. Inputs of land cover, soil, and 
future climate simulate water uptake by plants and incorporate plant growth, evaporation, and 
water runoff. Historic data (1980-1999) were used to validate the model and it was then projected 
into the future for two time periods (2040-2059, 2080-2099) using two emissions scenarios 
(moderate and high).  Results vary across the state but overall, total precipitation and temperatures 
are anticipated to increase and there will be longer frost-free periods. Mays will be generally 
wetter, and Augusts, much drier. The intensity of precipitation increases as does the length between 
dry spells. 
 

 

  

   

Figure 1. Various emissions scenarios modeled to anticipated changes in precipitation patterns and temperature across 
Minnesota. Keeler et al., 2019. 
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Depletion was defined as water consumed over available water. Maximum total depletion within 
the state is estimated at 16%. This value is not necessarily indicative of annual water scarcity but 
there may be seasonal scarcity, especially during the summer irrigation season.  
 

Aquifers selected for this study 

We chose to study four areas: the City of Moorhead in Clay County, the Straight River watershed 
spanning four counties in north central Minnesota; the City of Woodbury in southern Washington 
County and the City of Rochester in Olmsted County. They were all projected to have groundwater 
sustainability concerns for different reasons including projected demographic trends, water-     use 
trends, limited aquifer availability and pollution concerns. We also chose aquifers of different 
geologic types: from unconfined to confined surficial-sediment aquifers and semi-confined to 
confined bedrock aquifers. These areas are described in the sections that follow and summarized 
in table 1 at the end of the document.  
 
City of Moorhead, Clay County utilizing the Buffalo Aquifer 

Clay County is a geologically young, fertile, and flat to gently rolling landscape (Bauer, 2014). 
The dominant land use is agriculture, but small areas of the pre-settlement, tall-grass, bluestem 
prairie persist (MnDNR, 1997; National Land Cover, 2011). The soils in the eastern portion of the 
county formed in the narrow strips of sandy beach ridge deposits of glacial Lake Agassiz resulting 
in transmissive, highly sensitive groundwater conditions. Elsewhere, soil is developed in clayey 
parent material of the deeper lake sediment that is much less permeable (Berg, 2018). 

 

 

Figure 2.  Figure 2. Land use in the Clay county region.  2011 National Land Cover Dataset. 
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The 2018 census estimates Clay County’s total population to be 63,955 (U.S. Census Bureau). On 
average, the county experienced a 0.98% increase in growth each year from 2010 to 2018. If 
current trends hold, Clay County would see approximately a 30% total increase in population by 
2045. Most of this growth is projected for Moorhead, the largest city in the county, making up 
67% of its population. The unincorporated areas will see only a 11% increase by 2045      (Clay 
County, 2001). The north-flowing Red River forms the state border with the city of Fargo in North 
Dakota. Fargo is larger than Moorhead and expects faster growth and there is increasing demand 
for water in the 
Fargo-Moorhead 
metropolitan area. 
Combined population 
projections show that 
the greater Fargo-
Moorhead area will 
experience a 41% 
increase by 2045 
(Clay County, 2001; 
Fargo-Moorhead 
Metropolitan Council 
of Governments, 
2015).  

The majority of groundwater used in the county is withdrawn from shallow surficial sand aquifers 
and buried sand and gravel aquifers, with bedrock aquifers rarely used. The three main aquifers 
are the Buffalo, Moorhead, and Kragnes with the Buffalo being the primary aquifer (Berg, 2018). 
The Buffalo Aquifer is also used by the city of Fargo. The Buffalo aquifer is a partially confined, 
sandy gravel aquifer of glacial origin with well-known extent. Moorhead currently withdraws 
approximately 20% of its 
water from this aquifer and 
irrigation in the eastern 
portion of the county also 
relies on this aquifer.  

Concerns emerged over the 
Buffalo Aquifer’s long-term 
sustainability in recent 
decades (MDH, 2019). The 
MnDNR and Moorhead 
Public Services worked 
together to establish a 
conservation plan that 
relied more on surface 

Figure 4. Water levels from a well in the Buffalo Aquifer. Peak pumping 
occurred in 1988, with record lows in water levels in the years after. From 
Berg, 2018. 

Figure 3. Clay County’s total population projections.  (Clay County, 2001; 
Fargo-Moorhead Metropolitan Council of Governments, 2015). 
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water. This was motivated shortly after peak water consumption in 1988 led to the lowest recorded 
water levels in the Buffalo aquifer. The City of Moorhead abandoned its plan to keep pumping at 
constant rates. Instead, they are currently meeting 80% of water demand with treated surface water 
from the Red River. However, during drought conditions, up to 50% of water is obtained from the 
Moorhead aquifer, totaling an additional eight billion gallons. The Moorhead Aquifer is deeper 
than the Buffalo Aquifer and extends beneath the water treatment plant. The location and the       
better water chemistry make it more suitable for blending with surface water (K. Knutson, 
Moorhead Public Services, per. comm. 2019).       

Straight River Watershed and Groundwater Management Area      

The Straight River Groundwater 
Management Area (GWMA) was 
designated by the MnDNR as an "area 
of specific concern where groundwater 
resources are at risk of overuse and 
degraded quality" (MnDNR, 2017). 
The principal body of surface water is 
the Straight River, which has been 
designated as a trout stream. It flows 
through the middle of the watershed to 
the southeast towards Park Rapids. This 
area, encompassing 369 square miles, 
or 236,142 acres, is part of the larger 
Crow Wing River watershed. The 
GWMA spans parts of four counties: 
southern Clearwater, northeast Becker, 
southwest Hubbard, and northwest 
Wadena (MnDNR, 2017).  

There are two types of aquifers in the GWMA: a Quaternary water table aquifer and buried 
Quaternary aquifers. These aquifers are an up-gradient portion of the larger Pineland Sands 
Aquifer. The shallow surficial sand aquifer is highly transmissive and recharge comes from 
precipitation.  

The Straight River GWMA is sparsely populated and is not projected to become more developed 
in the future. The largest city is Park Rapids with a population of 4,023. Other small towns include 
Osage and Ponsford. Minnesota state law requires that all public water supply systems serving 
1,000 or more residents have a water plan; the City of Park Rapids is the only public supplier that 
falls under this requirement (MnDNR, 2017). Its data are included in the Minnesota Water 
Permitting and Reporting System (MPARS) calculation of water withdrawals from large 
consumers. However, the 2,357 private, domestic wells that lie within the boundaries of the 
GWMA are not included because the aggregate consumption from these private wells are assumed     
to be insubstantial. Instead, intensified groundwater withdrawals are being driven by a change in 

Figure 5.  The Straight River Groundwater Management Area 
(GWMA).  (MnDNR, 2017) 
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the style of agriculture in the region. Total withdrawals have steadily increased since the 1980s, 
increasing by 85% in the last 25 years. For comparison, the statewide increase in water usage 
during this timeframe was 35% (MnDNR 2017). 

Figure 6.  Figures showing: a) increase in agricultural groundwater use and b) the portion of permitted wells that are 
used for agriculture demonstrate the source of pressure on the surficial aquifer in the Straight River watershed, 
reproduced from MnDNR, 2017. 

The predominance of agricultural land use and the high transmissivity of the surficial aquifer have 
resulted in levels of nitrates in shallow wells that exceed the drinking water standard of 10 mg/L 
designated by the Minnesota Department of Health. Other pressing concerns for the region are      
the maximum sustainable yields of both the surficial sand and how irrigation will impact water 
temperature and quality in the Straight River, a cold-water ecosystem (U.S. Geological Survey, 
1994; MnDNR, 2017). 

City of Woodbury, Southern Washington County utilizing the Jordan Aquifer 

Washington County is located in the southeastern part of Minnesota and borders Wisconsin. The 
Mississippi and St. Croix rivers meet in the southeast corner of the county and these rivers have 
significantly shaped the county’s development. Washington County is the fifth most populous 
county in the state, while also holding the distinction of being one of the smallest counties by land 
area. Despite encompassing only 423 square miles, the county is seeing rapid population growth 
relative to Minnesota and has high projected population growth (US Census Bureau). The 
population of Washington County was 261,512 as of 2018. By 2040, the population is projected 
to range from 335,790 to 340,910. That amounts to an additional 80,000 people, or a 30% increase 
in total population (Metropolitan Council, 2019).  

The largest city in Washington County is Woodbury, which is projected to have a population of 
87,800 by 2040. The next largest cities in the county are Cottage Grove and Oakdale. As the county 
transitions from traditional agriculture to urban development, the rapid influx of new residents and 
industry renders the fate of Washington County’s water supply uncertain. All residents rely on 
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groundwater for their drinking 
water and public water supply 
systems serve roughly 80% of the 
county’s population (Washington 
County, 2019).  

The Washington County 
Municipal Water Coalition 
comprises a number of cities and 
townships located in the county 
and under the jurisdiction of the 
MnDNR’s North and East Metro 
Groundwater Management Area. 
These include Cottage Grove, Lake 
Elmo, and Woodbury.Total water 
withdrawals from all large 
consumers has fluctuated over the 
years; this number largely depends on 
annual precipitation. In 2018, a total of 9.545 billion gallons was withdrawn (MnDNR, MPARS 
data). The Water Coalition expects the total study area’s water demand to increase by 27% from 
2012 to 2040. If we assume that the rest of the county’s water consumption will increase by this 
amount, these demands will exceed current 2012 permit appropriations, and current groundwater 
appropriations will not meet the needs of this future population (MnDNR, 2015).  

The Metropolitan Council 
predicted that in 2020 it will 
serve 220,415 residents in 
Washington County, or 93% 
of its population. These 
numbers are underestimates, 
as the current total 
population is estimated to be 
around 265,000 (US Census 
Bureau). Approximately 80% 
of residents were supplied by 
public water suppliers (Washington County, 2014), but trends show an increase in the portion that 
public water suppliers reach (Met. Council, 2015, 2016). From these projections and actual 
population numbers, and under conditions that per capita water use remains constant, the county 
would be withdrawing roughly 3.33 billion gallons more per year in 2040 than current withdrawals 
(Met. Council, 2016).  

The most used aquifer systems in the county are the Jordan and St. Lawrence aquifers. These are 
primarily confined, bedrock aquifers with an enhanced permeability zone in the upper portion. 

Figure 7.  Population and trends of cities in Washington County 
(Metropolitan Council, 2019) 

Figure 8.  Projected municipal water use.  Metropolitan Council (2016). 
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This results in enhanced transmissivity and may compromise the confining integrity of the 
aquitards above them (Berg, 2019). 

Several pollutants and contaminants (including volatile organic compounds) have been found in 
elevated levels above Minnesota Department of Health standards, and as such, special well and 
boring construction areas have been established by the MnDNR in four areas throughout the 
county: Lake Elmo-Oakdale, Baytown-West Lakeland Townships, Lakeland-Lakeland Shores, 
and St. Paul Park-Newport (Washington County, 2014).  

The county’s most urgent water quality concern is PFAS pollution from various 3M disposal sites 
in Oakdale, Woodbury, Cottage Grove, and Lake Elmo. The State of Minnesota sued 3M for 
natural resource damages in 2010 and was awarded an $850 million settlement to be used for 
improving the water quality and finding alternative water supply sources for the county. The 
highest concentration of PFAS contamination in wells and groundwater is located around Lake 
Elmo, areas of Oakdale, and Cottage Grove. The Washington County Municipal Water Coalition 
has presented four options to address the water needs: 1) using treated effluent water from pollution 
containment wells; 2) constructing a new surface wastewater treatment plant with conjunctive use 
of groundwater; 3) connect to St. Paul Regional Water Services; 4) drill new well fields (MnDNR, 
2018). Although ASR was not among these recommendations, it could be added as a fifth approach 
and is currently being considered in combination with the first option.  

City of Rochester in Olmsted County utilizing the Jordan Aquifer 

Olmsted County is located in the southeastern part of Minnesota. The Zumbro River flows east 
through the county and then north into Wabasha County.  It is one of only four counties in 
Minnesota that have no natural lakes. Its county seat and largest city is Rochester (Rochester-
Olmsted Planning Dept., 2013). Olmsted County has a population of 156,277 as of 2018 and 
Rochester is roughly 75% of that (US Census).  

 

Figure 9. Historical population (1900-2010) and projected to 2040. 
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Year  Population  Change  % Change    Year  Population  Change  % Change 

2018  156,277  1,758  1.14    2018  116961  1556  1.345 

2017  154,519  1,382  0.90    2017  115405  1478  1.30 

2016  153,137  1,802  1.19    2016  113927  1836  1.64 

2015  151,335  1,280  0.85    2015  112091  908  0.817 

2014  150,055  1,201  0.81    2014  111183  775  0.702 

2013  148,854  1,953  1.33    2013  110408  1515  1.39 

2012  146,901  1,090  0.75    2012  108893  827  0.765 

2011  145,811  1,285  0.89    2011  108066  1041  0.973 

2010  144,526  38,056  35.74    2010  107025     

Figure 10. Annual population and growth for Olmstead County and the City of Rochester.  (Rochester-Olmstead 
Planning Department, 2013.) 

 

Projections of total population by 2040 range from 193,600 to 215,870, resulting in up to 49% 
growth by 2040. This is an increase of ~71,000 people. Olmsted County is reported as the eighth      
fastest growing county in Minnesota, behind the metropolitan Twin Cities. (Rochester-Olmsted 
Planning Department, 2013). Assuming per capita water consumption rates stay constant, (~60 
gallons per capita), this amounts to an additional 1.55 billion gallons of water needed per year for 
the county. 

The majority of growth in Olmsted County can be attributed to Rochester’s burgeoning job market, 
accounting for 88% of projected growth from 2010 to 2040. The healthcare industry is the fastest 
growing sector in Rochester; a recent Mayo Clinic expansion may attract more migrants to the 
urban center. An estimated 38% of working residents were employed by the healthcare sector (City 
of Rochester, 2015). Hospitals are water intensive and Rochester may see steadily elevated 
demands in water over the coming years. In addition to the Mayo Clinic expansion, the University 
of Minnesota’s expansion into Rochester, as well as proposals to build a high-speed rail system 
between the Twin Cities and Rochester, may influence commuting patterns and further propel 
Rochester’s growth as a metropolitan center (City of Rochester, 2015; Rochester-Olmsted 
Planning Dept., 2013).  
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Figure 11.  City of Rochester and Olmsted County population trends.   US Decennial Census and Rochester-Olmsted 
Planning Department projections.  2013. 

The county obtains 100% of its water from groundwater and Rochester is the county’s largest 
consumer of water by a large margin. The groundwater is primarily sourced from the Jordan 
aquifer. All large public wells registered in the MPARS database and their withdrawals within the 
county are totaled to obtain aggregate public water withdrawals averaging over 5 billion gallons 
per year (MnDNR Permitting and Reporting System, 2018). The City of Rochester pumped a total 
of 4.825 billion gallons in 2012, with Olmsted County withdrawing a total of 6.101 billion gallons. 
Rochester accounted for roughly 80% of total water withdrawals in the county. Rochester’s public 
water system has the capacity to withdraw up to 37 mgd. This totals 13.5 billion gallons a year. 
Whether this rate is sustainable or not is to be determined. Those relying on private wells make up 
approximately 21% of Olmsted County’s population (Rochester-Olmsted Planning Department, 
2013).  

A report on the Jordan-Prairie du Chien aquifer details the hydrologic properties of the aquifer 
(Lindgren, 1997). At that time, water levels were rising in northern and eastern parts of the study 
area and decreasing in the western and southwestern portions.  
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Nitrate contamination in groundwater is the most pressing contamination issue facing the County. 
The Prairie du Chien-Jordan aquifer is shallowly buried and agriculture is the dominant land use 
outside of the city. Nitrates have not reached levels of concern in Rochester, but levels in the 
northeast corner of the county are relatively high (MDA, 2015).  

  

Figure 12.  Water-level change in the St.Peter-Prairie du Chien-Jordan aquifer, January through February 
1988 to February through March 1995. Lindgren, 1997 
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Table 1.  Summary of study area aquifer characteristics. 
        

 Aquifer 
Type  

Aquifer 
Name 

Political 
Area 

Potential 
Source water 

Recharge 
type 

Monitoring 
wells 

Special concerns 

City of 
Moorhead in 
Clay County 

Semi- 
confined 
surficial. 
Unconfined 
S, confined 
N. 

Buffalo 
Aquifer 

Moorhead 
service 
area, Clay 
County.  

Treated 
wastewater; 
flood 
water 

Well 
injection 
and surface 
infiltration 

Well # 
222044 
(1965 – 
2019, 
Increasing) 

U.S. Army Corps of Engineers 
Diversion Project. Where and when 
would flood waters be used? Lack of 
water is a potential limiting factor to 
development. Arsenic present. 

Straight 
River 
watershed  

Unconfined 
surficial 

Portion 
of 
Pineland 
Sands 

Straight 
River 
GWMA, 
Park 
Rapids 

Surface water 
diversion, 
wastewater, 
industrial 
wastewater 
(Lamb-
Weston/RDO) 

Well 
injection 
and surface 
infiltration 

Well # 
608430 
(1997 – 
2019) and 
#243392 
(1993 – 
2019).  

Conversion from forest land cover to 
agriculture. Summer decline impacts 
streams. Connection to on-going 
climate and water balance study by 
Tracy Twine, Soil Water and Climate, 
U of M. Completed GW Management 
Area report. 

City of 
Woodbury in 
Washington 
County 

Confined 
(leaky?) 
bedrock 

Prairie 
Du 
Chien– 
Jordan 

Southern 
Washingt
on County  

Treated 
municipal 
source, flood 
water 
/stormwater 

Well 
injection 
and surface 
infiltration 

Well # 
551577 
(1995 – 
2019) 

Legacy contamination (e.g., PFOAs), 
Metropolitan Council involved. 
Future growth projected. Woodbury 
adding more Jordan wells; MnDNR 
asking for more studies. Potential 
impact on Valley Creek  

City of 
Rochester 

Unconfined 
(leakily) 
bedrock 

Prairie 
Du 
Chien– 
Jordan  

Olmsted 
County 

Treated 
municipal 
source 

Well 
injection 
and surface 
infiltration 

Well # 
485610 
(1992 – 
2010, 2018 – 
2019) 
 

Destination Medical Center, 
population doubling in 30 years; no 
regional planning agency; >40 Jordan 
wells; N contamination; monitoring a 
priority. County does not allow a well 
with N > 1ppm. 
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1 Introduction 

About 99% of global unfrozen freshwater is stored in groundwater systems, and groundwater is an 
essential freshwater resource both in the United States and across the globe. The availability of 
groundwater is particularly important where surface water options are scarce or inaccessible. In 
the United States, groundwater is the source of drinking water for about half the total population 
and nearly all of the rural population. However, due to the significant increase in water demand 
and climate change, many areas of the United States, including parts of Minnesota, are 
experiencing groundwater depletion or unsustainable extraction. Increasing groundwater storage 
through aquifer storage and recovery (ASR), a water resources management technique that injects 
water underground using wells for future recovery, may be a promising option that can alleviate 
problems associated with declining groundwater levels. There is currently only one reported ASR 
site from the state of Minnesota (See Section 7; Case studies) but its success shows ASR could be 
an attractive solution in Minnesota to meet the increased water demand. 

To consider ASR, it is important to quantify the injection capacity (how much water can be safely 
injected with a well) of target aquifers. In this study, we derived an analytical solution for 
estimating injection capacity and developed a new GIS-based mapping tool that produces injection 
capacity maps (maps showing how much water can be injected with a well). Combining the GIS-
based mapping tool with Minnesota's extensive hydrogeologic databases, we have successfully 
produced injection capacity maps for three aquifers in Minnesota: the Buffalo aquifer in Clay 
County, the Jordan aquifer in the city of Woodbury (southern Washington County), and the Jordan 
aquifer in Olmsted County. These aquifers are expected to be under stress in the coming years due 
to a projected increase in withdrawals. 

The Buffalo aquifer is the most heavily utilized aquifer in Clay County. In addition to rural 
domestic withdrawals, it is extensively used by the largest city, Moorhead, for municipal water 
supply. It has historically also provided significant groundwater for irrigation purposes. This has 
raised concerns over the long-term sustainability of the aquifer. In Woodbury, the Jordan aquifer 
is the principal source of the municipal water supply. The city projects a significant increase in 
population and water demands over the next 20 years, which will require greatly increased 
withdrawals of groundwater.  In addition to potential water quantity issues, the Jordan and other 
aquifers in southern Washington County are contaminated by PFAS compounds, and ASR could 
be a solution for mitigating the contamination (by extracting contaminated groundwater and 
injecting purified water). In Olmsted County, all of the water supply is from groundwater, with the 
Jordan aquifer as the major source. Olmsted County, especially the Rochester area, projects 
significant population growth and water consumption increase in the years ahead. This makes it 
important to ensure the sustainability of the Jordan aquifer for long term use.  

This section of the report focuses on the hydrogeological characterization of the Buffalo aquifer 
in Clay County and Jordan aquifer in Washington and Olmsted counties and investigates the 
injection capacity of ASR at these sites. We collect necessary data from publications and 
unpublished government and consulting reports and databases and use this information to evaluate 
the injection capacity of these heavily utilized aquifers. For each of the three study sites, we 
present: (1) the long-term, average groundwater level and depth-to-groundwater; (2) aquifer 



 

4 
 

characteristics data obtained from aquifer tests and specific capacity tests; (3) available headspace 
in the aquifer where water can be safely injected for storage, and (4) injection capacity of the 
aquifers. We show that the three studied aquifers have sufficient capacity for safe water storage. 
We also describe the hydrogeologic characteristics of a fourth site, a surficial aquifer in Benton 
County that spans the Straight River watershed and is part of the Straight River Groundwater 
Management area . This site was not evaluated for injection capacity due to the unavailability of 
sufficient water volume for injection. 

2 Overview of four ASR study areas 

In this section of the report, we describe the physical setting and the hydrogeologic properties of 
the target aquifers. The physical setting includes characteristics such as aquifer extent, material 
properties such as composition and grain size, recharge and discharge areas, conditions of 
confinement, and hydraulic conductivity. 

2.1 Buffalo aquifer, Moorhead area, Clay County 
Clay County, in northwestern Minnesota, is largely an agriculture-dominated area with small 
towns. The City of Moorhead, located along the western border of Clay County, has the largest 
area of developed land and is the principal consumer of water in the County (Berg, 2018). The 
County lies within the watersheds of the Red River, Wild Rice River, Buffalo River, and Otter Tail 
River.  The topographic elevation of the County decreases from east to west. 

The Buffalo aquifer is an elongate, narrow, north-south trending aquifer that extends along much 
of the western part of Clay County, and south into neighboring Wilkin County.  Our study focused 
on the aquifer within Clay County between the Red River to the west and a branch of the Buffalo 
River to the east. The total area of the aquifer in Clay County is nearly 100 km2 (Figure 1). It 
ranges in thickness from a few meters at the outer edges to about 60 meters locally along the north-
south centerline. We used the maps and related GIS coverages in Bauer (2014) to provide the 
geologic context of the Buffalo aquifer necessary for our injection capacity estimate.  

The Buffalo aquifer was formed mostly by deposition of sand and gravel in water confined in a 
subglacial tunnel at the base of retreating ice (Harris et al., 1998; Hobbs and Gowan, 2014). As 
the ice retreated, the tunnel valley deposits were overlain by finer-grained glacial Lake Agassiz 
sediments that confine the aquifer across most of its extent. The aquifer is unconfined locally where 
those overlying lake sediments are absent (Figure 2). Most of the aquifer is underlain by till 
confining units, with the exception of relatively small, older sand and gravel bodies that locally 
may be in contact with the base of the Buffalo aquifer. At depths of about 60-75 meters, the 
Quaternary tills and associated sand and gravel bodies are underlain by Precambrian crystalline 
bedrock (Reppe, 2005; Schoenberg, 1998; Wolf, 1981). 

Overall, the aquifer is a heterogeneous mixture of material ranging in size from clay to gravel 
(Wolf, 1981; Schoenberg, 1998). In the northern portion, the aquifer contains three distinct vertical 
horizons from top to bottom. The uppermost horizon consists of interlayered deposits of fine-
grained silt to coarse-grained sand (Schoenberg, 1998). The middle horizon, wherever present, 
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consists of sand with clay (Schoenberg, 1998). In the lower horizon, coarser particles ranging in 
size from cobbly gravel to medium-grained sand are present (Schoenberg, 1998). 

 

Figure 1. Areal extent of the confined and unconfined portion of Buffalo aquifer and Moorhead in Clay 
County. 
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Figure 2. Three-dimensional view of the Buffalo aquifer (yellow portion in eastern part) in Clay County. The 
aquifer has variable thickness and spatial extent (Minnesota DNR, 2013).  

Standard aquifer pumping tests from four wells screened in the Buffalo aquifer in Clay County 
yielded horizontal hydraulic conductivity values that ranged from about 15 to 97 meters per day 
(m/d) (Schoenberg, 1998; Wolf, 1981). The results are based on aquifer tests conducted by a 
number of agencies at various times and employ a number of test procedures and methods of 
analysis. Although based on small sample size, it appears that lower hydraulic conductivity values 
correspond to tests with pumping durations that are shorter than one day, whereas higher values 
are from tests where pumping or recovery duration ranges from 3 to 10 days. This discrepancy 
may reflect scale-dependent aquifer heterogeneities. Generally, a short duration aquifer test 
investigates only a small area of an aquifer, and if the corresponding area has lower or higher 
permeability, it will reflect the value in the aquifer test results. Thus, a longer duration aquifer test 
is considered more suitable for obtaining aquifer-scale characteristics. Hydraulic conductivity 
values calculated from specific capacity tests range from 1 m/d to as much as 1385 m/d. They 
were calculated by converting test results reported by well drillers into hydraulic conductivity 
using the method of Bradbury and Rothschild (1985) (see Appendix A for details). In some 
portions along the north-south axis, where the grain size is relatively coarser in the lower horizon, 
estimated hydraulic conductivity values are in general larger than the values from the east and west 
margins. 

2.2 Jordan aquifer, City of Woodbury, Washington County 
The City of Woodbury in southern Washington County (Figure 3) has a total area of 92.1 km2. It 
is on an upland between the valleys of Mississippi River and St. Croix River. The Jordan aquifer 
and other bedrock hydrogeological units present in Woodbury extend across much of southeastern 
Minnesota. The hydrogeological setting described in this section is based on relevant information 
collected across the region for these hydrogeologic units (e.g. Runkel et al., 2003) as well as data 
within the Woodbury study area.  
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The deeper, bedrock geological units in the Woodbury area were deposited in early Paleozoic time 
in a shallow sea. Over time, widespread layers of medium- to coarse-grained sandstone, carbonate 
rock (limestone and dolostone), and finer-grained sandstone, siltstone and shale were deposited. 
Each layer is typically several- to tens-of-meters thick. The bedrock layers most important to this 
study are the Jordan Sandstone and the overlying Prairie du Chien Group.  Mostly fine- to coarse-
grained Jordan Sandstone is an aquifer that supplies the City with groundwater. The Prairie du 
Chien Group includes two formations, the Oneota Dolomite, and the overlying Shakopee 
Formation. The Shakopee Formation and the upper part of Oneota Dolomite are classified as an 
aquifer in the region. The lower Oneota Dolomite is an aquitard confining the underlying Jordan 
aquifer. Several other formations overlie the Prairie du Chien Group (Figure 4 and Figure 5). The 
bedrock formations in the area are subhorizontal, and therefore their distribution is largely a 
reflection of bedrock topography. The most prominent bedrock topographic feature is a north-
south trending valley incised entirely through the Prairie du Chien Group along its central axis. 
Quaternary unconsolidated sediments, mostly glacial till (diamicton) and associated sand and 
gravel deposits fill this valley and form a thinner cap on bedrock elsewhere in the study area 
(Figure 6). In this study, we focus on the hydrogeological details of the Jordan aquifer, which is 
our target aquifer, to evaluate ASR injection capacity. We used the maps and related GIS coverages 
in Bauer (2016) to provide the geologic context of the Jordan aquifer necessary for our injection 
capacity estimation.  

 
Figure 3. Municipal boundary of Woodbury in Washington County, Minnesota 
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Figure 4. Location of drill holes for geological interpretation of aquifer cross section in Woodbury (adapted 
from City of Woodbury and Barr Engineering (2013). 
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Figure 5. Simplified north-south cross-sectional view of Jordan aquifer in Woodbury (adapted from City of 
Woodbury and Barr Engineering (2013)). 

 
Figure 6. Simplified east-west cross sectional view of Jordan aquifer in Woodbury (adapted from City of 
Woodbury and Barr Engineering (2013)). 

The Jordan aquifer is composed of coarse and fine clastic sediments (Runkel et al., 2003). Coarse 
clastic refers to the parts of the aquifer dominated by fine- to coarse-grained sandstone, whereas 
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fine clastic material is dominated by very fine-grained sandstone, siltstone, and shale. Detailed 
analysis by Runkel et al. (2003), based on gamma logs and cutting samples, reveals that the 
proportion of coarse and fine clastic components are variable across the aquifer. Generally, the 
fine clastic components are present in the lower 2 m to 15 m, and the coarse clastic components 
are present in the upper 15 m to 24 m of the aquifer. The lower part of the aquifer containing the 
fine clastic component is moderately to tightly cemented and has a low matrix hydraulic 
conductivity. It is best classified as an aquitard (Runkel et al., 2018). Cores and borehole tests of 
the Jordan aquifer show that the flow in the aquifer is not only governed by the intergranular spaces 
but also through secondary porosity in the form of cavities and fractures, with the presence of bed-
parallel partings with high hydraulic conductivity being especially common (Runkel et al., 2003; 
2018).  

Aquifer tests of the Jordan aquifer at six locations in Woodbury indicate that hydraulic 
conductivity ranges from 5 m/d to 18 m/d. The hydraulic conductivity values obtained from 
aquifer tests show small variability. This may indicate that long-duration aquifer tests investigated 
the representative heterogeneity of the aquifer. Hydraulic conductivity values calculated from 
specific capacity tests of Jordan aquifer wells in the region, using the method of Bradbury and 
Rothschild (1985), range from less than one to as much as 42 m/d. The larger range as compared 
to the aquifer test results could reflect the influence of local heterogeneity, including variable 
secondary porosity, on the hydraulic conductivity. 

2.3 Jordan aquifer, Olmsted County, Rochester area 
Olmsted County (Figure 7) is in southeastern Minnesota. It has an undulating topography in 
uplands and steeper along streams. There are three principal river systems: Zumbro, Whitewater, 
and Root, which flow to the Mississippi River to the east. Most of the land is used for agriculture, 
with the exception in the city of Rochester, the largest city in the county. Rochester is the largest 
user of groundwater, which is extracted from bedrock aquifers. The Jordan aquifer is the primary 
source, although many wells are also constructed to extract water from other bedrock units (Delin, 
1991; Runkel, 1996). We used the maps and related GIS coverages in Steenberg et al. (2020) to 
provide the geologic context of the Jordan aquifer necessary for our injection capacity estimation.  
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Figure 7. Municipal boundary of Rochester in Olmsted County, Minnesota. 

The general characteristics of the Jordan aquifer and overlying Prairie du Chien Group were 
provided in the previous section. In Olmsted County, the Jordan aquifer is regarded as having more 
or less homogeneous hydraulic properties (Balaban, 1988; Delin, 1991). However, substantial 
variation in municipal well productivity has been recognized and was attributed by Runkel (1996) 
to varying thickness of the coarse clastic sandstone in the aquifer. Areas where the aquifer has a 
relatively thick section of coarse clastic sandstone were shown to be more productive than areas 
where such strata are thinner.  

Aquifer test results for the Jordan aquifer at 15 locations in Olmsted County indicate that the 
hydraulic conductivity ranges from less than 1 m/d to 12 m/d. Hydraulic conductivity values 
calculated from specific capacity tests of Jordan aquifer wells in the region, using the method of 
Bradbury and Rothschild (1985), range from less than 1 m/d to as much as 54 m/d. This larger 
range of values as compared to the aquifer test results may reflect the influence of local 
heterogeneity due to varying thickness of coarse clastic material zone and secondary porosity 
(Figure 8b). 
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Figure 8 (A) Bedrock geologic map of Olmsted County and (B) representative cross-sectional view of the 
Jordan aquifer in Olmsted County. Both illustrations were produced based on information in Steenberg et 
al. (2020). 

2.4 Straight River Watershed and Groundwater Management Area 
The Straight River Groundwater Management Area (SRGWMA) in central Minnesota (Figure 9) 
was established by the Minnesota Department of Natural Resources (MNDNR) to ensure that use 
of groundwater remains sustainable. It includes parts of southern Clearwater, northeast Becker, 
southwest Hubbard and northwest Wadena counties. It is mostly within the Crow Wing River 
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Watershed, but also includes a small part of the Ottertail watershed.  The Straight River is the 
primary stream in the management area (Minnesota DNR, 2017). 

 
Figure 9. Map showing extent of Pineland Sands and the Straight River Groundwater Management Area 
(SRGWMA). Distribution of Pineland Sands Aquifer from Helgesen, (1977). Boundary of the SRGWMA 
from Minnesota DNR (2017). 

The landscape in the SRGWMA is generally flat to gently rolling and is dominated by glacial 
meltwater sand with small areas of finer-grained till and peat (Marshall and Gowan, 2016). It is 
part of a larger area of sandy meltwater deposits in central Minnesota referred to as the Pineland 
Sands (Figure 9). The soils developed in the sand in this region are primarily sandy loams and 
loams that are coarse textured and rapidly permeable (MnDNR, 2017). A number of hydrogeologic 
studies have shown that groundwater and surface water in this area are very well connected, with 
rapid recharge from precipitation and snowmelt through sandy substrate, and discharge as 
baseflow to streams and lakes (Helgesen, 1977; LaBaugh et al., 1981; Siegel and Winter, 1980; 
Stark et al., 1994; Walker et al., 2009).  

Quaternary unconsolidated sediments are over three hundred feet thick across the SRGWMA 
(Radakovich and Chandler, 2018, 2016) and are the primary source of groundwater. The 
uppermost aquifer is an unconfined water table, or “surficial” aquifer. More deeply buried aquifers 
are also common and utilized as a water source. These have overlying low permeability deposits 
such as clay-rich tills (diamictons) and are considered confined aquifers. The hydrogeologic 



 

14 
 

connection between the surficial aquifer and deeper confined aquifers is not comprehensively 
understood, but at least locally the two systems appear to be well connected based on analysis of 
geologic, water chemistry, and potentiometric surface data (Stark et al., 1994). Ongoing 
groundwater mapping by the MNDNR as part of the County Atlas Mapping Program (Bradt, in 
progress) will add further insight into the hydrogeologic relationship between these aquifers.  

Our intended ASR study area targeted the surficial aquifer in the SRGWMA within Becker County 
(Figure 10), which is the northwestern arm of the much more extensive Pineland Sands surficial 
aquifer. We chose it as a representative example of largely unconfined aquifer conditions, in an 
area of heavy water consumption. This contrasts with the mostly confined aquifer conditions at 
our three other ASR sites.  The study area was further restricted to that part of the SRGWMA 
within Becker County only. This allows for analysis within a consistent, seamless, three-
dimensional map of the surficial aquifer and underlying units. 

 
Figure 10. Eastern Becker County surficial geology and primary water features. Study area is northeast of 
the red line. Sand and gravel within the study area is the northwestern arm of the Pineland Sands surficial 
aquifer in the upper reaches of the Straight River Groundwater Management Area. Dashed line A to A’ is 
the line of cross section in Figure 12. Location in regional context shown in Figure 9. Geologic map modified 
from Marshall and Gowan, (2016). 

Maps showing the detailed distribution of variable Quaternary sediments in the study area are 
available as part of Becker County Geologic Atlas, Part A (Bauer et al., 2016; Gowan and 
Marshall, 2016; Marshall and Gowan, 2016). The Pineland Sands aquifer in this area is mapped 
as unit Qs on the surficial geology map, and unit Ou on the Quaternary Stratigraphy map (Gowan 
and Marshall, 2016; Marshall and Gowan, 2016). These units are dominated by glacial meltwater 
deposits composed of poorly to moderately sorted, fine- to coarse-grained sand and gravel. Locally 
the aquifer also includes overlying alluvium composed of sand and gravel. The thickness of the 
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aquifer is highly variable (Figure 11). It is nearly 60m thick in the northwest part of the study area, 
and over 46m thick locally elsewhere. It tapers out against higher elevation tills along its margins.  

 
Figure 11. Thickness of the Pineland Sands aquifer in the study area. From grids available in Bauer et al., 
(2016). 

Across most of the study area the Pineland Sands aquifer is bounded below by sandy loam to loam 
till of the Hewitt Formation, which has a Rainy provenance (e.g. Gowan and Marshall, 2016). 
However, relatively small sand and gravel aquifers associated with Hewitt till, which are otherwise 
confined, may locally be in physical contact with the overlying Pineland Sands aquifer (Figure 
12). Above the aquifer, soils are generally relatively coarse textured (National Resources 
Conservation Service, 2014), with the exception of peat that infilled shallow water bodies such as 
seasonal or ephemeral ponds (Figure 10). 

 
Figure 12. Cross section showing Pineland Sands surficial aquifer and associated units in the study area. 
Till directly below the aquifer is Hewitt Formation across most of the study area, but other till units, not 
depicted in this generalized illustration, are also present.  Thin, surficial peat deposits not shown. Cross 
section line shown in Figure 10. Based on grids of Quaternary sedimentary units in Bauer et al., (2016). 
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Hydraulic conductivity measurements of the Pineland Sands aquifer based on aquifer tests are 
limited. Helgesen (1977) provides results from four aquifer tests, which yielded values ranging 
from 98 to 192 m/day. Precise location and well construction information is incomplete for some 
of these wells, and at least one, with a hydraulic conductivity value of 192 m/day, may be screened 
in a confined Quaternary aquifer. One of the four wells, unique number 107269, is located within 
our study area and is screened in the surficial aquifer. Helgesen (1977) reports a hydraulic 
conductivity of 192 m/day and a storage coefficient of 0.18 for that well. Stark et al. (1994) took 
into consideration the hydraulic conductivity values of Helgesen (1977) in parameterizing their 
groundwater model of the Straight River area, but ultimately regarded a value of 66 m/day as most 
representative because it provided the best match between computed and measured water levels. 
A subsequent modeling effort (CDM, 1999) used values ranging from 91 to 183 m/day across 
geographic “zones” with variable hydraulic conductivity in the Straight River area. These too were 
outcomes of modeling rather than direct measures of hydraulic conductivity.  

Specific capacity tests of 357 water wells within the study area also provide insight into hydraulic 
conductivity, although the results are considered less reliable than more rigorous aquifer tests. 
They are single well tests of typically fairly short duration, conducted by drillers to determine well 
productivity shortly after construction. We used the method of Bradbury and Rothschild (1985) to 
convert the results of the specific capacity tests to hydraulic conductivity estimates (Figure 13). 
The values range from 2 to 348 m/day, with an average of 32 m/day and a median 17 m/day.  

 
Figure 13. Hydraulic conductivity of the Pineland Sands surficial aquifer. Based on specific capacity tests 
of water wells. Water well data from the Minnesota Well Index (Minnesota Department of Health, 2020) 

The hydraulic conductivity of finer-grained, unconsolidated sediment associated with the Pineland 
Sands aquifer has not been directly measured within the study area. The Hewitt Formation, which 
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underlies the Pineland sands aquifer in the area, is a loam to sandy loam diamicton. The range in 
hydraulic conductivity for such material is large, and in part dependent on the method and scale of 
measurement. Tipping et al. (2010) indicate a range of about 10-2 to 10-4 m/day for loam to sandy 
loam tills in Minnesota. Model analysis by Stark et al. (1994) indicated that a vertical hydraulic 
conductivity value of 0.06 m/d is reasonable for conductivity for the Hewitt till underlying the 
surficial aquifer in the area. Hydraulic conductivity of the peat that locally overlies the aquifer is 
also difficult to estimate, as peat is known to be greatly variable in its properties. Chason and 
Siegel (1986) report a range from 10-2 to 9 m/day in a northern Minnesota bog complex and suggest 
that vertical hydraulic conductivity is likely to be one to two orders of magnitude lower.  

Current estimates of recharge and discharge to the Pineland Sands aquifer in the study area are 
beyond the scope of our hydrogeologic characterization. Recharge of the SRGWMA is estimated 
at about five to six inches per year by the US Geological Survey (MnDNR, 2017). Recharge 
estimates for the SRGWMA are also provided by Stark et al. (1994) and CDM (1999) as part of 
their modeling efforts. The MnDNR provides key data relevant to calculating current recharge and 
discharge, such as streamflow gauging (MnDNR, 2020a), high-capacity pumping (MnDNR, 
2020b), hydrographs of observation wells (MnDNR, 2020c) and precipitation (MnDNR, 2020d).  
The location of observation wells, high-capacity wells requiring MnDNR water withdrawal 
permits, and all other wells screened in the Pineland Sands surficial aquifer area shown in Figure 
14. 

 
Figure 14. Location of MnDNR observation wells, high-capacity wells with withdrawal amounts requiring 
permit, and other water wells screened in the Pineland Sands surficial aquifer within the study area. High 
capacity well locations from MnDNR (2020b), observation well locations from MnDNR (2020c). 
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The nearly completed Becker County Geologic Atlas Part B (Bradt, in progress) will provide the 
most recent potentiometric map of the surficial aquifer in the study area. The preliminary contours, 
at 25 ft (7.6m) intervals, are shown in Figure 15. Stark et al. (1994) and CDM (1999) provide 
potentiometric maps at 10 ft (3m) contour intervals. The maps are similar to one another in 
showing the water table sloping regionally to the southeast at a gradient of about 10 ft/mile (1.9 
m/km). The groundwater basin generally coincides with the surface-water basin, with an exception 
noted by Stark et al. (1994) near the Shell River in the western part of the study area, where 
groundwater flows beneath the Shell River and discharges into the Straight River. Discharge is 
predominantly to the Straight River, and locally to lakes, ponds, wetlands and production wells 
(Stark et al., 1994).  Depths to water table range from 0 to about 15m. Changes in water level in 
MnDNR observation wells are typically on the order of four to five feet due to variable 
precipitation (recharge) and seasonal pumping for irrigation and other purposes (MnDNR, 2017).  

 
Figure 15. Potentiometric contours, at 25-ft (7.62m) intervals, for the water table in eastern Becker County, 
including the Pineland Sands aquifer in the study area (from Bradt, in progress). 

Confined aquifers may be recharged by leakage through overlying or underlying aquitards. The 
available hydraulic head elevations of wells screened in the surficial and confined aquifers are 
similar enough to one another that a confident interpretation of the vertical gradient direction 
across the study area cannot be established. Two nested pairs of MnDNR Observation wells 
(unique numbers 608430 and 608429; 630580 and 630586) show a small downward gradient. 
Water level elevations in well clusters representing both aquifers in Minnesota’s CWI database 
give some indications that gradients could be upward elsewhere. However, these are not synoptic 
measurements and are associated with much greater error than MnDNR observation well 
measurements.  
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Residence time was investigated by Stark et al. (1994) using well water samples analyzed for 
tritium and 14C. Results for the surficial aquifer showed that waters from that aquifer were 
isotopically recent, regardless of the depth of the well. The uppermost confined aquifers contained 
water that was recent, vintage (dominated by pre-1953 recharge), and mixed in age. Stark et al. 
(1994) suggested that increased tritium in the uppermost confined-sediment aquifer corresponded 
to areas of significant irrigation groundwater withdrawal, inducing downward leakage of 
isotopically younger waters from the surficial aquifers. This suggested that water in both the 
surficial and in the uppermost confined-sediment aquifers are susceptible to contamination from 
local recharge. 

3 Methodology for Injection Capacity Estimation 
 

3.1 Methodology Overview 
In this study, injection capacity is defined as the maximum volume of water that can be injected 
into an aquifer using a well pumped at constant rate for given operational parameters (i.e., injection 
duration, number and spatial arrangement of wells, and well radius) under the constraint of a 
maximum allowable hydraulic head change. In order to determine the injection capacity, we first 
need to determine the injection rate. To estimate the injection rate that maximizes the injection 
capacity of a well over a certain duration, we use the Theis (1935) solution, which gives the 
hydraulic head change at any point in space and time as  

 ∆ℎ(𝑟, 𝑡) =
𝑄
4𝜋𝑇 𝐸! 7

𝑟"𝑆
4𝑇𝑡9	

(1) 

 
where ∆ℎ (L) is the hydraulic head change, 𝑟 (L) is the distance from the well to the evaluation 
point, 𝑡 (T) is the time from the start of injection, 𝑄 (L3 T-1) is the injection rate, 𝑇 (L2 T-1) is the 
transmissivity, 𝑆 (-) is the storativity, and 𝐸!is the exponential integral function (also known as 
well function), defined by 

 𝐸!(𝑢) = <
#

$
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𝑥 𝑑𝑥	 (2) 
where 𝑢 > 0. Equation 1 is valid both for extraction (𝑄 < 0) and injection (𝑄 > 0). Since both 
cases are mathematically equivalent aside from the sign, we will only develop the injection case 
(i.e., both ∆ℎ and 𝑄 will be positive). 

At any time during the injection process, ∆ℎ is larger at the well than at any other point in the 
aquifer. Therefore, it is at the injection well that the maximum allowable head change (∆ℎ'(&) 
will first be reached. Furthermore, since ∆ℎ has positive correlation with 𝑄 and 𝑡, the injection rate 
that maximizes injection capacity (𝑄)*'(&; the subscript “sw” stands for “single well”) will be the 
one for which ∆ℎ = ∆ℎ'(& at the injection well at the end of the injection period (i.e., 𝑡 = 𝑡+,-; 
orange line in Figure 16). This statement provides an equation for 𝑄)*'(& as 
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where 𝑟* (L) is well radius. Solving for 𝑄)*'(& gives 
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The single-well injection capacity (𝑉)*'(&) is then given by 

 
𝑉)*'(& 	= 𝑄)*'(& × 𝑡+,- =
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(5) 

 
Figure 16. Illustration of the Theis principle for an optimal combination of pumping rates is one for which 
∆ℎ = ∆ℎ!"# at 𝑡 = 𝑡$%& at the well, where 𝑡$%& is the time at the end of injection (𝑡$%&=𝑡'%(). 

3.2 Parameters estimation 
The proposed method requires five parameters: transmissivity, allowable head change, injection 
duration, storativity and well radius to calculate the injection capacity of any well at any point in 
an aquifer. In this section, we describe each of these parameters, and where necessary, explain how 
they were estimated for each study site. A flow chart depiction of the five parameters and factors 
on which they depend is shown in Figure 17. 
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Figure 17. Schematics illustrating the concept of maximum allowable head change. Flow chart shows the 
important parameters and procedures required to estimate injection capacity of unconfined and confined 
aquifers. 

3.2.1 Transmissivity 
Transmissivity (hydraulic conductivity multiplied by aquifer thickness) is a critical parameter that 
controls the injection capacity; transmissivity is shown to have an approximately positive linear 
influence on the value of injection capacity (Shandilya et al., in progress). A reliable aquifer 
transmissivity estimate can be obtained through an aquifer pumping test. For injection capacity 
estimations, an ideal aquifer pumping test would be of a duration equivalent to the target injection 
duration. However, performing such long-term tests is expensive and may not be feasible at every 
location. Nonetheless, all three study sites have some aquifer test data from which we can obtain 
reliable transmissivity values. 

Specific capacity tests are another type of short duration (generally a few  hours) aquifer test used 
to calculate transmissivity (Ahmed and De Marsily, 1987; Bradbury and Rothschild, 1985; Mace, 
2001, 1997; Richard et al., 2016; Srivastav et al., 2007; Theis, 1963). This test is typically 
conducted by a driller to determine well productivity during or immediately after completion. Due 
to its convenience, specific capacity tests are common, with data available for tens of thousands 
of Minnesota wells in the County Well Index database of the Minnesota Geological Survey and 
Minnesota Department of Health. For the Buffalo aquifer, we use specific capacity data of 79 wells 
for hydraulic conductivity calculation. The Woodbury and Olmsted county sites are similar in 
having a high density of specific capacity test results.  
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There are a number of analytical and empirical solutions to estimate transmissivity using specific 
capacity data for different aquifer types (Bradbury and Rothschild, 1985; Mace, 2001; Richard et 
al., 2016). We used the Bradbury and Rothschild (1985) analytical approach to calculate hydraulic 
conductivity at locations where specific capacity tests have been conducted (Appendix A). For 
wells where a long duration aquifer test as well as a specific capacity test have been conducted, 
we use the hydraulic conductivity value obtained from the aquifer test results. Long duration 
aquifer tests generally cover a larger radius of investigation and thus provide a more representative 
hydraulic conductivity value compared to a typical specific capacity test. The results of hydraulic 
conductivity estimation show that the values from both sources (long duration aquifer pumping 
tests and specific capacity tests) are in good agreement (Appendix B). 

We use the results of both aquifer pumping tests and specific capacity tests to interpolate hydraulic 
conductivity values across the extent of target areas using a kriging interpolation method (see 
Appendix C for details). A spatial map of transmissivity is then generated by multiplying the 
interpolated hydraulic conductivity map with either aquifer thickness of the confined portion or 
saturated thickness of the unconfined portion of the aquifer. Furthermore, we do the spatial 
averaging of the transmissivity map over a distance equal to the radius of investigation for each 
point in the aquifer for all three study sites. This averaging process allows us to use relevant 
transmissivity values for given operation conditions. Assuming hydraulic properties are log-
normally distributed, we apply the geometric averaging procedure (Freeze and Cherry, 1979; 
Neuman, 1982). Additionally, Desbarats (1992) has shown that the averaging process gives a 
better estimate of transmissivity when the weight of each point within the defined area, which is 
the radius of investigation here, varies by the inverse square of the distance from the injection 
location. Thus, we do the weighted spatial geometric averaging of the transmissivity map. For each 
of the three study areas, we calculate the radius of investigation using the relative drawdown-
difference criterion method discussed in Bresciani et al. (2020). Aquifer parameters (transmissivity 
and storativity) used for the radius of investigation calculation are obtained from the aquifer test 
results of individual study areas, and a one-month injection duration is used.  

3.2.2 Allowable head change 
Allowable head change is the permissible height of hydraulic head that can be allowed to rise 
above the initial condition without causing any undesirable change such as surface flooding, 
flowing artesian wells, and fracturing of confining units. The allowable head change estimation 
procedure is dependent on whether an aquifer is confined or unconfined.  In this section, we 
therefore describe the allowable head change calculation for unconfined and confined aquifers 
separately.  

In unconfined aquifers, we primarily need to know the ground surface elevation and the initial 
(before the start of injection operation) hydraulic head. We also include a safety limit in the 
calculation to consider the potential risk of flooding. The allowable head change for an unconfined 
aquifer can be expressed as 

 
∆ℎ'(& = (𝐺𝑟𝑜𝑢𝑛𝑑	𝑠𝑢𝑟𝑓𝑎𝑐𝑒	𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛	 − 𝑆𝑎𝑓𝑒𝑡𝑦	𝑙𝑖𝑚𝑖𝑡)

− 𝐼𝑛𝑖𝑡𝑖𝑎𝑙	ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐	ℎ𝑒𝑎𝑑	 (6) 
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The criteria for selecting the value of the safety limit should be specific to the site context. For 
injection wells located in an open field or farmland, we should mostly be concerned about the 
depth equivalent to the soil root zone so that the increase in hydraulic head does not cause harm to 
plants. For the Buffalo aquifer, which is mostly open agricultural area and very few settlements, 
we select 2.5 m below the ground surface as the safety limit. Thus, the allowable head change in 
the unconfined portion of the Buffalo aquifer is calculated considering that the depth to 
groundwater level in the injection wells at the end of injection period is not less than 2.5 m below 
the ground surface. If the injection wells are located near settlements, the value of the safety limit 
should be selected in accordance with the depth of basements and building foundations, which is 
normally deeper than the soil root zone. For this scenario, we would propose to select a deeper 
(~5 m) safety limit (Dudding et al., 2006; Hodgkin, 2004). 

In confined aquifers, the allowable head change is essentially constrained by the fracture pressure 
head of the upper confining layer. Thus, the injection pressure should always be lower than the 
amount of pressure that the upper confining layer can withstand without generating fractures. For 
aquifer storage purposes, the fracture pressure head can be estimated using a simple formula 
presented in Zoback (2010) and Szulczewski et al. (2012). The method requires knowing the bulk 
density and thickness of the upper confining layer and the overburden material. The expression for 
fracture pressure head is given as 

 𝐹𝑟𝑎𝑐𝑡𝑢𝑟𝑒	𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒	ℎ𝑒𝑎𝑑 = XY
𝑣

1 − 𝑣Z × B
𝜌.
𝜌*

𝐷 − ℎ/C + ℎ/ +
𝑝.
𝜌*𝑔

_	 (7) 

where 𝑣 is Poisson ratio of overburden material, 𝜌𝑜 is average bulk density of overburden, 𝜌* is 
density of water, 𝐷 is depth to the bottom of confining layer, ℎ/ is pore water height, 𝑝. is 
atmospheric pressure, and 𝑔 is acceleration due to gravity. However, if we want to cap the fracture 
pressure head to prevent fracturing of the confining layer, we need to include some safety limit in 
the calculation. This will give the value of allowable pressure head 

 𝐴𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒	𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒	ℎ𝑒𝑎𝑑 = 𝐹𝑟𝑎𝑐𝑡𝑢𝑟𝑒	𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒	ℎ𝑒𝑎𝑑 × (1 − 𝑆𝐿)	 (8) 

where 𝑆𝐿 is the safety limit (in %). In the expression, if we use a 15% safety limit, the allowable 
pressure head in the injection well is at 85% of the fracture pressure head (Hodgkin, 2004).  

For all three study areas, we use the bulk density data and the thickness of each overburden layer 
to calculate the fracture pressure head. Now, the expression for allowable head in confined aquifer 
can be written as 

 𝐴𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒	ℎ𝑒𝑎𝑑 = 𝐴𝑞𝑢𝑖𝑓𝑒𝑟	𝑡𝑜𝑝	𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛	 + 𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒	𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒	ℎ𝑒𝑎𝑑	 (9) 

where “aquifer top elevation” is the upper elevation of the aquifer surface above the reference 
mean sea level. The allowable head represents the maximum elevation up to which injection 
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pressure can be allowed to rise in the aquifer. After having the value of allowable head and initial 
hydraulic head, the calculation of allowable head change (∆ℎ'(&) can be defined as 

 ∆ℎ'(& = 𝐴𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒	ℎ𝑒𝑎𝑑	 − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙	ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐	ℎ𝑒𝑎𝑑	 (10) 

For confined aquifers, the allowable head change can cause flowing well conditions (where 
hydraulic head is higher than ground level) very close to the injection well. If one wants to avoid 
any risk of flowing well conditions, the allowable head should be set to the ground level. However, 
this may lead to too strict of a criteria with reduced injection capacity. Note that the head rise is a 
maximum at the injection well, and the head decreases rapidly from the injection well. We 
investigated head profiles near the injection wells for all three study areas (Hodgkin, 2004) and 
confirmed minimal risks. 

3.2.3 Injection duration 
The injection duration refers to the time period over which water will be injected for the purpose 
of aquifer storage and recovery. This will depend on the well efficiency, the volume of surplus 
available water, and local ASR needs. If we assume an ideal condition of continuous well operation 
without any operational failure, then the maximum injection duration becomes a function of water 
availability. Depending on the site condition, sources of excess available water include surface 
water (reservoir, pond, lake, river, etc.), adjacent aquifers, and treated wastewater or stormwater. 
When the source is rainfall stored in a reservoir, lake, or pond, the injection duration depends on 
precipitation as well as surface storage potential. When river water is the source, the injection 
duration may depend on the time during which discharge is more than the environmental and other 
agricultural needs. Thus, the injection duration may be highly variable depending on the context 
and objective. 

3.2.4 Storativity 
Storativity is another important aquifer parameter, which is needed for estimating the well-based 
injection capacity of an aquifer. It is a coefficient that measures the volume of water released from 
storage per unit decline in hydraulic head in the aquifer, per unit area of the aquifer. Storativity is 
a dimensionless quantity, and is always greater than 0. Similar to transmissivity, storativity varies 
in space, and its value can be obtained from aquifer tests. However, due to the small number of 
aquifer test results, we have few storativity values from each ASR study site. It is important to 
note that storativity has a much smaller impact on the injection capacity value compared to 
transmissivity. Thus, considering the small number of storativity values and the small sensitivity 
of injection capacity to storativity, we use the arithmetic mean of storativity for the injection 
capacity estimation. Note that storativity values tend to be normally distributed in an aquifer 
(Neuman, 1982). 

3.2.5 Well radius 
Well radius refers to the radius of a wellbore pipe. Generally, well radius is on the order of several 
centimeters and depends on the application. The best way to select a well radius for an injection 
capacity estimation is to check the radius of the operational wells and their respective use in the 
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nearby areas. We use the well inventory data from all three ASR sites and select a mid-range value 
of well radius (more details in section 4.3). 

3.2.6 Data sources   
The data used in the methods described in this section were retrieved from a large number of 
sources. A description of the individual datasets and their sources for each of our study sites  is 
provided in Appendix D.   

4 Application to aquifers in Minnesota 

4.1 Transmissivity characterization 
In this section, we produce and discuss the transmissivity maps of the three ASR study areas.  

4.1.1 Buffalo aquifer, Clay County 
As discussed in the methodology section 3.2.1, we use hydraulic conductivity values from the 
aquifer and specific capacity tests from 80 locations (locations shown in Figure 18a) and 
interpolate the values using a kriging method (details of kriging given in Appendix C) to produce 
a spatial hydraulic conductivity map across the extent of the Buffalo aquifer (Figure 18b). The 
map shows that the hydraulic conductivity varies significantly in space with the variability over 
three orders of magnitude and the coefficient of variation (standard deviation over mean) of 
hydraulic conductivity is 1.68. The lowest hydraulic conductivity values are from the western 
margin of the aquifer, where aquifer material consists of a considerable proportion of fine-grained 
silt and clay and the aquifer is relatively thin. In the northern portion of the Buffalo aquifer, the 
variability in hydraulic conductivity is large. This large variability likely reflects corresponding 
variability in grain size across small distances. There are no hydraulic conductivity data in the 
southernmost part of the aquifer so the kriging method assigns values that are identical to the 
hydraulic conductivity data of the southernmost data point. 
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Figure 18. Map showing (a) aquifer test and specific capacity test locations and (b) interpolated hydraulic 
conductivity (K) values for theBuffalo aquifer, Clay County. 

A map of transmissivity is produced by multiplying the kriged hydraulic conductivity values of 
confined and unconfined portions by aquifer thickness and saturated thickness, respectively. The 
aquifer thickness of the confined portion and annual average saturated thickness of the unconfined 
portion is shown in Figure 19a and b, respectively.  The aquifer is generally thickest along its 
north-south axis and becomes thinner toward its east and west margins.  Because the unconfined 
parts of the aquifer are located mostly where the aquifer is thick and depth to water is shallow, the 
saturated thicknesses in those areas also have relatively high values.  
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Figure 19. Map showing (a) aquifer thickness (in meters) of the confined portion and (b) saturated thickness 
(in meters) of the unconfined portion in the Buffalo aquifer, Clay County. 

Final transmissivity maps for the confined and unconfined portions of the Buffalo aquifer are 
shown in Figure 20a and Figure 20b, respectively. The transmissivity map shows high variability 
in transmissivity across the aquifer. The coefficient of variation of averaged transmissivity value 
is 2.13 indicating that standard deviation is more than twice the mean transmissivity. In the 
northern portion of the aquifer, the variability in transmissivity is comparatively greater in both 
confined and unconfined portions of the aquifer due to larger variability in both hydraulic 
conductivity and thickness. In the southern portion, there is comparatively smaller variability. 
Smaller variation in aquifer thickness and saturated thickness may be one possible reason. 
However, the lower variability of transmissivity in the southern portion is also likely due to the 
low data density of hydraulic conductivity. Lower values (< 100	𝑚"/𝑑) are mostly from the west 
and east margins whereas higher values (> 3000	𝑚"/𝑑) are mostly along the north-south axis. 
The unconfined parts of the aquifer are associated with moderate to high transmissivity values by 
virtue of their positions where the saturated thickness is relatively great, and aquifer materials are 
coarser grained.  
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Figure 20. Map showing (a) spatially averaged transmissivity value of confined and (b) unconfined portions 
of the Buffalo aquifer, Clay County. 

4.1.2 Transmissivity of Jordan aquifer, Woodbury area, Washington County  
The interpolated hydraulic conductivity map of the Jordan aquifer in the City of Woodbury was 
generated using the hydraulic conductivity results from aquifer tests and specific capacity tests 
(locations shown in Figure 21a). The map shows that hydraulic conductivity of the Jordan aquifer 
in more than half of the area of Woodbury varies by less than one order of magnitude and the 
coefficient of variation value is 0.60. From a few locations in the southwest and northern portion, 
lower values (< 2	𝑚/𝑑) and higher values (> 15	𝑚/𝑑), respectively, are present. The lower and 
higher end values are mostly from the short duration specific capacity tests indicating the influence 
of small-scale heterogeneity on the tests. Overall, hydraulic conductivity is higher in the northern 
portion of Woodbury as compared to the southern portion.  
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Figure 21. Map showing (a) aquifer test and specific capacity test locations and (b) interpolated hydraulic 
conductivity (K) value of the Jordan aquifer, Woodbury, Washington County. 
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The thickness of the Jordan aquifer in Woodbury is very much uniform except along the filled 
bedrock valley (Figure 22a). Along the valley fill deposit area, the aquifer thickness varies from 
less than 20 m to more than 25 m. In all other areas, a uniform thickness of 27.43 m (90 feet) is 
present. Due to the uniform thickness of the aquifer in the majority of the area, with the exception 
along the narrow bedrock valley, variation in spatially averaged transmissivity is mostly due to 
hydraulic conductivity variation. As with hydraulic conductivity, transmissivity across most of the 
area varies within one order of magnitude and the coefficient of variation of transmissivity value 
is similar that of hydraulic conductivity (0.60). Transmissivity is generally highest in the northern 
central part of Woodbury.  

 

Figure 22. Map showing (a) aquifer thickness and (b) spatially averaged transmissivity value of the Jordan 
aquifer, Woodbury, Washington County. 
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4.1.3 Transmissivity of the Jordan aquifer, Olmsted County 
For the Jordan aquifer in Olmsted County, we have a very high density of specific capacity test 
results from the majority of the area except for the southwest portion of the County (Figure 23a). 
A large number of short duration specific capacity tests enable accurate characterization of aquifer 
properties at fine spatial resolution. Many aquifer test data also exist from the city of Rochester. 
We combined results from both sources to produce the interpolated hydraulic conductivity map 
(Figure 23b). Overall, the hydraulic conductivity has little variation except in very small areas, and 
the coefficient of variation value is 0.12. Across the majority of the County, hydraulic conductivity 
is in the range of 2 to 5 m/d. The small areas with hydraulic conductivity outside of this range may 
reflect the local variability in the proportion of coarse clastic versus fine clastic matrix (Runkel, 
1996), as well as the development of secondary porosity. 

 
Figure 23. Map showing (a) aquifer test and specific capacity test locations and (b) interpolated hydraulic 
conductivity (K) value of the Jordan aquifer, Olmsted County. 
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The thickness of the Jordan aquifer in Olmsted County is also very uniform (Figure 24a). The 
aquifer thickness is 30.48 m (100 feet) throughout the County except in the very small area in the 
eastern portion where thickness reduces to less than 15 m. The transmissivity map of the Jordan 
aquifer in Olmsted County (Figure 24b) is also mainly controlled by hydraulic conductivity. 
Transmissivity varies approximately by one order of magnitude, and the coefficient of variation of 
transmissivity is 0.12. In the majority of the County, the values are between 60	to 150 m2/d. Lower 
values (60 m2/d) and higher values (300 m2/d) are only from the very small, localized areas.  

 
Figure 24. Map showing (a) aquifer thickness and (b) spatially averaged transmissivity value of Jordan 
aquifer, Olmsted County. 

4.2 Allowable head change estimation 
In this section, we present the results of allowable head change for the three ASR sites. Note that 
the Buffalo aquifer has unconfined as well as confined portions, therefore, we need to use the two 
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different criteria for estimating allowable head change (Figure 17). On the other hand, the Jordan 
aquifer in the city of Woodbury and Olmsted County is considered to be a confined aquifer. 

4.2.1 Buffalo aquifer, Clay County 
For calculating allowable head change, groundwater elevation data are an essential parameter. We 
use the annual average groundwater elevation data from the MnDNR website and interpolate using 
a kriging method to generate the spatial groundwater elevation map of the Buffalo aquifer, Clay 
County (Figure 25a). The groundwater elevation is higher in the southern part of Clay County than 
in the north. The regional groundwater elevation map of Clay County reveals that groundwater 
flows from uplands areas in the east to low-lying areas near the Red River in the west (Berg, 2018). 
Within the aquifer, the elevation fluctuates in response to local recharge and discharge. The 
recharge to the Buffalo aquifer may be largely from Wilkin County to the south through a large 
unconfined area (Wolf, 1981). However, the aquifer is also locally recharged in Clay County 
through an unconfined portion and through leakage (Wolf, 1981). The potentiometric groundwater 
elevation is used to estimate the allowable head change of the confined portion. For the unconfined 
portion of the aquifer, we use the depth-to-static-groundwater elevation for determining the 
allowable head change. The depth-to-static-groundwater elevation map for the Buffalo aquifer is 
generated by subtracting the groundwater-elevation map from the ground-surface elevation map. 
The depth from the land surface to the static groundwater elevation in the Buffalo aquifer varies 
from less than one meter to approximately five meters (Figure 25b) along its north-south axis. In 
the southern portion and near the river channels of Clay County, the groundwater level is very 
shallow. In other areas, the depth is greater. 

The allowable head change for unconfined parts of the Buffalo aquifer is calculated by the 
expression shown in Equation 6. We use 2.5 m as a safety limit to avoid fully saturating the soil 
root zone. Overall, the allowable head change is small (Figure 25c), indicating that the 
groundwater elevation is close to the land surface. In the southern part of the unconfined aquifer 
there is little allowable headspace for injection. In the middle part the allowable headspace for 
injection is also marginal and may not be considered an ideal location for injection. In the north 
part, moderate allowable head change is possible, where 2 − 3 m of headspace can be used for 
injection. The mean allowable head change value is 0.03 m and standard deviation is 0.25 m. 
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Figure 25. Map showing (a) groundwater elevation (in meters) above mean sea level, (b) depth to static 
groundwater elevation (in meters) from ground surface and (c) allowable head change of the unconfined 
portion of the Buffalo aquifer, Clay County. 

For the confined portion, the depth to the top of the target aquifer (also known as overburden 
thickness) is an important factor in determining the allowable head change. Using the overburden 
thickness data (Figure 26a) and average bulk density of the overburden material, we employ the 
methodology discussed in section 3.2.2 to calculate the allowable head at the 85	% value of the 
fracture pressure head. The larger allowable head occurs where the aquifer is buried more deeply. 
This situation is mostly in the southern portion and along the west and east margins of the aquifer 
in Clay County (Figure 26b). Along the north-south axis, mostly near the transition zone of 
confined and unconfined portions, fracture pressure head is lower. Thus, the allowable head is at 
a lower elevation in these areas. 

Finally, we obtain the allowable head change for the confined portion by subtracting the 
groundwater elevation map from the allowable head map. The allowable head change is high in 
the regions where there is a large difference in allowable head and groundwater elevation (Figure 
26c). Low allowable head values are mostly from the confined-unconfined transition zone areas 
of the aquifer, where the allowable head is comparatively lower. In the south portion, the allowable 
head value is high, but the allowable head change is comparatively low because the groundwater 
elevation is relatively high. In the north portion and along the west and east margins, the allowable 
head change is higher due to the comparatively larger difference of allowable head and 
groundwater elevation. Overall, the allowable head change is low (2 − 5 m) in the majority of the 
confined portion. The mean value of the allowable head change is 4.2 m and the coefficient of 
variation is 0.41.  
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Figure 26. Map showing (a) overburden material thickness (in meters), (b) allowable head (in meters) above 
mean sea level and (c) allowable head change (in meters) of the confined Buffalo aquifer, Clay County. 

4.2.2 Jordan aquifer, Woodbury, Washington County 
The Jordan aquifer in the City of Woodbury is considered confined everywhere, and thus, we use 
a potentiometric groundwater level map to estimate the allowable head change (explained in 
section 3.2.2). We use the potentiometric groundwater level point data to generate the interpolated 
map using a kriging method (the details of the method are given in Appendix C). The interpolated 
potentiometric groundwater level map shows that elevation is higher in the eastern portion of the 
city and the general flow direction is from east to west (Figure 27a). A regional analysis of the 
southern part of Washington County reveals that groundwater flow in the Jordan aquifer radiates 
east, west, and south from a north-south trending groundwater divide along the central axis of the 
County (Barr Engineering, 2005). This divide crosses the northeast corner of our Woodbury study 
area. The recharge of groundwater occurs primarily as leakage through fractures of the overlying 
Prairie du Chien Group, whereas discharge occurs naturally where the aquifer is cut by the 
Mississippi and St. Croix river valleys and through high-capacity extraction wells for groundwater 
supply in the region (Barr Engineering, 2005). The depth-to-static-groundwater level from the 
ground surface of the Jordan aquifer in the Woodbury study area is between 5 m to 85 m (Figure 
27b). The shallower levels are along the buried bedrock valley where the land surface elevation is 
lower and increases outward from the bedrock valley. 
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Figure 27. Map showing (a) potentiometric groundwater level (in meters) above mean sea level and (b) 
depth to static groundwater elevation (in meters) from the ground surface of Jordan aquifer, Woodbury, 
Washington County. 
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In this region, the aquifer is overlain by several different formations, which are consolidated as 
well as unconsolidated in nature and their material composition and thicknesses vary. Due to 
varying material properties, the bulk density value of the formations differs. For the bulk density 
data, we use representative value of consolidated and unconsolidated formations separately. We 
also consider each formation separately when estimating the fracture head and later add them to 
obtain the total fracture pressure.   

We calculate the allowable pressure head at 85	% value of fracture pressure head. Allowable head 
in this area is well correlated with the overburden material thickness (shown in Figure 28a). The 
allowable head elevation (Figure 28b) is higher mostly in the west, northwest and east regions. 
These are the regions where overburden thickness is also larger. Along the north-south trending 
valley, which is filled with unconsolidated deposits, the overburden thickness is comparatively 
smaller and thus, the allowable head is lower. The allowable head change value (Figure 28c) shows 
a similar trend with the allowable head. The values are higher mostly in the western part and some 
parts of east. In these regions, allowable head change above 60 m or more is possible at 85% of 
the fracture-pressure limit. Along the bedrock valley, the values are comparatively lower but an 
allowable head change above 20 m applies to most of the valley. Very small areas have values 
smaller than 20 m. The mean value of allowable head change is 60 m and the coefficient of 
variation value is 0.27.
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Figure 28. Map showing (a) overburden material thickness (in meters), (b) allowable head (in meters) above 
mean sea level and (c) allowable head change (in meters) of the Jordan aquifer, Woodbury, Washington 
County. 
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4.2.3 Jordan aquifer, Olmsted County 
Time series data of potentiometric head were not available, and we used the calibrated 
potentiometric head data from the Rochester Public Utilities report (2018) to generate the 
interpolated groundwater elevation map for Olmsted County. The regional potentiometric surfaces 
reveal that groundwater flow directions in the Jordan aquifer across the County are highly variable 
because of the presence of a groundwater divide that roughly encircles the city of Rochester 
(Figure 29 and Figure 30a). Within this divide water flows towards the central part of the city and 
to the north. Outside of the divide it generally flows to the east, west, and southern borders of the 
county. Recharge to the Jordan aquifer occurs primarily through the leakage from the fractures of 
the overlying Prairie du Chien Group. Discharge occurs along streams and through high capacity 
extraction wells (Lindgren, 1997). The depth to the static groundwater elevation of the Jordan 
aquifer in Olmsted County varies over a large range. It is as shallow as near the ground surface in 
some areas close to the Zumbro, Root, and Whitewater rivers. Farther away from the river 
channels, the depth-to-static-groundwater elevation increases. In the southeast and southwest parts 
of the County, the depth is more than 80 meters below ground surface (Figure 30b). 

 
Figure 29. Bedrock Geologic map of Olmsted County with potentiometric contours (20 ft interval) of the 
combined St Peter Sandstone, Prairie du Chien Group (Shakopee Formation and Oneota Dolomite), and 
Jordan aquifers (Tipping, 2014). 
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Figure 30. Map showing (a) potentiometric groundwater level (in meters) above mean sea level and (b) 
depth-to-static-groundwater elevation (in meters) of the Jordan aquifer, Olmsted County. 
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The Jordan aquifer is confined across Olmsted County. Similar to the Jordan aquifer in the City of 
Woodbury, it is overlain by several consolidated and unconsolidated formations of varying 
thickness and different material composition. Due to differences in physical properties and 
thickness of these overlying units, we separately calculate the fracture pressure of each unit based 
on the methodology in section 3.2.2 and sum the results to determine the total fracture pressure. 
For material bulk density data of consolidated and unconsolidated formations above the Jordan 
aquifer, we use the representative value of those formations where the data are available. 

We calculate the allowable head at 85% of fracture pressure level. The variation in overburden 
thickness (shown in Figure 31a) across the County gives rise to varying allowable head values in 
the County. The highest allowable head is in the southwest part (Figure 31b), where overburden 
thickness is greatest. In more than 75% of the County, the overburden thickness is greater than 
100 m and in all those corresponding areas, the allowable head elevation is also relatively high. 
Using the procedure outlined in section 3.2.2 , we calculate the allowable head change map (Figure 
31c) of the County. The allowable head change map shows that more than 75 m of head change is 
allowed in about half of the County. Most of the remainder of the county has an allowable head 
change between 25 − 75 m. Values  < 25 m are in the vicinity of river channels only. The mean 
value is 77.8 m and the coefficient of variation is 0.37. 



 

42 
 

 
Figure 31. Map showing (a) overburden material thickness (in meters), (b) allowable head (in meters) above 
mean sea level and (c) allowable head change (in meters) of the Jordan aquifer, Olmsted County. 
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4.3 Injection Duration, Storativity and Well Radius 
In this section, we discuss the value of the other three input parameters: injection duration, 
storativity, and well radius. We use constant values for them. As mentioned in section 3.2.3, the 
value of injection duration could be variable depending on the context and objective. However, for 
the preliminary estimation of injection capacity, we use a one-month injection duration for all three 
ASR study areas. The reason behind selecting a constant duration of one-month for all three areas 
is that source water will be available for storage in all three areas at least for a month. The injection 
capacity is approximately proportional to the injection duration. 

Due to the limited number of storativity data points for the Buffalo aquifer and the Jordan aquifer 
in the City of Woodbury, we used the arithmetic mean of storativity values obtained from aquifer 
tests (see section 3.2.4). For the Buffalo aquifer, we treated the storativity values of confined and 
unconfined portions separately. The arithmetic average of storativity values of the confined portion 
of Buffalo aquifer is 0.003, whereas the unconfined portion has an arithmetic average of 0.17. 
The arithmetic average of storativity of the Jordan aquifer in the City of Woodbury is 9 × 10%1. 
For Olmsted County, we use the model calibrated storativity value of 1 × 10%2 from the Rochester 
Public Utilities report (2018). 

Wells used for specific capacity tests in all three ASR areas have a well radius in the range of 5-
50 cm, which means that groundwater wells in these areas have a radius in this range. For ASR 
study purposes, a well radius in the range of 10-20 cm is reported from Australia and USA 
(Dudding et al., 2006; Gibson et al., 2018). We use a constant well radius value of 15 cm for all 
study areas. 

4.4 Injection capacity 
In the previous sections, we presented the estimated input parameter values for calculating 
injection capacity of the ASR study areas. We now use the proposed methodology discussed in 
section 3 to produce injection capacity maps (maps showing how much water can be injected with 
a well at a given location) and discuss the results in this section. 

4.4.1 Buffalo aquifer, Clay County 
The estimated injection capacity values vary over a wide range in the Buffalo aquifer (Figure 32). 
The large variation in the injection capacity is due to the large variation in both transmissivity and 
allowable head change values across the aquifer. The variability in transmissivity values across 
the aquifer causes a large change in the magnitude of injection capacity value. The allowable head 
change also varies significantly across the aquifer; its value ranges from negligible up to 10 m. We 
observe negligible injection capacity values in the southernmost portion and westernmost portions 
of the aquifer. In the southernmost portion, the allowable head change value is zero due to the 
shallow groundwater depth. Along the westernmost portion, the transmissivity value is very low. 
Higher injection capacity is present mostly in the northern area, where it has high transmissivity 
values. The area corresponding to the highest injection capacity value corresponds to where 
transmissivity is highest. 

We now discuss the relevance of estimated injection capacity values for serving the Moorhead 
population. We check whether the estimated injection capacity values are enough to meet the 
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demand of Moorhead. First, we calculate the water demand of the area based on public supply 
uses. Considering the average per capita water demand of Minnesota for public water supply, 
which is 0.45 m3, and total population of Moorhead area based on 2020 census, total demand of 
public water supply is approximately 20,139 m3. We select 90th percentile value of injection 
capacity, which is 220,000 m3 and observe that with one month of injection from a single well, a 
water volume equivalent to a total public supply of 10 days can be stored. In other words, 9 wells 
are required to store water equivalent to the public water demand of Moorhead for three months. 
However, if we target areas in the north having injection capacity higher than 90th percentile value, 
a lower number of wells may be required. 

The Buffalo aquifer has confined and unconfined conditions depending on the presence of glacial 
Lake Agassiz clay. The interconnection between the confined and unconfined portions may raise 
the possibility of leakage of injected water through unconfined regions, if the hydraulic head in 
injection wells located near the transition zone of confined and unconfined region is allowed to 
rise higher than the ground surface level. For the Buffalo aquifer, the allowable head near the 
interface of confined and unconfined conditions at 85% of the fracture pressure head is below the 
ground surface in most areas. Few exceptions are present in very small areas, but the allowable 
head remains only 1 m above the ground surface, which will decrease rapidly away from an 
injection well. To quantitatively confirm this, we check the hydraulic head profile at a point in the 
aquifer, which is not only close to the confined and unconfined interface (shown in Figure 32) but 
also with a high injection capacity value (injection rate > 22,700 cubic meters per day). We 
observe a sharp decline in the hydraulic head as the distance increases from the injection well. 
From Figure 33, we can see that 1 − 2 m of decline in hydraulic head occurs close to the injection 
well. Thus, any injection well located at a distance of more than several meters from the confined 
and unconfined interface will not cause any leakage through unconfined regions. 



 

45 
 

 
Figure 32. Injection capacity map of the Buffalo aquifer, Clay County. Black box in the figure represents the 
location where hydraulic head variation as a function of distance from injection well is estimated (Figure 
33). 

 
Figure 33. Hydraulic head profile variation against distance from injection well. Dashed line shows relative 
position of ground surface level with respect to allowable head change elevation. 
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4.4.2 Jordan aquifer, Woodbury, Washington County 
The injection capacity value of the Jordan aquifer also varies over a wide range (Figure 34), but in 
the majority of areas, the variation is less than the Buffalo aquifer. The injection capacity map 
suggests that transmissivity exerts the first-order control on the injection capacity. However, 
locally allowable head change also affects injection capacity. Lower transmissivity in the south 
and lower allowable head change along the buried bedrock valley lead to low injection capacity in 
these areas. In the north and northwest part of the city, injection capacity is significantly higher 
because of higher values of transmissivity and allowable head change.  

The relevance of the estimated injection capacity values for serving the population of Woodbury 
can be assessed by comparison to the city’s water consumption. Considering the average per capita 
water demand of Minnesota for public water supply, which is 0.45 m3, and total population of 
Woodbury area based on 2019 census, the total demand for public water supply is approximately 
32,773 m3. We select 90th percentile value of injection capacity, which is 380,000 m3 and observe 
that with one month of injection from a single well, a water volume equivalent to the total public 
supply of 11 days can be stored. Therefore, nine wells would be required to store water equivalent 
to the public water demand of Woodbury for 3 months. However, if we target areas in the north 
where injection capacity values are higher than 90th percentile value, then a lower number of wells 
may be required. 

 
Figure 34 Injection capacity map of the Jordan aquifer, Woodbury, Washington County. Black box in the 
figure represents the location where hydraulic head variation as a function of distance from injection well is 
estimated (Figure 35). 
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We quantitatively evaluate the risk of inducing flowing artesian wells near an injection well. We 
check this for the location having a higher-end injection capacity value (shown by the black box 
area in Figure 34). Hydraulic head elevation in the aquifer decreases rapidly as the distance from 
the injection well increases (Figure 35). For a very small distance (~5 m) from the injection well, 
the hydraulic head becomes below the ground surface level. Thus, by protecting a small area 
around an injection well, flowing artesian wells can be prevented. 

One important point to note is that the current methodology does not consider any leakage through 
a confining layer. The Oneota aquitard above Jordan aquifer is known to be leakier than many 
other bedrock aquitards in the hydrogeologic system due to the presence of small fractures and 
secondary porosity. Thus, there is a possibility of leakage through the Oneota aquitard if the 
hydraulic head level increases substantially. This means inter-aquifer leakage, which one may 
want to avoid depending on the situation, but it also implies that the hydraulic head increase will 
be smaller at an injection well, thereby reducing the risk of inducing flowing artesian wells near 
an injection well and increasing the injection capacity.  

 

 
Figure 35. Hydraulic head profile as a function of distance from injection well. Dashed line shows relative 
position of ground surface level with respect to allowable head change elevation. 

4.4.3 Jordan aquifer, Olmsted County 
There is a large variability in injection capacity values for the Jordan aquifer in Olmsted County 
(Figure 36). The county-scale analysis shows that the estimated injection capacity values across 
most of the County correspond to the trend of the allowable head change. Variation in injection 
capacity due to transmissivity is also observed but from limited areas. This is because the 
variability of allowable head change is larger than the variability of transmissivity. Areas near the 
three major river channels show lower values of injection capacity. The lower values of allowable 
head change in these areas cause the lower injection capacity. In the south and southwest parts of 
the County, injection capacity is higher. These are the regions where the aquifer has a higher value 
of allowable head change and a mid-range value of transmissivity. Overall, we observe large areas 
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of the County having mid-range injection capacity values, whereas lower injection capacity is only 
from localized areas in the north and east. 

The relevance of the estimated injection capacity values for serving the population of Rochester 
can be assessed by comparison to the city’s water consumption. First, we calculate the water 
demand of the area based on public supply uses. Considering per capita water demand for public 
water supply, which is 0.45 m3, and the total population of Rochester based on the 2018 census, 
total demand for public water supply is approximately 98,910 m3. We select the 90th percentile 
value of injection capacity, which is 220,000 m3 and observe that with one month of injection 
from a single well, water volume equivalent to the total public supply of 2 days can be stored. In 
other words, 40 wells are required to store water equivalent to the public water demand of 
Rochester for three months. However, if we target areas with injection capacity higher than 90th 
percentile value, then a lower number of wells may be required. 

 
Figure 36 Injection capacity map of Jordan aquifer, Olmsted County. Black box in the figure represents the 
location where hydraulic head variation as a function of distance from injection well is estimated (Figure 
37). 

Similar to the city of Woodbury, we evaluate hydraulic head variation as a function of distance 
from an injection well. For areas having a higher-end injection capacity (marked in Figure 36), the 
result shows that the hydraulic head will be above ground surface level within about 15 m from 
the injection well (Figure 37). Thus, flowing artesian wells can be prevented by protecting the area 
close to an injection well (less than 15 m from an injection well). 
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Figure 37. Hydraulic head profile as a function of distance from injection well. Dashed line shows relative 
position of ground surface level with respect to allowable head change elevation. 

4.4.4 Comparison of Injection Capacity 
In this section, we compare the injection capacity of the three studied areas. The injection capacity 
of the Buffalo aquifer has the largest variation, and Olmsted County has the smallest variation 
(Table 1). Both transmissivity and allowable head change vary widely in Buffalo aquifer, but 
transmissivity is relatively homogeneous in the Jordan aquifer especially in Olmsted County. The 
variability of injection capacity is larger in the city of Woodbury compared to Olmsted County. 
This is mainly because the variability of transmissivity is larger in the Jordan aquifer in the city of 
Woodbury compared to Olmsted County. 

The 99th percentile value of injection capacity is highest in the Buffalo aquifer due to high 
transmissivity values. A comparison of the median injection capacity value of the three areas 
shows that the median value is an order of magnitude smaller in the Buffalo aquifer, even though 
the maximum value of the Buffalo aquifer is the largest of all three. This is because the Buffalo 
aquifer has significant variability in both transmissivity and allowable head change. In the Buffalo 
aquifer, the median value is close to 2.5% of the 99𝑡ℎ percentile value, which indicates that 
injection capacity values are small in the majority of the area. Although the 99𝑡ℎ percentile value 
of injection capacity in the Woodbury area is more than twice of the Olmsted area, the median 
injection capacity value has a very small difference. The median injection capacity value of 
Woodbury is close to 25% of the 99𝑡ℎ percentile value, whereas for Olmsted, it is close to 56% 
of the 99𝑡ℎ percentile value. 
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Table 1. Overall comparison of key estimated variables between the three aquifers.  

Statistics of key estimated variables 

 
Buffalo  
aquifer       Jordan aquifer 

 Unconfined Confined Woodbury  
Olmsted 
County 

 Hydraulic conductivity [m/d] 
Mean value 51.11	 6.86	 3.44	
Median value 26.49	 5.96	 3.47	
Standard deviation 85.89	 4.12	 0.44	
Coefficient of 
variation 1.68	 0.60	 0.13	
 Transmissivity [m2/d] 
Mean value 3395.84	 1560.41	 187.69	 107.40	
Median value 817.09	 270.41	 164.02	 109.95	
Standard deviation 5195.86	 3328.90	 113.40	 13.83	
Coefficient of 
variation 1.53	 2.13	 0.60	 0.13	
 Allowable head change [m] 
Mean value 0.03	 4.19	 60.26	 77.87	
Median value 0.00	 4.12	 61.75	 78.51	
Standard deviation 0.26	 1.72	 16.47	 29.21	
Coefficient of 
variation 7.90	 0.41	 0.27	 0.38	
 Injection capacity [103 m3/d] 
Mean value 0.16	 0.06	 0.19	 0.145	
Median value 0.06	 0.016	 0.146	 0.146	
Standard deviation 0.19	 0.12	 0.13	 0.057	
Coefficient of 
variation 1.19	 1.93	 0.68	 0.40	
99th Percentile value 0.75	 0.55	 0.59	 0.26	

 

5 Identified Data Gaps 
5.1 Groundwater Level Data 
Groundwater level is an important parameter that is required for allowable head change estimation. 
While estimating allowable head change for the three sites, two data gaps related to groundwater 
level data were noted: low spatial density of groundwater level data for all three areas and the 
absence of time series data for Olmsted County. The increase in the density of groundwater 
elevation data will enable a more accurate estimation of the allowable head change. If the hydraulic 
head data density is too low, the interpolated map may not capture the accurate spatial picture of 
groundwater elevation for the area. Along with the necessity to have higher hydraulic head data 
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density, more time series data of hydraulic head is desired. The benefit of having time series data 
is that we can eliminate the biases originating from a single point measurement. In addition, 
seasonal and inter-annual variability in the groundwater elevation can be observed and considered 
with time series data. 

5.2 Aquifer Pumping Test Data 
Aquifer pumping test data are essential for estimating aquifer characteristics such as transmissivity 
and storativity. Aquifer test data with long durations are desired to estimate representative aquifer 
properties, which is critical for the accurate estimation of injection capacity. However, there is a 
limited number of aquifer tests from each site, and we therefore relied on specific capacity test 
results to increase data density. For the City of Woodbury and Olmsted County, storativity data is 
also scarce. Conducting more long-duration aquifer pumping tests and making these results 
available in a centralized geodatabase will improve the accuracy of injection capacity maps. 

6 Future Directions 
6.1 Incorporate Leakage factor in the Injection Capacity Estimation Framework 
The Buffalo aquifer in Clay County has both confined and unconfined portions. The confined 
portion is overlain by clay sediments of glacial Lake Agassiz. Aquifer test results of clay sediments 
indicate that vertical hydraulic conductivity is very low; thus, leakage through this layer is 
relatively minimal. However, in the case of the Jordan aquifer, the overlying Oneota aquitard is 
known to be leaky mainly due to fractures and secondary pores. If confining layers are leaky, the 
leakage of injected water may occur from the injected aquifer to overlying or underlying 
formations, which will reduce hydraulic head increase at an injection well. Thus, the proposed 
methodology may underestimate injection capacity because the current framework does not 
consider the leakage of confined aquifers. To account for leakage, we need to extend the injection 
capacity framework such that it incorporates a leakage factor in the calculation of the injection 
capacity estimation. Until now, there has been no such tool that estimates the injection capacity 
with leakage factor. This would be an important next step because no aquitards are perfectly 
impermeable. 

6.2 Recovery Efficiency of Injected Water 
In this report, our focus is mainly on the well-based injection capacity estimation, which can be 
used to assess the aquifer suitability for storage purposes. A comprehensive ASR suitability study 
requires an accurate estimation of both injection capacity and recovery efficiency, where recovery 
efficiency can be defined as the ratio of recoverable water volume over injected water volume. 
The total amount of recoverable water can be estimated by knowing both injection capacity and 
recovery efficiency. For example, when the quality of native groundwater is poor, recovery 
efficiency decreases as injected water and native groundwater undergo dispersive mixing. Other 
than dispersive mixing, density differences, hydraulic gradient, storage duration, and fractures are 
other factors that influence the recovery efficiency of injected water. We currently do not have a 
quantitative framework that estimates recovery efficiency. Understanding the combined effects of 
these factors on recovery efficiency is an important next step. 
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7 Conclusions 
This study proposes a simple methodology that efficiently estimates the well-based injection 
capacity of aquifers. The method is based on the Theis solution and provides a first-order 
assessment of the maximum amount of water that can be safely injected through a well under the 
assumption of a constant injection rate over a given injection duration. Based on the proposed 
methodology, we developed a new GIS-based mapping tool that produces injection capacity maps 
by combining the methodology with Minnesota's extensive hydrogeologic databases. We then 
successfully applied the tool and produced injection capacity maps for three aquifers in Minnesota. 
The developed methodology is applied to the Buffalo aquifer in Clay County and the Jordan 
aquifer in the City of Woodbury and in Olmsted County.  

The results reveal that the selected study areas have large spatial variabilities in the injection 
capacity, and our results can inform ideal injection locations in terms of the injection capacity. The 
injection capacity is mainly determined by the transmissivity and the allowable head change at a 
well. Regions corresponding to high transmissivity values have a tendency to yield large injection 
capacity and vice-versa. Another important parameter that determines injection capacity is the 
allowable head change at the well. The larger the allowable headspace, the larger the injection 
capacity. The Buffalo aquifer shows the highest variability in the injection capacity, and the other 
two aquifers show similar variability. In the case of the Buffalo aquifer, the variability of 
transmissivity values is very large, and it mostly outweighs other parameters. Therefore, places 
with high transmissivity values typically exhibit higher injection capacities, even though the 
allowable head change value may not be on the higher end. The variability in the injection capacity 
is also present in the Jordan aquifer at the other two study sites. However, in these two areas, the 
allowable head change values are significantly larger than the Buffalo aquifer. Thus, the variability 
of injection capacity is governed by both the variation in transmissivity and allowable head change. 
In the Woodbury area, the higher injection capacity values are mostly from the north and northwest 
regions that have both high transmissivity and large allowable head change. In Olmsted County, 
higher injection capacity values are also from areas with both higher value of transmissivity and 
allowable head change. Exceptions do exist but in small localized areas. 

The estimated injection capacity maps showed that the water volume equivalent to the public water 
supply for three months can be safely stored using multiple injection wells with the one-month 
injection duration. The number of injection wells required to store water will vary for each site 
depending on the location of injection wells and injection duration. If higher injection capacity 
locations are targeted, then the number of wells can be reduced. More detailed studies are needed, 
but our study shows that the hydrogeological condition of the Buffalo aquifer and the Jordan 
aquifer at Woodbury and Rochester is suitable to safely inject a sufficient quantity of water for 
storage. Successful injection of water will enhance the water availability and the long-term 
sustainability of aquifers. The Pineland Sands aquifer in the Straight River Groundwater 
Management area was deemed unsuitable for ASR because an adequate source of water for 
injection could not be identified.  
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Appendix A: Transmissivity calculation from specific capacity test results 

By using specific capacity test data, one can significantly increase the density of transmissivity 
data. Specific capacity tests, which typically involve small pumping rates (100s liters per minute) 
over short durations (1-2 hours), are generally performed on private wells, where the owners are 
interested in knowing how much groundwater can be pumped from the well. 

A couple of analytical solutions are available to calculate transmissivity from specific capacity in 
non-equilibrium flow conditions, and the majority of them are based on the approach of Theis 
(1963). We use another method (Bradbury and Rothschild, 1985) which is programmed to run in 
software (MATLAB and Excel). The method considers partial penetration and well loss, which 
can have a substantial impact. The expression for transmissivity (𝑇) from specific capacity (𝑆4) is 
given as:  

 𝑇 =
𝑄

4𝜋(∆ℎ − 𝑆*)
g𝑙𝑛 B

2.25𝑇𝑡
𝑟*"𝑆

C + 2𝑆/h	 (11) 
Where 𝑄 is discharge rate, ∆ℎ is head loss in the well, 𝑆* is well loss, 𝑡 is time, 𝑟* is well radius, 
𝑆 is storativity, 𝑆/ is the partial well penetration factor. The equation cannot be solved directly for 
𝑇, therefore an iterative approach is used which can be done numerically. The iteration continues 
until the assumed and calculated values for 𝑇 converge. Parameters other than 𝑆* and 𝑆/ are often 
available from a site. However, these two parameters need to be estimated. 

Well loss is calculated as 

 𝑆* = 𝐶𝑄"	 (12) 
𝐶 is well constant, which can be calculated from the step-drawdown test. In case pumping rate is 
lower, the well loss can be ignored. 

Partial penetration factor can be calculated as 

 𝑠/ =
1 − 𝐿𝑏
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where 𝐿 is screen length, 𝑏 is aquifer thickness and 𝐺 Y5
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Appendix B: Comparison of hydraulic conductivity from specific capacity test and aquifer 
pumping test 
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Here we provide additional discussion on the hydraulic conductivity value obtained from specific 
capacity test and aquifer test results. In each of the three ASR study regions, a couple of wells have 
results from both tests. For the locations where both tests are conducted, the value obtained from 
them differs, but the difference is within an order of magnitude which is not large considering the 
fact that hydraulic conductivity varies over 13 orders of magnitude in nature. For all three study 
areas, we observe that the hydraulic conductivity value is in good agreement for both test methods.  

 
Figure 38. Hydraulic conductivity against unique well ID from specific capacity and aquifer test of the Buffalo 
aquifer, Clay County. 

 
Figure 39. Hydraulic conductivity against unique well ID from specific capacity and aquifer test of the Jordan 
aquifer, Woodbury, Washington County 
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Figure 40. Hydraulic conductivity against unique well ID from specific capacity and aquifer test of the Jordan 
aquifer, Olmsted County. 

Appendix C: Kriging interpolation 
For interpolation of hydraulic conductivity values and groundwater elevation data, we used a 
kriging tool in ArcGIS Pro software. For hydraulic conductivity values, log transformation of data 
is done because hydraulic conductivity data often follows log normal distribution (Neuman, 1982). 
Because hydraulic conductivity data of the Buffalo aquifer has a large trend, we used the “constant 
trend removal” option available in the ArcGIS Pro software. For interpolation of groundwater 
elevation data, we have not done any transformation of data and trend removal procedure. Further, 
we select the “model type” and adjust the value of parameters to obtain the interpolated map. For 
each area, the model type and value of parameters (nugget, range and partial sill) is selected such 
that the interpolated surface has a minimum value of “average standard error” and “mean 
standardized value”. The model type and parameter value for interpolation of hydraulic 
conductivity and groundwater elevation data is listed in table below: 

Table 2 Details of kriging interpolation. 

 Buffalo aquifer, 
Clay County 

Jordan aquifer, 
Woodbury city 

Jordan 
aquifer, 
Olmsted 
County 

Hydraulic conductivity 

Model type Spherical Exponential Exponential 
Nugget 0.1 0.54 0.27 
Partial Sill 0.2 0.96 0.38 
Range 3000 8430 1471 
Groundwater elevation 
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Model type Stable Spherical Stable 
Nugget 0.002 0.12 0.04 
Partial Sill 1.15 1.97 1.2 
Range 22798 12470 12790 

Appendix D: Sources of Data 
 

Buffalo Aquifer 
GIS files depicting geologic context for the Buffalo aquifer study area were acquired from the Clay 
County Geologic Atlas Part A (Bauer, 2014). Key components were surficial geologic maps and 
rasters of Quaternary stratigraphic units.  

 Subsurface data are primarily from the County Well Index (CWI) co-managed and available from 
the Minnesota Geological Survey and Minnesota Department of Health 
(https://mnwellindex.web.health.state.mn.us/). It is a statewide database that includes information 
from water-well records and other subsurface drill-hole data, such as exploration holes. The 
County Well Index is stored in a database that consists of 10 related tables. These tables contain 
information such as well depths, well construction, addresses, aquifers, dates drilled, static water 
levels, and results of specific capacity tests. They also contain alternate well identifiers such as 
permit numbers or emergency-service numbers, and the well stratigraphy (the geologic materials 
encountered during drilling).  

Time series hydraulic head elevation data were acquired from the Minnesota Department of 
Natural Resources (MnDNR) Cooperative Groundwater Monitoring Program    

(https://www.dnr.state.mn.us/waters/cgm/index.html).  

Locations of wells with large volume groundwater withdrawals were acquired from the MnDNR 
Permitting and Reporting System  

(https://www.dnr.state.mn.us/waters/watermgmt_section/appropriations/wateruse.html). These 
include all wells permitted by MnDNR to exceed withdrawals of 10,000 gallons per day or one 
million gallons per year.  

Aquifer test information was compiled from a number of sources: Published summaries of test 
results in Schoenberg (1998) and Wolf (1981), and unpublished test results in an informal database 
of aquifer tests maintained by the MnDNR. Permeability values for the aquitard overlying the 
Buffalo Aquifer were compiled from Schoenberg (1998) and Remenda et al. (1994).  

Data on the material properties of the aquitard overlying the Buffalo aquifer, such as density, used 
to estimate fracture pressure head, was acquired from Arndt (1977).  
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Woodbury, Washington County 
GIS files depicting geologic context for the City of Woodbury area were acquired from the 
Washington County Geologic Atlas Part A (Bauer, 2016). Key components were surficial and 
bedrock geologic maps and rasters of unit surfaces. 

Subsurface data are primarily from the County Well Index (CWI) co-managed and available from 
the Minnesota Geological Survey and Minnesota Department of Health  

(https://mnwellindex.web.health.state.mn.us/).  

It is a statewide database that includes information from water-well records and other subsurface 
drill-hole data, such as exploration holes. The County Well Index is stored in a database that 
consists of 10 related tables. These tables contain information such as well depths, well 
construction, addresses, aquifers, dates drilled, static water levels, and results of specific capacity 
tests. They also contain alternate well identifiers such as permit numbers or emergency-service 
numbers, and the well stratigraphy (the geologic materials encountered during drilling).  

Time series hydraulic head elevation data were acquired from the Minnesota Department of 
Natural Resources (MnDNR) Cooperative Groundwater Monitoring Program  

(https://www.dnr.state.mn.us/waters/cgm/index.html). 

Locations of wells with large volume groundwater withdrawals were acquired from the MnDNR 
Permitting and Reporting System  

(https://www.dnr.state.mn.us/waters/watermgmt_section/appropriations/wateruse.html).  

These include all wells permitted by DNR to exceed withdrawals of 10,000 gallons per day or one 
million gallons per year.  

Aquifer test information was compiled from unpublished test results in an informal database of 
aquifer tests maintained by the MnDNR.  

Data on the material properties of the overburden on top of the Jordan aquifer used to estimate 
fracture pressure head was acquired from multiple sources. Strength measurements were acquired 
from Thiel and Dutton (1935), Bloomgren (1985), CNA (1997), and an unpublished Minnesota 
Department of Transportation database. Density and porosity data were acquired from Thiel and 
Dutton (1935), Manger (1963), Bloomgren (1985), Christensen (1989), Batten et al. (1999), Labuz 
(2018), and from the Wisconsin Geological and Natural History Survey website at  

https://wgnhs.wisc.edu/maps-data/data/rock-properties/porosity-density-measurements-data/. 
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City of Rochester, Olmsted County 

GIS files depicting geologic context for the City of Rochester and surrounding parts of Olmsted 
County were acquired from the Olmsted County Geologic Atlas Part A (Steenberg et al., 2020). 
Key components were surficial and bedrock geologic maps and rasters of unit surfaces. 

Subsurface data are primarily from the County Well Index (CWI) co-managed and available from 
the Minnesota Geological Survey and Minnesota Department of Health 
(https://mnwellindex.web.health.state.mn.us/). It is a statewide database that includes information 
from water-well records and other subsurface drill-hole data, such as exploration holes. The 
County Well Index is stored in a database that consists of 10 related tables. These tables contain 
information such as well depths, well construction, addresses, aquifers, dates drilled, static water 
levels, and results of specific capacity tests. They also contain alternate well identifiers such as 
permit numbers or emergency-service numbers, and the well stratigraphy (the geologic materials 
encountered during drilling).  

Time series hydraulic head elevation data were acquired from the Minnesota Department of 
Natural Resources (MnDNR) Cooperative Groundwater Monitoring Program  

(https://www.dnr.state.mn.us/waters/cgm/index.html). 

Locations of wells with large volume groundwater withdrawals were acquired from the MNDNR 
Permitting and Reporting System  

(https://www.dnr.state.mn.us/waters/watermgmt_section/appropriations/wateruse.html). These 
include all wells permitted by DNR to exceed withdrawals of 10,000 gallons per day or one million 
gallons per year.  

Aquifer test information was acquired from unpublished test results compiled by Barr Engineering 
and the City of Rochester. This information had been compiled as part of a groundwater modeling 
project (Rochester Public Utilities, 2018).  

In addition to water level data provided in CWI, other sources of water level information, including 
near synoptic measurements of selected wells and head elevations calibrated from modeling, were 
acquired from Barr Engineering and the City of Rochester. This information had been compiled 
as part of a groundwater modeling project (Rochester Public Utilities, 2018).  

Data on the material properties of the overburden on top of the Jordan Aquifer used to estimate 
fracture pressure head was acquired from multiple sources. Strength measurements were acquired 
from Thiel and Dutton (1935), Bloomgren (1985), CNA (1997), and an unpublished Minnesota 
Department of Transportation database. Density and porosity data were acquired from Thiel and 
Dutton (1935), Manger (1963), Bloomgren (1985), Christensen (1989), Batten et al. (1999), Labuz 
(2018), and from the Wisconsin Geological and Natural History Survey website at  

https://wgnhs.wisc.edu/maps-data/data/rock-properties/porosity-density-measurements-data/. 
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Pineland Sands Aquifer, Straight River Groundwater Management Area 
GIS files depicting geologic context for the Pineland Sands aquifer in the Straight River 
Groundwater Management Area, Becker County, were acquired from the Becker County Geologic 
Atlas Part A (Bauer et al., 2016). Key components were surficial and bedrock geologic maps and 
rasters of unit surfaces. 

Subsurface data are primarily from the County Well Index (CWI) co-managed and available from 
the Minnesota Geological Survey and Minnesota Department of Health 

(https://mnwellindex.web.health.state.mn.us/). It is a statewide database that includes information 
from water-well records and other subsurface drill-hole data, such as exploration holes. The 
County Well Index is stored in a database that consists of 10 related tables. These tables contain 
information such as well depths, well construction, addresses, aquifers, dates drilled, static water 
levels, and results of specific capacity tests. They also contain alternate well identifiers such as 
permit numbers or emergency-service numbers, and the well stratigraphy (the geologic materials 
encountered during drilling).  

Time series hydraulic head elevation data were acquired from the Minnesota Department of 
Natural Resources (MnDNR) Cooperative Groundwater Monitoring Program  

(https://www.dnr.state.mn.us/waters/cgm/index.html). 

Locations of wells with large volume groundwater withdrawals were acquired from the MnDNR 
Permitting and Reporting System  

(https://www.dnr.state.mn.us/waters/watermgmt_section/appropriations/wateruse.html). These 
include all wells permitted by DNR to exceed withdrawals of 10,000 gallons per day or one million 
gallons per year.  

Aquifer test information was acquired from publications by Helgeson (1977) and Stark et al., 
(1994).  
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Engineering and environmental requirements 
Executive Summary  
Author:  Josh Kirk and Bill Arnold 
 

For each of the four study areas evaluation of the feasibility of aquifer storage and recovery                
(ASR) on a scale that would provide significant benefit to the nearby communities can be               
divided into three main stages. The following protocol assumes that injection capacity of the              
target aquifer is sufficient to store the required amount of water, and that injection and recovery                
wells will be the main technology for delivering water to and recovering water from the target                
aquifer. At each stage, if the main requirements cannot be met, then it is unlikely that an ASR                  
project would be viable in the area of interest.  

The first stage consists of the identification and evaluation of a source water of ample quantity.                
The definition of ample quantity is used loosely here, but a good estimation could be an amount                 
equal to the average daily water demand of the municipality interested in pursuing an ASR               
project, the amount withdrawn for irrigation purposes in a defined area, or a quantity that would                
be sufficient to impact the target aquifer in an otherwise desirable manner. If no source water can                 
be provided in a quantity that would meet the expected demands of the project for which ASR is                  
being considered as a water security, storage, or remediation technique, then ASR is not a               
suitable technique for the project. 

The second stage consists of evaluating the aquifer geochemistry and native groundwater quality.             
If the aquifer media is composed of materials that may contaminate stored water despite any               
pre-injection treatment, or the groundwater is contaminated with pollutants that may render the             
stored water unsuitable for the ultimate purpose of the project, then ASR is not a suitable                
technique for the project. 

The third and final stage consists of evaluating the feasibility of treating the source water in such                 
a way as to mitigate deleterious water quality changes during storage, and to meet the water                
quality expectations for the stored water upon withdrawal from the target aquifer. If the              
necessary treatment is not feasible or it is simply not possible to treat the water to meet these                  
expectations, then ASR is not a suitable technique for the project. 

The Buffalo aquifer is located to the east of the city of Moorhead, in Clay County. The City                  
obtains approximately 80% of their drinking water from the Red River, while they draw about               
20% from the Buffalo aquifer. Drought conditions can cause the stage of the Red River to drop                 
to the point where sufficient water withdrawals to meet the City’s drinking water demand cannot               
be made from the river. In these cases, the City can rely more heavily upon the Buffalo aquifer.                  
However, the Buffalo aquifer is also used by several smaller outlying municipalities as well as a                
source of irrigation water for agricultural activity in the county. If the Red River were to                
experience an extended period of low flow due to drought conditions, it is not clear what                
sustainable withdrawal from the Buffalo aquifer would entail. In order to provide drought             
resilience, ASR could be considered as a mechanism to increase the available water volume in               
the Buffalo aquifer which would provide additional water security to the City.  
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There are three potential sources of water for injection into the Buffalo aquifer. One is the Red                 
River, which could be drawn at a flow rate exceeding the City’s drinking water demand during                
periods of adequately high flow. Another is the Buffalo River, which is hydraulically connected              
to the Buffalo aquifer in some of the locations where it is unconfined. However, the average flow                 
of this river is low enough that it would probably not be able to provide sufficient quantities for                  
ASR operations. The final potential source water is the effluent of the City’s wastewater              
treatment plant. Currently, this flow is discharged to the Red River, but it could potentially be                
redirected for injection into the Buffalo aquifer.  

The Buffalo aquifer is composed of sand and gravel from glacial outwash of the Red Lake Falls                 
Formation. This provenance of this Formation iRiding Mountain-Winnipeg, to the northwest,           
and dated to the late-Wisconsinan period. The source area and rock fragments incorporated in the               
glacial sediment, make it highly likely that the Buffalo aquifer contains arsenic in iron sulfide               
minerals such as pyrite. In general, glacial till associated with the northwest provenance             
late-Wisconsinan age glacial sediment is fine-grained with significant organic entrainment. This           
has led to the mobilization of arsenic in wells in the Buffalo aquifer. In addition, the aquifer has                  
sulfate, manganese, and is generally hard. Any water that is injected into the Buffalo aquifer               
should not be expected to maintain a potable condition due to the presence of these natural                
contaminants. However, if the injected water is not degraded further than the native groundwater,              
this should not be an issue, as the City already treats Buffalo aquifer water to satisfy 20% of their                   
demand. Therefore, ASR could be a viable technique to provide water security for the City. 

The City of Rochester currently derives 100% of their drinking water from groundwater,             
primarily drawing from the Jordan Aquifer with 33 municipal wells, each equipped with their              
own treatment system. Rochester has been deemed a destination medical center due to the              
presence of Mayo Clinic, and is projected to experience substantial growth over the next few               
decades. This growth will increase the demand on the Jordan Aquifer, which is already utilized               
at an unsustainable rate. ASR could be implemented in the Jordan Aquifer in the vicinity of the                 
City in order to enhance water supply and reduce net withdrawals to prevent overdrafting. 

The only semi-significant source water near the city of Rochester in Olmsted County is the               
Zumbro River. However, it is unclear if appreciable withdrawals from the Zumbro River near              
Rochester would be viable. There are other aquifers that could be used as sources of water for                 
injection into the Jordan aquifer, the primary aquifer used for drinking water in Rochester,,              
however this would result in the depletion of these units, which may be undesirable for a number                 
of reasons. The City does not have centralized drinking water treatment system, which may              
make treatment of Zumbro River water or water derived from an alternative aquifer more              
difficult to treat prior to injection. However, the City does operate a centralized wastewater              
treatment plant. The effluent of this facility could serve as source water for ASR activities if                
additional treatment processes were installed in order to render the water suitable for injection.              
The Jordan aquifer in Olmsted County is not known to be significantly contaminated. However,              
groundwater in Olmsted County in general is known to have a high susceptibility to pollution               
due to the rather thin layer of unconsolidated material covering the bedrock, leading to high rates                
of transmission of surface water to the buried aquifers. The pollutant of greatest concern is               
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nitrate due to the high proportion of agricultural land use in the county. However, injection of                
treated water is not expected to increase the threat of this pollutant and may serve as a method to                   
ameliorate it in some way. The injection and recovery would likely occur at different wells; the                
existing well infrastructure of the City’s drinking water system would likely be leveraged for              
recovery, while new wells would be drilled for injection purposes. If it is economical to treat the                 
wastewater from the City to the point where it would be suitable for injection (probably requiring                
reverse osmosis and advanced oxidation unit processes), ASR could be utilized as a viable              
method to reduce the overall demand of the City on the Jordan aquifer. 

In Washington County all residents rely on groundwater as their primary source of drinking              
water. Public water systems serve 80% of the population, while the remaining 20% rely on               
private wells. The Jordan aquifer is the most widely used source of groundwater, but has               
experienced drawdown due to overdrafting, as well as contamination with PFAS from 3M             
chemical disposal sites in Oakdale, Woodbury, Cottage Grove, and Lake Elmo. In addition, the              
population of the county is growing, with the total water demand expected to increase by 27%                
from 2012 to 2040. ASR could not only be applied as a technique to enhance the water supply                  
and prevent unsustainable groundwater withdrawals, but also as a method for remediation of the              
contaminated aquifers. 

There are ample sources of water that could be injected into the Jordan aquifer in and around                 
Washington County. The county is bordered on its eastern edge by the St. Croix River, its                
southern edge by the Mississippi River, while the confluence of the two occurs at the county’s                
southeast tip. The county also contains several wastewater treatment plants, including two            
operated by the Metropolitan Council (Eagles Point and St. Croix Valley). The Metropolitan             
Wastewater Treatment Plant is also located just to the west of the county. Any of these source                 
waters could provide sufficient quantities to an ASR project. The Jordan aquifer is not composed               
of media that is associated with natural arsenic, and arsenic is not a major concern in Washington                 
County. Manganese concentrations in the Jordan aquifer are lower than the statewide average,             
but concentrations of nitrate and chloride are elevated. Radionuclides are not reported as a              
concern for water withdrawn from the Jordan aquifer. There is known PFAS contamination of              
the Jordan aquifer near the 3M disposal sites. Considering the reliance of the population on               
groundwater and its increasing demand, coupled with the relative suitability of the aquifer as a               
storage target and the availability of source waters, ASR would be beneficial to pursue in               
Washington County. ASR may be integrated with remediation techniques like pump-and-treat in            
order to remove PFAS contamination via activated carbon or ion exchange treatment processes. 

The unconfined sand aquifers within the Straight River watershed have been designated by the              
Minnesota Department of Natural Resources (DNR) as an “area of specific concern where             
groundwater resources are at risk of overuse and degraded quality”. The primary land use in this                
watershedGWMA is irrigated agriculture which is the largest water use in the area. The area               
surficial aquifer is part of the larger Pineland Sands aquifer, an extensive sandy Quaternary water               
table aquifer. Water withdrawals from the Pineland Sands aquifer have been steadily increased             
over the last few decades, and the DNR has suggested that these withdrawals have the potential                
to become unsustainable. The eponymous Straight River is also a trout stream, which could be               
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threatened by a declining water table. ASR could be a technique that is applied to portion of the                  
Pineland Sands aquifer in the Straight River watershed in order to protect the cold-water stream               
while allowing for current appropriations. 

However, there are no significant sources of water for ASR. In addition, there is not a water                 
treatment facility that could handle a large additional treatment volume. Park Rapids is located at               
the southeast end of the watershed and if injection or delivery of recharge water to the Straight                 
River watershed were attempted near the City of Park Rapids, the majority of the watershed               
would not observe appreciable benefit, due to the southeasterly flow direction. Therefore, ASR is              
not recommended in this area at this time. 
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Environmental Issues Associated with Aquifer Storage and 
Recharge (ASR) Systems 
 
Author:  Philip Gassman 
 
 
Introduction 
 
A wide range of managed aquifer recharge (MAR) systems currently exist such as bank filtration, 
infiltration ponds or galleries, dry wells, aquifer storage transfer recovery (ASTR) wells, and 
aquifer storage and recovery (ASR) wells (Ringleb et al., 2016; Page et al., 2018; Ross and 
Hasnain, 2018; Dillon et al., 2019). The use of MAR systems is steadily increasing in the U.S. and 
other countries for several reasons including water shortages, lack of available reservoir sites, 
surface water supplies that are vulnerable to contamination, greater need for reliable seasonal water 
sources and favorable costs compared to alternative storage techniques for some conditions (Bray, 
2020; Page et al., 2018; Pyne, 2005). Dillon et al. (2019) reported that average annual total MAR 
volume in the United States increased from 302 to 2,569 Mm3/year from 1965 to 2015, based on 
data compiled for only five states (Arizona, California, Florida, Texas and New York).  
 
The origins of MAR techniques can be traced back to irrigation, contour bunds, check dams and 
other ancient water management interventions that were used in Asia, Middle East and South 
America, that resulted in secondary unplanned effects of recharging groundwater (Dillon et al., 
2019). The use of such systems to purposely recharge groundwater has evolved greatly in the past 
few decades and now include dry wells, infiltration galleries, infiltration ponds, bank infiltration, 
dune infiltration, check dams and rainwater harvesting for aquifer storage (Page et al., 2018). These 
systems have proven to be effective in some situations at removing pollutants from recharge water, 
such as the removal of pathogens in riverbank infiltration (Weiss et al., 2005) and reductions of 
various pollutants captured in stormwater runoff by dry wells (Edwards et al., 2016). However, 
Edwards (2016) note that dry wells may fail to reduce pollutants in leachate if the underlying soil 
and geologic material are insufficient to attenuate pollutant transport. Weiss (2008) also describe 
potential for groundwater contamination due to the use of various MAR recharge systems.  
 
In contrast to other MAR systems, ASR and ASTR systems rely on direct injection of water to 
aquifer systems rather than gradual recharge (Bray, 2020; Page et al., 2018; Pyne, 2005). ASR and 
ASTR systems are very similar in overall approach, which are both used to recharge aquifers with 
treated surface water and then recover the recharged water later for potable or other water uses 
(Page et al., 2018). However, a primary difference is that ASR systems are configured so that the 
same well is used for recharge and recovery of the stored water (Figure 1) versus the use of 
different wells for recharge and recovery of stored water in an ASTR system (Figure 2). ASR wells 
have emerged as the dominant type of MAR systems that are currently in use in the United States 
(Pyne, 2005; Bray, 2020).  
 
ASR systems can be developed and utilized with considerably less environmental disturbance 
relative to surface water storage systems (Pyne, 2007; Bray, 2020). ASR wells also been used to 
mitigate other environmental problems such as saltwater intrusion into aquifers in coastal areas  



2 
 

(Pyne, 2007; Pyne, 2015; Page et al., 2018; Hussain et al., 2019; Bray, 2020), which includes 
injection wells developed solely for that purpose (Pyne, 2007; OCWD, 2020). However, Bray  also 
points out that ASR systems can prove to be environmentally vulnerable in two primary ways: (1) 
well drilling and injection processes can result in chemicals or minerals being released into 
aquifers, resulting in the water becoming unusable for human consumption and other potable 
purposes, and (2) clogging of wells can occur due to mechanical problems, chemical or mineral 
contamination, or “biofouling” (due to biological pollution), which can undermine the utility of 
the well and also result in contamination of the target aquifer. Bray further notes that these 
problems have been exacerbated by a lack of documentation regarding performance of some ASR 
wells or even entire ASR systems (well fields), which in turn can result in difficulty regarding 
determination of the underlying causes of ASR well complications or failures.   
 
Thus the primary focus of this section is to briefly explore the potential negative environmental 
ramifications of adopting ASR technology. An overview of the extent of reported environmental 
problems is presented, drawing on both survey data for ASR well sites across the United States 
and information published for specific examples of ASR well failures or complications.  

 
 
 
 

Figure 1. Schematic of injected treated recharge water, storage in a confined aquifer with surrounding buffer zone and native 
(original) ground water, and recovery of recharged water during high demand periods for an ASR system (TRWD, 2020). The 
target 
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Figure 2. Schematic of injected pre-treated recharge water, storage of recharged water in confined aquifer surrounded 
by native (original) ground water (buffer zone would be present in an ASTR system too), and recovery of stored 
recharge water during high demand periods for an ASTR system (Source: Ji and Lee, 2016). 
 
 
Overview of reported ASR environmental problems 
 
Determining an accurate extent of environmental and other problems that have occurred with U.S. 
ASR wells has proven difficult, due to a lack of data and often only fragmented information 
available for entire ASR systems or even jurisdictions with multiple ASR systems (Bray, 2020). 
Laymon and Jansen (2018) cite a 2009 U.S. Environmental Protection Agency (EPA) source that 
stated that 14 ASR wells were non-operational and 65 were plugged and abandoned, which was 
15% of the total 542 wells (307 ASR sites). Specific environmental problems were not provided 
in these data, although Laymon and Jansen (2018) further stated that the existing data indicate that 
clogging and water quality were likely the primary sources of ASR well problems.  
 
Bloetscher (2014) compiled what is probably the most comprehensive set of data currently 
available regarding environmental and other problems that have been documented at U.S. ASR 
sites. They initially collected data for 204 ASR sites via a survey and obtained additional 
information through various follow-up communications. Their data revealed the following status 
regarding the 204 sites: 37% were operational, 24% were engaged in various phases of testing, 
12% were discontinued due to inadequate results obtained in feasibility studies, and 26% were 
shut down due to one or more problems. The core of their subsequent analyses focused on the 26% 
of ASR sites that were shut down for environmental problems or other reasons (Table 1).  
 
The four main types of problems identified in the survey that led to well abandonment or dormancy 
were identified as arsenic contamination, other water quality problems, clogging and recovery. A 
total of 13 ASR wells in Florida were closed or impeded due to arsenic contamination, which were 
all installed in limestone aquifers and represented a spectrum of injected water quality. An 
additional 15 ASR wells in eight states were negatively impacted by several different water quality 
problems. Clogging problems were reported for 121 ASR wells across 11 states and was by far the 
largest impediment identified in the survey. Regarding the wells that experienced clogging, 
Bloescher et al. (2014) stated 
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States represented 
Total 
number 
of sites 

Abandoned or 
inactive wellsb 

Total 
number  
of wells 
affected 

Type of 
problem 

FL 5 abandoned 8 Arsenic 

FL 6c inactive 5 Arsenic 

FL, OR, SC, TN, WA, WI 7 abandoned 10 water qualityd 

CA, WA 3 inactive 5 water quality 

AZ, FL, OR, NY, UT 11 abandoned 65 clogging 

AZ, CA, ID, OK, OR, NJ, NV, UT 18 Inactive 56 clogging 

CA, CO, FL, TX 17 abandoned 33 recovery 

GA, FL 3 inactive 7 recovery 
Table 1. Summary of ASR wells that were abandoned or described as having problems (inactive) based on survey data 
of U.S. ASR sites compiled in 2013a  aSource: Tables 6 and 7 in Bloetscher et al. (2014).  
bInactive wells are defined as still being available for ASR usage but were not being used at the time of the survey due 
to the various problems listed here. 
cOne site reported a test well that was not included in the overall total number of wells.  
dWater quality includes categories of “WQ deterioration”, radon, metals mobilization, mn (manganese) and thm 
(trihalomethanes) as listed in Tables 6 and 7 of Bloetscher et al. (2014).  
 
explicitly: All these wells were constructed with steel casings and most of them were using surface 
water as their source water, which makes particulate clogging and biofouling prime suspects of 
operational problems. They also note that mixing of recharge and groundwater can result in 
reactions due to pH differences, which can result in clogging or arsenic (or other pollutant) releases 
from the aquifer matrix. Recovery problems were identified for 40 wells, which indicates the 
inability of an ASR well to effectively recover stored water from the confined aquifer (Figure 1). 
Aquifer and recharge water problems related to arsenic and other trace metal contamination and 
other types of water quality contamination Recovery related problems are not discussed further 
here due to the lack of underlying environmental contamination. Clogging-induced water quality 
contamination is also not discussed due to a lack of reported occurrences in the existing literature.  
 
Arsenic and other metals contamination 
 
Arsenic can exist in the form of specific minerals (such as arseniferous pyrite) in an aquifer that 
surrounds an ASR storage zone (Figure 1), which can be released into the different aquifer zones 
due to recharge water that contains oxygen, nitrate and chlorine or other chemical combinations 
(Dillon et al., 1999). Pyne (2007) state that environmental arsenic can exist in three different 
phases: solid (e.g., FeAsS, As2S2, trace species in FeS2), aqueous (e.g., H3AsO3, H3AsO4), or 
adsorbed (e.g., H3AsO3•Fe (OH)3). They also explicitly note the following critical aspects of 
arsenic presence in in natural waters: (1) it is mostly found in inorganic form as oxyanions of 
trivalent arsenite (As (III)) or pentavalent arsenate (As (V)), and (2) both As (V) and As (III) are, 
at elevated concentrations, deadly toxins; however, the latter is much more soluble and 60 times 
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more toxic. Dillon (1999) affirm that mobilized arsenic can exceed drinking water standards in the 
recovered (extracted) water of an ASR well (Figure 1), rendering it unfit as a potable water source.  
 
Arthur  (2002), Pyne (2005), Fischler (2015) and Bray (2020) all state that other trace metals can 
also be released from aquifer materials at ASR sites, depending on the geological conditions, 
including uranium, selenium, vanadium, mercury, molybdenum, nickel, chromium, cobalt, zinc, 
iron, copper, lead and/or manganese. The mobility of these different metals is a function of their 
respective solubility, both in the recharge water and within the mixed recharge-native groundwater 
within an aquifer (Bekele et al., 2018). Arthur (2002) stressed that geological investigations should 
be conducted to analyze the chemical characteristics of an aquifer prior to injection of recharge 
water, to determine if an ASR system will be compatible with known groundwater geology. They 
emphasize that this is especially true when considering the injection of oxygen-rich surface water 
into an aquifer, because the interaction of the injected water with the aquifer water could result in 
chemical reactions that mobilize trace metals. 
 
Florida ASR well arsenic contamination issues 
 
Pyne (2007) provide some historical background on ASR system development in Florida, key 
factors that influenced elevated arsenic levels in ASR wells, and techniques available at that time 
to control arsenic contamination in ASR well stored water, buffer zone and recovered water 
components (Figure 1). They noted that ASR well development began in Florida in the early 1980s 
and had accelerated considerably during the last decade of the 20th century. This resulted in 30 
Florida ASR sites by the time they compiled their report, of which 13 had been permitted (Figure 
3), and that a minimum of 65 ASR wells were active across the 30 sites. Virtually all of the ASR 
wells have been drilled into the Upper Floridian aquifer (Figures 4 and 5) in Florida (Pyne et al., 
2007; SFWMD, 2015), which consists of the Suwannee Limestone Aquifer and other limestone or 
dolomite formations. The recharge water is usually stored in the active wells during the wet period 
(June to October) and then recovered during the dry period (December to May) in support of peak 
demand that occurs within that time frame.  
 
Pyne (2007) further elaborated that ASR technology had emerged as a viable economic alternative 
for developing water supplies in southern Florida and that the Southwest Florida Water 
Management District had adopted ASR wells as an important component of their long-term water 
supply plan. However, they also pointed out that arsenic contamination in ASR wells was a 
growing concern due to concentrations being measured that exceeded the USEPA drinking water 
standard of 10 mg/L They noted that the majority of ASR wells were functioning within the 
Suwannee Limestone Unit, which was characterized by high levels of pyrite (FeS2) concentrations 
as documented by Price and Pichler (2006). The arsenic concentrations in these aquifer formations 
were very heterogeneous, ranging from 0.01 to 54.1 mg/kg with an average concentration of 3.5 
mg/kg, which results in a potentially high vulnerability of arsenic mobility despite the relatively 
low mean concentration (Price and Pichler, 2006; Pyne et al., 2007).  
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Figure 3. Location of the permitted ASR wells, and corresponding types of recharge water used for each well, in 
southern Florida in 2007 (Source: Gerry (2010) and Pyne et al. (2007). 

 
Pyne (2007) pursued an investigation of different physical, geochemical and microbial factors that 
influenced arsenic mobilization and attenuation in ASR wells, based on data collected from 52 
ASR wells and 41 storage zone monitoring wells at 12 southwest Florida ASR sites. Some of the 
key findings that resulted from this research were: 
 
1) Mobilized arsenic that results when recharge water is injected into an aquifer is usually not 
detected in monitoring wells beyond a 200 ft radius of the ASR well.  
2) Dissolved oxygen in recharge water is the primary catalyst for arsenic mobilization during 
recharge of an ASR well, but nitrate (NO3), dissolved organic carbon (DOC) and phosphate (PO4) 
in recharge water could also result in arsenic mobilization. 
3) A clear correlation was found between the total volume of water stored in an ASR well and the 
arsenic concentration measured in the water recovered from that well. The arsenic concentration 
declined as the cumulative volume of water stored in the aquifer injected by the ASR well 
increased.  
4) Elevated arsenic concentrations will attenuate to acceptable levels within roughly four to six 
ASR recharge and recovery cycles, when the same volume of water occurs in both the recharge 
and recovery parts of each cycle. 
5) Total dissolved solids (TDS) or chloride concentrations can be used as proxy chemicals for 
arsenic when evaluating brackish aquifers for ASR storage. Assessments performed with TDS or 
chloride are relatively cost effective and rapid versus similar arsenic analyses. 
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6) The volume of the buffer zone (Figure 1) for a given ASR well should be developed such that 
it is ultimately the approximate same size of the stored water (Figure 1) in the well, which together 
equal the target storage volume (TSV). Once this TSV is achieved, it should be maintained in 
equilibrium with similar buffer and stored water volumes for the operating life of the ASR well, 
to avoid potential release of arsenic into the stored recovery water that could occur with a 
diminishing buffer zone volume.  

Figure 4. Elevation isolines reflecting the depth of the top of the Floridan Aquifer System 
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The need for possible additional treatment beyond management of buffer zone volume, number of 
ASR recharge and recovery cycles, and related ASR well developmental strategies was also 
acknowledged by Pyne (2007). This was due in part to the USEPA reducing the arsenic drinking 
water maximum contaminant level (MCL) from 50 µg/L to 10 µg/L in 2006, which was a 
considerable compliance challenge for ASR wells in Florida at that time (NRC, 2015). They 
suggested that adoption of deoxygenation pretreatments to remove oxygen in recharge water, prior 
to injection through an ASR well into an aquifer, could be needed in combination with buffer zone 
and ASR cycle management to attain adequate control of arsenic for some ASR wells.   
 
It is not clear how effective the strategies proposed by Pyne (2007) were towards mitigating 
elevated arsenic levels in Florida ASR wells, in the ensuing years following the completion of their 
study. The findings of the 2013 survey (Bloetscher et al., 2014) revealed that over half of the 
surveyed Florida ASR sites had either been abandoned or had at least one well that was not being 
used. Arsenic mobilization was one of the key reasons for closure or idling of ASR wells at that 
time (Table 1), underscoring the ongoing reality of the problem. In contrast, Mirecki (2011) 
reported successful attenuation of arsenic levels during a three-cycle recharge and recovery test of 
the Kissimmee River ASR (KRASR) pilot system in Florida, in which arsenic concentrations 
declined below 10 µg/L during the second and third cycles. Fischler (2015) also described 
abatement of arsenic concentrations below the MCL for an ASR well at Sanford, Florida, which 
occurred within the third cycle of a four-cycle test. However, they also reported elevated arsenic 
concentrations > 10 µg/L across 2-, 3-, 5- and 7-cycle tests conducted for respective Florida ASR 

Figure 5. Hydrogeologic cross section (K-K’) that shows major aquifer subcomponents of the Floridian Aquifer System 
between Marion County, Florida and Collier County, Florida (Source: Williams & Kuniansky, 2) 
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wells at Seminole-Markham, Orange County, Destin and Brandenton. They also reported that 25% 
of 967 samples collected at ten ASR sites in Florida exceeded the arsenic MCL.  
 
Bloetscher (2014) stated that an ion exchange system was being considered to overcome elevated 
arsenic concentrations at one of the ASR wells that was located near Bradenton. Fischler (2015) 
confirmed that Bradenton was the first ASR site in Florida to investigate a degas-dechlorination 
treatment; the city pursued the option due to the need to overcome the ongoing high arsenic 
concentrations that were still occurring after completion of the above mentioned seven ASR well 
cycles. The City of Bradenton has since implemented a degasification membrane technology for 
their ASR-1 well that successfully removes 99.9% of the dissolved oxygen in the injected water 
and prevents arsenic concentrations from exceeding background levels in the recovered water 
(Bradenton, 2020). The city is also investigating the effectiveness of using a gas stripping tower 
for their ASR-2 well, which is a considerably cheaper technology that has produced preliminary 
positive results.  
 
Gierok (2015) noted that ASR technology was experiencing a resurgence in Florida at the time of 
their study, due to increased flexibility of how regulations were implemented which allowed local 
determination of permit specific exceedances. Fischler (2020) confirmed this through an USEPA 
letter (Grevatt, 2013) and also noted that increased adoption of technology to remove oxygen in 
recharge water has essentially eliminated the Florida ASR well arsenic problem.  
 
The use of ASR well technology has continued to expand in Florida as reflected by more recent 
inventories compiled in 2017 (OSFGDP, 2017) and 2020 (McCarty, 2020). The respective 2017 
and 2020 site/ASR well totals reported in the two inventories were 102/218 and 85/2311 (the 
locations of the 2017 sites (OSFGDP, 2017) are plotted on a map of Florida in Figure 6. These 
more recent data confirm continued expansion of ASR well use in Florida but also reveal that 
ongoing adoption and application of the technology continues to be impacted by some uncertainty 
that is apparently due to various planning, production and other problems. The number of active 
wells declined from 123 to 103 between 2017 and 2020, and the number of inactive wells 
correspondingly increased from 21 to 31 during the same time period. In addition, over 60 planned 
or developed ASR wells in 2020 were either never constructed, abandoned, or converted,  The 
exact reasons influencing the trends in Florida ASR use cannot be ascertained from these data. 
However, based on the recent feedback from Fischler (2020), it can be concluded that arsenic 
contamination is no longer a primary factor regarding ASR wells becoming inactive, abandoned 
or otherwise dropped from usage.  
 
Table 2. Status of different Florida Class V ASR wells for 2017 versus 2020 inventories  

Year Total number 
of sitesb 

Total number 
of wellsc Well status 

2017 37 123 Active 
2020 36 103 Active  
2017 20 21 Inactive 

 
1Estimates of the number of ASR well sites (well fields) are not exact due to uncertainty regarding whether same sites 
with different names were actually clustered together at the same site.    
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2020 31 31 Inactive 
2017 7 28c Proposed or under construction 
2020 12 33c Proposed or under construction 
2017 22 26 Never constructed or usedd  
2020 26 38 Never constructed or usedd 

2017 16 20 Transferred, converted or abandonede 

2020 17 26 Transferred, converted or abandonede 

aSources: OSFGDP (2017) and McCarty (2020).  
bSeveral sites are accounted for by one or more wells in multiple well status categories.  
b218 versus 231 ASR wells are documented in the 2017 and 2020 inventories, respectively.  
cData includes 12 ASR wells that were proposed for a site near Bradenton, Florida but the proposal was ultimately withdrawn (Fischler, 
2020).  
dIncludes ASR wells classified as “well was never constructed”, “never operated, permit never used” or “activity not 
permitted/registered”.  
eIncludes ASR wells classified as “converted to a monitoring well”, “transferred”, “permanently abandoned approved” or “closed no 
GW monitoring”. 

Figure 6. Locations of the ASR well sites in Florida that are included in the OSFGDP 
(2017) dataset (represents sites in the different categories listed in Table 1). 
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ASR well arsenic contamination in other locations 
 
Arsenic impacted ASR wells have also been documented in other locations including four sites in 
the U.S. upper Midwest and a site in Australia (Table 3). Three of these ASR wells have been 
documented in depth in accompanying case studies included in the overall report; i.e., Shakopee 
Mdewakanton Sioux Community, Minnesota; St. Michael, Minnesota; and Green Bay, Wisconsin. 
Two other ASR wells that have been affected by arsenic are located at sites in Milford, Iowa and 
in Adelaide, South Australia, Australia. The Orange County Water District (OCWD), California 
site (Table 3) is referred to as a Groundwater Replenishment System (GWRS) and is described 
explicitly as the world’s largest advanced water purification system for potable reuse (OCWD, 
2020b). 
 
Arsenic concentrations measured at the St. Michael, Minnesota site was found to be consistently 
below the MCL drinking water standard of 10 µg/L (Table 3). As noted in the St. Michael case 
study, arsenic concentrations detected in recovery water were slightly higher than levels detected 
in background and recharge water. However, further treatment was not required due to the low 
arsenic concentrations present in the water extracted during the recovery process. 
 
Table 3. Location, extent of problem and status of non-Florida ARS wells or MAR systems affected by 
arsenic 

Source Location Extent of arsenic problem Status of ARS well or 
MAR system 

Barry et al. (2010); 
Vanderzalm et al. 
(2011) 

Adelaide, South 
Australia, Australia 

concentration average = 
100 µg/L in cycles 3 and 4 
of overall cycle test 

inactive 

Case studya  Green Bay, WI elevated levels measured 
through two testing cycles  ASR well abandoned  

Anderson (2020) Milford, IA levels too high for the 
project to be feasible ASR well abandoned 

Fakhreddine et al. 
(2015; 2020) 

Orange County 
Water District, CA 

≤2 μg/L prior to 

injection 
and ≤8.6 μg/L after 

injection 

ASTR injection well 
within larger GRWSd 
MAR system  

Case studya SMSCb, MN 
concentrations below 
drinking water source  
and far below MCLc  

ASR well was not 
constructed due to 
other reasons 

Case studya St. Michael, MN concentrations in  
recovery water < MCLc 

 
ASR well in use 
 
 

aCase studies included as part of the overall report.  
bSMSC = Shakopee Mdewakanton Sioux Community. 
cMCL = maximum contaminant level (10 µg/L). 
dGRWS = Groundwater Replenishment System (OCWD, 2020). 
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The Shakopee Mdewakanton Sioux Community (SMSC), Minnesota ASR investigation (Table 3) 
was based on testing that utilized a pilot plant and two laboratory columns consisting of aquifer 
core samples rather than a test ASR well bored into an actual aquifer. Treated pilot plant effluent 
was applied to one column that included carbon dioxide and lime, which introduced hardness and 
shifted the pH level of the effluent. Untreated effluent was applied to a second column to provide 
a basis of comparison with the column that tested with treated effluent. The treated effluent resulted 
in very low arsenic concentrations (Table 3) which declined markedly over the duration of the 
testing period. In contrast, arsenic levels for the aquifer core that received the untreated effluent 
exceeded the MCL level for most of the experimental period. In spite of the promising results, the 
ASR well was not constructed due to hydrogeological concerns expressed by neighboring 
communities.  
 
The third case study describes an attempt to establish an ASR well near Green Bay, Wisconsin 
(Table 3) by the Green Bay Water Utility (GBWU, https://www.gbwater.org/). The well was 
drilled to a depth of 815 ft through several distinct geologic strata. Testing of the well was 
performed over two complete recharge and recovery cycles. This included an attempt to store and 
subsequently extract recovered water from a different geologic layer during the second cycle, with 
the goal of avoiding elevated arsenic levels. However, this strategy ultimately failed as confirmed 
by continuing elevated arsenic concentrations during the second cycle. Thus, the ARS site was 
abandoned due to the inability to mitigate arsenic levels that exceeded the MCL.  
 
The City of Milford, Iowa Water Utility (Table 3) pursued conversion of an existing well to ASR 
use in 2006 (Anderson, 2020). The well is described for year 2005 in their historical timeline at 
https://milford.ia.us/water-utility as follows: A Dakota well was added for emergency backup and 
aquifer storage recover capabilities (where Dakota refers to the Dakota aquifer). HR Green 
consultants, St. Paul, Minnesota. (https://www.hrgreen.com/about-us/st-paul-mn/) conducted a 
short period of testing of the well for potential conversion to ASR use in 2006 (Anderson, 2020). 
The conversion attempt was plagued by several problems including: (1) sandstone aquifer material 
at the site that were very prone to clogging, (2) inability to obtain adequate isolation of the injected 
natural water, and (3) arsenic mobilization early in the testing process that was considered "too 
high for the project to be feasible". Other water quality problems also were encountered as 
discussed below. The Iowa Department of Natural Resources (IDNR) never granted any permits 
for the conversion attempt because the testing process ended considerably earlier than originally 
planned, due to the elevated arsenic levels and other problems that occurred (Anderson, 2020).   

 
Operation of the Orange County Water Distict (OCWD) Groundwater Replenishment System 
(GWRS) began in 2008 with a daily capacity of 70 million gallons, which was expanded to 100 
million gal/day in 2015, using secondary-treated wastewater transferred from the Orange County 
Sanitation District (OCSD) that is further treated before infiltration or injection to the GWRS 
(OWCD, 2020b; Fakhreddine et al., 2015). Figure 7 depicts the complex series of processes used 
for the GWRS, which starts with initial preliminary and secondary treatment of wastewater at 
OCSD facilities (upper half of Figure 7), and is then transferred to the OCWD for further 
processing or discharged to the Santa Ana River or as ocean outfall. The final purification steps 
occur at OCWD facilities as part of a three-step advanced process which includes microfiltration, 
reverse osmosis and ultraviolet light with hydrogen peroxide, resulting in high quality water that 
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meets and/or exceeds state and federal drinking water standards (Figure 7). The final processed 
water is then partitioned to (Figure 7): (1) saltwater intrusion barrier injection wells (30 MGD), 
where the injected water also supports potable water supplies by gradually recharging the 
groundwater basin (aquifer), and (2) the Kraemer, Miller, Miraloma and La Palma Recharge 
Basins (70 MGD), which allow direct infiltration to the groundwater basin used as a potable water 
source.   
 
The OCWD installed a pilot injection well in 2015 which facilitates recharge at multiple depths 
ranging from 535 to 1,200 feet, to investigate the potential of using deeper injection of the 
oxygenated, purified recycled water within confined portions of the aquifer (Fakhreddine et al., 
2020). Mobilization or attenuation of arsenic can occur within the different aquifer layers, 
depending on the resulting sediment geochemical reactions that occur between the recharge water 
and native aquifer chemistry. Arsenic releases at various depths following initial injection were 
measured at concentrations up to 8.6 μg L−1, as compared to arsenic concentrations that were ≤2 
μg L−1 prior to injection, but the arsenic levels have since gradually declined over time 
(Fakhreddine et al., 2020; Fakhreddine, 2020). The OCWD has since installed four additional 
injection wells, which provide recharge water that is ultimately extracted by down-gradient 
production wells (Burris, 2019; Fakhreddine, 2020) similar to an ASTR system (Figure 2).  
 

Figure 7. Schematic of the Groundwater Replenishment System (GWRS) that is managed by the Orange County 
Water District in collaboration with the Orange County Sanitation Department in Orange County, California (Sources: 
OCWD, 2020a; 2020b). 
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The first sustained reclaimed water ASR project in Australia was performed for the site near the 
city of Adelaide in South Australia, Australia (Table 3) that included four recharge, storage and 
recovery cycles between October 1999 and March 2010 (Barry et al., 2010; Vanderzalm, 2011). 
The cycle tests were conducted with wastewater discharge from the Bolivar Waste Treatment 
Plant, which was treated per standards adequate for unrestricted irrigation, then injected via the 
ASR well within brackish confined limestone aquifer, and recovered for irrigating horticultural 
crops within the Virginia Triangle Horticultural Area (Figure 8; Barry et al., 2010; Vanderzalm et 
al., 2011). Arsenic concentrations measured during the third and fourth cycles averaged 0.01 mg/L 
(100 µg/L), which is ten times the USEPA MCL (Barry et al., 2010). The magnitude of the arsenic 
concentrations did not decline across the four cycles that spanned over a decade. However, the 
authors noted that the mean concentration was more than adequate relative to water quality 
standards for irrigation (0.1 mg/L) and stock watering (0.5 mg/L) and it was anticipated that 
expanded use of ASR wells would occur in a regional irrigation system based on the test results. 
However, the “Bolivar site” ASR well has not been adopted for operational use (CSIRO, 2020) 
for reasons that are not clear.  
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 

Figure 8. Location and layout of the Bolivar Wastewater Treatment Plant, ASR trial site and 
Virginia Triangle Horticultural Area in the Adelaide, Australia metropolitan area (Source: Barry 
et al., 2010; © Copyright CSIRO Australia). 
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Contamination by other metals 
 
Bloetscher (2014) identified “metals mobilization” in their 2013 survey as the underlying reasons 
that ASR wells were abandoned by the GBWU and another water utility located in Oak Creek, 
Wisconsin, which included arsenic, manganese, iron or some other combination of metals2. 
Elevated manganese levels were also reported in the survey as part of the reason for an inactive 
ASR that was installed by the East Bay Municipal Utility District (EBMUD; 
Ehttps://www.ebmud.com/) in Oakland, California. Brown (2006) reported that elevated 
concentrations of arsenic, manganese and cobalt were encountered at the GBWU ASR site, which 
conflicts some with the metals data reported by Bloetscher  (2014) and another source (see footnote 
2). Brown (2006) also described minor manganese and iron concentrations that were measured at 
ASR sites in Oakwood, Wisconsin, Mrytle Beach, South Carolina and Calleguas, California; their 
Oakwood data again appears to conflict with the survey results reported by Bloetscher (2014).  
 
Antoniou (2014) reported that increases in manganese concentrations above drinking water 
standards (and to a lesser extent increased arsenic concentrations), based on laboratory column 
experiments, would have undermined the operation of a potential ASR well in the Netherlands 
without pre-treatment of the recharge water. Antoniou et al. (2017) found that establishment of 
ASR, ASTR or similar well systems often encountered challenges, due to constituents such iron, 
manganese and arsenic exceeding drinking water standards in a review of multiple sites in the 
Netherlands. They describe several interventions that can be undertaken to mitigate elevated 
concentrations of metals for ASR wells.    
 
Fischer (2015) reported exceedance of primary drinking water standards for 11 other regulated 
metals, besides the previously described arsenic concentrations, in 967 water quality samples 
collected at 13 ASR sites in Florida. Exceedance of MCLs occurred at low frequencies of 0.2 to 
0.7% for just three of the constituents: chromium, lead and antimony. However, these MCL 
exceedances were isolated occurrences, indicating that no ongoing problems existed at the 
respective ASR sites where the exceedances were measured. Concentrations measured in every 
sample for beryllium, barium, copper, cadmium, mercury, selenium, thallium and uranium were 
all less than the corresponding MCL for each metal. Exceedance of secondary drinking water 
standards occurred for at least one other metal at all of the 13 ASR sites, most commonly for 
aluminum, iron, manganese, strontium and sodium (Fischler et al, 2015). Perhaps of greatest 
concern was the finding that molybdenum consistently exceeded the health advisory level (HAL) 
of 40 µg/L in samples measured at eight of the ASR wells (where this specific HAL indicates that 
lifetime non-cancer health effects would not be expected to occur). Pichler and Koopmann (2020) 
voice the opinion that monitoring of molybdenum should be made mandatory for ASR wells and 
other systems, based in part on the findings reported by Fischler (2015).  
 
  

 
2Bloetscher et al. (2014) cited personal communication as the source of their GBWU information. Luczaj and Masarik (2015) stated 
that substantial arsenic and nickel contamination occurred during ASR well tests in Wisconsin, which was also based on personal 
communication. Brown et al. (2006) reported that elevated concentrations of arsenic, manganese and cobalt were encountered at 
the GBWU ASR site (which may be the most reliable data source). 
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Contamination due to other water quality constituents  
 
The abandoned or inactive status of several ASR wells were attributed totally or in part to other 
water quality problems in the 2013 survey conducted by Bloetscher (2014). Three ASR wells 
reported in the survey were abandoned due to “water quality deterioration” at sites in Hillsborough 
County, Florida (Tampa metropolitan area), Mrytle Beach, South Carolina and Memphis, 
Tennessee; no additional description of the water quality problems were provided. It is not clear if 
the Mrytle Beach ASR well is the same one described in the previous section by Brown (2006). 
Two other surveyed wells were abandoned at sites in Oregon and Washington due to elevated 
radon levels. Two surveyed wells located in Pasadena, California and Yakima, Washington were 
inactive due to elevated trihalomethanes levels, which was also a factor that resulted in the 
EBMUD inactive well described above. Similarly, combined radium and ammonia intrusion were 
additional factors that influenced the abandonment of the ASR well conversion attempt that was 
previously described for the Milford, Iowa site.  
 
Brown (2006) reported that major problems occurred pertaining to in-situ formation 
of Dibutyl phthalate (DBP) for ASR well sites located at Las Vegas, Nevada and Antelope Valley, 
California, and that minor DBP concentrations were measured in an ASR well near Salem, Oregon. 
Minor radon intrusion also occurred at the Salem, Oregon site and for an ASR well located in the 
Seattle, Washington metropolitan area. Brown (2006) also noted the following occurrences in their 
overall compilation of ASR well water quality problems: (1) minor atrazine levels in source water 
used for an ASR well near Huron, South Dakota, (2) minor biological growth in wells due to highly 
oxygenated water at a site located near Alamogordo, New Mexico, and (3) major issues due to 
fluoride levels detected in recovered water for a site in Lychett Minster, United Kingdom.  
 
Concentrations of trihalomethane and trihalomethane formation potential (THMFP) were both 
found to decline over the first three cycles of the ASR well testing performed for the Bolivar site 
near Adelaide, South Australia (Figure 8) and no levels of either constituent were detected in the 
fourth cycle of the test (Barry et al., 2010). Median removal of TOC and total nitrogen (TN) were 
also predicted for the Bolivar ASR test well using a statistical modeling approach, which found 
that TOC was reduced by 25 to 40% and TN from 46 to 87% over the four test cycles (Vanderzalm 
et al., 2013). The authors also found that redox processes, aerobic respiration and denitrification 
were the primary processes responsible for the TOC and TN removal. Bekele (2018) provide 
further water quality insights for ASR and other MAR systems in Australia and other regions for 
several categories of pollutants including TOC and other nutrients, trace organic chemicals 
(pharmaceuticals, illicit drugs, corrosion inhibitors, pesticides), metals and microbial pathogens 
and antibiotic-resistant genes.  
 
Conclusion  

 
Environmental problems have clearly manifested in the development and operation of ASR wells 
across the U.S., especially as a result of elevated arsenic concentrations in Florida and other 
locations. Other constituents have also resulted in water quality problems in the quest to adopt 
ASR technology, including radon, manganese, nitrogen, trihalomethanes, total organic carbon 
(TOC) and molybdenum. Some of these water quality constraints have been overcome by various 
treatments, processes or technology, such as executing multiple cycles in the establishment of an 
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ASR well or adopting technology to remove oxygen in recharge water to mitigate arsenic 
concentrations > MCL in recovered water. However, it is also clear that elevated arsenic levels 
and other water quality problems can result in the abandonment or closure of ASR wells, as 
confirmed by the 2013 survey results reported by Bloetscher (2014) and other examples such as 
the attempts to establish ASR wells in Green Bay, Wisconsin and Milford, Iowa.  
 
The exhortation by Arthur (2002) to conduct geological analyses of a target aquifer prior to 
pursuing the installation of one or more ASR wells should not be taken lightly. It is vital to 
establish whether the chemical characteristics of the recharge water source will be compatible with 
the geologic characteristics of the aquifer that the recharge water will be injected into, especially 
when injecting oxygen-rich surface water into an aquifer. If geochemical problems appear likely, 
additional assessment will be needed to determine if cost-effective technology can be incorporated 
into the ASR well design to effectively eliminate identified problems. The successful development 
of five ASR wells by the joint effort of the Des Moines Water Works and City of Ankeny Water 
Utility in central Iowa (see accompanying case study) confirms the importance of preliminary 
geologic and geochemical analyses, which was conducted prior to the first ASR well that was 
installed by the City of Ankeny Water Utility. Likewise, the above noted failures that occurred at 
Green Bay (Wisconsin), Milford (Iowa), a variety of sites in Florida and elsewhere also confirm 
the urgency of performing preliminary analyses to the extent possible.  
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Buffalo Aquifer Environmental and Engineering Analysis 
Author:  Josh Kirk and William Arnold 
 
The City of Moorhead, Minnesota, constitutes 2/3 of the population of Clay County (Clay County 
Population, 2018). Currently, the city relies on the Red River as its primary source of drinking 
water but supplements their supply with water pumped from the Buffalo aquifer. About 80% of 
the City’s drinking water is obtained from the Red River, while the other 20% originates from the 
Buffalo aquifer. Drought conditions in the Red River can necessitate the need for increased 
groundwater pumping (Moorhead Water Resources, 2008). 

The population of Clay County is increasing, with most of the growth occurring in the City of 
Moorhead. In 2018, the population of Clay County was approximately 63,955 (Clay County 
Population, 2018). The County is expected to experience a 30% increase in population between 
the years of 2018 to 2045, with 89% of this increase occurring in Moorhead. This means that the 
projected population for the City in 2045 is 59,713, an increase of 19,187 from its 2018 population 
of 42,637. Assuming that per capita water use is 125 gallons per day, which is true of the 
communities served by the Metropolitan Council (Metropolitan Area Water Supply Advisory 
Committee, 2017), this population increase implies a concomitant increase in water demand by 
2,134,498 gallons per day, amounting to an additional 780 million gallons/year. Extrapolating that 
water demand for the entire population yields an expected water demand for Moorhead in 2045 of 
2,726 million gallons per year or 7.46 million gallons per day. Because Moorhead is located in a 
temperate climate, this demand will fluctuate seasonally, with peaks in the summer and troughs in 
the winter. A plot showing seasonal demand of a city in a similar climatic region can be found in 
the Green Bay case study, which is in the appendices of this report. 

The Buffalo aquifer trends south vertically along the western portion of Clay County, from north 
of Moorhead to the southern border of the county (Berg, 2018). Clay County experienced several 
periods of glaciation during the Quaternary period. The provenance of the upper two Formations 
is to the northwest and these glacial advances incorporated Cretaceous-age shale with associated 
arsenic and manganese (Berg, 2018).  

As the glacier that formed the Red Lake Falls Formation retreated, it was bounded by the water of 
glacial Lake Agassiz. Subglacial meltwater deposited the more linear portions of the Buffalo 
aquifer, whereas subaqueous fans into glacial Lake Agassiz deposited broader areas of sand and 
gravel. Lake Agassiz fluctuated in size and depth and partially buried the aquifer sediment with 
lacustrine clay and silt. In some areas, the Buffalo aquifer is overlain by less than 1.5 meters of the 
lake sediment, leading to its classification as a partially confined aquifer. The Buffalo River is 
hydraulically connected to the aquifer in some reaches due to this partial confinement (Berg, 2018). 

Where the Buffalo aquifer is confined, it is overlain by Sherack Formation and Brenna Formation      
associated with Lake Agassiz. The aquifer is underlain by the Dahlen Member of the Goose River 
Formation. A small portion dips into the Heiberg Member of the New Ulm Formation, as well as 
the till of the Otter Tail River Formation. Laterally, the Buffalo aquifer is bounded by the Heiberg 



2 
 

Member of the New Ulm Formation, the Otter Tail River Formation, and the Dovray Member of 
the New Ulm Formation (Berg, 2018). 

The Buffalo aquifer has elevated concentrations of arsenic. No anthropogenic contamination is 
suspected. Arsenic is known to be associated with northwest provenance late-Wisconsinan glacial 
sediment, which has arsenic-bearing pyrite minerals susceptible to dissolution upon changes to      
oxidation-reduction potential (Figure 1). The maximum concentrations of arsenic in wells drilled 
into the Buffalo aquifer is 47 μg/L (Fig. 1, 2 and Table 1 and 2).    

 
Figure 1: Areas in Minnesota where arsenic is found in unconsolidated aquifers at concentrations 
exceeding the drinking water standard of 10 μg/L. Source: (MPCA) 
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Figure 2: Arsenic concentrations in wells coinciding with the Buffalo Aquifer (shown in blue), given in parts 
per billion (ppb) or μg/L. Scale is 1:175,392. Data Source: (MGS) 
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Table 1: Maximum Arsenic Concentrations in Wells Drawing from the Buffalo Aquifer – Data Source: MGS 

Well Number Max Arsenic Concentration (ppb) 
1 11.94 
2 17.00 
3 32.91 
4 37.00 
5 23.00 
6 36.62 
7 47.00 
8 2.50 
9 29.08 
10 23.40 
11 41.00 
12 29.00 
13 11.26 
14 45.90 
15 42.23 

 

Table 2: Summary Statistics of Arsenic Concentrations in Table 1 – Data Source: MGS 

Summary Stats (ppb) 
Max 47.0 
Min 2.5 
Average 28.7 
Median 29.1 

 

The Red Lake Falls Formation has a Riding Mountain-Winnipeg provenance and has clasts with 
arsenic in iron sulfide minerals, such as pyrite. Examples are arsenopyrites (FeAsS) and arsenate 
(FeAsxS2-x). Adsorbed arsenic has been measured at concentrations of 0.4-0.8 mg/kg in aquifer 
material associated with the northwest provenance (Erickson & Barnes, 2005). Total arsenic 
concentrations in glacial sediment present in west-central Minnesota range from 2-10 mg/kg.           
Fluctuations in either pH or Eh (oxidation-reduction potential) can lead to the dissolution of 
arsenopyrite minerals, and the mobilization of arsenic species (Fig. 3). Arsenic will remain 
adsorbed and bound to the iron sulfide minerals as long as environmental conditions are stable. 
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Figure 3: Arsenopyrite stability diagram. Source: (Craw, 2003) 

Arsenic can be mobilized by oxidation dissolution of arsenic-bearing iron sulfide minerals. This 
process may have occurred on the Buffalo aquifer sediment during its burial and also as wells 
change the oxidation state. During oxidation, the mobilized Fe(II) can be further oxidized and 
hydrolyzed to form iron(III) hydroxides. These iron hydroxides can attenuate the mobility of 
oxidized As(V) species by adsorption mechanisms. If pH is held constant at 7 while the redox 
potential (Eh) is increased, the arsenopyrite minerals will enter a region of instability leading to 
dissolution, and formation of free Fe(II) and As(III) ions (Fig. 3). As the Eh is further increased, 
Fe(II) will be oxidized to Fe(III), leading to the formation of iron hydroxides such as Fe(OH)3. In 
addition, dissolved As(III) will be oxidized to As(V), and these arsenic molecules will partially 
adsorb to Fe(OH)3 (Dickoff, 2010; Erickson and Barnes, 2005; Wu et al., 2019). In this way, the 
oxidized iron becomes an arsenic sink, and reduces the dissolved fraction.  

This adsorbed arsenic on iron hydroxides is labile, and can be mobilized again, this time through      
a reductive-dissolution pathway. Decreases in Eh could lead to reduction of Fe(III) to Fe(II), and 
As(V) to As(III), both of which will be dissolved in the aqueous phase (Fig. 3). It is possible that 
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pyrite could act as an arsenic sink if the reduction potential drops to a point in which it would be 
favorable for arsenopyrite (or other arsenic-bearing iron sulfide minerals) stability (Erickson and 
Barnes, 2005; Schreiber et al., 2000). 

This process of arsenic mobilization and subsequent attenuation can be impeded by the presence 
of dissolved organic matter which can interfere with the nucleation of iron(III) hydroxide 
precipitates and can occupy adsorption sites on the existing iron(III) hydroxide precipitates, 
leading to a reduction in potential sinks for mobilized arsenic (Wu et al., 2019). This is an 
especially important result for ASR and MAR applications, because it points to the fact that organic 
matter concentrations in recharged water must be minimized for successful storage without 
promoting arsenic mobilization. Some aquifers, such as the Buffalo aquifer, have high endogenous 
concentrations of organic matter. In general, northwest provenance glacial till is fine-grained      
and has high organic entrainment. Arsenic concentrations in the northwest provenance glacial 
sediment are not significantly higher than arsenic concentrations in other glacial sediment in 
Minnesota but correlate to the presence of organic material in sediment (Erickson and Barnes, 
2005). 

When organic matter  is injected into water arsenic is mobilized, elevating concentrations in 
recovered water fractions (Fig. 4). The geographic extent of northwest-provenance glacial 
sediment correlates with  high arsenic concentrations in public water supply wells (Fig. 5).      

 
Figure 4: Dissolved Organic Matter in injected water or native groundwater can inhibit the formation of 
iron(III) hydroxides as well as the adsorption of arsenic mobilized from oxidative dissolution of arsenic-
bearing iron sulfide minerals, leading to increased concentrations in recovered water. Source: (Wu et al., 
2019) 
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Figure 5: Arsenic concentrations in public water system in Minnesota, Iowa, South Dakota, and North 
Dakota, associated with the northwest provenance late-Wisconsinan glacial sediment. Source: (Erickson & 
Barnes, 2005) 

It should also be noted that the organic content of the Buffalo aquifer material may lead to active 
anaerobic biological activity, which may enhance arsenic mobilization (Erickson and Barnes, 
2005).  

Overall, the Buffalo aquifer is most likely sensitive to changes in water chemistry, particularly pH 
and Eh fluctuations, and also hardness and alkalinity variations, which may drive secondary 
perturbations in pH. Water in the Buffalo aquifer is hard and of the calcium-bicarbonate type 
(Wolf, 1981). Measurements of manganese in the Buffalo aquifer are up to 950 ppb or μg/L (Berg, 
2018). These levels are much higher than the EPA secondary drinking water standard of 50 ppb or 
μg/L. Manganese can lead to a bitter metallic taste, black or brown coloration of the water, and 
black staining of pipes and water fixtures and is a neurotoxin at high dose (Minnesota Department 
of Health, 2019). Sulfate levels in the Buffalo aquifer have been found to be as high as 1,290 ppm 
or mg/L. The EPA secondary drinking water standard for sulfate is 250 mg/L, for concentrations 
greater than this limit can lead to a salty taste. At no location in the aquifer does it seem that 



8 
 

chloride has been measured at concentrations greater than the EPA secondary drinking water 
standard of 250 ppm or mg/L; concentrations higher than this level can also lead to a salty taste. 
Therefore, as it stands native groundwater from the Buffalo aquifer would need to be treated for 
the inorganic chemicals of arsenic, manganese, sulfate, and calcium + magnesium (which 
constitute hardness). Arsenic is the most concerning member of this list and is the only one with a 
limit set by the EPA under their national primary drinking water regulations (National Primary 
Drinking Water Regulations, 2020; Secondary Drinking Water Standards: Guidance for Nuisance 
Chemicals, 2020). 

Arsenic can be removed using a variety of techniques. Most commonly, treatments use a two-step 
approach involving first the oxidation of arsenic to arsenite then to arsenate, followed by the 
removal of arsenate through the methods shown (Fig. 6; Nicomel at al., 2015). 

 
Figure 6: Arsenic treatment methods are numerous. Source: (Nicomel et al., 2015) 

Moorhead already draws about 20% of their drinking water supply from the Buffalo aquifer, 
sometimes increasing that proportion when the Red River experiences drought conditions 
(Schmidt, 2016). The City’s water treatment plant is already equipped to treat the native 
groundwater. ASR practices in the aquifer, however, could change the quality of the water in the 
aquifer, necessitating re-evaluation of the City’s treatment capabilities.  

Potential water sources for ASR to the Buffalo aquifer are limited to three major contenders. The 
City of Moorhead already withdraws 80% of its drinking water from the Red River. During periods 
of high flow for the Red River coupled with relatively low water demand, the City could treat 
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additional Red River water and inject the excess in the Buffalo aquifer for future recovery and use. 
If the City were simply interested in meeting their annual average daily water demand in 2045, 
they would need to treat approximately 7.46 million gallons per day, 86 gallons per second, or 
11.5 cubic feet per second (cfs). Flow conditions in the Red River vary two orders of magnitude 
as measured by USGS streamgage 05054000 at Fargo, North Dakota but average between 687 to 
2759 cfs (Fig. 7).  

 
Figure 7: Flow of the Red River at USGS stream gage 05054000 at Fargo, North Dakota      from 10/3/2010 
to 10/10/20. Outliers are excluded from the plot by the method of 1.5*IQR. Minimum, 1st-quartile, median, 
3rd-quartile, and maximum (excluding outliers) are pictured. Data Source: (USGS) 

Withdrawing 11.5 cfs from the Red River under most flow conditions would consume less than 
1% of the flow of the river. Under low-flow conditions, however, this fraction would increase, and 
withdrawal may become problematic. Moorhead’s existing infrastructure allows the public utility 
to withdraw all of their water from the Buffalo Aquifer for spans of time when the Red River is 
experiencing low-flow conditions. During these periods use of the Red River as a source would 
threaten significant drawdown to the stage of the river (Schroeer, 2018).  



10 
 

Another possible source of water could be explored in the Buffalo River, which overlies and is 
hydraulically connected in some reaches to the Buffalo aquifer. The flow of the Buffalo River is 
much less than that of the Red River, but on average, a withdrawal of 11.5 cfs would consume 
about 6% of the flow (Fig. 8). One advantage of using the Buffalo River is its proximity to possible 
injection sites. That being said, water from the Buffalo River would require treatment at the      
Moorhead drinking water treatment plant unless another small treatment works was constructed 
adjacent to the river. For this reason, it is an unlikely source water candidate for ASR in the Buffalo 
Aquifer.  

 
Figure 8: Flow of the Buffalo River at USGS stream gage 05062000 near Dilworth, MN from 10/3/2010 to 
10/10/20. Outliers are excluded from the plot by the method of 1.5*IQR. Minimum, 1st-quartile, median, 3rd-
quartile, and maximum (excluding outliers) are pictured. Data Source: (USGS) 

Finally, the last large and accessible water source that may be suitable as a source water for ASR 
in the Buffalo aquifer is effluent from Moorhead’s wastewater treatment plant (WWTP). From the 
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years of 2015 to 2019, the WWTP discharged an average of 4.13 million gallons per day (MGD), 
which corresponds to 47.8 gallons per second or 6.4 cfs (Fig. 9). While this volumetric rate is not 
sufficient to satisfy the total expected daily water demand in 2045, it could serve as a consistent 
source of water for injection into the Buffalo aquifer, and would not be subject to the same intensity 
of seasonal variation as the flow of the Red River and domestic water demand. The average flow 
per month for the years of 2015 to 2019 for the Moorhead WWTP is 4 MGD. While spring values 
are elevated, minimum flow in January and February of ~3.5 MGD is still nearly 85% of the 
average yearly discharge.  

 
Figure 9: Daily flow averaged over the years 2015 – 2019 representing the effluent from the Moorhead 
Wastewater Treatment Plant. The dashed line indicates the average of the entire dataset. Data Source: 
(MPCA) 

 
Figure 10: Daily flow averaged for each month over the years 2015 – 2019 representing the effluent from 
the Moorhead Wastewater Treatment Plant. The dashed line indicates the average of the entire dataset. 
Data Source: (MPCA) 

The Red River experiences significantly more volatility from year-to-year (Fig. 11), as well as 
from month-to-month (Fig. 12) than the effluent from the Moorhead WWTP. The annual variation 
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can be attributed to the stochastic nature of rainfall events and the correlation of streamflow with 
precipitation. It can be observed that 2011 and 2019 experienced significantly higher than average 
flows (Fig. 11). It also must be noted that the averages for these years are influenced by extreme 
values that occur during notable periods of flooding. The variation in Red River flow within a 
calendar year is perhaps more relevant to the feasibility of ASR. Values in the winter months of 
January and February sit at around 500 cfs, only ~23% of the average annual flow, while 
streamflow in April peaks at over 5,000 cfs, ~235% of the average annual flow.  

 
Figure 11: Flow of the Red River at USGS stream gage 05054000 at Fargo, North Dakota from 10/3/2010 
to 10/10/20, averaged annually. The dashed line indicates the average of the entire dataset. Data Source: 
(USGS) 

 
Figure 12: Flow of the Red River at USGS stream gage 05054000 at Fargo, North Dakota from 10/3/2010 
to 10/10/20, averaged for each named month. The dashed line indicates the average of the entire dataset. 
Data Source: (USGS) 

Whether the source water be derived from the Buffalo River, Red River, or effluent of the 
Moorhead WWTP, some level of treatment would be required prior to injection into the Buffalo 
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aquifer. The necessary level of treatment, however, is dependent on the City’s planned use of water 
that is injected. If Moorhead is exploring ASR to cultivate long-term drought resilience to weather 
periods when the Red River is expected to run at a low stage for an extended period of time, then 
treatment of source water would simply be required to prevent degradation of the existing 
groundwater in the aquifer. The assumption here would be that the City would use its existing 
infrastructure to draw previously stored water from the Buffalo aquifer in extended droughts, and 
treat it at their drinking water treatment facility using conventional methods to remove particulate 
matter, inactivate pathogens, and remove dissolved pollutants. This would be relatively 
straightforward; the only additional infrastructure that would be necessary under all scenarios 
would be a conveyance mechanism from the source water to the drinking water treatment plant 
and a further conveyance mechanism from the drinking water plant to the injection site overlying 
the Buffalo aquifer. If the Red River was chosen as the source water, only the latter conveyance 
mechanism would be required, while if the Buffalo River or the Moorhead WWTP were chosen 
as source waters, both stages would need to be constructed.  

If, however, the City was more interested in shaving the annual peak water demand in the summer 
months to mitigate expansion of their drinking water treatment plant that may be necessary to meet 
future capacity, injected water would have to be treated in such a manner that it could be recovered 
and placed directly into the distribution system. This requirement is technically only for recovered 
water, but it is expected that the quality of injected water will either be stable or will decrease 
during its storage period in the Buffalo aquifer. Therefore, injected water must meet potable 
standards under this scenario. In addition, potential adverse interactions between the injected water 
and the native groundwater as well as the aquifer media must be mitigated. The most obvious 
concern is the mobilization of arsenic, which may occur through oxidative or reductive pathways 
depending on the geochemistry of the aquifer. Unfortunately, there is a paucity of information on 
the geochemistry of the Buffalo aquifer, so it is difficult to predict if arsenic is dominantly bound 
in arsenic-bearing iron sulfide minerals, or if it is mostly complexed with iron(III) hydroxides. 

To assess the magnitude of arsenic mobilization that may occur, pilot testing would be 
recommended at proposed injection sites. This testing would also serve as a study of potential 
contamination of the injected water from other in situ sources not mentioned previously, such as 
organic material, radionuclides, or nitrates. The testing should follow the model used by the St. 
Michael, Albertville, and Hanover Joint Powers Water Board in their pilot study supervised by the 
Minnesota Department of Health (see St. Michael, Albertville, and Hanover case study in the 
appendices of this report). The results of the pilot study will elucidate treatment requirements for 
the source water prior to injection in order to prevent deleterious changes to either the injected 
water or the native groundwater. If the Moorhead WWTP were selected as a good candidate to act 
as a source water for ASR in the Buffalo aquifer, more advanced treatment would be required to 
remove contaminants before injection (see Shakopee Mdewakanton Sioux case study in the 
appendices of this report). 

If deleterious changes to the stored water were observed during the storage period, treatment upon 
recovery from the Buffalo aquifer would need to be implemented. For the seasonal peak-shaving 
scenario, this requirement defeats the purpose, while for long-term drought resilience, the 



14 
 

challenge of post-withdrawal treatment may be solved with existing water treatment infrastructure.      
Moorhead already withdraws a portion of its drinking water from the Buffalo aquifer, and has at 
times drawn exclusively from the aquifer, so is well-equipped to rely more heavily on it if 
necessary (Schroeer, 2018; Schmidt, 2016). However, injection of water into the aquifer may result 
in unexpected water quality changes not only of the injected water but also of the native 
groundwater. These unexpected chemical shifts may necessitate an adjustment of the standard 
drinking water treatment practices. This is another reason why a pilot study is essential to evaluate 
changes in injected water and native groundwater. 

Regardless of the purpose behind ASR in the Buffalo aquifer, it is likely that the regulating 
agencies will require treatment of the injected water to standards that at the very least do not 
degrade the current water quality of the aquifer. In many regions where ASR is widely applied, 
such as California, any injected water is required to be treated to potable standards prior to 
injection. Currently, the only operating ASR site in Minnesota (St. Michael, Hanover, and 
Albertville) injects water from their drinking water treatment plant. This requirement of withdrawn 
water potability may be difficult to meet for ASR operations in the Buffalo aquifer due to the high 
concentrations of dissolved, geochemically derived contaminants (e.g. arsenic and manganese) in 
the native groundwater. In addition, contaminant species such as arsenic may be heterogeneous in 
regard to their redox state and complexation with depth and position in the aquifer media, making 
mobilization mitigation efforts difficult. High concentrations of dissolved manganese in native 
Buffalo aquifer groundwater also suggest the presence of naturally occurring manganese in the 
aquifer solids, which may be further dissolved into injection water. Manganese most likely occurs 
in the form of manganese oxides, which are ubiquitous in sediment (Post, 1999). A stability field 
diagram for manganese in a bicarbonate-type aqueous solution similar to that of the Buffalo aquifer      
is informative (Fig. 13).  

At circumneutral pH (between 6-8) and under most redox potentials manganese is dissolved at 
concentrations ranging from about 0.01 to 10 mg/L, far above the EPA secondary drinking water 
standard for manganese of 50 μg/L. In order to minimize manganese dissolution, injected water 
could be oxidized in order to promote the stability of MnO2. However, this requirement conflicts 
with the standard practice of reducing redox potential as much as possible prior to injection in 
order to minimize arsenic mobilization from arsenic-bearing iron sulfide minerals. In addition, the 
high content of organic matter known to exist in northwest provenance glacial sediment  may result 
in the relatively rapid decrease in redox potential in injected water by acting as an ample source of 
electron donor. This would lead to the conditions in the injected water moving towards the      
conditions where manganese dissolution is favored (Fig.13), which would cause manganese 
concentrations in the injected water to rise.  

Because of the reasons outlined above, the Buffalo aquifer is probably not a suitable candidate for 
ASR with the intention of yearly peak demand shaving. The chemical constituents of the aquifer 
media have differing stability requirements, and therefore even if injected water is treated to 
potable standards, it is unlikely that it would adhere to these same standards upon recovery. There 
is a possibility that repeated cycles of injection and recovery could be undertaken to “condition” 
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the aquifer to the dynamics of ASR, but a study would need to confirm that repeated cycles led to 
increasingly lower concentrations of contaminants in recovered water. 

 
Figure 13: Stability field diagram for manganese in a solution with a bicarbonate concentration of 100 ppm, 
total dissolved manganese activity ranging from 0.01 to 100 ppm. Source: (Hem, 1963) 

If, however, the Buffalo aquifer were going to be used as a reservoir for the City during periods of 
drought and low flow in the Red River, changes in injected water chemistry are less consequential. 
In an ideal world, water treated to potable standards would be injected, and recovered with a similar 
chemistry after an indefinite storage period. As previously discussed, it is likely that regardless of 
treatment practice prior to injection, deleterious changes will occur to the injected volume during 
its storage in the Buffalo aquifer. Thus, the question becomes twofold: how can these adverse 
changes be minimized by treatment prior to injection, and what treatment is necessary after 
recovery to bring the water quality to potable standards? 

The answer to this two-part question is simple if the Red River is used as a source of water. In that 
case, excess volume could be treated at the Moorhead drinking water treatment plant using 
conventional water treatment practices to make it meet potable standards. Samples of the Buffalo 
aquifer media and redox potential measurements of the native groundwater could help guide 
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decision making on additional treatment processes that may be necessary prior to injection. For 
example, if the aquifer media is found to have a large fraction of arsenic associated with iron 
sulfide minerals, then deoxygenation may be beneficial to prevent further oxidative dissolution 
and mobilization of arsenic. If it is found, however, that most of the arsenic is adsorbed to iron 
hydroxides and native groundwater maintains a relatively high redox potential, then deoxygenation 
may be counter-productive, for lower redox potentials in the injected water could lead to reductive 
dissolution of iron hydroxides and re-mobilization of arsenic (Fig. 3).  

If a decrease in redox potential is required, there are several techniques for doing so. Membrane 
degasification is a common strategy employed in Florida for pretreatment of water injected for 
ASR (Bell et al., 2009). A membrane degasification plant was designed for an ASR project in 
Sanford, Florida to prevent oxidative dissolution of arsenic-bearing iron sulfide minerals. Other 
methods such as sparging with an inert gas or the addition of a reductant are theoretically feasible 
but require a continual investment for the additives. Thus, membrane degasification is the most 
viable option (Fig. 14). 

Membrane degasification requires the elimination of any chlorine residual before treatment to 
protect the membranes and because chlorine is a strong oxidant itself. Dechlorination can be 
accomplished through the addition of a gas such as sulfur dioxide (SO2) or sodium salt such as 
sodium bisulfite (NaHSO3) and sodium metabisulfite (Na2S2O5) (EPA, 2000). All of these 
dechlorinating species are also good non-selective reductants and can reduce the redox potential 
of the injected solution further, for example by reducing iron(III) to iron(II). Ferric iron is not as 
strong of an oxidant as oxygen or chlorine and should not be present in large quantities in treated 
drinking water, but it still has the potential to contribute to the overall redox potential of the 
solution (Bell et al., 2009). 

Membrane degasification is still a rather involved and expensive water treatment technology that 
would require significant capital investment by the City. The need to lower the dissolved oxygen 
and redox potential of the injected water should be evaluated through a series of in situ pilot tests 
and bench-scale leachability tests. These bench-scale tests would be the least expensive method of 
testing and would offer the most control. Cores from the Buffalo aquifer near the proposed points 
of injection should be extracted. Detailed geochemical analysis of the cores coupled with chemical 
analysis of the treated source water may yield enough information that a computer program such 
as PHREEQC could be used to construct a geochemical model to evaluate the equilibrium 
concentrations of contaminants between the recharged water, the native groundwater, and the 
aquifer media. The computer simulations could be supplemented with real bench-scale tests using 
the aquifer material and source water treated to a variety of standards. For example, if the Red 
River was used as a source water, one bench-scale test could utilize raw river water, while another 
uses river water treated at the drinking water plant using conventional methods, while another uses 
treated drinking water that has also be degasified, and finally another uses a Red River water 
sample treated with additional advanced techniques. 
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Figure 14: Example of a membrane degasification system. Liquid flows past the outside of the membrane 
while vacuum is applied to the inside, drawing dissolved gases out of solution through the hollow fiber 
membrane. Source: (Water Degasification with Membrane Contractors, 2020) 

Regardless of source water, the organic content in the injected water should be reduced as much 
as possible. This should not be an issue if the source water is treated at the Moorhead drinking 
water treatment plant, because they are equipped with coagulation, flocculation, ozonation, and 
filtration processes, which effectively remove both dissolved and particulate organic matter. This 
level of treatment is only available at the North Treatment Plant in Moorhead, which has a capacity 
of 10 MGD. The older treatment plant (with a capacity of 6 MGD) is only equipped with lime and 
soda ash softening in addition to dual-medium filtrate processes, with the ability to add potassium 
permanganate and activated carbon if necessary. This older facility is only operated periodically, 
and it is available for use in case of emergencies. The North (new) Treatment Plant was built in 
1995, partially motivated by complaints of poor taste and odors from Moorhead drinking water 
customers. Construction and use of the North Treatment Plant has virtually eliminated taste and 
odor complaints, which is suggestive of a very high organic matter content in the untreated water 
(Rulseh, 2018). Elimination of organic matter in injected water is important not only to meet 
potable drinking water standards, but also because dissolved organic matter can promote mobility 
of arsenic species. 

Another source of water that could be explored is the effluent from the wastewater treatment plant 
(WWTP). The plant is outfitted with conventional preliminary, primary, and secondary treatment 
processes. Preliminary treatment consists of a mechanical bar screen, aerated grit removal 
chambers, and an equalization basin. Primary treatment consists of primary clarifiers, which 
remove approximately 60% of the suspended solids and 30% of the biochemical oxygen demand 
(BOD) from the influent wastewater. Secondary treatment consists of aerated activated sludge 
reactors, followed by final clarifiers. The plant then sends wastewater to their moving bed biofilm 
reactor (MBBR), which removes additional ammonia that was not converted to nitrate in the 
aeration basins. The plant is also equipped with three polishing ponds which help further reduce 
BOD concentrations and settle out any remaining suspended solids. The last steps of the treatment 
process are disinfection with chlorine, followed by dechlorination using sulfur dioxide (City of 
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Moorhead, 2012). Altogether, this process produces an effluent with an average total suspended 
solids (TSS) concentration of 7.4 mg/L, an average total phosphorus concentration of 1.6 mg/L as 
P, an average ammonia concentration of 5.2 mg/L as N, and an average carbonaceous biochemical 
oxygen demand (CBOD) concentration of 4.7 mg/L. This effluent is ultimately discharged to the 
Red River. The United States Environmental Protection Agency (USEPA) sets secondary 
treatment standards under National Pollutant Discharge Elimination System (NPDES) permits for 
CBOD and TSS. These standards stipulate that the five-day CBOD test should average less than 
25 mg/L, while TSS tests should average less than 30 mg/L for samples taken over a 30-day period 
(United States EPA, 2010). The effluent from the Moorhead WWTP can be considered to be of 
high quality. 

While the effluent from the treatment plant is high quality in terms of discharge into the 
environment, it is not yet suitable for drinking or injection in the Buffalo aquifer. While regulations 
on the quality of injection water are not robust in the state of Minnesota, some assumptions can be 
made about the quality that may be required by regulatory agencies such as the Minnesota 
Pollution Control Agency (MPCA) and the Minnesota Department of Health (MDH), or even the 
USEPA. The best examples to base these assumptions off of are the requirements for injected 
water quality at the only operational ASR project in the state, Well #9 of the St. Michael, Hanover, 
and Albertville JPWB. This well is a dual-purpose injection and recovery well classified by the 
USEPA Region 5 as a Class V injection well. The permit contains virtually no numerical limits on 
injected water quality; however, the injected water is treated at the drinking water treatment plant 
in St. Michael to potable standards prior to injection. 

Additionally, rigorous water quality testing is required during injection and recovery at Well #9 
and at a nearby monitoring well called TW-6. Figure 15 depicts a table taken directly from the 
USEPA permit for Well #9 and serves to demonstrate the rigor and breadth of the water quality 
testing that would need to be performed on water injected into and recovered from the Buffalo 
aquifer. Figure 15 also serves to demonstrate the potential concerns associated with water quality 
of injected and recovered water. This particular ASR project performs annual injection and 
recovery for the purpose of meeting summertime peak demand. Their recovered water must be 
potable or must be made potable with only simple additions of chlorine (for disinfection residual), 
phosphate (for corrosion inhibition), and fluoride (to prevent tooth decay).  

A guide for the constituents of concern in the effluent of the Moorhead WWTP that would need to 
be removed or significantly reduced before injection is provided by those regulated at the St. 
Michael site (Fig. 15). There are two goals to meet: first, what must be done in order to prevent 
unacceptable levels of contamination to the Buffalo aquifer, and second, what must be done in 
order to minimize the amount of treatment that is required for recovered water to be potable. While 
regulations around injection of water in an aquifer are not yet robust in Minnesota, we can take the 
example of other states such as California that have implemented significant regulatory structure 
around ASR. We can also consider the general philosophy of antidegradation standards. 
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Figure 15: Sampling requirements for Well #9 and TW-6 at the St. Michael, Hanover, and Albertville JPWB 
ASR site. Source: (USEPA, 2019) 

Simply put, antidegradation standards prevent any action that would serve to deteriorate the quality 
of a natural resource. In this case, we would want to be sure that the water injected into the Buffalo 
aquifer is not causing deleterious changes to the existing groundwater. The potential for arsenic 
and manganese mobilization has already been discussed, but these are contaminants which are 
naturally present in the aquifer media. A potentially greater concern would be the contamination 
of the Buffalo aquifer with chemical constituents that are not naturally occurring in the aquifer 
media, such as disinfection byproducts, nitrogen species, or synthetic chemicals. 

To treat the effluent from the Moorhead WWTP to a level that would be acceptable for injection 
through the lens of antidegradation, several potential contaminants would need to be attenuated if 
measured at sufficient quantities. While there is little to no data on the level of phosphorus, 
nitrogen, TSS, and BOD in the Buffalo aquifer, it is safe to say that we would like to minimize 
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levels of these measured effluent parameters prior to injection. In addition, nitrate levels are 
presumably elevated in the WWTP effluent due to nitrification in the aerobic zones of the treatment 
plant, and the absence of anoxic zones for denitrification. The maximum contaminant limit (MCL) 
for nitrate in drinking water is 10 mg/L as N in Minnesota, and levels should probably be much 
lower in injection water to prevent degradation. Disinfection byproducts from chlorination such as 
total trihalomethanes (TTHMs) and haloacetic acids (HAA5) should be quantified and eliminated, 
because they are considered harmful to public health,      many with classification of probably and 
possibly carcinogenic (CDC, 2016). Radionuclides such as radium species are not much of a 
concern in western central Minnesota but should be monitored regardless, as sampling of public 
water supply wells has shown elevated combined radium concentration above the MCL of 5.0 
picocuries per liter (pCi/L) in four wells, all associated with the glacial till of the Des Moines lobe. 
Radium in drinking water increases cancer risk to humans, particularly for bone and blood cancers 
(Lundy, 2010). Figure 16 shows the distribution of radium concentrations in Quaternary aquifers 
throughout the state of Minnesota. If injecting treated wastewater, the main goal would be to 
remove contaminants to levels that would prevent or at least minimize degradation of the Buffalo 
aquifer.  

 
Figure 16: Distribution of combined radium measured in Quaternary aquifers throughout Minnesota. 
Source: (Lundy, 2010) 
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A conceptual model for treatment of  Moorhead WWTP effluent to raise the water quality to be an 
acceptable source water for injection can be developed using the Shakopee Mdewakanton Sioux 
Community (SMSC) ASR pilot study as a model. The SMSC explored treating the effluent from 
their wastewater facility for injection into the Prairie du Chien-Jordan aquifer for aquifer storage 
and recovery. The SMSC implemented a sophisticated advanced wastewater treatment train at the 
tail end of their existing wastewater treatment plant. This supplemental treatment train included 
reverse osmosis, advanced oxidation processes, pH adjustment, and re-carbonation. A detailed 
explanation of the SMSC pilot study and the fate of the proposed ASR project can be found in the 
Shakopee Mdewakanton Sioux Community Case Study of this report.  

Another conceptual model for how wastewater effluent could be treated to standards conducive to 
indirect or direct potable reuse can be found in the Orange County Water District’s Groundwater 
Replenishment System (GWRS), located in Orange County, California. The GWRS is the world’s 
largest water purification system for indirect potable reuse and provides enough recycled water to 
supply 850,000 residents (Orange County Water District, 2018). Ample information can be found 
on the internet about this project, as well as about future expansions of water recycling and reuse 
in Southern California.  

If reclaimed wastewater is an attractive option as a source water for injection into the Buffalo 
aquifer, technology similar to the process outlined in the SMSC case study and used at the GWRS 
would need to be applied to ensure that conventional contaminants as well as contaminants of 
emerging concern (CECs) are sufficiently attenuated. Essentially, the processes that would be 
required would be similar to those employed at a drinking water treatment plant. Treating the 
effluent of the wastewater treatment plant this way would effectively create a water source that is 
potable, and of a quality commensurate with the production volume from the city’s existing 
drinking water treatment plant. In that case, it would seem unnecessary to inject this highly treated 
reclaimed water into the Buffalo aquifer, where contamination of some variety is likely to occur, 
necessitating additional treatment upon subsequent withdrawal.  

The technology required to reclaim effluent from the Moorhead WWTP is available, but is most 
likely prohibitively expensive, and would require a high degree of maintenance. In addition, it 
would be illogical to inject or otherwise store reclaimed wastewater in the Buffalo aquifer that had 
been treated to a potable standard. Storage would almost undoubtedly result in contamination and 
degradation of the treated water regardless of water chemistry adjustments prior to injection due 
to the presence of natural contaminants in the aquifer media. In this case, direct potable use of the 
reclaimed water would be more realistic, and this scenario falls outside the scope of this project. 
Thus, it is unlikely that treatment of reclaimed wastewater and subsequent storage in the Buffalo 
aquifer would be appropriate for Moorhead into the foreseeable future. 

Moorhead already uses the Buffalo Aquifer as a supplemental water source during times of low 
flow of the Red River. This means that the infrastructure for both the withdrawal, transport, and 
treatment of any water stored in the Buffalo Aquifer already exists. The only additional 
infrastructure requirements that would be necessary for ASR operations to commence would be 
the construction of a transport mechanism from the Moorhead drinking water plant to the injection 
well into the Buffalo aquifer. This injection well could be a dual purpose well that also serves as a 
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recovery well. The existing recovery well(s) that are used to draw from the Buffalo aquifer for the 
purposes of Moorhead water supply could be remodeled as dual-injection wells, or these wells 
could continue to serve as exclusively recovery wells with construction of injection wells 
upgradient in the aquifer. 

During times where flow of the Red River is sufficient to sustain maximum withdrawals by the 
Moorhead drinking water treatment, the City could overproduce potable water, and send the excess 
for storage in the Buffalo aquifer. The chemistry of the injection water should be altered through      
a combination of pH adjustment, degasification, or lime addition to mitigate deleterious effects 
during storage. This practice would build drought resilience for the City, so that when the flow of 
the Red River is reduced to a level where adequate withdrawals to satisfy demand cannot be made, 
the storage reservoir in the Buffalo aquifer can be tapped. This stored water could then be 
withdrawn and piped to the drinking water treatment plant, thereby acting as a supplemental water 
source. This practice will help mitigate potential overdrafting of the Buffalo aquifer, which has the 
potential to harm agricultural operations throughout Clay County.  
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Jordan Aquifer Environmental and Engineering Analysis 
Author:  Josh Kirk and Bill Arnold 
 
Olmsted County in southeastern Minnesota is the location of Rochester, the third largest city in 
the state (U.S. Census Bureau, 2019; Minnesota Cities by Population, 2020). Rochester also 
constitutes the majority of the county’s population. In 2019 the population of Olmsted County was 
estimated at 158,293, while the population of Rochester was estimated at 118,935, or 75.1% of the 
county’s population. Olmsted County is growing, with most of the growth attributed to      
Rochester. The city is estimated to have grown 11.3% from April 1st, 2010 to July 1st, 2019, and      
the county 9.7% over that same time period (U.S. Census Bureau, 2019). Rochester is a destination 
medical center with the world-renowned Mayo Clinic in the heart of the city. In 2018, a report 
commissioned by the city estimated that by 2040, the city is expected to grow by 55,000 people 
from 2015 population figures. In addition, the medical center is expected to draw 2/3 of the 
estimated 3 million annual visitors to Rochester, increasing the average total downtown daytime 
population to 160,000 (Downtown Rochester Integrated Transit Studies, 2018). This substantial 
increase in both permanent and visiting population will yield a concomitant increase in the water 
demand of the City. 

Only accounting for the expected increase in permanent population, Rochester will grow to 
165,000 residents by 2040, up from approximately 110,000 residents in 2015 (Downtown 
Rochester Integrated Transit Studies, 2018). Assuming that per capita water use is 125 gallons per 
day, which is true of the communities served by the Metropolitan Council (Metropolitan Area 
Water Supply Advisory Committee, 2017), this population increase implies a concomitant increase 
in water demand by 6,875,000 gallons/day, amounting to an additional 2,511 million gallons/year. 
Extrapolating that water demand for the entire population yields an expected water demand for the 
City of Rochester in 2040 of 7,533 million gallons/year, 20.6 million gallons/day, or almost 240 
gallons/second. Because Rochester is located in a temperate climate this demand will fluctuate 
seasonally, with peaks in the summer and troughs in the winter. A plot showing seasonal demand 
of a city in a similar climatic region can be seen in the Green Bay case study in this report. 

Rochester currently derives 100% of its drinking water from groundwater, primarily drawing from 
the Jordan aquifer with 33 municipal wells, each equipped with their own treatment system. 
Growth of the city will increase the demand on the Jordan aquifer. Water level elevation of a well 
in the Jordan aquifer within the City of Rochester shows a steady decline in water level over the 
three and a half decades depicted (Fig. 1). ASR could be implemented in the Jordan aquifer in the 
vicinity of the City to enhance water supply and reduce net withdrawals to prevent overdrafting.  
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Figure 1: Jordan Aquifer water level elevation as measured at Minnesota Department of Health Unique 
Well Number: 220679. Data Source: (MDH) 

The Jordan Sandstone is a Paleozoic bedrock layer that is approximately 100 feet thick. It is the 
upper bedrock layer in a small portion of the northern part of the county. Throughout most of the 
county, the Jordan Sandstone is overlain by the Prairie du Chien Group, which is more commonly       
the first bedrock layer. Overlying the Prairie du Chien is the St. Peter Sandstone, followed by the 
Platteville and Glenwood Formations, the Galena Group, and finally the Maquoketa Formation in 
the southwest part of the county. The Paleozoic strata are widespread layers of shale, sandstone, 
and carbonate that were deposited by shallow seas about 500 to 445 million years ago. The 
sandstone and carbonate rock formations in the sequence also host the groundwater exploited by 
the residents of Olmsted County (Balaban, 1988; Steenberg et al., 2020). 

The two major aquifers in the county are the St. Peter Sandstone and Jordan Sandstone, which are 
coarse-grained sandy layers, both approximately 80 to 100 feet thick. However, in the vicinity of 
Rochester the Jordan Sandstone is thinner due to erosion. The St. Peter Sandstone is exposed 
discontinuously around the City of Rochester. These two strata are separated by the Prairie du 
Chien Group, which is a karst system in Olmsted County. The carbonate rock (limestone or 
dolostone) comprising the Prairie du Chien Group is dissolved by flowing groundwater. This has 
shaped the formation into a complex void network, including some passages the size of human-
navigable cave networks. The hydraulic conductivity in both the horizontal and vertical directions 
is greatly enhanced by dissolution features (Steenberg et al., 2020).  

The surficial geology of Olmsted County is dominated by sediments that were deposited during 
the Quaternary Period, stretching from 2.6 million years ago to the present day. The most recent 
glaciation did not reach Olmsted County and glacial sediment occurring at the land surface is of 
pre-Wisconsinan age. This unconsolidated sediment is generally less than 25 feet thick over the 
majority of the county. However, glacial meltwater deposited stream sediment of Wisconsin age 
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in the valleys now occupied by the South and Middle Forks of the Zumbro River (Fig. 2) 
(Steenberg et al., 2020).  

 
Figure 2: Topographic map of Olmsted County with delineated watersheds. The Zumbro River Watershed 
covers most of  the county, with the South Fork running through Rochester. Source: (Adams, 2016). 

The Jordan Sandstone displays high hydraulic conductivity in both the horizontal and vertical 
directions (Steenberg et al., 2020). Jordan wells are common throughout Olmsted County and have 
low arsenic concentrations (units of μg/L) (Fig. 3). A rough estimate of where ASR may be 
considered in and around Rochester is delineated by the peach-colored polygon in Figure 3. Most 
wells in this area as well as throughout the rest of Olmsted County display arsenic concentrations 
less than 0.5 μg/L, which is the detection limit. The drinking water standard for arsenic in 
Minnesota is 10 μg/L, therefore endogenous arsenic contamination is not a concern in the Jordan 
Sandstone underlying Olmsted County (Table 1 and Fig. 3 and 4). 
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Figure 3: Maximum arsenic concentrations of water samples obtained from wells in Olmsted County 
drawing from the Jordan aquifer. Units are in μg/L or ppb. Data Source: (MGS) 
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Table 1: Summary Statistics of Jordan Aquifer Arsenic Measurements in Olmsted      
County – Data Source: (MGS) 

 

 
Figure 4: Boxplot of arsenic concentrations in Jordan aquifer wells taken in Olmsted County. Data Source: 
(MGS) 
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While arsenic contamination is not a concern for the Jordan Sandstone in Olmsted County, 
investigations of radium concentrations have identified areas where concentrations are elevated to 
the point where treatment may be required to meet applicable federal drinking water standards 
(Lundy, 2010). Radium is found in the isotopic forms of radium-226 (Ra226) and radium-228 
(Ra228) in the environment. It is a product of the decay of uranium and thorium, which are naturally 
occurring in geologically relevant quantities. The maximum contaminant level (MCL) for the 
aggregate of both radium isotopes in drinking water is 5.0 picocuries per liter (pCi/L). Ingestion 
of radium contaminated water may contribute to increased cancer risk in humans, particularly 
cancers of the blood and bone. The combined radium concentrations measured in water samples 
obtained from the St. Peter-Prairie du Chien-Jordan Aquifer System are highest near the horizontal 
extent of the Decorah Shale (Fig. 5). Many samples were taken around the Rochester metropolitan 
area. None exceeded the MCL of 5.0 pCi/L, but concentrations of combined radium are somewhat 
elevated compared to values obtained in surrounding counties. Radium should continue to be 
measured in recovered water where ASR is implemented but contamination of stored water with 
radionuclides is not a major concern.  

 
Figure 5: Concentrations of combined radium (radium-226 + radium-228) in water samples obtained from 
the St. Peter-Prairie du Chien-Jordan aquifer system in southeastern Minnesota. Source: (Lundy, 2010) 

The Jordan Sandstone has very low potential for endogenous contamination of stored water, but 
many areas in Olmsted County around Rochester have  high pollution sensitivity (Fig. 6 and 7)      
Sensitivity is defined as the inability of geologic media to restrict or retard the downward migration 
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of pollutants to groundwater sources and is a rough approximation for the relative travel time for 
a pollutant to get from the surface to bedrock aquifers (Fig. 8) (Adams, 2016) The uppermost 
bedrock layer in most of Olmsted County is not the Jordan Sandstone, where Rochester currently 
draws the vast majority of their drinking water from but the overlying St. Peter Sandstone and      
Prairie du Chien Group. Both of these overlying features have limited ability to restrict and retard 
flow to underlying aquifers even in layers that are classified as aquitards (Steenberg et al., 2020).  

 

Figure 6: Pollution sensitivity of the bedrock surface in Olmsted County. Data Source: (DNR) 
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Figure 7: Legend corresponding to Figure 6. 

 
Figure 8: Groundwater travel time acts as a predictor of the sensitivity of bedrock aquifers to pollution. The 
sensitivity ratings shown here correspond to those in Figures 6 and 7, with the exception of the class “very 
low”, which is not applicable to Olmsted County. (Source: Adams, 2016) 

Significant parts of southeastern Minnesota have elevated nitrate concentrations in aquifers (Fig. 
9). The maximum contaminant level (MCL) for nitrate in drinking water is 10 mg/L as N and a 
large portion of Olmsted County exceeds this limit. A study conducted by the Minnesota 
Department of Agriculture (MDA) and Olmsted County Environmental Services shows the results 
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from the private well owners who voluntarily returned water samples for nitrate-nitrogen testing. 
Although an incomplete representation,  the township of Farmington was found to have more than 
10% of its tested wells with nitrate-nitrogen concentrations over the drinking water MCL (Fig. 
10). 

 

Figure 9: Nitrate contamination of aquifers in Minnesota. Source: (MPCA) 
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Figure 10: Results of MDA study to ascertain levels of nitrate contamination of private wells where 
volunteers submitted samples in Olmsted County. (Source: MDA, 2017) 

Rochester has an interesting drinking water infrastructure, where all 33 municipal wells are 
equipped with dedicated water treatment processes, instead of relying on a central treatment 
facility. Fluoridation, disinfection, and corrosion control are applied at each well head before the 
groundwater enters the distribution system. In 2016, no contaminants were detected in the City of 
Rochester’s drinking water at levels that exceeded State and Federal drinking water standards 
(Rochester Public Utilities, 2017). Monitoring results for 2016 for substances that are regulated 
are within limits (Table 2); unregulated substances are also reported (Table 3). While there is 
concern about some endogenous contamination by radionuclides as well as exogenous 
contamination by nitrate, the quality of the drinking water derived from the Jordan Sandstone 
aquifer in the vicinity of Rochester is excellent. If ASR is explored in the Rochester area, the 
potential for rapid pollutant migration from the surface to bedrock aquifers should be considered, 
and action plans should be authored to cultivate emergency preparedness in case of an 
unacceptable contamination event. 
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Table 2: Concentrations of Regulated Substances in Rochester Public Utilities Drinking 
Water - Source: (Rochester Public Utilities, 2017) 
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Table 3: Concentrations of Unregulated Substances in Rochester Public Utilities Drinking 
Water - Source: (Rochester Public Utilities, 2017) 

 

With a growing population increasing the potential for overdrafting of the Jordan aquifer, the City 
of Rochester may be forced to examine alternative or supplemental water supplies. Unfortunately, 
there are few very sources of surface water in and around the city, and none of them are particularly 
bountiful. The South Fork of the Zumbro River flows through downtown Rochester, and serves as 
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the receiving water body for the discharge of the Rochester Water Reclamation Plant (WRP). The 
flow typically ranges from 100-400 cfs (Fig. 11).           

 
Figure 11: Flow of the South Fork Zumbro River at USGS stream gage 05062000 at Rochester, Minnesota      
from 10/3/2010 to 10/10/20. Outliers are excluded from the plot by the method of 1.5*IQR. Minimum, 1st-
quartile, median, 3rd-quartile, and maximum (excluding outliers) are pictured. Data Source: (USGS) 

The average expected water demand for the City in 2040 was estimated at ~240 gallons/second, 
which is equivalent to ~32 cubic feet per second (cfs). At the median flow conditions, withdrawing 
this quantity of water from the South Fork Zumbro River would consume approximately 16% of 
the river’s flow. In dry years, this fraction would be quite a bit higher. The average flow for each 
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year (Fig. 12) and annual fluctuations vary substantially. The average flow of the South Fork 
Zumbro River for each month ranges from 100 to 500 cfs (Fig. 13).      

 
Figure 12: Annual average flow of the South Fork Zumbro River at USGS stream gage 05062000 at 
Rochester, MN from 10/3/2010 to 10/10/20. Data Source: (USGS) 

 

Figure 13: Monthly average flow of the South Fork Zumbro River at USGS stream gage 05062000 at 
Rochester, Minnesota from 10/3/2010 to 10/10/20. Data Source: (USGS) 

During dry years and the late summer to early spring, the South Fork Zumbro River may not be an 
adequate source of water for an ASR project for Rochester. In addition, the City does not currently 
withdraw any water from the river, meaning substantial infrastructure investment would be 
required to facilitate withdrawals from this new source. The City would also need to construct an 
additional treatment facility with more advanced capabilities than the individual well houses that 
treat groundwater drawn from the Jordan aquifer. Unlike Moorhead, Rochester has no existing 
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centralized drinking water treatment facility. If ASR were to be implemented in Rochester, using 
water from the South Fork Zumbro River may not be feasible due to this combination of 
fluctuations in flow and lack of existing infrastructure. If intermittent withdrawal and injection 
were acceptable, then during periods of high flow this river water could be captured and diverted 
to recharge the Jordan aquifer. 

Another potential source of water for injection associated with an ASR project is the effluent of 
the Rochester WRP. The average flow from the facility varies seasonally (Fig. 14). The overall 
average effluent for the time period from 2015 to 2019 was ~13.1 million gallons per day (MGD) 
(Fig. 15). Growth of the city is evident from the increasing average effluent from the WRP and as       
the city continues to grow, wastewater effluent discharges will also continue to increase. 
 

 

Figure 14: Monthly average effluent flow from the Rochester WRP over the period of 2015 – 2019. Data 
Source: (MPCA) 
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Figure 15: Annual average effluent flow from the Rochester WRP over the period of 2015 – 2019. Data 
Source: (MPCA) 

The Rochester WRP was built in 1952 and has experienced six major upgrades from its initial 
construction through 2006. It is currently equipped with preliminary treatment, consisting of 
screening and grit removal, primary treatment with two clarifiers, and two separate liquid treatment 
trains. One train consists of a high purity oxygen activated sludge (HPOAS) process, while the 
other is an aeration basin complex (ABC). Secondary clarifiers terminate both these treatment 
trains, where solids separate and are either recycled back to the activated sludge reactors or are 
wasted to an anaerobic digester. The liquid phase flows over the weirs of the secondary clarifiers 
into a chlorine contact tank where pathogens are inactivated. Dechlorination of the effluent is the 
final step before discharge to the South Fork Zumbro River (Fig. 16) (Voth, 2020). 

 
Figure 16: Flow schematic of the Rochester Water Reclamation Plant. (Source: Voth, 2020) 
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The Rochester WRP produces an effluent of high quality (Table 4). The United States EPA sets 
secondary treatment standards under National Pollutant Discharge Elimination System (NPDES) 
permits for CBOD and TSS. These standards stipulate that the five-day carbonaceous biochemical 
oxygen demand (CBOD5) test should average less than 25 mg/L, while TSS tests should average 
less than 30 mg/L for samples taken over a 30-day period (United States EPA, 2010). The effluent 
of the Rochester WRP meets these standards. 

Table 4: Rochester Water Reclamation Plant Effluent Summary - TSS = total suspended 
solids, TKN = total Kjeldahl nitrogen, BOD5 = 5-day carbonaceous biochemical oxygen 
demand, N+N = nitrate + nitrite, TP = total phosphorus – Data Source: (MPCA) 

 

While the effluent from the treatment plant is of high quality, it is not yet suitable for drinking or 
injection into the Jordan Sandstone. The elevated concentration of nitrate and nitrite in the 
treatment plant effluent is more than double the MCL for drinking water. Removal of nitrate and 
nitrite below concentrations found endogenously in the Jordan aquifer would be required to adhere 
to antidegradation principles. However, if this Rochester WRP effluent were chosen as a source 
water for ASR, the advanced treatment methods that may be required to remove anthropogenic 
chemicals and disinfection byproducts would also treat for the analytes listed in Table 4. For a 
description of how the effluent may be brought to potable standards, or to standards that are 
suitable for injection, refer to the Buffalo aquifer section of this report. For more information on 
what technologies may be leveraged in this process, refer to the Shakopee Mdewakanton Sioux 
Community case study. In addition, for information on pilot testing of injection, refer to the St. 
Michael, Hanover, and Albertville JPWB case study. Robust pilot studies are less paramount for 
ASR projects targeting the Jordan Sandstone in Olmsted County than for ASR projects with the 
Buffalo aquifer in Clay County due to the composition of the Jordan Sandstone and the quality of 
water drawn from it. Regardless, pilot studies are an important tool for assessing the real-world 
effects of injection and recovery upon the aquifer and the stored liquid volume. Finally, if effluent 
from the Rochester WRP is treated for injection into the Jordan Sandstone, it is likely that it would 
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be a suitable candidate for direct potable reuse. More information on this topic can be found in the 
Buffalo aquifer section of this report. 

As stated previously, the Paleozoic bedrock layers are used in Olmsted County as the primary 
source water source. Precambrian bedrock layers, however, have the potential to produce 
significant quantities of water if wells are drilled to these strata. This operation would require 
significant investment by the City of Rochester to drill new, deeper wells. In addition, utilizing 
these Precambrian bedrock layers either as a new direct water source for the City or as a source 
water for ASR could not be done in a sustainable way. Deeper aquifers take longer to recharge 
than shallow aquifers, and the shallow layers are already being pumped at an unsustainable rate. 
In addition, the pollution sensitivity of the upper bedrock layers raises concerns about possible 
contamination of lower bedrock layers through preferential flow paths. These paths may be created 
when drilling through Paleozoic bedrock layers to the Precambrian bedrock layers. Overall, 
utilizing the Precambrian bedrock would not be an environmentally conscious decision, and would 
require significant additional capital investment. ASR could be performed in aquifers other than 
the Jordan Sandstone, but the existing infrastructure of the city is well suited for recovery from the 
Jordan and is not well suited for recovery from any other local aquifer. 

Upgrades to the Rochester WRP consisting of sophisticated tertiary treatment processes, such as 
advanced oxidation and reverse osmosis, should be evaluated for their cost and feasibility. In 2040,      
Rochester is expected to consume at least 20.5 million gallons of drinking water a day. Closing 
the loop by capturing the effluent of the WRP, treating it to a high standard, and injecting it into 
the Jordan Sandstone would significantly reduce the net quantity of water that would be drawn 
from the Jordan aquifer. This practice would result in much more sustainable water use by the City 
of Rochester and may be able to completely eliminate any overdrafting. Injection could occur at 
existing well heads if some were repurposed for injection while others upgraded for more 
significant withdrawals, or new wells could be drilled exclusively for injection. Injection of highly 
treated wastewater may also result in the dilution of any contamination that does migrate into the 
Jordan Sandstone, such as nitrates from fertilizer application in the agricultural areas surrounding 
the City of Rochester. 
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Washington County is located just east of the Hennepin and Ramsey Counties, which together 
constitute the core of the Twin Cities Metropolitan Area. Washington County borders Wisconsin 
(Fig. 1). 

 
Figure 1: Washington County location within the state of Minnesota. Source: (Wikipedia, 2007) 

As of July 1st, 2019, the U.S. Census Bureau estimated the total population of Washington County 
at 262,440, a 10% increase from their estimate of 238,109 residents as of April 1st, 2010 (U.S. 
Census Bureau, 2019). The historical population of Washington County has steadily increased 
over the last four decades, a trend that is projected to continue through at least 2040 (Fig. 2). 

 
Figure 2: Historical population of Washington County as well as the projected population for future 
decades. Source: (Washington County Population, 2019) 
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Washington County was historically an agricultural area but has been urbanizing as a result of 
expansion of the Twin Cities Metropolitan Area. The largest municipality in Washington County 
is the City of Woodbury, which had an estimated population of 72,828 as of July 1st, 2019, a 17.5% 
increase from an estimated population of 61,963 as of April 1st, 2010 (U.S. Census Bureau, 2019).      
Woodbury is expected to grow to 87,800 residents by 2040 (Washington County Population, 
2019).  

Currently, groundwater supplies 100% of the drinking water in Washington County. The majority 
of permitted water withdrawals (for groundwater users withdrawing either more than 10,000 
gallons per day or 1 million gallons per year) are for pollution containment and municipal public 
water supplies (Bauer, 2016; Washington County, 2019). There are 13 municipal water suppliers 
in the county, which serve approximately 80% of the county’s residents. Each public water supply 
maintains a Drinking Water Supply Management Area (DWSMA) (Fig. 3) (Washington County, 
2019). 

 
Figure 3: DWSMAs in Washington County. Source: (Washington County, 2019)      

The remaining ~20% of the population is served by private wells (Fig. 4). 
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Figure 4: Active and sealed wells within Washington County. Source: (Washington County, 2019) 

While many private wells draw from Quaternary aquifers, they account for only about 25% of all 
the water use in the county (Berg, 2019). Beneath these aquifers are multiple bedrock aquifers. 
Their presence coupled with the buried sand and gravel aquifers makes Washington County an 
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excellent area in terms of groundwater availability (Berg, 2019; Washington County, 2019). The 
bedrock aquifers most commonly used are the Prairie du Chien Group (Shakopee and Oneota 
Formations), and the Jordan Sandstone. The St. Peter Sandstone, the Tunnel City Group, Wonewoc 
Sandstone, and the Mt. Simon-Hinckley Sandstone are deeper bedrock aquifers that are less 
frequently utilized. All of the bedrock aquifers are Paleozoic in age and were deposited in shallow 
seas during the Cambrian and Ordovician Periods, about 500 to 450 million years ago (Washington 
County, 2019; Bauer, 2016). 

Despite plentiful and numerous sources of groundwater, it is considered a finite resource. If not 
protected, groundwater reserves could become depleted to a point where extraction of sufficient 
quantities of potable water is no longer feasible (Washington County, 2019). Long-term 
projections of current usage and expected population growth predict significant local drawdown 
in some areas (Fig. 5 and 6) (Washington County, 2019). For most of Washington County, less 
than 1 meter of groundwater elevation change is expected. However, from Woodbury to Cottage 
Grove, drawdown of the Prairie du Chien and Jordan aquifers is expected to exceed 50% of the 
available hydraulic head (Metropolitan Council, 2015). This magnitude of water level decline 
could compromise the effectiveness of existing wells, in addition to exposing these areas to 
potential hazards, such as ground subsidence and permanent decline in surface-water levels.  Most 
critically, a significant drawdown of the bedrock aquifers could threaten the drinking water supply 
of thousands of people living in southern Washington County. 

Washington County sits on the eastern edge of a shallow structural depression which is known as 
the Twin Cities basin. The bedrock aquifer units tilt slightly southwest (less than 1°). Most of the 
county’s groundwater recharges within its own boundaries due to generally higher land surface 
elevation in the central region of the county, and the presence of permeable surficial deposits along 
with shallow bedrock (Berg, 2019; Bauer, 2016). Terrain in Washington County is diverse and      
major rivers define the eastern and southern borders (Fig. 7). 
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Figure 5: Expected groundwater level change in the Prairie du Chien-Jordan aquifer from 2015 to 2040. 
Source: (Metropolitan Council, 2015)      

 
Figure 6: Key for Figure 5. Source: (Metropolitan Council, 2015) 

Given the expected population increase (Fig. 2) of 73,350 residents or almost 28% and assuming 
a per capita water use of 125 gallons per day (Metropolitan Area Water Supply Advisory 
Committee, 2017), this implies a concomitant increase in water demand of 9,168,750 gallons/day, 
amounting to an additional 3,350 million gallons per year. Extrapolating that water demand for the 
entire population yields an expected water demand for Washington County in 2040 of 15,422 
million gallons/year, 42.2 million gallons/day, or almost 490 gallons/second. Washington County 
is located in a temperate climate so this demand will fluctuate seasonally, with peaks in the summer 
and troughs in the winter. A plot showing seasonal demand of a city in a similar climatic region 
can be seen in the Green Bay case study, included in this report. 
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Figure 7: Topography of Washington County. Source: (Bauer, 2016) 

The per capita water use of the various incorporated municipalities varies significantly between      
cities,  attributed in part to the fact that newer developments have more homes requiring      
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irrigation and less shade (Fig. 8). On average, the per capita water use across the County is 
declining slightly. However, population growth will counteract the effects of water conservation 
efforts. 

 
Figure 8: Per capita water use for various municipalities in Washington County. Source: (Washington 
County, 2019)      

With a growing population increasing the likelihood of significant drawdown of the Jordan and 
Prairie du Chien aquifers, cities like Woodbury or Cottage Grove may be forced to examine 
alternative or supplemental water supplies. These water supplies could be used as source waters 
for ASR projects in Washington County, which may help mitigate overdrafting and groundwater 
elevation decline. Unlike the City of Rochester or the City of Moorhead, Washington County has      
bountiful surface water resources, in the form of major rivers and wastewater treatment plant 
effluent. 

The Mississippi River flows at an average rate of over 14,000 million gallons per day as measured 
at a gage near St. Paul (Fig. 9, 10, and 11). Even if the Mississippi were to be used as the sole 
water source for the projected population of Washington County in 2040, only about 0.3% of the 
average flow would need to be diverted. In addition, the St. Croix River flows at an average rate 
of over 3,700 million gallons per day as measured at a streamgage near Stillwater (Fig. 12, 13, and 
14). 
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Figure 9: Flow of the Mississippi River at USGS stream gage 05331000 at St. Paul, MN from 3/20/15 to 
10/10/20. Outliers are excluded from the plot by the method of 1.5*IQR. Minimum, 1st-quartile, median, 3rd-
quartile, and maximum (excluding outliers) are pictured. Data Source: (USGS) 

If the St. Croix were used as the sole water source for the projected population of Washington 
County in 2040, only about 0.65% of the average flow would need to be diverted even with      
significant seasonal fluctuations (Fig. 11 and 14). These fluctuations could be leveraged if a 
smaller fraction was desired. Regardless, it is safe to say that not all of Washington County’s water 
demand would need to be fulfilled with diverted river water, so the actual annual volumes would 
be much lower than the maximum values listed here. 
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Figure 10: Annual average flow of the Mississippi River at USGS stream gage 05331000 at St. Paul, MN 
from 3/20/15 to 10/10/20. Data Source: (USGS) 

 
Figure 11: Monthly average flow of the Mississippi River at USGS stream gage 05331000 at St. Paul, MN 
from 3/20/15 to 10/10/20. Data Source: (USGS) 
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Figure 12: Flow of the St. Croix River at USGS stream gage 05341550 at Stillwater, MN from 9/10/11 to 
10/10/20. Outliers are excluded from the plot by the method of 1.5*IQR. Minimum, 1st-quartile, median, 3rd-
quartile, and maximum (excluding outliers) are pictured. Data Source: (USGS) 

Another potential source of water for ASR in Washington County is the treated effluent of several 
wastewater treatment plants that sit on the borders of the county, and discharge into the Mississippi 
and St. Croix Rivers. All of these plants are operated by the Metropolitan Council Environmental 
Services (MCES) division. The largest of the possible plants is the Metropolitan (Metro) 
Wastewater Treatment Plant, which sits on the western edge of the county. While the Metro Plant 
is located in Ramsey County, it is only about four miles from Woodbury as the crow flies. The 
Metro Plant is the largest wastewater treatment plant in the state, with a capacity of 251 million 
gallons per day (MGD). It serves 1.8 million people, and discharges wastewater treated with 
advanced secondary treatment processes as well as chlorination/dechlorination for pathogen 
control into the Mississippi River (MCES, 2020). 
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Figure 13: Annual average flow of the Mississippi River at USGS stream gage 05341550 at Stillwater, MN 
from 9/10/11 to 10/10/20. Data Source: (USGS) 

 
Figure 14: Monthly average flow of the Mississippi River at USGS stream gage 05341550 at Stillwater, MN 
from 9/10/11 to 10/10/20. Data Source: (USGS) 

The annual and seasonal average effluent from the Metro Plant, respectively peaks slightly in the 
spring while experiencing a minor decline in the winter months but is for the most part very stable 
within and between years (Fig. 15 and 16). The average effluent discharge is about 180 million 
gallons per day, or more than four times the total expected water demand for Washington County 
in 2040. The annual and seasonal average effluent from the Eagle’s Point Wastewater Treatment 
Plant, which sits on the southern border of the county, and replaced the Cottage Grove Wastewater 
Treatment Plant in 2002 has a capacity of 10 MGD, and serves 60,000 residents throughout 
Cottage Grove, Lake Elmo, and Woodbury (Fig. 17 and 18). The plant is equipped with advanced 
secondary treatment, and uses UV disinfection for pathogen control before discharging effluent to 
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the Mississippi (MCES, 2020). The annual average effluent flow from the Eagle’s Point Plant is 
about 4.8 MGD, which is significantly less than the total expected water demand for Washington 
County in 2040. However, implementing a treatment process at a plant of this size may be more 
straightforward than attempting to treat a portion of the Metro Plant effluent with an advanced 
tertiary process. 

 
Figure 15: Annual average effluent flow from the Metropolitan Wastewater Treatment Plant from 
September 2015 to December 2019. Data Source: (MPCA) 

 
Figure 16: Monthly average effluent flow from the Metropolitan Wastewater Treatment Plant from 
September 2015 to December 2019. Data Source: (MPCA) 
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Figure 17: Annual average effluent flow from the Eagles Point/Cottage Grove Wastewater Treatment Plant 
from February 2015 to October 2020. Data Source: (MPCA) 

 
Figure 18: Monthly average effluent flow from the Eagles Point/Cottage Grove Wastewater Treatment Plant 
from February 2015 to October 2020. Data Source: (MPCA) 

The annual and seasonal effluent from the St. Croix Valley Wastewater Treatment Plant is fairly 
constant at about 3.1 MGD (Fig. 19 and 20) The St. Croix Plant sits just south of Stillwater in the 
City of Oak Park Heights. It has a capacity of 4.5 MGD and serves a population of 30,000. It 
discharges wastewater treated with advanced secondary treatment and UV disinfection for 
pathogen control to the St. Croix River. The annual average effluent flow from the plant is much 
less than the volume that would be required to satisfy a county wide water demand in 2040, but 
also benefits from the same size characteristics as the Eagle’s Point Plant. 
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Figure 19: Annual average effluent flow from the St. Croix Valley Wastewater Treatment Plant from 
February 2015 to October 2020. Data Source: (MPCA) 

 
 
Figure 20: Monthly average effluent flow from the St. Croix Valley Wastewater Treatment Plant from 
February 2015 to October 2020. Data Source: (MPCA) 

It is unrealistic to expect the water demand of Washington County be fulfilled through surface 
water by 2040 if all drinking water is currently derived from wells. A more realistic target could 
be to reduce the groundwater withdrawals of Woodbury and Cottage Grove by 50% by 2040, as 
they are the epicenter of the expected drawdown, and the two largest municipalities in Washington 
County. Population projections by Washington County suggest Woodbury could grow to 87,800 
residents by 2040, while Cottage Grove could see 47,000 residents by 2040 (Washington County, 
2019). This amounts to a combined expected population of 134,800. Their per capita water 
consumption of about 100 gallons per day (Fig. 8) could be reduced to the suggested 75 gallons 
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per day. If we assume that water conservation measures are successful over the next two decades, 
the average combined daily water use of these two municipalities would be roughly 10 million 
gallons per day (MGD). A reduction of 50% in this value would result in the target of replacing 5 
MGD of groundwater withdrawals from the Prairie du Chien and Jordan aquifers with surface 
water or reclaimed wastewater. Just the effluent from the Eagle’s Point Wastewater Treatment 
Plant over the past few years would satisfy this demand, if it could be treated to a high enough 
standard for injection. In addition, the population growth in Woodbury and Cottage Grove is 
causing an increase in wastewater effluent volumes from the Eagle’s Point Plant, which will only 
continue to increase over the next two decades (Fig. 17).  

If it is infeasible or undesirable to use reclaimed wastewater as a source water for ASR, then either 
the Mississippi or the St. Croix Rivers would be plentiful sources to tap. In addition, in the 
consideration process for ASR, direct potable use of reclaimed wastewater is an option.      In order 
to treat the Eagle’s Point Plant effluent to a standard suitable for injection into the Prairie du Chien 
or Jordan aquifers, a significant plant upgrade would be required. For a description of how the 
effluent may be brought to potable standards, or to standards that are suitable for injection, refer 
to the Buffalo aquifer section of this report. For more information on what technologies may be 
leveraged in this process, refer to the Shakopee Mdewakanton Sioux Community case study. 
Despite the fact that the injected water will eventually be treated again upon withdrawal, in order 
to prevent contamination of the aquifers with anthropogenic chemicals such as pharmaceuticals      
found in wastewater effluent and therefore the rivers they discharge to, a high degree of treatment 
of the source water would be required. 

The analysis of ASR in Washington County from this point on will focus on the Jordan aquifer in 
the southern portion of the county. This is not only because the largest population centers and 
anticipated withdrawals occur there, but also due to the unique aquifer characteristics in this region 
which has made the Jordan aquifer uniquely susceptible to contamination. The Prairie du Chien 
Group also suffers from these same issues, but results pertaining to the Jordan aquifer are largely 
transferable to the Prairie du Chien owing to their hydraulic connectivity. 

An approximate target area for ASR lies in the southern portion of Washington County (Fig. 21). 
This region roughly coincides with the area between Woodbury and Cottage Grove that is expected 
to experience the most dramatic groundwater level decline by 2040 (Fig. 5). 
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Figure 21: An approximate target area for ASR in Washington County is shown in green. 

The Jordan aquifer underlying Washington County is not known to have any significant sources 
of endogenous contamination from arsenic or radionuclides (Fig. 22 and 23). 



17 
 
 

 
Figure 22: Maximum arsenic concentrations obtained from Jordan well water samples across Washington 
County. Data Source: (MGS) 
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Figure 23: Combined radium concentrations in water samples taken from wells in southeastern Minnesota. 
Source: (Lundy, 2010) 

None of the measurements for Washington County exceed the respective drinking water maximum 
contaminant levels (MCL) of 10 μg/L for arsenic and 5.0 picocuries per liter (pCi/L) for combined 
radium (Fig. 22 and 23). This observation is consistent with the records for the Jordan Sandstone 
in Olmsted County. 

Unfortunately, the water table throughout the county is fairly shallow, except for along the south 
and eastern edges where deep river incisions lower the water table (Fig 24 and 25). Aquifers in 
Washington County are well-connected to the ground surface, which increases their pollution 
sensitivity (Washington County, 2019; Berg, 2019). A prominent 20-mile-long, south-trending 
buried bedrock valley in the southern portion of the county coincides with the locations of Lake 
Elmo and Long Lake and increases the sensitivity of the bedrock aquifers here. A faulted area of 
bedrock in the southern portion of the county also compromises aquitard integrity, and allows for 
rapid migration of pollutants through the groundwater system (Berg, 2019; Bauer, 2016). 
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Figure 24: Depth to water table along with depths of selected lakes in Washington County. Source: (Berg, 
2019) 

Figure 25: Key for Figure 24. Source: 
(Berg, 2019) 
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The estimated vertical travel time varies  across Washington County (Fig. 26 and 27), and 
correlates to the pollution sensitivity of the aquifer (Fig. 28, 29, and 30). Sensitivity is defined by 
the inability of geologic media to restrict or retard the downward migration of pollutants to 
groundwater (Adams, 2016). 

The southern portion of the county is particularly susceptible to contamination of its bedrock 
aquifers (Fig. 26 and 28). Approximately 97% of the county’s water table and 82% of the Prairie 
du Chien-Jordan aquifers are classified as having a moderately-high to very-high sensitivity to 
contamination (Washington County, 2019). Elevated chloride levels have been found in many of 
the bedrock aquifers underlying Washington County, including the Jordan aquifer (Fig. 31 and 
32). Chloride and bromide are naturally occurring at low levels, but concentration ratios greater 
than 250 are sufficient to assume an anthropogenic source for an elevated level (Berg, 2019). 

Washington County has a land use that was historically agricultural, and is now a mix of 
agricultural, rural, suburban, and urban. This legacy of agricultural practices has led to significant 
nitrate contamination of groundwater in Washington County, including contamination of the 
Jordan aquifer (Berg, 2019; Washington County, 2019). 
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Figure 26: Estimated vertical travel time for a fluid to move through near surface materials. Source: (Berg, 
2019)      

Figure 27: Key for Figure 28. 
Source: (Berg, 2019) 
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In 2014-2015 the Minnesota Department of Agriculture tested samples from well owners that 
volunteered for a nitrate study in Cottage Grove and Denmark townships in the southern portion 
of the county. They sampled 441 wells, 15% of which had concentrations of nitrates that exceeded 
the drinking water MCL of 10 parts per million (ppm) (Berg, 2019; USEPA, 2010). The 
concentration of nitrates vary across the county (Fig. 33 and 34) as well as with depth (Fig. 35 and 
36).      

The other major groundwater contaminant in Washington County besides nitrates is a class of 
chemicals called per- and poly-fluoroalkyl substances (PFAS). From the late 1940’s until 2002 the 
3M corporation produced PFAS at their facility in Cottage Grove. The main type of PFAS 
produced was perfluorooctanoic acid (PFOA), which was used in products including nonstick 
cookware, stain-resistant carpets, and other industrial applications. PFAS are considered emerging 
contaminants, as they have only recently been identified for their recalcitrance and ubiquity in the 
environment. It is also unclear what their effect on public health may be, and the way that they 
move through the environment is a current topic of research (Minnesota Department of Health, 
2020; Berg, 2019). 

From the late 1940s to the early 1970s, the 3M Corporation disposed of substances containing 
PFAS at four locations in the southern portion of Washington County (Fig. 37). In the 21st-century, 
public awareness of these compounds began to rise, and elevated concentrations of PFAS began 
to appear in drinking water wells in southern Washington County. In 2008, 2010, and 2014, the 
Minnesota Department of Health (MDH) conducted studies where they measured the 
concentration of PFAS in the blood of people living in Oakdale, Lake Elmo, and Cottage Grove. 
The average concentration of PFAS in the participants was found to be higher than the average of 
the general U.S. population. In addition, the study elucidated that PFAS concentrations in the blood 
can decrease if sources of contamination are removed (MDH, 2020). Over the last two decades 
wells that have been found to have elevated concentrations of PFAS have been abandoned. Homes 
with private wells found to have elevated PFAS concentrations have been provided with a granular 
activated carbon treatment system that is monitored and maintained by the MPCA. Some homes 
were instead connected to municipal water supplies, with funding coming from a settlement 
involving the State and the 3M Corporation. 
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Figure 28: Estimated pollution sensitivity of the bedrock surface. Source: (Berg, 2019)      

  

Figure 29: Key for Figure 28. 
Source: (Berg, 2019) 
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From 2008 to 2011 significant remediation actions were taken at all four PFAS disposal sites in 
Washington County, including the installation of groundwater pumping systems that still operate 
in an attempt to contain the migration of PFAS compounds. The sampling request area (Fig. 38, 
outlined by a dashed brown line) delineates the region where private wells can be tested free-of-
charge to the resident. Other areas are tested even without the request of the resident, as these are 
regions where PFAS contamination has been known to occur in groundwater (Fig. 38, purple 
polygons). Finally, wells that have been found to have elevated concentrations of PFAS (Fig. 38 
and 39) lie within a PFAS plume measured in September 2017. Perfluorobutyrate (PFBA) was 
used as the tracer in this study as it is the most soluble and mobile PFAS compound, and therefore 
is likely the most widespread. PFBA is only one of several PFAS found in Washington County 
groundwater (Berg, 2019; Washington County, 2019; MDH, 2020). 

Because of the unique geologic features in the southern part of the county, the ground surface, 
surficial aquifers, and bedrock aquifers are very well connected, leading to a very high pollution 
sensitivity. The contamination of groundwater by PFAS is particularly concerning because of the 
locations of its disposal: the Lake Jane Landfill in Lake Elmo, the 3M Oakdale disposal site, the 
3M Woodbury disposal site, and the 3M Cottage Grove disposal site. The 3M remediation project 
at the Woodbury site holds the largest groundwater withdrawal permit across the county, with 1.25 
billion gallons of water annually pumped, treated, and discharged into the Mississippi River 
(MDH, 2020; Washington County, 2019). 

ASR could be an attractive option to replace some or all of the groundwater currently pumped for 
either remediation or potable use. There are numerous scenarios to consider, but one obvious 
option would be to inject the treated water from the Woodbury disposal site in order to close the 
loop, thereby preventing 1.25 billion gallons of groundwater use annually. For future pump-and-
treat projects that may be used to mitigate and contain PFAS plumes in Washington County, ASR 
should also be considered as an alternative to disposal following treatment. This would preclude 
the need to transport the treated water to the Mississippi River, and would reduce the net 
withdrawal of groundwater in the county. In addition, using either reclaimed wastewater or treated 
river water as a source of water for ASR could be a way to supplement the groundwater supply of 
Washington County, and promote long-term sustainable use. Injection of reclaimed water or river 
water could also be used to promote containment of PFAS plumes while treatment is still 
underway. 

The groundwater in Washington County is dominated by calcium and magnesium cations, with 
bicarbonate anions (Fig. 40). It should be noted that several of the samples are shifted towards the 
chloride and nitrate corner and are of mixed tritium age, which suggests that most of the chloride 
and nitrate in these samples is of anthropogenic origin (Berg, 2019). Any treated source water 
should be recarbonated and supplemented with calcium and magnesium prior to injection in order 
to minimize chemical differences between the native groundwater and the injected fluid. Any 
reclaimed wastewater must be treated with advanced tertiary treatment techniques such as 
advanced oxidation and reverse osmosis, which will remove any anthropogenic contaminants of 
emerging concern (CECs) such as pesticides and pharmaceuticals, as well as any PFAS. 
Groundwater contaminated with PFAS can be treated with GAC, ion exchange resins, or through 
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nanofiltration or reverse osmosis. River water should be treated similarly to drinking water before 
injection; however, it should be analyzed regularly for CECs and PFAS compounds. Any 
withdrawals from the Mississippi or the St. Croix River should occur upstream of the outfalls of 
any of the Metropolitan Council’s wastewater treatment plants. 

 
Figure 30: Groundwater travel time dictates the sensitivity rating of the bedrock aquifer surface. Source: 
(Adams, 2016) 
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Figure 31: Elevated chloride levels in groundwater are found throughout Washington County. Source: 
(Berg, 2019)      

Figure 32: Key for Figure 31. 
Source: (Berg, 2019) 
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Figure 33: Nitrate contamination of groundwater in Washington County. Source: (Berg, 2019) 

 

Figure 34: Key for Figure 33. Source: 
(Berg, 2019) 
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Figure 35: Nitrate + nitrite nitrogen concentrations found in the Jordan aquifer in Washington County. Data 
Source: (MGS) 
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Figure 36: Summary table of values shown in Figure 35. Data Source: (MGS) 

  



30 
 
 

 
Figure 37: PFAS source areas in southern Washington County (shown in grey). Source: (Minnesota 
Department of Health, 2020) 
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Figure 38: PFAS source areas shown in grey; wells with a well advisory for PFAS contamination shown as 
purple dots; priority sampling areas shown as purple polygons; sampling request area shown as the dashed 
brown border. Source: (Minnesota Department of Health, 2020). 
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Figure 39: PFBA concentrations in Washington County groundwater. Source: (Washington County, 2019) 
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Figure 40: Piper diagram of groundwater samples in Washington County. Source: (Berg, 2019) 
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ASR Policy Overview 
Authors:  Eileen J. Kirby and John Bilotta 
  
In conducting a policy overview of aquifer storage and recovery (ASR), existing and proposed 
policies for ASR and managed aquifer recharge (MAR) were identified on multiple jurisdictional 
levels. This research centered mainly on ASR policies and regulations with a more general 
overview of MAR.  Policies and their interactions were identified on international, national, state, 
regional and local levels. These policies were then considered in the context of seven assorted ASR 
case studies across the United States.  
  
Policy review also considers drivers and barriers for implementation, specifically the 
establishment of ASR projects. Common policy drivers for ASR include the need for long term, 
high capacity storage of water in order to address drought resilience as well as the ability to meet 
peak demand, especially seasonally and where population pressures begin to exceed treatment 
plant capacity. Existing rules and regulations on multiple levels, but commonly state level, can be 
preventative or prohibitive. The possibility of adverse chemical interactions with the injection of 
non-native water into native groundwater must be considered as must the suitability of an 
identified aquifer for ASR activities. Community relations and anticipated trans-boundary impacts 
on water quality from ASR projects may also be barriers. An expanded discussion of drivers and 
policies is found later in this section.   
  
Policy alternatives to ASR should be considered to provide context for the decision-making 
process. Some alternatives include above-ground water storage (i.e. storage in reservoirs and 
storage tanks) and the expansion of existing water-treatment facilities or construction of new ones 
to meet demand. The policy decision-making process evaluates costs and benefits, and suitability 
of solutions for the communities in which they are being applied.  
 
Federal policies that impact ASR  
The United States Environmental Protection Agency (USEPA) houses the Underground Injection 
Control program (UIC), established under 40 CFR 144-148. (CFR refers to Code of Federal 
Regulations.)  Injection wells are separated into six classes based on context of usage; ASR wells 
are classified as Class V wells under the UIC (EPA Underground Injection Control, n.d.). As of 
2013, 204 ASR sites exist across 27 different states in the US, though many of these states have 
only one or two sites and sites may include wells that are no longer operational (Bloetscher, 2014; 
American Water Works Association Manual M63, 2015). The authority of the Safe Drinking 
Water Act (SDWA) was used to establish the Code of Federal Regulations (CFR) sections that 
comprise the UIC program. It is important to note that the UIC program does not regulate 
infiltration basins, which are used in ASR operations across the country and world (EPA 2016). 
Figure 1 summarizes CFR related to ASR. 
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[Figure 1: Summary of CFR related to ASR.  Source: EPA, 2016] 

 
Primary enforcement authority or “primacy” over injection wells of any type defaults to the 
USEPA. Some states have applied for and received primacy over Class V type wells under SDWA 
1422. This allows those states to issue permits or approve wells by rule rather than having the 
relevant regional USEPA office have direct authority.  However, state rules and regulations may 
not supersede the Federal drinking water standards.  
 
The main priority of these Federal policies is protecting and maintaining the quality of 
underground sources of drinking water (USDW). The injection of water into an aquifer must not 
cause it to violate National Primary Drinking Water Regulation standards, as revised by the 
SDWA. Even where sources haven’t been formally identified as USDW, they are presumed to be 
as such if there is any possibility that they may be used as such in the future (AWWA Manual 
M63, 2015). Some states run joint UIC programs with the USEPA where the state may have 
primacy for only one class of injection well or for all but one class of injection well (primarily 
states shown in red in Figure B). Others have UIC programs that are fully USEPA led (blue in 
Figure B), or fully state-run (green and purple in Figure B). Tribal nations work directly with their 
region’s EPA office, but may also apply for primacy—the Navajo Nation, for example, has Class 
II primacy.  
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[Figure 2: Primacy for UIC wells by state, EPA, n.d., accessed 2020.  

  
It is also worth noting that there is significant variety in the structure of drinking water and 
environmental agencies between states. In Minnesota, for example, responsibilities for water 
governance are divided by type of water (surface or ground) and the use of that water.  For (for 
example, drinking water is monitored and enforced by the Minnesota Department of Health while 
water quality concerns with recreational activities such as fishing are regulated by the Minnesota 
Department of Natural Resources. Wisconsin ASR projects are regulated under the Wisconsin 
Department of Natural Resources while in Washington State, the Department of Ecology regulates 
ASR sites. In California, which has a robust permitting and regulation structure despite not having 
primacy for Class V wells, Regional Water Quality Control Boards oversee local ASR projects 
under the California Environmental Protection Agency.  

  
State of Minnesota policies that impact ASR 
Managed aquifer recharge has only recently been developed in the state of Minnesota. We are 
aware of only two functional MAR-related projects in the state, only one of which qualifies as 
ASR.   
 
Minnesota’s sole operational ASR facility is located in St. Michael, Minnesota and is run by the 
Joint Powers Water Board (JPWB) of Albertville, Hanover, and St. Michael. The feasibility of the 
ASR project was first studied in 2006 and construction of the facility began in 2009 in response to 
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a need to meet peak seasonal demand in summer months when water use is elevated. A series of 
three pilot studies was conducted between 2009 and 2011 and 8 full-scale ASR cycles from 
injection to recovery have been completed since 2012.  
  
In order for the JPWB to gain approval and permits to establish the ASR project, they were 
approved and received a permit from the EPA and also a variance from Minnesota Department of 
Health (MDH) allowing for the injection of water treated to drinking water standards into the 
aquifer.  Minnesota is not a primacy state for Class V wells, meaning that the Environmental 
Protection Agency (EPA) maintains primary enforcement authority over underground injection 
control activities. (Established under 40 CFR 147.1200-1210.)   MDH granted a variance to the  
state of Minnesota’s well code, specifically Minnesota Administrative Rule 4725.2050, that 
disallows wells or borings from being used for injection or disposal of surface water or 
groundwater.  The JPWB did not obtain variances for any water quality standards under MDH.  
 
A more thorough summary of this facility is included as one of the seven case studies in the 
appendix of the full project report. 
 
The East Bethel Water Reclamation and Reuse Facility is a MAR, however it is not an ASR.   This 
facility has an infiltration pond which infiltrates treated wastewater through shallow, soil-covered 
basins. The treated effluent percolates through granular material at the bottom of the basins and 
continues to move through the unsaturated zone before recharging the aquifer. The facility is 
operated by the Metropolitan Council and there is no intention of recovering the water that they 
infiltrate, nor are they infiltrating with any goal of remediating or raising the level in the receiving 
aquifer. Instead, it is simply used as a convenient disposal site. 
 
Local Policies that may impact ASR 
This project did not examine specific local or tribal policies that may impact proposed ASR 
projects.  Local policies and regulations or the application of Federal policies such as finding a 
protected or endangered species during a local site survey, could possibly prohibit or limit the use 
of ASR.  In addition, water management across watershed, aquifer, political and community 
boundaries could present potential conflicts.  Therefore, when future comprehensive site studies 
are performed for potential ASR development, any tribal and local land use and water management 
systems and policies need to be examined and included.  
 
Policy Drivers and Barriers for ASR  
Drivers 
Several aspects come into consideration when debating whether ASR is the correct water-
management policy fit for each individual circumstance. The Federal Emergency Management 
Agency considers the primary benefit of ASR projects to be drought mitigation, however reviews 
of the literature show broad and varied motivations and drivers to adopt ASR practices (Federal 
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Emergency Management Agency, 2016). Utilizing pre-existing aquifers for storage instead of 
using reservoirs or above-ground tanks for water storage can have benefits in reduced water loss 
to evaporation (circumstantially, depending on aquifer properties) and lower price points (Pyne, 
2014; However, Yang and coauthors (2016) note in a report for the USEPA that the value of space 
to store water in an aquifer is often miscounted for and may be difficult to directly compare. That 
said, ASR is “often preferred for large-scale, long-term and economic water storage and recovery” 
to reservoirs or above-ground storage facilities (Yang et al., 2016).  
  
A common policy driver for coastal states considering implementing ASR is the prevention of 
saltwater intrusion into the groundwater supply due to over extraction and resultant lowering of 
the water table. ASR using treated water can also be used to improve the quality of a contaminated 
groundwater source through dilution and mixing. The suitability of the aquifer and compatible 
source water for recharge must be evaluated to prevent further or new degradation of water quality 
and must meet standards established under National Primary Drinking Water Regulations and the 
Safe Drinking Water Act.  
  
Population pressures in rapidly growing areas can put stress on water delivery systems, leading to 
difficulty meeting peak demand in high water-use summer months.  ASR can be used to treat and 
store excess water during months with greater water availability and lower demand and that excess 
can be redistributed in the summer months without overwhelming treatment plant capacity and 
potentially avoiding otherwise necessary costly treatment plant expansions or new developments.  
  
Climate change is encouraging ASR development in many areas as municipalities attempt to 
increase water security. Shifts in precipitation patterns are expected as a result of climate change. 
While these anticipated changes vary widely across the US, they are anticipated to add stress to 
water supplies based on either reduction in net precipitation annually or changes to the timing and 
intensity of precipitation events—that is to say, a location may be anticipated to have a slight 
increase in annual precipitation but that precipitation will likely come in intense storms in wetter 
months rather than providing a steady supply. This relates back to the previous driver where ASR 
can be used to address that seasonal peak demand using water treated earlier in the year. Many if 
not most ASR projects do not withdraw an amount greater than 95% of the water they inject, with 
the goal of providing a buffer amount and in some cases achieving longer-term aquifer recharge.  
 
Barriers 
Cost is the most immediate, pressing consideration and barrier for ASR projects. This is discussed 
in greater detail in Section 5; Economic considerations.  
  
Historically, infiltration basins have been used as a primary technique for artificial recharge. 
However, they require a large surface area which implies the acquisition of significant land area. 
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Therefore, land availability and cost are often barriers or determining factors for the method of 
groundwater recharge in an ASR project. 
  
Extensive environmental considerations need to be made. The native groundwater quality should 
not and often cannot be negatively impacted by ASR operations nor should the health of the users 
who use the aquifer as a drinking water source.  This requires a thorough understanding of the 
hydrogeochemical properties of the native groundwater as well as the desired source water and 
their compatibility to avoid contamination or adverse chemical reactions. There are several well 
documented cases where reactions from the introduction of non-native groundwater into an aquifer 
rendered the water unusable.  For example, in Green Bay, Wisconsin, where a short-lived ASR 
project was shut down in the early 2000s because of excess levels of arsenic and manganese.  A 
more thorough summary of this facility is included as one of the seven case studies in the appendix 
of the full project report.  Well clogging is also a common cause of failure for ASR projects though 
technological improvements in the last decades have reduced the incidence of this for newer wells. 
More information about these environmental and engineering barriers are discussed in Section 3; 
Environmental and Engineering Considerations.   
  
Water rights can be a barrier to ASR. The permit holder must own or have the right to withdraw 
the water that has been recharged (US Geological Survey, n.d.). Often regulators will stipulate that 
some percentage of the injected volume (e.g. >10%) must be left in the ground, in order to promote 
aquifer surface-level recovery or to create a buffer zone between stored and native groundwater. 
In order to assert a right to withdraw, the permit holder needs to be reasonably sure that the water 
they have recharged is the same water that they are withdrawing. This is fairly easily evaluated by 
the presence of conservative chemicals but can be confounded if the natural groundwater gradient 
causes the stored water to be less definable and discrete (Freshwater Society, 2013). A lack of 
control of the injected water can jeopardize the success of an ASR project and may be reason 
enough to not conduct operations. 
 
Decision-Making for ASR  
Deciding on the suitability for an ASR facility or location can be challenging given national and 
state policies and a variety of drivers and barriers, The USEPA has created a decision support 
system (DSS) guidance document (EPA 2016, Figure C) to aid in the process of evaluating ASR 
as an option. Additionally, the Federal Emergency Management Agency produced a suggested 
methodology for benefit-cost analysis of individual ASR projects, and suggests that all 
environmental and hydrological impacts must be considered. The benefits and barriers discussed 
above should be included to complete an accurate analysis.     
 
A more thorough discussion of the economics and cost-benefit calculations is included in the 
Economics section of the full report. 
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[Figure 3.  EPA Decision Support System for ASR Yang et al., 2016]. 

  
Discussion  
Multiple drivers such as water storage for future needs encourage the consideration of ASR.  At 
the same time barriers including cost and negative environmental impacts may prevent its use.   
Examining policies now may provide a clearer roadmap to future decisions for ASR in Minnesota.  
Policies and rules exist at multiple levels of government including Federal, state, and local 
jurisdictions and can prevent or limit future ASR projects.  Minnesota is not a primacy state for 
Class V wells, meaning that the Environmental Protection Agency (EPA) maintains primary 
enforcement authority over underground injection control activities.  The State of Minnesota’s 
well code, specifically Minnesota Administrative Rule 4725.2050 disallows wells or borings from 
being used for injection or disposal of surface water or groundwater.  Therefore, considerations 
for ASR in Minnesota would require Federal and State approvals and variances.  Further evaluation 
of city, county and watershed-related rules is needed.   
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Recommendations 
 

1. Minnesota should study the feasibility of receiving primacy for Class V injection wells 
from the EPA.   

2. Minnesota should further examine the State’s well code for potential changes that could 
allow for wells being used for injection.    

3. Minnesota should adopt and utilize an ASR decision support system.   This would allow a 
comprehensive policy evaluation of proposed ASR projects and could also be beneficial 
in discussions of future policy changes. 

4. Examination of local and tribal policies near potential ASR sites should be performed. 
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Economic Considerations of Managed aquifer recharge  
Author: Adriana Valcu-Lisman 

Managed aquifer recharge (MAR) is a technique for improving groundwater recharge and            
maintaining aquifer levels. It represents an effective buffer against future fluctuations in water             
demand, drought, and changing climate. In this section, we provide a brief overview of MARs               
across the world and in the US. Next, we draw on the existing literature to analyze the different                  
types of economic analysis MAR assessment.  

Review of MAR systems  
Groundwater represents an important water resource. In the United States, groundwater serves as             
a source for more than 75 percent of the community water systems and almost all rural water                 
supplies (NGWA:Managed Aquifer Recharge -A water supply management tool1). Groundwater          
serves a variety of needs, such as agriculture, industry, household needs, and the environment.              
For example, in the US, groundwater represents 42 percent of the irrigation sources. Moreover,              
groundwater feeds streams and rivers, providing environmental, and ecosystem services. 

MAR umbrella includes a diversity of technologies to store and treat water, including aquifer              
storage and recovery (ASR), infiltration basins, river filtration, soil aquifer treatment, and            
salinity barriers (Maliva, 2014). In the US, MARs have been used to increase drought resilience,               
flood mitigation, aquatic ecosystem restoration, and constructed wetlands, reduce salt intrusion,           
etc (NGWA:Managed Aquifer Recharge -A water supply management tool). 

There are a multitude of MAR schemes that are used across the world for water management                
purposes. These schemes are being used at various scales for multiple purposes. IGRAC MAR              
Portal – The MAR Portal contains detailed information on Managed Aquifer Recharge sites           
around the world (Figure 1). The IGRAC project collected data for 1,200 MAR projects around               
the world. The portal summarizes data on MARs by type, objective, influent sources, and final               
use. For example, the portal contains information on 255 ASR/ASTR projects, with 136 being              
located in the United States. In the US, the recent US Army Corps of Engineers' report shows                 
the growing interest in understanding the opportunities and the needs for different MARs             
schemes.  

 

1https://www.ngwa.org/docs/default-source/default-document-library/publications/information-briefs/managed-
aquifer-recharge-a-water-supply-management-tool.pdf 
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Figure 1. MARs inventory across the world. Source: IGRAC, accessed October 2020. 

Broadly, MAR systems have five major technical components: the source of water used for              
recharge, the recharge method, the storage method and the management approach, the recovery             
method, and the end-use of recovery. Using data collected by IGRAC MAR Portal, Table 1               
summarizes MAR schemes by type, objectives, effluent sources, and final uses. 

Table 1. MAR schemes by type, objectives, influent source, and final use  
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Type Specific MAR Type Objective Influent Final Use 
Spreading 

 

 

 

Infiltration ponds and 
basins 
Flooding 
Ditch and furrow 
Excess irrigation 
Reverse drainage 
 

Ecological benefits 

Management of 
water distributor 

Maximize natural 
storage 

Physical aquifer 
management 

Water quality 
management 

Other benefits 

 

Brackish water 

Distilled water 

Groundwater 

Lake water 

Physical aquifer 
management 

Reclaimed 
wastewater 

River water 

Stormwater 

Tap water 

Agriculture 

Domestic 

Ecological 

Industrial 

Research 

Environmental 

River Water 

Induced bank 
filtration 

Induced bank filtration 

Well, Shaft & 
Borehole Recharge 

ASR/ASTR 
Dug/Well/Shaft/Pit 

In-Channel 
Modification 

Recharge dam 
Sand storage dams 
Subsurface dam 
Channel spreading 
 

Rainwater & 
Run-off Harvesting 

Barriers and bunds 
Recharge bam 
Rooftop rainwater 
Harvesting 
trenches 



MARs Economic Analysis 

Regardless of their purpose, investment projects need to be justified in terms of the project's               
monetary benefits being at least as large as the financial costs (construction and operation costs).               
However, despite their demonstrated benefits and advantages for water resource management,           
MAR schemes have not been implemented to their full capacity. The number of studies that               
thoroughly assess these projects' economic feasibility is limited (Maliva 2014). 

Economic assessments of MAR systems are characteristic for each project and depend on the              
type of system, performance objectives, local physical and hydrological conditions, end uses of             
the recovered and storage water, and alternative water supply and treatment options. Any             
economics assessment should consider soil characteristics, aquifer storage capacity, the water           
resource location and source, and land-use constraints specific to the MAR location (Maliva             
2014, Marechal et al. 2020).  

The most robust and comprehensive economic analysis is the cost-benefit analysis based on             
assessing the market and non-market economic benefits and costs. However, considering the full             
extent of the benefits is not always possible. Alternative types of economic analysis include              
cost-effectiveness analysis and lifecycle analysis, where only costs to achieve a pre-set objective             
are considered (Maliva, 2014). Each of these types of analysis has its limitations. When possible,               
the economic analysis should be enhanced by a sensitivity analysis that considers the risk and               
uncertainty via Monte Carlo analysis (Maliva, 2014). Alternatively, a benchmark analysis can be             
implemented to determine the break-even point of a project.  

 
Benefits of MAR systems 

As water supplies shortages caused by an increasing population and changing climate conditions             
are becoming more prevalent, MARs offer a feasible solution to mitigating the associated             
socio-economic and environmental impacts. MARs projects can improve overall well-being by           
adding water to an aquifer, stabilizing or even increasing water levels for later uses, reducing               
groundwater pumping costs, preventing seawater intrusion, maintaining environmental flows,         
protecting structures from land subsistence, controlling contaminant plumes, enhancing wellfield          
productions, etc. (Damigos et al. 2017) 

Assessing a MAR project's economic feasibility requires quantifying total benefits and total costs             
accrued by the project. Since the primary purpose of MAR is ensuing groundwater sustainability,              
quantifying their benefits translates into quantifying the value of water stored in the managed              
aquifer. The fundamental challenges in quantifying the benefits of any water projects reside in              
the fact that the observed prices for water do not reflect the social value, which is driven by the                   
unique characteristics of water as an economic good. 

Water as an economic good has special characteristics (Weebley, The Economics of Water)2:  

● Water is essential to life, economic production, and environment.  

● Water is scarce; not all the water can be used. 

2 https://economicsofwater.weebly.com/water-a-normal-economic-good.html, accessed October 2020 
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● The availability of water varies over time. While water can be stored artificially, there is a                
need for available water for this purpose. 

● Water is a system with water flowing in one direction. The upstream actions impact the               
downstream, creating externalities. Using river water for aquifer recharge can impact volume            
of downstream water, affecting the water temperature, with implication for fish habitat. 

● Water is bulky and difficult to transport over large distances. Furthermore, different users             
have different willingness to pay for its use. For example, agriculture users are willing to pay                
only a fraction of domestic and industrial users' desire to pay. 

● Unlike other natural resources, water has no other substitutes. 

● Water is a public good. Since water is essential and has no substitutes, it creates a                
government's responsibility to make sure that every type of user has access to safe water.  

To sum up, water's value varies greatly and depends on time, circumstances, and water              
preferences. Furthermore, since water is provided by non-competitive markets, the emerging           
price might not reflect the true value. Its price might not reflect the social (non-use) or                
environmental values associated with water provision.  

Given the importance of water to the total economy, the MAR's benefits should rely on the total                 
economic value, which includes: use and non-use (passive) uses (Figure 2). The use values              
include (Damigos et al. 2017): direct use (the actual use of groundwater for commercial              
purposes), indirect use (the benefits from using ecosystem services provided by groundwater),            
and option value(the value ensuring the option of using groundwater in the future). The non-use               
values are derived from the knowledge that the environment is maintained. The non-use values              
include: altruistic values (the use of environmental goods provided by others), bequest values             
(the values people derive when ensuring that future generations will be able to enjoy the               
environment), and existence values (people may value resources for moral reasons, not related to              
current and future use) (Damigos et al. 2017). 

 
Figure 2. Values from the total economic value approach (adapted from Damigos et al. 2016) 
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Groundwater and water have social and environmental values that are difficult to measure in              
terms of the market. Over the last decades, the research proposed and successfully tested several               
non-market valuation techniques that capture different aspects of the total economic value in             
general. Table 2 (Maliva, 2014) summarizes some of these methods: 

Table 2. Methods to monetize the benefits of managed aquifer recharge (MAR) systems. (Source: Maliva 2014) 

However, the number of studies directly related to the social costs and benefits of MAR               
technologies is limited, with the existing studies addressing the natural groundwater recharge or             
hypothetical schemes (Damigos et al. 2016). Nevertheless, using the non-market approaches for            
monetizing the environmental and social costs and benefits can improve the decision-making            
process by: enriching the cost-benefit analysis, raising awareness regarding the environmental           
impacts, finding the optimal alternative among competing options, support and justify the            
decision taken by stakeholders involved in the project (Bonnieux and Rainelli, 1999). 

Costs of MARs 
Capital or investment costs can include (Marechal et al. 2020, Maliva ,2014):  

● Cost of preliminary studies- all preliminary characterization studies of the recharge site            
(geological and hydrological characterization, technical-economic study, impact study). 

● Water abstraction cost: cost of civil engineering works for the pumping of water out of               
the river/canal, as well as pumping equipment (in the case where gravity supply is not               
possible) 

● Cost of the recharge water pre-treatment units: the quality of the recharge water must              
meet regulations standards. Additional treatment may be required. 

● Cost related to land acquisition: the costs of purchasing land for the construction of MAR  
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Method Description 
Market prices Value of water determined by actual prices set by willing buyers and            

sellers in a competitive market. 
Alternative cost Value of water storage or treatment is determined from the cost of the             

least expensive alternative that provides comparable benefits. 
Value marginal  
product 

The value of water is quantified from the marginal productivity of water,            
i.e., the extra value of output that can be obtained from additional            
applications of water. 

Contingent value Survey-based methods to determine an individual's willingness to pay or          
willingness to accept compensation for a good or service. 

Hedonic property  
value 

Value of water is inferred from market transactions (e.g., real estate sales)            
that are linked to the value of water. 

Defensive 
behavior 

Value of a safe and reliable water supply can be estimated from            
expenditures to avoid exposure to unsafe water. 

Damage cost Value of water is estimated from damage costs avoided, such as health            
impacts of drought damage. 

In-situ 
groundwater 
value 

MAR system value is estimated from costs avoided resulting from          
groundwater being in place, such as pumping and land subsidence costs. 



● Construction costs (e.g., roads, piping, instrumentation, controls, and pretreatment         
systems) 

● Testing costs, feasibility analyses.  

● Other costs (cost of monitoring equipment and ancillary works-protection and          
development of the recharge site) 

Operation and maintenance costs include (Maréchal et al. 2020): 

● Water purchase cost: if applicable, includes the purchase cost in the case of withdrawal              
from a water canal or network, as well as charges, levies, or other taxes. 

● Maintenance costs of the water intake (e.g., parts replacement, well and basin            
rehabilitation) 

● Energy cost: electricity consumption of the equipment and pumping system used to            
supply the recharge water to the recharge site (if not gravity-fed). It will depend on the                
flow rate and the price of energy.  

● Pre-treatment operational cost: the operational and maintenance costs of the infrastructure           
for pre-treatment of groundwater (excluding investment). They include, for example, the           
cost of maintaining and cleaning settling tanks, the cost of chlorination products) 

● Cost of maintenance and upkeep of injection wells (e.g. cleaning of injection wells) and              
surroundings 

● Monitoring costs: all the costs related to the control and periodic monitoring of             
groundwater or recharge water quality 

● Other annual expenses: administrative and personnel management expenses, financial         
expenses on investment and insurance loans etc. 

Other factors that influence MAR scheme costs (Ross and Hasnain, 2018): 

● Source of end-user of water and water treatment costs 

● The range of objectives that a scheme has to meet  

● Scale of the scheme and economies of scale (large schemes might benefit from             
economies of scale, leading to lower unit costs  of water recharged and recovered).. 

● Scheme operating periods and frequency utilization 

● Hydrogeological setting; soil and aquifer characteristics (infiltration rates, well yields) 

● The percentage recovery rate from storage 

Types of economic analysis for MAR 

Economic analysis of MARs system depends on an array of factors such as: type of system,                
performance objective, physical, hydrological, and soil conditions, end uses of the recovered and             
storage water, alternative water supply and treatment options (Maliva 2014). Depending on data             
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availability, different approaches can be used to evaluate the economics of MAR projects. The              
costs are highly MAR system specific and influenced by a multitude of factors as mentioned               
above. The benefits of MARs are related either to the value of water (an economic good with                 
idiosyncratic characteristics) or to environmental benefits that require non-market valuation          
methods for evaluation. Moreover, due the uncertainty associated with its different inputs, the             
economic analysis should be extended by a sensitivity analysis. Figure 3 summarizes the             
different types of economic analysis for MARs. 

 

 
Figure 3. Types of economic analysis 

Cost-Benefit Analysis 
Cost-benefit analysis (CBA) is a broadly used decision-making tool for obtaining the economic             
and/or social profitability of a public investment, policy or initiative. It compares the benefits and               
the cost associated with the proposed measure. CBA is performed using the net present value               
(NPV) method, which considers both the initial investment and the benefits and costs expected to               
be incurred over the project's lifetime, with both costs and benefits being discounted at an               
appropriate rate. The discount rate represents the time preference individuals have for benefits             
and costs.  

The basic NPV equation is: 

P V −N = C0 + ∑
T

t (1+r)t
B −Ct t  
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Where is the initial capital costs in year 0, Bt and Ct are the benefits and the costs in year t, C0                      
and r  is the discount rate. 

Since MAR projects can impact the environment, in addition to the net private cash-flows              
(revenues minus costs), a CBA for a MAR project should incorporate the associated social costs               
and benefits. Non-market evaluations methods are needed to evaluate the non-use values.            
Furthermore, a distinction must be made between the discount rate (private) used for the              
financial costs and the discount rate (social) used for the water project's social benefits. The               
social discount rate is lower than the private discount rate because private decision makers are               
concerned with their own short-term welfare and are risk-averse, while society as a whole is               
concerned with long-term outcomes. 

When, social costs and benefits are considered, the NPV value equation can be rewritten as: 

P V −N = C0 + ∑
T

t (1+r)t
B −Ct t + ∑

T

t (1+r )e
t

Be −Cet t  

Where, Bet and Cet are the social benefits and the costs in year t, and is the               re    
social/environmental discount rate 

The NPV is one of the profitability indicators used in CBA analysis. An economically feasible               
MAR project requires a positive NPV. Another indicator is the internal rate of return (IRR), or                
the discount rate at which NPV is zero (investment costs are equal to the benefits); the higher the                  
IRR the higher profitability of the project. The IRR of projects that considers the social costs and                 
benefits is determined by keeping the social discount rate constant.  

The steps in the design of a CBA for a MAR project are (Rupérez-Moreno et al. 2017): 

● Identify and monetize all costs and benefits of the project. 

● Determine the lifetime of the project. 

● Determine the discount rate (private and social). 

● Define profitability indicators (NPV, IRR). 

● Analyze the most uncertain variables (sensitivity analysis). 

Maliva (2014) summarizes some important issues related to CBA applied to MARs: 

● Marginal costs and not average costs should be used in the CBA analysis. 

● Sunk costs (costs already incurred such as previously performed hydrological          
investigations, existing wells that are no longer used, and existing intakes and piping)             
should not be included in the analysis. 

● Avoid the appraisal optimism: overestimating the benefits and underestimating the costs           
of the project 

● Not all costs and benefits of a MAR project are borne and accrued by the owner 

● The value of the discount rate(s) being used in the analysis 
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● The difference between financial CBA that measures only the direct financial           
implications, and a social cost-benefit analysis. 

● Opportunity costs (i.e. the benefits one could have received by taking an alternative             
action) should be incorporated in the analysis. For example, the land corresponding to a              
MAR project can generate revenue via alternative uses (renting, agriculture production,           
etc.) 

● The cost of water stored in a potable water ASR system is the marginal cost to abstract                 
and treat the additional recharged water by a water treatment plant. It is not the               
average  production  cost  or  the  price charged to customers. 

● Addressing the risk and uncertainty  

 
Levelized cost analysis 
Levelized costs of MAR represents an alternative to the cost benefit analysis when information              
of MARs benefits is not readily available. Levelized costs analysis is frequently used to              
determine the average net present cost of electricity generation for a generating plant over its               
lifetime. For MAR, the levelized cost divides the capital, operating and maintenance costs over              
the life span of the project to the annual volume of recharge. Similarly, to the levelized cost of                  
energy, the levelized cost of a MAR project is an effective way to compare the costs of the                  
project with alternative water projects. 

Alternative Metrics for Cost-effectiveness  
Cost functions based on the capital and operating costs can be estimated for computing              
alternative metrics for comparing the costs of MAR. Ross and Hasnain (2018) summarized data              
on three of the main classes of MAR schemes included in the global MAR inventory; spreading                
methods/infiltration basins (10 schemes), recharge wells (10 schemes) and bank filtration (1            
scheme), and computed a set of three metrics to compare the cost effectiveness of these MAR                
schemes. Table 3 summarizes the costs data collected, Table 4 describes the cost-effectiveness             
metrics, and Table 5 summarizes the Average MAR scheme costs, by MAR type. 

Table 3.  MAR costs data (Source: Ross and Hasnain, 2018) 
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Capital Costs Operating Costs 
Land cost Labor 
Feasibility Analysis Electricity 
Consulting services Water 
Construction costs Consulting services 
Construction: water conveyance Maintenance costs 
Construction: pre treatment facilities Pre-treatment costs 
Construction: post treatment facilities Post-treatment costs 
Pre-operational testing Depreciation allowance 
Regulatory and operational testing  

https://paperpile.com/c/YkJEl8/4o7E


Ross and Hasnain (2018) findings show that MAR projects using natural water have much lower               
costs than schemes using recycled water, and infiltration/spreading basins have the lowest            
recharge costs. 

Table 4. Metrics for Cost-effectiveness (Source: Ross and Hasnain, 2018) 

 

Table 5. Average MAR scheme costs, by MAR type (Source: Ross and Hasnain, 2018) 
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Method/use Description Comments Description Comments 
Capital cost, operating 
cost per m3 of water 
recharged 

$/m3 charged Does not combine capital and     
operating costs and amortize them 

Capital cost, operating cost per m3      
water recovered 

$/m3 recovered Does not combine capital and     
operating costs and amortize them 

Levelized cost of water 
supply 

Amortizes capital  
costs and operating   
costs over volume   
supplied through the   
life of scheme 
$/m3 supplied 

Accounts for expected  
regular utilization of supply. 
 

Water supply security 
insurance cost 

Capital cost divided by    
supply capacity 
$m3per day 

Does not include operating costs,     
does not account for amount of      
utilization of scheme and is     
primarily used for water banking for      
water security. 

MAR Scheme Type/ Water  
Source  

Capital cost/ m3 
recharged  

O&M cost/ m3 
recharged  

Levelised cost  
(US$/m3 recharged)  
  

Recharged wells / recycled water  
(4 projects)  

$ 8.07  $ 0.53  $ 1.16  

Infiltration basins / recycled water  
 (3 projects)  

$11.41  $ 0.84  $ 1.89  

Recharge Wells/ natural water  
(5 projects)  
 

$ 3.29  $ 0.19  $ 0.45  

Infiltration Basin / natural water  
(8 projects)  

$ 0.77  $ 0.13  $ 0.19  



Risk and uncertainty in the MARs financial-economic analysis 

The goal of economic analysis of a MAR scheme is to evaluate whether the project is financially                 
sound. However, there are risks and uncertainties associated with MARs that arise from Maliva              
2014): 

● Recharge may not meet the anticipated aquifer water levels. 

● The system has a poor recovery efficiency, and the water is not available when needed 

● Unexpected water quality changes (arsenic contamination) 

● Excessive clogging 

● Water treatment goals are not achieved 

● Anticipated future demand for water (hence associated revenues) may not be realized. 

These risks and uncertainty can impact the accuracy of economic analysis. A risk or sensitivity               
analysis of MAR schemes should allow for the identification of the main natural characteristics              
(i.e. water quality and availability), technical specifications (i.e. system duration, recharge           
volume objective), economic parameters (i.e. energy price, discount rate, water demand), and            
uncertainties associated with the estimation of social benefits if applicable. Sensitivity analysis            
can be performed via Monte Carlo simulations, probability analysis or break-even analysis (cross             
even points.) 

Maliva (2014) describes a three step Monte Carlos  analysis: 

1. Specify the probability distributions for all important uncertain quantitative assumptions for           
MAR projects such as natural site characteristics, technical characteristics, economic costs           
and factors.  

2. Execute a trial by taking random values drawn from the distribution for each parameter to               
arrive at a set of specific values for computing realized net benefits; and 

3. Repeat the trial numerous times to produce a large number of realizations of net benefits. 

Another method to assess the financial feasibility of MAR under uncertainty consists in             
identification of the cross-over points in break-even analysis (Arshad et al., 2014). Cross-over             
points are the thresholds where MAR and an MAR alternative such as surface storage have equal                
financial returns. These thresholds can be viewed as a minimum requirement beyond a MAR              
scheme is not financially feasible. The cross-over point analysis is also known as the break-even               
point or switch even point analysis. Its complexity increases with the number of variables taken               
into consideration. Arshad et al. (2014) suggest the following benefits of a cross-over points              
analysis:  

● It can determine minimum hydrogeological and cost requirements under which MAR can            
be financially feasible 

● It increases the confidence in decision making for MAR investment, by assessing the             
factors and conditions that make a MAR investment less feasible when compared to             
alternative methods (surface water storage)  
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● By targeting only areas that satisfy the minimum requirements, it can reduce the cost of               
geophysical and hydrogeological assessments. 

 

Conclusions and Discussions 

Managed aquifer recharge (MAR) includes a multitude of groundwater managing tools for            
recharging and maintaining aquifers levels. Various MAR technologies are currently used across            
the world and in the US. Typically, a MAR system is characterized by five technical               
components: the source of water used for recharge, the recharge method, the storage method, and               
the management approach. 

Like any other investment project, a MAR project needs to be economically feasible, with              
monetary benefits being at least as large as the total costs. Economic assessments of MAR               
schemes are project-specific and depend on the local physical and hydrological conditions, the             
recovered and storage water uses, and alternative water supply and treatment options. 

In standard economic analysis, markets dictate the monetary value (i.e. price) of the provided              
goods. However, MAR projects provide water for later use. Water is an economic good with               
atypical characteristics derived from the fact that water is essential and doesn't have close              
substitutes. Moreover, MARs projects can have social and environmental benefits (non-market           
benefits) whose monetary values are not provided by the existing markets. Costs of MARs              
include capital, operation, and maintenance costs, and finance costs. 

The most robust and complete economic analysis of a MAR project assesses both the market and                
non-market benefits and costs when possible. Cost-benefit analysis (CBA) is performed using            
the net present value methods, where the lifetime project's monetary benefits and costs are              
discounted to reflect the individuals' time preference. The CBA should be extended by a risk or                
sensitivity analysis that considers the risk and uncertainties related to the CBA inputs. 

Some of these uncertainties are derived from the project's physical and technical aspects (i.e., the               
recharge source is not sufficient to meet the anticipated aquifer levels, the system has a low                
recovery efficiency, there is a high contamination risk). Other uncertainties are reflected on the              
benefits side when the anticipated future demand for water is not realized. 

The projected climate change and the population growth create increasing pressure on the water              
demand (either drinking or irrigation) that will further strain our nation's water resources.             
Although MARs have been successfully used in areas where water is scarce in the US, they have                 
a reduced scope and scale in the Midwest. Future adoption of MAR schemes in the Midwest                
should consider both the hydrological and technical aspects and their socio-economic-ecological           
impacts. A successful economic analysis that incorporates the socio-economic and          
environmental aspects can be achieved by carefully understanding the extent of water demand             
and its uses, possible environmental implications, and the cost efficiency relative to alternative             
water resource projects that have similar goals. 
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Aquifer storage and recovery 
Aquifer storage and recovery (ASR) is the process of injecting or pumping water into an               
underground aquifer, where it is stored to be used later. Pyne (1995) defines ASR as “the storage                 
of water in a suitable aquifer through a well during times when water is available, and recovery                 
of the water from the same well during times when it is needed”. The influent ASR source can be                   
surface water from rivers, treated wastewater, groundwater from aquifers, or captured storm            
runoff. IGRAC MAR Portal finds 276 ASR projects in 22 countries, with 136 projects located in                
the US. The existing projects showed that ASR could enhance water availability with a minimal               
environmental impact when carefully done. 

Pavlic et al. (2006), research from South Australia EPA (2004) and evidence from Texas3,              
highlight the following benefits for ASR: 

● It allows for a continuity to water supplies during periods of prolonged drought and              
substantial reductions in water supply 

● It requires less habitat disruption than alternative water supply projects such as reservoirs             
or infiltration basins. 

● It is reliable storage with reduced evaporation potential, hence leaving more water for             
consumption and habitat. Relative to other MARs, it prevents algal growth and mosquito             
breeding. 

● By injecting water into aquifers (through increased hydraulic pressures), it can ameliorate            
salt intrusion, restore ground levels, and prevent land subsistence (sinking land). 

● Aquifer storage offers more protection from contamination with pollutants. Also, it has            
potential for pathogen and contaminant improvements and natural disinfection during          
storage 

● ASR could also be used in reverse by releasing water into rivers if the flows are too low                  
to sustain a healthy ecosystem (fish and wildlife), although the costs might be very high. 

● It can mitigate peak flows in flood events. 

However, when using river water to recharge the aquifer, ASR can diminish the amount of water                
available to fish and wildlife, negatively impacting the local ecosystem. Also, there are high              
energy costs associated with injecting and retrieving the water. 

Bloetscher and others (2014) review and summarize findings from a survey of ASRs in the               
United States, with the most schemes being located in Florida, followed by California, New              
Jersey, and Arizona. A careful analysis of both active and inactive schemes finds that 26% of the                 
ASRs are inactive. The failure of ASR schemes is due to:  

● physical and chemical clogging.  
● low recovery rates for the injected water. 

3 https://texaslivingwaters.org/bestbets/ASR.html  
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● water quality changes (arsenic, metals mobilization and trihalomethanes). 

ASR's initial costs include: constructing intake, transmission, and treatment facilities, either           
acquiring the land above the aquifer or ensuring the legal rights for the use of the water stored in                   
the aquifer. For example, in Texas, an ASR facility purchased the land, but it leased it back to the                   
previous owners to use it for different agricultural uses. Additional costs include operation and              
maintenance costs over the ASR's lifetime. Energy costs are high since ASR uses an              
injection/pumping process. Relative to other MAR projects, the lower evaporation rate of ASR             
projects can offset some of the energy costs. Also, ASR requires less land acquisition relative to                
other projects. 

In the US, there is an increasing interest in ASR. The Federal Emergency Management Agency               
(FEMA) encourages communities to consider ASR as a potential strategy for mitigating the             
increased risk of flood and drought caused by climate change. FEMA describes ASR as a method                
of capturing water when it's abundant (rainy season, spring snow melts), and storing water in the                
subsurface in brackish aquifers to be recovered at a later use. Two types of ASR as considered:                 
confined and unconfined. A confined aquifer can be recharged only through injection wells. A              
buffer zone will be maintained between the original aquifer and the injected water. An              
unconfined aquifer can also be recharged via natural infiltration processes. The method of             
recharge and the treatment of the effluent source should be based on specific site conditions.  

Furthermore, FEMA commissioned a cost-benefit analysis tool for ASR projects (ASR BCA            
tool) that meet the agency's criteria for drought and flood mitigation4. It was built to provide the                 
planners with a high-level tool to assess the cost-effectiveness of designing, constructing, and             
operating an ASR project5. 

The FEMA-ASR BCA tool is tailored for ASR projects intended for drought mitigation. Also,              
the tool performs a drought and mitigation analysis. The main inputs into this cost benefit               
analysis tool are: general project information such as population in the area covered by the ASR                
and the average water use rate, technical and cost information, and project’s useful life and the                
discount rate. The technical input requires specific information related to infrastructure such as             
maximum depth and average depth to recoverable water. Cost information requires estimated            
capital costs for fixed costs such as land acquisition, feasibility analysis, design, permitting,             
construction and materials (pipping, pumps, instrumentation), construction oversight, other         
miscellaneous costs and annual operation and maintenance costs (labor, electricity, consulting           
services, regulatory testing, maintenance, treatment, raw water), and other miscellaneous costs. 

4https://www.fema.gov/media-library-data/1464288989120-5439c85896bf950c82009b95dbe2c16b/15_J_0051_A
SR_BCA_Methodology_508.pdf  
5https://www.fema.gov/media-library-data/1487160966426-3e774ec4315295499f45a25bc8915c90/ASR_Fact_Sheet
_Feb2017_COMPLIANT.pdf 
https://www.fema.gov/media-library-data/1464288989120-5439c85896bf950c82009b95dbe2c16b/15_J_0051_ASR
_BCA_Methodology_508.pdf 
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Evidence of ASR cost effectiveness 

Ross and Hassain give an overview of cost data on several MAR schemes (Table 6). Their                
analysis using a levelized cost function approach finds that schemes using wells and or advanced               
water treatment are relatively expensive when compared to infiltration basins. However, a            
number of socio-economic, environmental legal and institutional factors have been overlooked           
because of lack of data. 

The same study shows that, for ASR schemes, well yields are an important driver for their                
performance. Citing a report from the Texas Water Development Board, well yields explain the              
range of capital cost per day of recovery capacity that vary from $0.50 and $2.00 per gallon per                  
day. 

Choi and others (2018) use an econometric approach to compare the unit water production cost               
(UWPC) for ASR schemes to other schemes using different water resources that secure water for               
later uses. The purpose of their study is to investigate ASR cost-effectiveness in South Korea.               
The authors collected data for 11 ASR well fields located elsewhere. The various uncertainties in               
their analysis are addressed through Monte Carlo simulations. Their findings show that, in             
general, ASRs are the lowest UWPC solutions to providing drinking water. 

Conclusions and discussions 
In the US, the recent MARs study conducted by the US Army Corps of Engineers and ASR cost-                  
benefit analysis tool promoted by FEMA show the growing interest in exploring different             
opportunities to meet the growing demand for water needs in cost-effective ways. The main              
drivers of ASR have been economics, proven performance, and operational flexibility. Relative            
to other MAR schemes, ASR has a lower evaporation potential and a smaller footprint, requiring               
less land. However, ASRs might have higher operating (energy) cost. Also, by diverting water              
from rivers, an ASR scheme can affect the fish and wildlife habitat. Evidence shows that               
clogging, low recovery rates, and changes in water quality can impact the ASRs performance and               
impact benefit assumptions. 

The cost-benefit analysis is the most comprehensive and robust assessment method, and it is the               
preferred method for state or federal agencies. Ideally, a cost-benefit analysis identifies all the              
economic benefits and costs to all the involved parties. It can incorporate market and non-market               
benefits and costs. The results of this analysis should be compared to a "no-project" situation.               
Furthermore, a sensitivity analysis should be performed regarding demand aspects, discount rate,            
capital, operating costs, or the benefits included in the analysis. 
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Recommendations 

In Minnesota, given the lack of previous ASR projects across the state, we recommend a multi-                
step approach in determining the economic feasibility of a potential project: 

Step 1. Determine the availability and suitability for the aquifer, the recharging source, and the               
demand for stored water and its uses. 

Step 2. Determine the project's technical parameters that ensure that the injected and pumped              
water meets the environmental and health guidelines for native groundwater water and end-uses,             
respectively. 

Step 3. Conduct a cost-benefit analysis by adapting the inputs required by the FEMA              
recommended ASR CBA (FEMA- Methodology for Aquifer Storage and Recovery Benefit Cost            
Analysis) tool to the specific project. 

Step 4. The economic analysis should be revised and updated to consider any changes that might                
affect the original assumptions and inputs and hence overall economic outcomes. 
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Stakeholder Engagement 
Authors:  Carrie Jennings, Jen Kader and Eileen Kirby, Freshwater  
 

General Approach 
 
A fundamental principle driving stakeholder engagement is that everyone has a role to play in 
decisions about water because it impacts and is impacted by all. A natural corollary is that more 
understanding and stakeholder input on a water issue is better, especially when changes are being 
considered that impact this shared resource.  
 
The pandemic changed everything over the last 12 months including plans for stakeholder 
engagement on this project. Presentations at conferences were cancelled and those to small groups 
became virtual. However, the goals remained the same: 1) to increase understanding of ASR by 
sharing information about the study and 2) to gather stakeholder questions, concerns and ideas.  
 

Stakeholders Engaged  
 
Stakeholder identification in the first six months of the 18-month project resulted in a list of local 
government staff, water resource and supply managers, and relevant agency staff. Targeting 
existing groundwater-focused groups introduced an efficiency to the approach. The Interagency 
Groundwater Team (IAGT) which includes the Metropolitan Council, the Environmental Quality 
Board and existing Groundwater Management Area groups convened by the DNR were contacted 
multiple times. Specific stakeholders in each of the four regions were identified along with those 
who had a broader, statewide interest. As presentations were made, individuals and organizations 
were added as requested. Legislators on the water subcommittee in the House or with an interest 
in water in both chambers and those that sponsored the original enabling legislation were kept 
informed. Included in this list (table 1) are representatives from cities or their consultants that have 
considered using ASR.   
 

Table 1 Stakeholder Groups and their geographic area of interest. Full contact information available upon request.  

Geographic Area Organization 

General Minnesota Department of Natural Resources 

General 
Minnesota  Association of Soil and Water 
Conservation Districts  

General UMN Soil, Water and Climate 

General  Washington County Conservation District 
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General Legislator 

General Barr Engineering 

General Minnesota Dept. of Health 

General Minnesota Rural Water Association 

General City of Chanhassen Utility Superintendent 

General US Geological Survey, Water Resources Center 

General Riley, Purgatory, Bluff Creek Watershed District 

General Minnesota Rural Water Association 

General Minnesota Geological Survey 

General Minnesota Groundwater Association 

General Shakopee Mdewakanton Sioux Community 

General Legislative Water Commission 

General Legislator 

General Minnesota Environmental Quality Board 

Moorhead Legette, Brashears & Graham, Inc. 

Moorhead Minnesota Department of Natural Resources  

Moorhead Moorhead Public Service 

Rochester Rochester Public Utilities 

Rochester Barr Engineering 

Straight 

Minnesota Department of Natural Resources 
former groundwater management area project 
manager 

Straight 
Minnesota Dept. of Natural Resources current 
groundwater management area project manager 

Straight 
Leech Lake Band, Water Resources program 
manager 

Straight Leech Lake Band, Environmental. Director 

Washington Co. 
Minnesota Dept. of Natural Resources current 
groundwater management area project manager 

Washington Co. City of Woodbury Public Works 

Washington Co. Minnesota Pollution Control Agency 
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Presentations and other interactions were ongoing throughout the project period. Virtual 
presentations began with an explanation of basic concepts including what ASR is, the rationale for 
using it and examples from around the world. Examples that were closer to home provided more 
motivation for why ASR might be relevant to Minnesota.  The specific drivers that might make 
ASR viable in parts of Minnesota were folded into a discussion of the selection of the four study 
areas.   
 

Presentations  
 
In discussions following presentations and general conversations, questions were answered if 
possible and also recorded for incorporation into this report, as appropriate. Stakeholder 
impressions of the implications of the work and potential next steps helped shape report 
recommendations. In addition to the presentations and other interactions listed below, there were 
a few academic or classroom talks given to small groups at the University including an MS thesis 
defense by Dr. Bill Arnold’s student, Josh Kirk. 

 
● 9/3/2019 ASR submitted as an idea for 3M settlement for Woodbury 
● 9/5/2019  Presentation to Interagency Groundwater Team (IAGT) 
● 9/11/2019  Proposed a session on the topic of Aquifer Storage and Recovery for the 

UCOWR meeting to be held in Minnesota in June 2020 (cancelled because of Covid) 
● 9/18/2019 Initiated contact with DNR Groundwater Management Area leads in NE Metro 

GWMA and Straight River GWMA and DNR appropriations person in Moorhead 
● 10/14/2019 Attended Nibi Mahnomin conference on the White Earth Reservation 
● 11/6/2019 Presentation to Water Resources Center research staff and Extension 

Educators 
●  11/7/2019  Phone meeting with DNR modeling group working with 3M settlement 

money on groundwater models for Washington County. Briefed them on the concept of 
ASR, currently not being considered in any of their scenarios to provide safe drinking 
water for the area.  

● 11/8/2019 Presentation to NE Metro Groundwater Management Area team 
● 12/6/2019 Talk at Minnesota Association of Watershed Districts Annual Meeting 
● 12/10/2019 Talk at Minnesota Association of Soil and Water Conservation Districts 
● 12/17/2019 Conversation with Ellen Considine, DNR Groundwater Technical Analysis 

Workgroup 
● 1/22/2020  Conversation with Moorhead Water Plant Operator  
● 2/13/2020 Submitted abstract for UCOWR meeting 
● 2/19/2020 Article for Breeze, a publication for the Minnesota Section of the American 

Water Works Association(MN AWWA). 
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● 2/12/2020  Conversation with Woodbury Water Plant Operator, Rochester Environmental & 
Regulatory Affairs Coordinator, Rochester Public Utilities and their Consultant, Barr 
Engineering  

● 2/26/2020 Updated bill sponsor, Rep. Sandell of Woodbury  
● 3/2 - 3/10, Meetings with legislators: Bigham, Boe, Brand, Luek, Lee, Frenz, Fabian, Weber  
● 3/5/202 Presentation to IAGT 
● 3/6/2020 Conversation with interim EQB director Katie Pratt 
● 4/2/2020 Presentation to IAGT on progress   
● 5/5/2020 EQB small group meeting about State Water Plan 
● 8/4/2020 IAGT meeting update featuring policy issues   
● 9/30/2020 Presentation to 3M settlement subgroup 1, drinking water planning 
● 10/7/2020 Presentation to Washington County Water Consortium 
● 11/9/2020 Presentation to water subcommittee in House 
● 12/2/2020 Presentation at the U of M Dept. of Soil, Water and Climate seminar 
● 12/9/2020 Conversation with bill sponsor, Rep. Sandell, Woodbury 
● 12/11/2020 Conversation with water subcommittee staff, Jim Stark  
● 12/21/2020 Conversation with water subcommittee co-chair P. Fischer  
● 1/7/2021 Presentation to IAGT with recommendations 
● 1/13/2021  technical presentation to MDH groundwater modeling group 
● 1/14/2021 conversation with DNR management about aquifer properties database 

 

Specific Stakeholder Input 

The North and East Metro Groundwater Management Area Advisory Team attended an early, in-
person presentation. They had become steeped in the water issues of the region and as a result, 
their questions are well informed. They asked fundamental questions about whether ASR was 
needed and feasible in Minnesota and the benefits of groundwater recharge over treating and 
storing water above ground. Thinking a step ahead, they wondered about the role that ASR played 
in the larger conversation about water reuse and if we could be more creative about reusing water 
first or using recycled water for ASR. They had technical questions about how quickly 
groundwater could be recharged and how to anticipate the effects of mixing water of different 
chemistry and measure potential groundwater contamination from ASR. Engineering questions 
about whether the water would corrode distribution pipes may have been informed by the Flint 
water crisis. On the regulatory side, they wondered if passive infiltration and injection would be 
regulated in the same way and what role the EPA had in regulating ASR. From a practical and 
local point of view, they asked if ASR could help with contamination at the Twin Cities Army and 
Ammunition Plant in Arden Hills and with the widespread PFAS contamination from 3M disposal 
sites in Washington County.  The overall takeaway was that this group wanted assurances that if 
ASR were to be used, other approaches to water conservation would come first and that 
Minnesota’s groundwater be protected. These are aligned with the recommendations that we have 
made for ASR. 



 5 

An early written submission of an ASR concept to the Conceptual Drinking Water Supply Team 
working on the 3M PFAS settlement resulted in the project team receiving an invitation to present 
to them. DNR staff also advanced our idea with the 3M Settlement Team, including the MPCA 
and their consultant, Wood. Team members Runkel, Kang and Jennings presented an update on 
project activities and preliminary conclusions, particularly in Washington County. The East Metro 
groundwater modeling team (the developers are primarily from Wood) were also part of that 
dialog.  Later, Rebecca Higgins, MPCA of the 3M settlement subgroup 1, drinking water planning, 
requested a more technical presentation for her workgroup.  Kang of our team has been asked to 
model injection capacity in the Lake Elmo area for this workgroup. 

Conversations  with the Interagency Groundwater Team began prior to the official start of the 
project to help shape scope and design and continued with regular updates on all aspects of the 
project. They, in turn, communicated necessary information to appropriate staff in their respective 
agencies, greatly assisting with our outreach efforts. The final meeting with them focused on report 
recommendations.  

After we reported difficulty in finding data for modeling purposes, the MnDNR gave us a status 
report on the aquifer property databases. The data management structure effort  took six years of 
planning and interagency collaboration; the database has only recently begun to be populated. The 
work is slow and focused on priority areas such as active County Geologic atlases and 
Groundwater Management Areas.  Entering more information is not simply a matter of typing; 
report results have to be interpreted by an experienced hydrologist. Currently, there are no staff  
dedicated full time to this effort. The database was also not designed with a user-friendly interface 
so retrieving information is not straightforward.  

Our modelers preferred the higher quality, long-duration pump tests for modeling purposes. The 
MnDNR response was that longer tests were expensive and had the optics of being wasteful of 
water. However, MDH does require longer tests of municipalities and there are less wasteful ways 
to conduct them. Questions about using seasonal sources of water for recharge, for example during 
the spring for use later during the summer irrigation period were addressed by one of our study 
areas: the Buffalo aquifer in the Red River valley. There is potential to use ASR with seasonal 
water sources however the questioner was more interested in seasonal recharge for the Straight 
River GWMA. We were unable to identify even a seasonal  source of water for that area.  

The prospect of using surface water prompted questions about treatment; is it done before or after 
injection? The answer is both. Oxidized surface water can interact with unoxidized groundwater 
in deleterious ways so reducing dissolved oxygen as well as treating water to remove contaminants 
is common prior to injection. It also cannot be assumed that stored water will not pick up 
undesirable elements so extracted water is treated in different ways depending on the ultimate use. 

Questions about the actual cost of providing a gallon of ASR water in comparison to other means 
and the cost of treating recharge water to the required standard cannot be answered without 
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reviewing the economics of a specific project. The goal of this project was to provide the 
framework to evaluate project-specific costs. Although it is not possible to say if ASR would be 
cheaper than using the existing capacity of a large water utility or treating water and reusing it, 
those two options should be investigated first because they are less technologically complicated. 
ASR is a method to be deployed after other options are exhausted. Finally, the implications of 
ASR for private wells was discussed. One of the limits to recharge was that ASR not flood the 
surface or create artesian conditions in nearby wells.  

In the end, stakeholder input was sought at the beginning, during and at the conclusion of the 
project. Engaging with stakeholders helped create support and kept individuals and agencies 
informed.  More importantly, questions and concerns raised provided guidance to the project team 
and were incorporated and led to a more robust analysis of the suitability of ASR for Minnesota. 

The Executive Summary has been sent to all interested stakeholders and a link to the full report 
with an expanded table of contents has been provided for deeper review. The final report has been 
submitted to the LCCMR and project recommendations introduced in bill language during the 
2021 legislative session.     

 



Introduction to Case Studies
Case studies compiled and authored by:  Philip Gassman, Joshua Kirk, and Eileen
Kirby

The use of managed aquifer recharge (MAR) systems has expanded greatly across the U.S.
during the past few decades, especially aquifer storage and recovery (ASR) wells and closely
related Aquifer Storage and aquifer storage, transfer and recovery (ASTR) systems. Adoption of
ASR and ASTR systems has been especially intensive in several southwest states that are
characterized by arid climate conditions and in Florida, where ASR wells are used to store water
in aquifers during wet seasons and then subsequently withdraw water during dry seasons.

The case studies here describe ASR or ASTR well fields for three cities in the southwest U.S.,
ASR systems that have been implemented by two municipal water systems in the Upper Midwest
and investigations of injection well systems at two other Upper Midwest sites that were
ultimately abandoned due to differing reasons. The southwest U.S. case studies feature
descriptions of ASTR systems that have been operational for over three decades in El Paso,
Texas and nearly two decades in Tucson, Arizona, and a multi-ASR well system that is being
developed in Roseville, California. The Upper Midwest case studies include an overview of five
ASR wells that are managed by the Des Moines Water Works (DMWW) or the City of Ankeny
Water Utility, which support DMWW water distribution to the Des Moines metropolitan area,
and a single ASR well installed by Joint Powers Water Board (JPWB) of Albertville, Hanover,
and St. Michael, Minnesota that has been operating since 2012 to meet increasing water demand
from customers served by the utility.

The two other case studies describe an ASR well exploration by the City of Green Bay,
Wisconsin and an injection well pilot study commissioned by the Shakopee Mdewakanton Sioux
Community (SMSC), located in Scott County, Minnesota. The attempt to establish a functioning
ASR well by the City of Green Bay failed due to elevated arsenic concentrations that proved
insurmountable per the goal of implementing a successful ASR well within the city water
distribution system. The SMSC is a small tribe consisting of 325 people that operates a water
system serving roughly 15,000 people, who pursued the pilot study in order to determine if
treated wastewater could be used to recharge declining aquifer levels by using multiple injection
wells. The pilot study showed that the approach was feasible but the SMSC abandoned further
assessment of the injection wells due to concerns expressed by neighboring communities related
to potential undesirable effects on groundwater movement because of the presence of a valley in
the buried bedrock surface.

These seven case studies provide a composite overview of key MAR systems being adopted by a
range of U.S. municipalities that represent disparate environmental conditions, available water
sources and variations in MAR technology. The case studies also reveal that significant problems
can be encountered that can undermine development and implementation of ASR wells and other
MAR approaches.



Aquifer Storage and Recovery Case Study  
Site: Shakopee Mdewakanton Sioux Community (SMSC) 
Highlights 
“Groundwater is the sole source of drinking water in Scott County, where the SMSC is located.                
Region-wide groundwater demand is increasing, with limited groundwater available. The          
Community is considering injecting treated effluent from the [Water Reclamation Facility] into            
the aquifer for use in the future.” 

-Shakopee Mdewakanton Sioux Community Website 

● Currently, the SMSC discharges the majority of their reclaimed water (treated           
wastewater) to surface water where it is conveyed away from the Community eventually             
to the Minnesota River. 

● The Jordan aquifer is experiencing overdrafting and in some spots on or near the SMSC,               
is expected to witness drawdown exceeding 50% of the available head by 2030. 

● The SMSC has completed a pilot study for injection of treated wastewater into the sand               
and gravel subsurface layer above the Jordan aquifer. This injection project would help             
recharge the Jordan and mitigate overdrafting that is subject to further increases due to              
predicted growth of the tribe and its various industries. 

● Pursuit of full- scale injection stalled due to concerns from local units of government and               
also with the presence of a bedrock valley adjacent to their tribal land that would result in                 
a large portion of the injection volume conveyed away from the site and effectively lost.               
The SMSC may consider ASR in the future. 

Summary 
The Shakopee Mdewakanton Sioux Community (SMSC) is a federally recognized tribe           
formalized under federal reservation status in 1969. They have legal authority over about 4,000              
acres of land in Scott County, Minnesota. While the Community is not subject to Minnesota               
authority, these 4,000 acres are geographically constrained within the state. The tribe itself has a               
population of only 325, but operates numerous enterprises including two casinos, a hotel and               
event center, a community center, two gas stations, a grocery store, and an organic farm. These                
services inflate the effective population of the SMSC to about 15,000 people in terms of water                
use.  

The SMSC strives for self-sufficiency economically through the operation of many enterprises,            
and socially through providing their own community services. They also have their own public              
works department which builds and maintains transportation, energy, and water infrastructure.           
The SMSC draws their water from three groundwater production wells; two in the Jordan aquifer               
and one in a deeper aquifer. These wells produced a combined 190 million gallons of water per                 
year. The SMSC operates their own drinking water treatment plant which treats to remove                
iron and manganese by reverse osmosis, as well as a water reclamation and wastewater               
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treatment facility that handles 145 million gallons annually, with a 900 million gallon/year             
maximum capacity. Approximately 35 million gallons of this treated effluent is used for             
irrigation of their 18-hole golf course (The Meadows at Mystic Lake), while the rest is               
discharged to surface water, where it eventually reaches the Minnesota River. The SMSC has a               
strong conservation mindset and passion for environmental stewardship. The tribe has            
recognized the wasted potential associated with allowing over 100 million gallons of pumped             
and twice treated groundwater to be released into the environment.  

The SMSC has a growing population, and with the expansion of their current enterprises the               
Community is expected to augment their water supply through increased groundwater pumping.            
However, observations of groundwater levels in the Prairie du Chien-Jordan aquifer underlying            
the Twin Cities metropolitan area have illustrated an unsustainable pattern of use for the region.               
Predicted drawdown in the Prairie du Chien-Jordan aquifer if groundwater use continues on its              
current trajectory (as of 2010) will exceed 50% of the available head (Fig. 1). To stymie this                 
overdrafting of the Prairie du Chien-Jordan, injection of highly-treated wastewater has been            
considered due to the growing population of the SMSC, and increased activity associated with              
their enterprises. In 2007 the SMSC initiated a pilot study to assess the feasibility of injecting                
large quantities of treated wastewater (referred to as “reclaimed water”) into the ground. 

 
Figure 1: Drawdown predictions for the Prairie du Chien-Jordan aquifer if unsustainable groundwater             
practices continue to occur in the Twin Cities metro area. Green circle is the location of the SMSC                  
(Source: [1]) 

The Jordan aquifer underlying the land of the SMSC is overlain by two distinct layers . Nearest                 
the surface is a layer of sandy clay till which overlies a layer of sand and gravel. The pilot                    
study considered injection of reclaimed water into the sand and gravel layer which would allow               
the water to slowly percolate into the Jordan aquifer. The injection well would be screened               
across the entire gravel layer directly above the aquifer. Injection would be presumed to occur               
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for 5 months out of the year in the fall, winter, and spring, when water demand from the                  
community and operating enterprises is lowest. This injection period would also occur when the              
golf course was not being irrigated with reclaimed water, meaning 100% of the fully treated               
wastewater stream would be available for injection. Currently the water reclamation plant            
produces about 300 gallons per minute (gpm) of highly quality effluent, however the facility has               
the capacity to treat up to 1332 gpm. The SMSC is not planning on using a dual-purpose                 
injection and recovery well, nor a targeted well field to recover the injected water after a                 
certain travel time through the aquifer media. Instead, injection is meant to generally recharge              
the Jordan aquifer, which they expect will mitigate its local depletion and overdrafting. The              
injection water would eventually be recovered by the SMSC operated production wells in the              
Jordan Sandstone aquifer, but no specific residence time is desired. 

Wastewater treatment at water reclamation facility (WRF) consists of standard preliminary           
treatment, a unique secondary treatment process, and an advanced tertiary treatment step. As the              
wastewater enters the reclamation facility it passes through fine screens to remove refuse or other               
objects that could clog pipes or otherwise compromise the system. After screening, the water              
enters a vortex grit removal system that removes small, heavy particles like sand. The final step                
in the preliminary treatment train is primary clarification, which provides quiescent conditions            
for removal of organics and other particulates that made their way through the first two removal                
processes. Water flows over a weir from primary clarification to secondary treatment consisting             
of a Biologically Aerated Filtration (BAF) technology, as well as biosolid treatment and             
disposal. BAF is a treatment technology used by less than a dozen wastewater treatment and               
water reclamation facilities in the United States. BAF is especially useful when land is              
expensive, necessitating a small plant footprint, and when a very high water quality standard is               
expected for the plant effluent. The BAF process consists of continuous flow of wastewater              
through an aerated tank containing millions of tiny Styrofoam beads. These beads provide a large               
surface area for bacteria to grow on, and provide treatment to the wastewater. The plant also                
currently has additional BAF units that are not in use, but could be brought online when future                 
growth increases treatment demand. While currently 145 million gallons are treated per year, the              
facility is capable of treating up to 900 million gallons/year. Effluent from the BAF is filtered                
through a membrane in order to separate any biomass and remaining particulate matter, before              
being exposed to UV light which inactivates pathogenic microorganisms. After this disinfection            
step, the final effluent is discharged to a series of wetlands. The discharged water eventually               
flows through these wetlands to the Minnesota River. 

The pilot study was initiated in 2007 and ran through 2012. Additional treatment processes were               
installed at the WRF consisting of reverse osmosis, UV, and ozone treatment. These extra              
processes purify the reclaimed water to an even higher standard including the destruction of any               
recalcitrant organic compounds that are relatively unaffected by conventional biological          
wastewater treatment. No water was actually injected into the ground as a part of the pilot study,                 
however the interaction between the finished water and the aquifer media was studied through              
column tests. The pilot plant effluent was divided between two sets of aquifer core samples. One                
stream was treated with carbon dioxide and lime in order to introduce hardness and adjust the                
pH, while the other stream did not receive any additional treatment before contacting the core               
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samples. This hydrogeological testing was conducted to study the effect of the aquifer media on               
the chemistry of the source water, and to quantify the effect of conditioning before injection. A                
schematic of the pilot study is shown below ( Figure 2). 

 

 

Figure 2: Pilot study schematic. (Source: [2]) 
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One of the most common problems with injection associated with ASR is the mobilization of               
arsenic from arsenic-bearing aquifer media. Figure 3 depicts concentrations of arsenic in the              
effluent of the aquifer media columns for both conditioned and unconditioned pilot plant             
effluent. Also displayed are the typical concentrations of arsenic observed in the two production              
wells that the Community uses to draw drinking water from the Jordan aquifer, as well as the                 
maximum contaminant limit (MCL) for arsenic in drinking water, set by the United States              
Environmental Protection Agency (USEPA). 
 

 
Figure 3: Effects of conditioning pilot plant effluent on arsenic concentrations in column effluent. (Source:               
[2]) 

Conditioning of the pilot plant effluent with carbon dioxide and lime results in the mitigation of                
arsenic mobilization. In fact, the conditioned column effluent contains arsenic concentrations           
that are lower than the concentrations found in the drinking water source water, and is far below                 
the federal MCL for arsenic. In contrast, the unconditioned column effluent contains            
concentrations of arsenic that are significantly above the federal MCL for more than half of the                
test period (Figure 3). It is unclear if the unconditioned column effluent arsenic concentration              
decreased towards the end of the test period, due to an anomaly with the fourth column. The                 
conditioned column effluent experienced consistent reductions in arsenic concentration         
throughout the duration of the test period, suggesting that the capacity of the aquifer cores to                
release arsenic was being depleted.  
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The column effluents were also sampled for other inorganic constituents. For the conditioned             
water, calcium levels were similar in the column influent and effluent. Total dissolved solids              
(TDS) concentrations increased slightly for the conditioned water. Magnesium, strontium, and           
silicon experienced increases in the conditioned water, but less than what was observed for the               
unconditioned water. Meanwhile, sodium, potassium, aluminum, and barium increased in the           
conditioned and unconditioned water at similar levels. 
The effectiveness of the additional reverse osmosis, ozone, and UV treatment on the pilot plant               
effluent was also assessed by sampling the existing water reclamation facility effluent (Site 1 on               
Figure 2) for a number of common organic contaminants, and comparing to the concentrations              
found from samples taken after the advanced treatment train (Site 7 on Figure 2).   

 
Figure 4: Most common contaminants detected from the WRF effluent, and the fully treated water that has                 
been through the additional treatment process. From June-September 2010. (Source: [2]) 

Results suggest that destruction or elimination of commonly detected organic contaminants by            
the additional pilot plant treatment processes is significant (depicted in Figure 4). If injection of               
treated wastewater were to be pursued, it is likely that scaling-up these advanced treatment              
processes and conditioning of the injected water would occur. The next step on the way to                
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full-scale injection would be to conduct a preliminary injection phase. One of the three to four                
planned wells would be dug and injected at a rate of 30-50 gpm. The level of the water table and                    
the chemistry of the surrounding groundwater would be observed through nearby monitoring            
wells. However, pursuit of this preliminary testing as well as full scale injection has stalled due                
to concerned parties. The SMSC is concerned that the presence of a bedrock valley adjacent to                
their tribal land would convey a large portion of their injection volume away from the site, to be                   
lost (Figure 5). 

 

Figure 5: Regional bedrock geology in the vicinity of the SMSC (Source: [2]). 

Policy Connections 
The USEPA has been supportive of this project, and has expressed willingness to collaborate on               
the permitting and authorization process. Ultimately the USEPA is the only party that the SMSC               
needs approval from to move forward, but in the spirit of stewardship towards their neighbors,               
the Community has taken the response of other entities into account. Other governmental or               
municipal entities have been less amicable. The Minnesota Department of Health is interested in              
this project, but cautious about the potential effects associated with the migration of injected              
groundwater. The more local entities including Scott County and the City of Shakopee, are              
unconvinced about the project. Shakopee lies on the receiving end of any migration of the               
injected groundwater and has been vocally opposed towards implementation despite the positive            
results of the pilot study. On the other hand, the City of Prior Lake, which would be relatively                  
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unaffected by injection, has not expressed any opposition. They have also expressed interest in              
reusing effluent from the SMSC WRF if injection is not ultimately pursued.  
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Economic Considerations 
The injection project would incur a significant cost on the SMSC for an unknown return on that                 
investment. The Community would have to significantly upgrade their WRF, drill new wells,             
operate these new wells, and continuously monitor the local groundwater. While significant            
drawdown of the Prairie du Chien-Jordan over the next decade has been predicted, this              
drawdown will not threaten the availability of adequate drinking water for the SMSC. 

Future Projections 
The SMSC states on their website that the groundwater injection project is still being considered.               
While implementation may not occur in the near future, the SMSC displayed positive results              
from their pilot study, and demonstrated a possible method. They are also willing to share their                
findings with others who may be interested in these types of resource conservation projects.              
Ultimately, with time, research, and education, the SMSC feels that injection is possible. 
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Aquifer Storage and Recovery Case Study  
Site: St. Michael, Minnesota 
Highlights 
“The Joint Powers Water Board constructed what is referred to as an Aquifer Storage and 
Recovery (ASR) system, which is the first such system in the state of Minnesota… This system 
results in a tremendous cost savings to our customers.” 

-Joint Powers Water Board Website  

● The ASR dual-purpose injection and recovery well located in St. Michael,  
Wright County, Minnesota serves the residents of St. Michael, Albertville, and Hanover, 
which are the member-cities of the Joint Powers Water Board. 

● Operating at full-scale since 2012, this ASR project was the first of its kind in Minnesota, 
and remains the only ASR project ever operated at full-scale in the state. 

Summary 
In the early 2000s, the Joint Powers Water Board (JPWB) of Albertville, Hanover, and St.               
Michael was faced with increasing water demand from their combined population of 27,000.             
Their drinking water treatment plant was reaching its maximum capacity in the summer months              
due to seasonal elevations in water use. In 2006 the JPWB began investigating the feasibility of                
ASR instead of opting to expand the capacity of the facility. Subsequently, in early 2009 the                
JPWB constructed an ASR facility in the town of St. Michael. The JPWB operates eight               
groundwater production wells and this ASR well was the ninth well constructed by the board.               
Therefore, it is referred to by the JPWB as “Well #9”. Two pilot studies, overseen by the                 
Minnesota Department of Health (MDH), were conducted in February and March of 2009             
involving the injection and later recovery of 300,000 and 6,000,000 gallons of water             
respectively. A third pilot study was conducted from June 2010 to February 2011 consisting of               
the injection of 60 million gallons and subsequent recovery of 50 million gallons of water.               
Analysis of these three pilot cycles suggested that full scale operation consisting of the injection               
of 100 million gallons and the subsequent recovery of 90 million gallons of water could be                
initiated the following year. From 2012 to the present day, eight ASR cycles have been               
conducted with no perceivable adverse effects on water quality. 

The U.S. Environmental Protection Agency (US EPA) permits ASR at Well #9 through the              
Underground Injection Control Program, treating it as a Class V Well. The current permit is               
effective from September 24th, 2019 to September 24th, 2029. The permit will also remain in               
effect upon delegation of primary enforcement responsibility to the state of Minnesota if             
Minnesota chooses to adopt this permit as a State permit. MDH has also issued a variance to the                  
JPWB to conduct full-scale operations. This variance is required as Minnesota Rules, Chapter             
4725 states that a well or boring must not be used for disposal of surface water, groundwater, or                  
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any other liquid, gas, or chemical. MDH is notified when the JPWB commences injection and               
recovery at Well #9, as well as ahead of each sampling event.  

The source water for injection at Well #9 consists of treated water from the drinking water                
treatment plant located in St. Michael, Minnesota. The drinking water treatment plant currently             
draws from seven of the eight available production wells meaning that groundwater is the sole               
source for recharge. These seven wells draw from a combination of glacial (unconfined), the                
Mt. Simon, and the Hinckley aquifers. The treatment plant has a capacity of 10 million gallons                
per day (MGD) and treats groundwater high in iron and manganese with chemical oxidation and               
subsequent rapid sand pressure filtration. The source water is treated to potable standards and               
is distributed directly through the drinking water distribution system or diverted to Well #9              
during periods of recharge. The JPWB is permitted to inject up to 100 million gallons and                
recover 90% of the injection volume from the proceeding injection period. The extra 10% is left                
in the ground to act as a buffer for future cycles. 

Water is injected at Well #9 by a dual-purpose well. The injection is simply done using   
gravity by pumping through a 3-inch pipe turned down into the well borehole. The rate of 
injection is approximately 300 gpm. Injection generally begins in November, and runs until the 
end of June. There is then at least a week-long buffer period before recovery begins. They 
typically pump 30,000 - 50,000 gallons at the beginning of recovery which they do not send into 
the distribution system. This is to make sure that they’re pumping everything out of the well casing as 
well as to provide sufficient time for tests results on turbidity, chlorine, and phosphate to come back. 
Recovery then runs from July to September or October at a constant rate of 1000 gpm (Figure 1). 

 

Figure 1: ASR cycle detail from 2012-2018 [3]. Source: 2018 ASR Summary Report by the JPWB 
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Water is stored in the Mt. Simon Sandstone aquifer between the depths of 403 and 504 feet                 
below the ground surface. The Mt. Simon aquifer is a poorly to moderately cemented coarse- to                
fine-grained sandstone. It is confined in the area around the injection site by the overlying Eau                
Claire Formation. This reduces the chance of contamination of the Mt. Simon Sandstone by                
surface activities. The Eau Claire Formation is a 75-foot-thick shale layer in the vicinity of Well                
#9. Three miles north of the ASR site, the Eau Claire Formation is not present, meaning that the                  
Mt. Simon aquifer can exhibit semi-confined characteristics, and may not be separated from the              
overlying glacial  aquifer by the one or more bedrock unit(s) that are typically present.   

Stored water is subsequently recovered using the same dual-purpose well with a 150 hp              
submersible pump which sits at a depth of 260 feet below ground surface and pumps 1000 gpm                 
to a 10-inch column pipe at 400 feet of total dynamic head. The recovered water can spend                 
anywhere from one week to nine months in the aquifer. Because all injected water is drinking                
water quality and originates from groundwater, pathogen attenuation through travel time is not              
a concern. 

There is a nested set of 3 monitoring wells on the property of the well house for Well #9. One of                     
these monitoring wells is drilled into the Mt. Simon aquifer, while the other two are in shallow                 
and deep glacial sediment respectively. There is also another nested set of 3 monitoring wells               
about 500 feet away from Well house #9 to the northwest. One of these wells is drilled into the                   
Mt. Simon aquifer, and their permit specifies that at least one background sample must be               
collected from this test well before injection prior to the beginning of each cycle. This is                
ultimately to establish a baseline that is used to determine what effect the operations at Well #9                 
are having on the water quality in the Mt. Simon aquifer. This test well is also sampled at the end                    
of the recovery stage for comparison. There are two other monitoring wells accompanying this              
one, which are drilled into the deep glacial aquifer and the Franconia-Ironton-Galesville aquifer,             
respectively (     Figure 2). 

 

Figure 2: Geological strata underlying the area around the injection point       (     2018 ASR Summary 
Report by the JPWB).  
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Some mixing may occur between native groundwater and injected water. These interactions may             
result in the occurrence of deleterious (geo)chemical interactions, which may cause           
contamination to arise in either the injected water or native groundwater. The native Mt. Simon               
water has elevated concentrations of iron, manganese, and radionuclides. Iron and manganese are             
only subject to secondary standards, but recovered water in the 2018 cycle exhibited             
concentrations of iron and manganese that were far below the secondary drinking water standard              
as set by the EPA. As for the radionuclides, the combined radium-226/228 concentrations in the               
recovered water were well below the maximum contaminant limit (MCL) of 5 pCi/L, and              
adjusted gross alpha activities in the recovered water were well below their MCL of 15 pCi/L.                
There is not a concern about either chloride or nitrate contamination of the aquifer as the                
recharged water contains chloride and nitrate concentrations that are well below the federal             
drinking water standard and only slightly higher than the background concentrations in native             
Mt. Simon water.  

Native Mt. Simon water is in a reduced state and has elevated concentrations of iron, manganese,                
and radionuclides. Recharge water, on the other hand, has a high oxidation potential, contains              
supplemental fluoride, chlorine, and polyphosphate, as well as has had iron and manganese             
removed, all from the drinking water treatment process. The interaction of the injected water              
with the native Mt. Simon water could cause dissolved ferrous iron (Fe(II)) in the native Mt.                
Simon water to become oxidized to ferric iron (Fe(III)). This ferric iron will precipitate out of                
solution as ferric hydroxides or by bonding to another anion such as phosphate or arsenic. In                
addition, the introduction of oxidized water into reduced native groundwater could cause            
oxidative dissolution of arsenic-bearing sulfide minerals such as arsenopyrite (FeAsS).          
Mobilized Fe(II) could be oxidized and hydrolyzed to form ferric iron hydroxides, which could              
attenuate arsenic mobility, however presence of dissolved organic matter in the injected water              
could inhibit this process. Arsenic concentrations in the recovery water were slightly higher than              
background or recharge concentrations, suggesting that some mobilization of arsenic may be            
occurring. However, the injection water contains negligible total organic carbon , and recovery              
water contains arsenic concentrations well below the federal drinking water standard of 10             
micrograms/liter. In summary, the recovered water consistently meets the requirements set forth            
in the National Primary Drinking Water Standards , and requires no further treatment upon               
recovery prior to distribution. 

Policy Connections 
This is the first ASR project in Minnesota, therefore the State is not the primary enforcement or                 
regulatory body; instead the JPWB uses the EPA as their permitting authority and sends the EPA                
their water quality sample reports. JPWB is also required to send water quality sample reports to                
MDH. MDH handles most drinking water well permitting in Minnesota, but for this project              
bringing in the EPA was seen as prudent due to this being the first project of its kind in                   
Minnesota. If more ASR projects are deemed feasible in Minnesota, it would likely be advisable               
that the permitting and regulatory authority be shifted to a state agency, such as California has                
done. The ASR project would still be required to meet federal regulations for drinking water               
standards and Class V injection well operation, but through an agency such as the MPCA or                
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MDH, the State would be able to regulate more stringently if they so desired, for the further                 
protection of public health. 
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Economic Considerations 
This ASR project in St. Michael, Minnesota allowed the JPWB to avoid a very expensive               
upgrade to their drinking water treatment plant which in turn saved their customers a significant               
amount of money. It seems that this scenario of a municipality growing and exceeding the               
demand of their water treatment plant is not unique to the cities of the JPWB. ASR seems to be a                    
sustainable application to avoid a capital-intensive expansion, and is well-suited to communities            
with variable seasonal demand.  

Future Projections 
So far there have not been any major concerns with the ASR process in St. Michael and the other                   
municipalities that are served by the JPWB. There is some concern about the formation of the                
disinfection byproducts in the categories of total trihalomethanes (TTHM) and the five most             
common haloacetic acids (HAA5) during storage of the injected water, but concentrations upon             
recovery in 2019 were well below their respective MCLs. In addition, measurement of the water               
levels in the drift and Ironton- Galesville aquifer during 2018 ASR operations suggest that no               
leakage occurs into or from the Mt. Simon aquifer, reaffirming its good performance as a target                
aquifer for ASR. It will be interesting to observe whether concentrations of chemicals at the               
monitoring well 500 feet away (TW-6) from background measurements will increase appreciably            
in the coming years, as the injected “buffer” water horizontally displaces more native             
groundwater. 
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Aquifer Storage and Recovery Case Study  
Site: Des Moines and Ankeny, Iowa 
 

Highlights 
“DMWW became acutely aware of how reliant it was on a single treatment plant when it was                 
unable to provide water to customers for 11 days during the flood of 1993.” 

-As stated in Miller and Beaver (1997) 

● The Des Moines Water Works (DMWW) is a regional municipal water utility that             
supplies water to 500,000 people in central Iowa.  

● The DMWW expanded its water production capabilities after the 1993 flood to avoid             
future production crises which included the establishment of five Aquifer Storage and            
Recovery (ASR) wells in collaboration with the City of Ankeny Water Utility.  

● The five ASR wells maintained by the DMWW and the City of Ankeny Water Utility all                
exceed a depth of 2,500 ft and are some of the deepest ASR wells in the world.  

● The recharge water sources for the ARS wells are treated potable water from the DMWW               
water treatment plants. 

● The ASR wells are permitted under the EPA Underground Injection Control (UIC)            
Program and also must comply with permits required by the state including approval of              
engineering drawings and specifications, management of stored and recovered water, and           
a National Pollutant Discharge Elimination Standard (NPDES) permit. 

 
Summary 
 
The Des Moines Water Company was established as a private company in 1871 to provide a                
stable supply of water to the city of Des Moines, Iowa. The company continued to function                
privately with different owners and managers until 1919, when the city bought the water              
company, changed the name to Des Moines Water Works (DMWW) and converted it to a public                
utility owned by ratepayers. The first DMWW water treatment plant (Fleur Drive site) was              
constructed in 1948. Levees were constructed around the treatment plant in 1950 and fluoridation              
of water was initiated in 1959. The DMWW had already identified the need for additional water                
treatment capacity during long range planning conducted in 1991 and 1992 (Miller and Beavers,              
1997). The urgency of expanded water treatment capacity became obvious in the wake of the               
historic flood of 1993 which resulted in water levels that breached the levees surrounding the               
treatment plant (Figure 1; DMWW, 2013). This prevented access to tap water for 11 days and                
safe drinking water for almost three weeks for 250,000 customers (Thompson, 2018).  
 
The DMWW pursued development of additional treatment and storage capacity to avoid similar             
crises situations in the future. This strategy was described in a Regional Water Supply Reliability               
Study published in 1994 that included expanded water treatment plant capacity and development             
of additional storage via ASR wells (Miller and Beavers, 1997). This ultimately resulted in ASR               
well development as described below and two new treatment plants:  
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(1) the 25 million gallon per day (MGD) Maffitt Lake facility in 2000, which was renamed the                 
L.D. McMullen Water Treatment Plant in 2007, and (2) the 10 MGD Saylorville Water              
Treatment Plant in 2011, which serves customers in the northern part of the DMWW distribution               
network. The DMWW is now a municipal water utility owned by the 500,000 customers who                
live within the greater Des Moines area, and is the largest such utility in Iowa and among the                  
largest 100 utilities in the United States. Further details regarding these and other aspects of               
DMWW historical development are reported at Wikipedia (2020) and DMWW (2020a; 2020b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Aerial photo of Des Moines Water Works (foreground) inundated with flood water during record breaking                 
1993 flood event (Source: DMWW, 2013).  
 
Initial ASR well testing and development 
 
The initial exploration of ASR feasibility within the overall DMWW system focused on the              
conversion of a 1961 production well that was extended to a depth of 2,700 ft in the Jordan                  
Sandstone aquifer (Bates, 2007)( Figure 2). The well was previously used by the City of               
Ankeny Water Utility but was abandoned in 1992 when the utility became a wholesale customer               
of the DMWW (Bates et al., 2007). Approval to pursue testing was granted by the U.S.                
Environmental Protection Agency (USEPA) through a demonstration grant that was issued in            
1995 under the Safe Drinking Water Research and Demonstration Program (Miller and Beavers,             
1997). The overall testing process was performed during 1995 to 1998, using the deepest aquifer               
that had ever been tested for an ASR well up to that time (Bates et al., 2007). Conversion of the                    
production well to an ASR well was completed in spring 1997, followed shortly by initial testing                
(Miller and Beavers, 1997).  
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Figure 2: Generalized Stratigraphy for the ASR wells; hypothetical volumes of stored water in the aquifer is                 
represented in light blue (Source: DMWW, 2018).  
 
Testing of the ASR well focused on several parameters:  
1) Water must remain potable after interaction between treated recharge water and existing             
aquifer water, 
(2) determination if disinfection or other treatment would be needed for recovered ASR water,              
(3) economic feasibility of the process, and  
(4) resolution of regulatory and permitting issues  
(Miller and Beavers, 1997; Bates et al., 2007).  
 
This was accomplished in two phases. Phase one was a preliminary feasibility study that              
evaluated the geological and geochemical adequacy of the Jordan a quifer to support ASR              
wells, and phase two was a series of complete recharge, storage and recovery cycle tests of the                 
Ankeny ASR well (Miller and Beavers, 1997).  
 
The feasibility study was conducted on the basis of a potential DMWW system-wide expansion              
that envisioned the incorporation of multiple ASR wells (Miller and Beavers, 1997). A key goal               
was to determine the number of ASR wells and corresponding aquifer storage that was needed to                
meet an emergency goal of 30 MGD over a 90-day period. A water-quality analysis of 30                
constituents was performed which indicated that the Jordan aquifer was suitable for hosting ASR              
and that problems would not be expected based on the composite chemistry of the recharge and                
aquifer water. The feasibility study also reported that 15 ASR 2-MGD capacity wells: (1) could               
inject 3.7 billion gallons into the Jordan aquifer to meet the emergency goal; (2) could increase                
seasonal peak capacity by 20 MGD for up to 48 days, and (3) could be developed for roughly                  
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$0.53/gallon/day of peak capacity if converting existing production wells and installing           
additional wells. 
 
The tests of the Ankeny ASR well were initiated in April 2007 and designed to be performed                 
over a period of 10 months in a series of three relatively short cycles followed by a cycle test that                    
reflected a full season of operation (Miller and Beavers, 1997; Bates et al., 2007). The first two                 
cycles required between 8 to 16 days and achieved an 85% recovery rate resulting in the                
conclusion that the third short cycle did not need to be executed (Bates et al. (2007). The full                  
production cycle was then conducted which included 128 days of recharge, 30 days of storage               
and 67 days of recovery, which resulted in an 70% overall recovery rate which was considered                
successful for an initial complete test (Bates et al., 2007). Further confirming the success of the                
Ankeny ASR well demonstration was: (1) the absence of adverse geochemical reactions, (2)             
satisfactory water quality of the recovered water, (3) no discernible impacts on the Jordan              
Aquifer or other wells in the region, and (4) a recharge storage bubble or target storage volume                 
(Figure 3) that was limited to a radius of 270 to 380 ft (Bates et al, 2007).  

Figure 3. Schematic of injected recharge water, target storage volume (stored water and buffer zone) in confined                 
aquifer, and recovery during high demand periods (Source: TWRD, 2019).  
 
Current DMWW ASR wells 
 
The success of the original Ankeny ASR well resulted in additional ASR wells within the               
DMWW water distribution system, although not as many as were envisioned in the original              
feasibility study. At present, five ASR wells are in operation within the overall DMWW system               
including three that are managed by the DMWW and two that are managed by the City of                 
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Ankeny Water Utility (Table 1). These wells all extend at least 2,500 feet into the Jordan                
Sandstone and St. Lawrence formations (Figure 2) and are the deepest ARS wells in the world,                 
with the exception of an ARS well constructed by Polk County Utilities in Florida that is drilled                 
to a depth of 2,944 feet and is used for reclaimed (non-potable) water purposes (Gierok et al.,                 
2015). The recharge water sources for the ARS wells are the DMWW water treatment plants;               
e.g., Saylorville water treatment plant for Well #4 and Well #6 (Buckner, 2020). The recharge               
water rates range from 737 gallons per minute (gpm) for Well #4 to 1,725 gpm for the three                  
DMWW wells (Table 1). The design production capacity of the wells vary from 1.5 MGD for                
Well #4 to 3.0 MGD for the other four wells (Table 1), although the operation capacities for                 
Well #4 and Well #6 are 1.32 and 2.7 MGD, respectively (Buckner, 2020). Recovery rates               
currently vary considerably between the five wells for the water extraction process (Figure 3)              
and are highest for the longest operating wells (e.g., Well #4 and Well #6). For example, the                 
recovery rates for Well #6 (Table 1) gradually increased from 54% to 89% between 2011 and                
2016 and have stabilized at about 95% during 2017 to 2018 (Buckner, 2020). 

 

 aSource: IDNR (2020a; 2020b) 
bgpm = gallons per minute; MGD = million gallons per day 
cWell #4 and Well #6 are the names used by the City of Ankeny Water Utility (Buckner, 2020); the                   
names in the parentheses are additional names listed by IDNR (2020b).  
dProduction capacities = 1.32 and 2.7 MGD for Well #4 and Well #6, respectively (Buckner, 2020). 

 
Table 1. Well owner, name, drilling date and depths for DMWW/Ankeny ASR well clustera 
 
Policy Connections 
 
The Ankeny ASR well (Well #4, Table 1) was permitted under the EPA Underground Injection               
Control (UIC) Program as a Class V injection well, based on relatively strict criteria due to the                 
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Geosam 
# 

Well  
owner Well name Drilling  

date 
Bedrock 
depth 
(ft) 

Well 
depth 
(ft) 

Total 
depth 
(ft) 

Recharge 
rate 
(gpmb) 

Production
Capacity 
(MGDb) 

59746 DMWW LP Moon  
ASR 11/04/2004 115 2,674 2,674 1,725 3.0 

63127 DMWW 
McMullen  
Treatment  
Plant ASR  

12/20/2006  50 2,518 2,518 1,725 3.0 

81129 DMWW 
Army Post  
Road ASR  
Well 

01/29/2016 28 2,525 2,525 1,725 3.0 

12574 City of  
Ankeny 

Well #4  
(ASR #1)c 06/22/1961 140 2,522 2,715 737 to  

770 1.5d 

64763 City of  
Ankeny 

Well #6  
(ASR #2)c  03/12/2008 270 2,530 2,530 1,195 to  

1,215 3.0d 



fact that it was the first ASR well in EPA Region VII (Miller and Beavers, 1997). The permit                  
requirements included: (1) “Identification of all useable sources of groundwater near the site”,             
(2) “an inventory of all wells within a 1-mile radius”, (3) “calculations showing the fracture               
pressure of the storage zone”, (4) “a mechanical integrity test on the ASR well casing”, and (5)                 
“full Safe Drinking Water Act water quality parameter analytical results for each recharge             
period.” (Miller and Beavers, 1997) Ultimately, the USEPA granted a UIC operating permit for a               
period of five years for Well #4.  
 
The DMWW also had to comply with other permits required by the state including approval of                
engineering drawings and specifications, management of stored and recovered water, and a            
National Pollutant Discharge Elimination Standard (NPDES) permit for water discharged to a            
storm sewer during the demonstration test (Miller and Beavers, 1997). Current Iowa regulations             
for aquifer injection wells were established after the completion of the demonstration test in 1999               
(EPC, 1999), which were largely adopted from regulations previously developed in Nevada and             
Oregon (Anderson, 2020). The regulations focus primarily on oversight of ASR wells used for              
potable water purposes and cover 10 different categories as follows (repeated verbatim from             
EPC, 1999): (1) “aquifer pretesting”, (2) “engineering report”, (3) “hydrogelogic evaluation”, (4)            
“protection of nearby existing water sources'', (5) “MCL exceedance limitation”, (6) “reporting            
and record keeping”, (7) “follow-up analysis by permittee”, (8) “vacating a permit for failure to               
construct and nonuse”, (9) “mechanical integrity”, and (10) “revocation.” Iowa ASR wells must             
also comply with USEPA Region 7 UIC requirements (USEPA, 2020).  
 
Economic considerations 
 
Miller and Beavers (1997) reported original cost estimates for ASR well adoption in the DMWW               
water distribution system which assumed average construction costs of $1.05 million for an ASR              
well that had a recovery capacity of 2 MGD. However, the final construction cost of the second                 
City of Ankeny Water Utility ASR well (well #6, Table 1) was approximately $3 million               
(Anderson, 2020), which can be partly attributed to a higher capacity of 3 MGD. Similarly, the                
original construction cost estimate for the Army Post Road ASR well (Table 1) was $3,591,132               
in December, which was revised to $4,281,000 in May 2016 and ultimately cost $6.1 million               
(DMWW, 2016; 2018). However, it is also important to note that the City of West Des Moines                 
and West Des Moines Water Works paid $4.655 million of the total Army Post Road ASR well                 
construction costs (DMWW, 2018). The cost increase trends experienced by the DMWW            
underscore the need to factor in inflation of material costs and other factors for utilities               
contemplating development of ASR wells.  
 
Several operational costs must also be accounted for in the annual operation of the ASR wells                
within the DMWW water-distribution system. For example, annual water-quality-testing costs          
for Well #4 and Well #6 are approximately $3,900, and the annual electric cost per million                
gallons of treated water ranges from roughly $325 to $392 between Well #4, Well #6 and the                 
Army Post Road ASR well (Buckner, 2020). The costs of injecting recharge water and              
subsequently recovering drinking water also vary between wells and between years. Considering            
Well #6 as an example, the annual costs per thousand gallons during 2011 to 2019 ranged                
between $196,656.68 (2012) to $344,871.34 (2019) for the injection process versus $8,749.44            
(2017) to $106,924.36 (2011) for the recovery phase.  
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The operation of the ASR wells can also provide an economic benefit owing to the ability to mix                  
the treated water extracted from the Jordan aquifer with surface water obtained from the Raccoon               
and Des Moines rivers. This blending process results in dilution of surface water nitrate              
concentrations during the spring or other periods of high nitrate flux in the surface water (Rash,                
2020). This in turn can reduce the need for operation and associated expense of the DMWW                
nitrate removal system, which is the largest system of its kind in the world (White, 1996;                
McMullen, 2008).  
 
Future projections 
 
It was originally envisioned that the DMWW and City of Ankeny Water Utility would              
collectively develop upwards of 15 Jordan aquifer ASR wells (Miller and Beavers, 1997; Bates              
et al., 2007). To date that target has not been achieved. However, the five ASR wells that have                  
been constructed (Table 1) underscore the importance of the technology in the DMWW water              
distribution system. Up to 450 mg of treated water can be introduced to the aquifer through each                 
of these wells during the low demand period over the winter months (DMWW, 2018). The water                
can then be extracted during the high demand summer months and distributed throughout the              
water system to customers throughout the DMWW service area. Well #4 (Table 1) is nearing the                
end of its lifespan and will need to be replaced within the decade (Buckner, 2020; City of                 
Ankeny, 2018). The City of Ankeny has published initial plans to also replace Well #6 (Table 1)                 
and to construct a third ASR well by 2055 (City of Ankeny, 2018).  
 
A key aspect of the DMWW’s development of ASR wells has been its close relationship with                
other water utilities in the greater Des Moines metropolitan area. This can be clearly seen with                
the two ASR wells that have been constructed and managed by the City of Ankeny Water Utility.  
A similar relationship has also developed with the City of West Des Moines and West Des                
Moines Water Works, who covered the majority of the Army Post Road ASR well construction               
costs as noted above. Further collaboration has occurred between the DMWW and other central              
Iowa water utilities through the Central Iowa Drinking Water Commission (CIRDWC), which             
was established in 2001 to facilitate collaborative efforts among 22 communities in the Des              
Moines metropolitan area regarding water needs (CIRDWC, 2016). Discussion has intensified           
during the past few years within CIRDWC regarding the need for a regional water production               
utility (CIRDWC, 2016; Cannon, 2019). The formation of a regional utility may prove to have               
implications per the adoption of additional ASR wells in the metropolitan region  
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Aquifer Storage and Recovery Case Study  
Site: Green Bay, Wisconsin 
Highlights 
“In the later 1990s and early 2000s, ASR was investigated as an option to enhance municipal                
water supply capacity in Green Bay, Wisc by injecting treated surface water during low-demand              
periods and recovering the water during times of high demand… ASR was ultimately determined              
to be infeasible at the site due to high levels of arsenic in the recovered water.” 

-Meghan Dickoff in her Master’s Thesis 

● In the latter half of the 20th century, the City of Green Bay, Wisconsin was struggling to                 
meet high municipal water demand during the summer months.  

● An ASR pilot study was undertaken in Green Bay from 2002-2003 in which treated              
surface water was injected into three hydrostratigraphic units. The upper and lower units,             
consisting of the Prairie du Chien Group and the Elk Mound Group were assumed to be                
aquifers that the injection water would occupy. The middle unit, the Tunnel City Group,              
was assumed to be an aquitard. 

● Upon injection and recovery, elevated concentrations of arsenic were observed and           
ultimately determined full scale ASR would not be feasible.. 
 

Background 
Through population growth and water-intensive lifestyle changes, annual water consumption by           
the City of Green Bay, Wisconsin increased dramatically throughout the 20th century (Figure 1)              
displays this trend, depicting the annual water pumping by the city towards their municipal              
supply. Until the late 1950s, Green Bay used groundwater as the sole source for their municipal                
water supply. Increased pumping by Green Bay and other cities along Lake Michigan, namely              
Milwaukee and Chicago created a regional cone of depression in eastern Wisconsin still present              
after more than 40 years of rebound (as shown in Figure 2). In the Green Bay area, water levels                   
declined over 340 feet before the city switched to Lake Michigan as their municipal water supply                
in 1957. 

However,even after the city switched, demand continued to increase until in the 1990s, Green              
Bay reached an upper limit of production during the high-demand summer months (Figure 3) .               
Water treatment facilities are generally designed to meet peak demand in the summer.In the early               
2000s, the City was faced with the tough decision of either investing in an expensive expansion                
of their water treatment infrastructure leading to an investigation of the applicability of ASR to               
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augment water supply in the summer.      

 

Figure 1: Annual rate of municipal water consumption in Green Bay, Wisconsin, over the majority of the                 
20th-century. (Source: [1]) 

 
Figure 2: Regional cone of depression network in eastern Wisconsin as of 2000 due to groundwater                
pumping in the 20th century. (Source: [1]) 
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Figure 3: Seasonal demand for municipal water in Green Bay, Wisconsin – captured in 2006-2007.               
(Source: [1]) 

 

Summary of proposed ASR project 
ASR would operate in annual cycles; in the fall, winter, and spring, when water demand was                
low, the water treatment plant would overproduce. The excess production volume would be             
injected through an ASR well, displacing native groundwater and to form a volume of treated               
water around the well. Treatment of the injection water to municipal water supply standards              
would occur so that the injection volume could be recovered and placed directly into the               
distribution system in the summer to satisfy peak demand. This would also prevent clogging              
from corrosion and would protect the water quality of the receiving aquifer(s). 

An appropriate site for ASR was chosen on the north side of the City. A 815-foot deep well was                   
drilled into the Cambrian-Ordovician aquifer system (Figures 4 and 5) and a nearby nested set of                
monitoring wells installed 50 feet away. They were separated by packers placed at 450 feet and                
570 feet to create three intervals. The two suspected receiving aquifers, the Prairie du Chien and                
the Elk Mound Groups, were divided by the St. Lawrence confining unit consisting of the               
Trempealeau Group and the Tunnel City Group. Initial conceptual modeling suggested that most             
of the injected water would flow through the sandstones of the Elk Mound Group (Figure 6). The                 
Tunnel City Group, owing to its high clay content and low vertical hydraulic conductivity, was               
expected to store negligible quantities of injected water. However, during the first pilot ASR              
cycle, oxidation-reduction potential, chloride levels, and dissolved oxygen levels changed at           
nearly the same time across all three intervals suggesting that flow occurred at roughly the same                
rate across all three layers. In addition, significant arsenic concentrations were observed in the              
monitoring well upon injection and recovery (Figure 7). Levels were highest in the middle layer               
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suggesting that the Trempealeau and Tunnel City groups were the likely source for the majority               
of the arsenic contamination. 

 
Figure 4: Geological strata penetrated by the ASR well in Green Bay. (Source: [1]) 

Core samples of the Tunnel City Group were taken on the ASR site in order to improve                 
understanding of the layer. While the vertical hydraulic conductivity was confirmed to be quite              
low, the samples were heterogeneous and anisotropic. Geophysical testing performed at the            
monitoring well demonstrated that the Tunnel City Group is highly conductive in the horizontal              
direction. The injected flow was likely carried through bedding-plane fractures and other            
heterogeneities that gave rise to preferential flow paths. The implication of these findings was              
that the groundwater system did not act like two distinct aquifer layers separated by a confining                
unit, but rather as a single, heterogeneous aquifer. Revised conceptual modeling, which took into              
account the presence of preferential flowpaths and the heterogeneity of the aquifer was             
conducted (Figure 8). 
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Figure 5: Bedrock stratigraphy of Wisconsin. (Source: [1]) 
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Figure 6: Original conceptual model of the Green Bay ASR flow system. (Source: [1]) 

 

 
Figure 7: Arsenic levels found during Pilot Cycle 1 in the monitoring well in the Prairie du Chien (MW-1S),                   
Trempealeau-Tunnel City (MW-1M), and Elk Mound (MW-1D) Groups. (Source: [1]) 

6 
 



 
Figure 8: Revised conceptual model of the Green Bay ASR flow system. (Source: [1]) 

Arsenic levels in the first pilot cycle indicated that the Tunnel City Group was the main source of                  
arsenic contamination. For the second pilot cycle, the well casing was extended in an attempt to                
restrict flow to only the Elk Mound Group. Unfortunately, this action was unsuccessful and              
arsenic concentrations still spiked during injection and recovery (Figure 9). Simultaneous water            
chemistry changes in the Prairie du Chien and Tunnel City groups indicated that the flow was not                 
restricted to the Elk Mound System. This failure was attributed to the presence of vertical               
fractures in the vicinity of the ASR well as a result of blasting during well construction. While                 
arsenic levels were lower in the second cycle, the variations in injection volume, injection time,               
and storage time between the two cycles precluded any significant conclusions about aquifer             
conditioning. 
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Figure 9: Arsenic levels found during Pilot Cycle 1 in the monitoring well in the Prairie du Chien (MW-1S),                   
Trempealeau-Tunnel City (MW-1M), and Elk Mound (MW-1D) Groups. (Source: [1]) 

During the first cycle, strong positive correlations were observed between the concentrations of             
arsenic and sulfate in the injected, stored, and recovered water, implying that the release of               
arsenic and sulfate were mediated by the same mechanism. This mechanism is most likely the               
dissolution of arsenic-containing iron-sulfide minerals like arsenopyrite [FeAsS] or arsenian          
pyrite [Fe(As,S)2]. Pyrite minerals can be destabilized through changes in either pH or reduction              
potential (Eh), or both. Throughout the test cycles pH in the water remained very stable,               
suggesting that changes in pH were not directly responsible for the arsenic release. Eh, on the                
other hand, varied widely during pilot cycles due to the injection of highly oxygenated surface               
water, which had an average dissolved oxygen concentration of 15.5 mg/L, and an average Eh of                
635 mV. In contrast, the native groundwater on the site exists in a reduced state. Pyrite minerals                 
are stable in this reduced state, when the contacting water has a negative Eh. At the pH of the                   
water during injection and recovery, elevated Eh values caused the pyrite to become unstable, as               
shown in Figure 10. When Eh values dropped during storage, arsenic concentrations decreased as              
the conditions in the aquifer became amenable to pyrite stability. Increases in arsenic             
concentrations during injection and recovery can then be attributed to the oxidative dissolution of              
arsenic-bearing iron sulfides. 
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Figure 10: Eh vs. pH diagram of observations in the Tunnel City Group during injection (M Inj.), storage (M                   
Stor.), and recovery (M Rec.). (Source: [1])  

Future Projections 
Overall, the ASR testing in Green Bay, Wisconsin yielded unexpected chemical changes that can              
be attributed to unfavorable interactions between the injected source water and the native             
groundwater as well as aquifer minerals. Due to the inability to restrict injected flow from               
entering the Tunnel City Group, which was deemed the major source of arsenic contamination,              
the project was abandoned and the City moved forward with an expansion of their drinking water                
treatment plant. 
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Policy Connections 
The United States Environmental Protection Agency (EPA) has created National Primary           
Drinking Water Regulations (NPDWR). These regulations are legally enforceable limits on the            
levels of contaminant in drinking water in order to protect public health. One of the regulated                
contaminants is arsenic which has a maximum contaminant level (MCL) of 10 μg/L. The MCL is                
the highest value of arsenic that is acceptable in drinking water. States also have the authority to                 
set more stringent limits. Arsenic is naturally present at low levels in groundwater, but during               
injection and recovery phases of the Green Bay ASR pilot study, concentrations of arsenic rose               
well above the MCL making the recovered water unsuitable for distribution to customers. 

Economic Considerations 
The Green Bay ASR project was explored in order to potentially avoid the cost of expanding the                 
city’s drinking water treatment facility. Expansion of these facilities are expensive, easily in the              
millions of dollars. A large amount of work has been done in the area of estimating the cost of                   
drinking water treatment plant construction and expansion, which in and of itself is a testament               
to the significance of the associated costs. ASR is a method by which these exorbitant               
expansions can be avoided. While the construction and operation of ASR wells come with a               
price, the cost is minimal compared to expanding the capacity of a drinking water treatment               
plant. 
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Aquifer Storage and Recovery Case Study  
Site: El Paso, Texas 
 
Highlights 
“Although no technology can double the flow of the Colorado River, or enhance other              
surface-water and groundwater resources, improved environmental management and        
conservation can increase the efficient use of available freshwater.” 

-Zhuping Shang, in his journal article about the El Paso ASR Project 

● The El Paso ASTR project was motivated by a desire for water security and with a goal                 
of restoring the depleted Hueco Bolson aquifer that sustains 30-40% of El Paso’s annual              
water demand and is the sole source of drinking water for Ciudad Juarez, Mexico. 

● The El Paso ASTR project was brought online in 1985 and consists of 10 injection wells                
and one infiltration basin. 

● Source water consists of reclaimed water from the El Paso Water Utilities (EPWU) Fred              
Hervey Water Reclamation Plant. 

o 32.1 billion gallons produced by the plant between 1985-2005, two-thirds of that            
was injected into the Hueco Bolson aquifer. 

● Under current conditions, El Paso recovers and uses most, if not all of the water that has                 
been recharged. 

● The Texas Water Department Board (TWDP) is conducting a statewide survey to identify             
aquifers that are suitable for ASR or aquifer recharge projects and will submit a report               
summarizing their findings to the governor, lieutenant governor, and House speaker by            
December 15, 2020 

The El Paso Water Utility (EPWU also known as EPWater), has operated an ASR project in                
northeast El Paso, Texas for decades. They are permitted through the Texas Commission for              
Environmental Quality (TCEQ) under the pertinent standards of the United States Environmental            
Protection Agency (US EPA) specifically those stipulated for Class V injection wells in the              
Underground Injection Control Program. As early as the 1980s, the EPWU started to explore              
alternative water resources in order to augment future water supply. The El Paso ASR project               
was brought online in 1985 for a number of reasons including the storage of excess reclaimed                
wastewater with the intention to use it to meet future supply or peak demand. Another reason                
was to partially restore the depleted aquifer by raising its water level. This would also attenuate                
or prevent the intrusion of brackish water into the Hueco Bolson aquifer which is the sole source                 
of drinking water for Ciudad Juarez, Mexico, and sustains 30-40% of El Paso’s annual water               
demand [1]. 

The source water consists of reclaimed water treated at the EPWU’s Fred Hervey Water              
Reclamation Plant. The design capacity of this plant is 10 MGD. Treatment consists of primary,               
secondary, and tertiary phases. The primary phase is composed of conventional technologies            
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consisting of screening, degritting, and primary settling. The secondary and tertiary phases are             
composed of biological treatment, chemical coagulation with lime, granular media filtration with            
granular activated carbon, ozone disinfection, and the addition of chlorine to provide a residual              
disinfectant. Reclaimed water must meet drinking water standards before injection. These           
standards were set based on the EPA’s Interim Primary Drinking Water Regulations and the              
Texas Department of Health (TDH) Drinking Water Standards. Of the 32.1 billion gallons of              
reclaimed wastewater produced by the plant since 1985 (as of 2005), ⅔ were injected into the                
Hueco Bolson aquifer amounting to about 1.067 billion gallons injected annually. Injection rate             
peaked in 1990 at 1.86 billion gallons. After 1990, other demands for reclaimed water, primarily               
for cooling purposes at El Paso Electric Company, diverted significant quantities of treated             
wastewater from being used in ASR, as shown in Figure 1 [1]. 

 

Figure 1: Total reclaimed water production by the Fred Hervey Water Reclamation Plant, and end uses                
[1]. 

Treated reclaimed wastewater is stored using 10 recharge wells located in northeast El Paso.              
Additionally, one pilot infiltration basin in operation since 2001 has received reclaimed water.             
The wells are screened between 107 and 269 meters below land surface. They were constructed               
with a 16-in galvanized wire-wrapped screen and a 3.5-in galvanized injection line. These             
injection lines were placed approximately 50 feet below the static water level in order to reduce                
the possibility of air entrainment. Injection rates range from 400-700 gpm depending on the              
hydraulic properties and characterization of the well screen. Despite being equipped with 1,000             
gpm pumps for redevelopment, the injection wells are designed for injection-only in order to              
comply with EPA and TDH requirements on water quality and residence time for recovery. The               
location of the wells was chosen so that sufficient underground storage would be available and               
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so that maximum recovery of injected water could be achieved, thus minimizing costs. Water is               
constantly injected and recovered. One of the focuses is long-term storage for water-table             
recovery and mitigation of further overdraft [1]. 

Neighboring production wells are located at a range of 782-1006 meters down-gradient from the              
injection wells, or 230-829 meters up-gradient from the injection wells. This results in residence              
times of over 5 years for injected water based on simulated groundwater velocity. An aquifer               
residence time (from injection to recovery) of two years is required by TDH to assure complete                
inactivation of viruses in the recovered water. Therefore, adequate residence time in the aquifer              
is provided to allow for additional purification of water prior to being pumped and placed into                
the distribution system for municipal and/or industrial use. Under current conditions, El Paso             
recovers and uses most, if not all of the water that has been recharged. 

The Hueco Bolson aquifer is an unconfined and semi-confined aquifer, with a long,             
sediment-filled trough. Water level northeast of El Paso is about 107 meters below the land               
surface. The majority of the aquifer is unconsolidated to slightly consolidated deposits composed             
of fine- to medium-grained sand with interbedded lenses of clay, silt, gravel, and caliche. The               
sediments in the trough are fluvial, evaporitic, alluvial fan, and aeolian in origin and have a                
maximum thickness of 2,743 meters. Horizontal hydraulic conductivity in the region across            
injection and recovery sites is approximately 8.13 meters per day, with a coefficient of              
transmissivity falling in the range of 1,242 cubic meters per day per meter. Significant              
geochemical interactions between the injected water and native groundwater are not observed;            
both waters have dominantly sodium-chloride ionic profiles, as shown in Figure 2 below. No              
deleterious effects on the water quality of either the source water or the native groundwater have                
been observed as a result of ASR operations [1]. 

 

Figure 2: Ionic makeups of the source water (A) and the groundwater near the injection site (B) [1].  
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Policy Connections 
In 2005, there was neither an international treaty nor any interstate compact or agreement              
regulating the amount of water that could be withdrawn from the Hueco Bolson aquifer. This               
absence persists despite it being the sole source of drinking water for Ciudad Juarez, a city of                 
over a million people, and providing El Paso, Texas with 30-40% of its annual water supply.                
This fact highlights the necessity for intergovernmental cooperation on water use, and the             
potential ramifications of the absence of one [1]. 

Texas is conducting a very similar project to the project for which this case study has been                 
completed; in 2019 the Texas State Legislature instructed the Texas Water Department Board             
(TWDP) to conduct a statewide survey to identify aquifers that are suitable for ASR or aquifer                
recharge projects and submit a report summarizing their findings to the governor, lieutenant             
governor, and House speaker by December 15, 2020 [2]. Figure 3 displays a map which               
highlights the active and decommissioned ASR projects in Texas, as well as locations where              
ASR is being explored. 

 

Figure 3: Locations of active, decommissioned, and investigated ASR project sites in Texas [2]. 
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Economic Considerations 
In recent years, the city of El Paso has used more of its reclaimed water for purposes other than                   
injection. If reclaimed water is eventually such a hot commodity that injecting it becomes              
economically unviable, ASR projects may become defunct, or at least scaled back dramatically.             
Alternatively, reclaimed water used for industrial non-contact cooling applications could be           
reclaimed for a second time and used for ASR projects [1]. 

Over the years, it has been anticipated that infiltration basins would become the most viable               
method for recharge due to their low operation and construction costs and well as relatively               
simple maintenance [1].  

Future Projections 
ASR has been an effective water management tool used to decrease the city of El Paso’s                
withdrawals of water from the overdrafted Hueco Bolson aquifer. In 2019 the U.S. Bureau of               
Reclamation approved EPWater to expand its ASR and aquifer recharge projects, using a             
combination of reclaimed water, treated river water, and stormwater as source waters. EPWater             
holds water rights to meet its peak summer use, but during the rest of the year when the utility is                    
not using its full allotment, a portion of that water can be diverted to replenish the aquifer,                 
supporting drought resilience and groundwater sustainability [3]. The city will expand their            
surface spreading capacity through the construction of an enhanced arroyo infiltration facility.            
They hope that this site infiltration site may also provide a wetland habitat for native flora and                 
fauna [1,2,3]. 
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Aquifer Storage and Recovery Case Study  

Site: Tucson, Arizona 
Highlights 

“Arizona has an innovative groundwater storage program, made possible by the abundance of             
large sand and gravel aquifers thousands of feet deep that provide storage space for millions of                
acre-feet of water. What began as a means of saving unused water…has expanded into a               
multipurpose tool that simultaneously addresses a number of water supply issues” 

-Noah Silber-Coats and Susanna Eden (Arroyo, 2017) 

● Development of irrigated agriculture in Arizona in the first half of the 20th century led to                
significant overdrafting of groundwater leading to hundreds of feet in decline of the water              
table in certain areas. 

● Tucson Water initiated their full-scale Central Arizona Project (CAP) storage and           
recovery operations in May 2001. Almost immediately after beginning recharge, water           
levels in the aquifer near the percolation basins began to rise and have continued to rise                
since then. 

● Much of the water that is stored underground is diverted from the Colorado River through               
an extensive aqueduct system called the Central Arizona Project (CAP). Arizona receives            
an allotment of 2.8 million acre-feet/year from the CAP. Many large municipalities,            
including the city of Tucson, rely heavily on this CAP allotment as an alternative to               
pumping groundwater. 

● The city of Tucson recharges their aquifers with CAP water and recovers a blend of               
recharged and native groundwater. Since initiating this process, the Tucson/Avra Valley           
Aquifer has recovered from years of overdrafting, with the water level rising almost 200              
feet in some locations. 

● The state of Arizona is the primary regulator for the recharge and recovery of water               
stored in underground geological formations. Two crucial pieces of legislation were           
passed in order to make underground storage in Arizona a reality. These consisted of the               
Underground Water Storage and Recovery Act in 1986 and the Underground Water            
Storage and Replenishment Act in 1994. 

Summary 
The invention of the high-speed centrifugal turbine pump in 1937, along with several other              
factors, fueled an explosion of irrigated agriculture in Arizona and throughout the arid western              
United States. Groundwater use increased threefold between 1940 and 1953, and from then until              
1980, as much as 60-70% of the water withdrawn in Arizona was from groundwater. Much of                
this increase in use was also attributed to an increase in population that resulted from t irrigated                 
agriculture being viable in the state. From 1940 to 1998, the City of Tucson’s population grew                
from 36,800 to 612,800 and the water table beneath the City fell 100-200 feet(Figure 1). It is                 
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estimated that this decrease resulted in nearly a foot of ground subsidence in north-central              
Tucson from 1940 to the early 1990s. 

 

Figure 1: Water table decline in and around the city of Tucson from 1940 to 1998 (Source: [1]) 

The need for alternative sources of clean water in Arizona was noted since the 1940s, when                
significant overdraft was first observed. Finally, in 1968, President Lyndon B. Johnson signed             
the Colorado River Basin Project Act, which gave the green light for the construction of the                
Central Arizona Project (CAP), a 336-mile aqueduct system that would bring water from the              
Colorado River to central and southern Arizona, and eventually serve 80% of the state’s              
population. Construction began in 1973 and was completed 20 years later, costing more than $4               
billion. However, CAP faced a number of obstacles during its construction. Futile efforts to curb               
overdraft led to an ultimatum from the U.S. Secretary of the Interior in 1979, threating to cut off                  
funding for CAP if the state did not put forward a plan to curb their groundwater use.  

In response to this ultimatum, the Arizona Groundwater Management Act (GMA) was passed by              
the state legislature in 1980. The GMA divided the state into three zones, each classified based                
on the extent of overdraft that areas were experiencing. The parts of the state witnessing the                
worst overdraft were classified as Active Management Areas (AMAs), which required a            
groundwater management plan to be established and prohibited the development of new irrigated             
agricultural land inside the AMA. In addition, new housing developments within the AMAs were              
required to prove that they had access to an “Assured Water Supply” for 100 years. The second                 
tier of overdrafted zones were termed as Irrigation Non-Expansion Areas (INAs). While INAs do              
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not require an active management plan to be authored, development of new irrigated agricultural              
land is also prohibited inside the zone boundaries. The third and final tier is everywhere else in                 
the state that is not encompassed by an AMA or INA. These regions are not regulated or                 
restricted in any unique way, beyond the overarching laws of the state and the country (Figure 2). 

 

Figure 2: AMAs and INAs in Arizona (Source: [2]) 

There are five AMAs in the state of Arizona, in aggregate containing 80% of the state’s                
population. The broad goal of the AMAs is to achieve “safe yield” in the designated areas by                 
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2025. Safe yield is defined as a long-term balance between groundwater withdrawal and recharge              
within the AMA. The city of Tucson has a metropolitan area of over 1 million people and is the                   
center of one AMA. 

When Colorado River water began being delivered through CAP in the late 1980s, a significant               
portion of Arizona’s 2.8 million acre-feet/year allotment was unused. To use their full allotment,              
Arizona proposed that the excess water from CAP be stored underground for future use and to                
support the state’s groundwater management goals, including achieving safe yield in the AMAs.             
Two crucial pieces of legislation were passed in order to make underground storage in Arizona a                
reality. These consisted of the Underground Water Storage and Recovery Act in 1986 and the               
Underground Water Storage and Replenishment Act in 1994. Use of other water sources for              
groundwater replenishment, including treated wastewater effluent, was also allowed by this           
legislation. 

A key component of the 1986 and 1994 underground storage legislation was delineation of              
ownership over the stored water. The legislation stipulated that entities that store water have the               
right to recover that water within the same calendar year (Annual Storage and Recovery) or may                
receive long term storage credits (LTSCs). Possession of LTSCs entitles the holder to recover the               
same amount of water that was replenished, at a later date anywhere within the same AMA,                
except if the local groundwater table is experiencing an average annual rate of decline greater or                
equal to four feet. These LTSCs can be transferred freely among entities within the same AMA.                
When water is recovered pursuant to an LTSC, it retains the same legal characteristics as the                
water that was stored. Additionally, recovered volumes are always (except for special cases) less              
than the recharged volume, due to an allotment subtracted for evaporation, and a 5% reduction in                
order to promote long-term recovery of aquifer water levels. There is a stipulation in the               
legislation around LTSCs that says the 5% cut to the aquifer that must be left in the ground does                   
not apply to effluent sent to Groundwater Savings Facilities (GSFs) or Underground Storage             
Facilities (USFs) to encourage storage of treated wastewater effluent that may otherwise be             
discharged to a surface water feature.  

The state of Arizona is the primary regulator for the recharge and recovery of water stored in                 
underground geological formations. There are a few different types of permits pertaining to             
underground water storage, savings, and replenishment. An Underground Storage Facility (USF)           
permit is required for any project that is performing managed aquifer recharge (MAR) or aquifer               
storage and recovery (ASR). This USF permit allows for the holder to operate a facility that                
stores water underground in an aquifer. These facilities can range from percolation or infiltration              
basins, to vadose zone or aquifer injection wells (Figure 3). 
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Figure 3: Methods of groundwater replenishment to an unconfined aquifer (Source: [3]) 

Water can also be recharged by way of a naturally water-transmissive area such as a streambed                
which facilitates percolation into the aquifer without the need for a constructed device. Use of               
this method requires a special permit called a Managed Underground Storage Facility Permit. In              
addition, water infiltrated using this method is subjected to a 50% cut to the aquifer instead of the                  
typical 5% cut. If an entity is withdrawing and using groundwater, savings can be accrued               
through a Groundwater Savings Facility (GSF) Permit, which allows the holder to deliver a              
renewable water supply to a groundwater user. Every gallon of renewable water that the recipient               
accepts will offset a gallon of groundwater, thereby accruing savings. These facilities are             
commonly an agricultural operation or an industrial entity that typically draws groundwater for             
use in their operations. 

While a USF or GSF permit allows for the operation of facilities that store and preserve                
groundwater, to actually perform the storage or delivery of renewable water, the permit holder              
must have a Water Storage (WS) permit. A WS permit requires the applicant to prove that they                 
have the right to use the water that will be stored-at or delivered-to a USF or GSF. Finally, in                   
order to perform either Annual Storage and Recovery or exercise LTSCs, an entity must obtain a                
Recovery Well (RW) Permit. This permit carries with it the stipulation that the recovery of the                
stored water must not damage other land or water users. Under certain circumstances, an impact               
analysis is required before the permit is issued. 

Tucson Water is the utility responsible for water management in the Tucson metropolitan             
area(Figure 4)  
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Figure 4: Tucson Water service area (Source: [1]) 

The majority of water production for the Tucson Water service area is from CAP delivery.               
Remediated water (formerly contaminated groundwater), recycled water (reclaimed wastewater         
effluent), and a small amount of captured rain and stormwater, however, have been used as               
alternative water sources for many years (Figure 5). Tucson Water has effectively ceased to              
pump groundwater; they do have a number of production wells, but these do not draw more than                 
the recharge from CAP provides to the aquifer. 
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Figure 5: Source of water production for Tucson Water from 1940-2017 (Source: [1]). 

Tucson Water is required to use a USF to store its CAP supply as it is delivered, based on a 1995                     
voter initiative that prohibited the direct distribution of CAP water to end users. They use Annual                
Storage and Recovery and utilize three percolation basins to recharge CAP water, which             
percolates down into the alluvial Tucson/Avra Valley Aquifer (Figure 6) Recharge consistently            
outpaces recovery, and both are continuous processes, only interrupted for maintenance. 
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Figure 6: Location of three percolation basins and dominant suspected flowpaths of recharge water to               
production wells (Source: [1]). 

Tucson Water initiated their full-scale CAP storage and recovery operations in May 2001.             
Almost immediately after beginning recharge, water levels in the aquifer near the percolation             
basins began to rise. Aquifer water levels have continued to rise since then (Figure 7) below.                
Compare Figure 7 to Figure 1 for a clear visual depiction of the benefit imparted by ASR                 
activities on the aquifer. 
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Figure 7: Water level change in the Tucson/Avra Valley Aquifer between 2000 and 2016 (Source: [1]). 

Remediated water comes from the formerly contaminated groundwater under the Superfund site            
near the Tucson International Airport. The Tucson Airport Remediation Project/Advanced          
Oxidation Project (TARP/AOP) removes trichloroethylene and 1,4-dioxane from the         
groundwater before it is blended with other water in the distribution system and delivered to               
customers. In 2017, TARP provided about 5% of Tucson Water’s drinking water supply.  

Reclaimed water consists of wastewater that has undergone tertiary treatment at Pima County’s             
wastewater treatment plants. It then is transferred to the city’s Reclaimed Water Treatment Plant,              
where it is subjected to disinfection and blending. The reclaimed water is not added to the main                 
drinking water distribution system. Instead it is primarily used for irrigation purposes and has              
recently started to be delivered to a number of additional locations via a new separate reclaimed                
water distribution system. 

A blend of native groundwater and recharged Colorado River water is drawn from the aquifer               
and placed into the Tucson Water’s distribution system. It is delivered to customers for drinking               
and other municipal uses. The water that is withdrawn from the aquifer does not require               
additional treatment before distribution. Recovery wells are spread out around the city of             
Tucson, and many are concentrated in well fields (Figure 8). 
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Figure 8: Location of production well fields around Tucson (Source: [1]). 

Policy Connections 
Arizona has a very robust system for groundwater management, inspired primarily due to the              
unsustainable use of groundwater in the 20th century, which led to an increase in population in                
arid regions. Once it was realized that this resource was running out and the detrimental effects                
of its depletion were identified, the state was forced to adapt. That adaptation was primarily               
through acquisition of massive amounts of freshwater by way of diversion of a portion of the                
Colorado River. There is no guarantee that the Colorado River will always flow as abundantly as                
it does now. Tucson and many other cities in Arizona continue to grow in population, and while                 
water conservation strategies are helpful, they do not curb demand enough to answer the looming               
question: what will happen if there are consistent shortages in Colorado River flow? Arizona is               
not the only state that draws from the Colorado River. California, Colorado, Nevada, New              
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Mexico, Utah, and Wyoming share 15 million acre-feet of water/year, while Mexico receives             
another 1.5 million acre-feet/year. The legal situation becomes complicated when water rights of             
cities, states, and Native American tribes clash. For a more extensive evaluation and summary of               
the regulations behind distribution of Colorado River water between numerous parties, see cited             
sources, namely the Arroyo publication from 2017. 

Economic Considerations 
It is difficult to quantify the economic benefit of ceasing groundwater overdraft for the city of                
Tucson. Certainly, there would be some disruption of infrastructure as significant ground            
subsidence occurred, but the extent of this damage is speculative at best. The transferability of               
LTSCs has created an insulated market economy, where high water-use facilities can buy the              
right to withdraw water from other entities that recharge, either using CAP or other water that                
they have rights over. Between 2008 and 2014, close to 400,000 acre-feet of storage credits               
changed hands. One major seller of LTSCs is the Gila River Indian Community (GRIC), who               
receives more water than they use, based on settlement agreements.  

Future Projections 
Operation of ASR in the Tucson area has led to substantial rebound of the water level in the                  
underlying aquifer. It has also allowed for the development of a resource that can be exhausted in                 
a time of crisis or great water shortage. If there were interruptions to the delivery of CAP water                  
to Tucson, the city would be able to pump groundwater from the Central Well Field. Overall, this                 
ASR project is quite substantial, and it has provided a great deal of water security to the residents                  
of the Tucson metropolitan area. Tucson Water also continues to diversify their source water              
portfolio, with expansion of recycled water and rain and stormwater harvesting infrastructure. 
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Aquifer Storage and Recovery Case Study  
Site: Roseville, California 
Highlights 
“A fully implemented ASR program will allow Roseville to prepare for the future by banking               
water during times of plenty and extracting water during drought conditions. By providing a              
‘water savings account’, Roseville is literally saving for a non-rainy day.” 

-City of Roseville Website  

● ASR projects are common in Southern California where they are used to store large              
amounts of water for future use. California suffers from severe, persistent droughts that             
can threaten the reliability of surface water supplies for municipal water systems. 

● The long-term goal of the City of Roseville is to operate a network of 13 ASR wells                 
which cumulatively are capable of injecting 10,000 acre-feet of water per year. 

● Pilot studies found ASR would provide benefit by storing water during times of plenty              
and will supplement the total supply of the state during times of scarcity. 

● The proposed ASR project in the City of Roseville qualifies for coverage under the              
General Order adopted on September 19th, 2012 by the State Water Resources Control             
Board (State Water Board) and requires that injected water be treated pursuant to a              
municipal water supply permit and not cause violation of groundwater water quality            
objectives in applicable Water Quality Control Plans. 

Summary 
The state of California has become the nation’s top agricultural producer despite naturally arid              
conditions in much of the region. Groundwater has played a major role in facilitating this               
production, as well as making California the most populous state in the country and the seventh                
largest economy in the world. However, in some areas of the state groundwater has experienced               
and continues to witness significant overdrafting of groundwater resources. It is estimated that             
combined overdraft throughout the state is between 1 and 2 million acre-feet per year. Climate               
change emphasizes the limitations of surface water resources as water exported through the             
Sacramento-San Joaquin delta is threatened by increasingly prevalent drought conditions.          
Reliance on groundwater is expected to become an increasingly important factor in the success              
of meeting the state’s future water demands.  

ASR projects are one way to increase local storage which can be responsively tapped in periods                
of high demand and low surface water availability without incurring long-term overdraft. The             
need for supplementary water resources is especially obvious when examining the percent area             
of the state of California that has experienced droughts of varying significance through the              
21st-century (Fig. 1). 
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Figure 1: Droughts in California throughout the 21st-century. D0 is the least significant drought, while D4 is                 
the most significant drought. (Source: [1]) 
 
The city of Roseville, California is in the process of implementing a city-wide ASR program               
composed of 13 dual-purpose ASR injection and recovery wells(Figure 2). The status associated             
with each well is current as of 2014. Eleven of these wells are located within a 14-square mile                  
area on the western side of the city of Roseville while the remaining two are existing water                 
supply wells located on the southeastern side of the City (Fig. 2). These two established wells                
have been converted for ASR operation but are not currently in use. It is expected that storage of                  
injected water will mostly be in the Mehrten Formation. 

 
Figure 2: List of planned and established ASR wells within the city of Roseville. (Source: [2]) 
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Figure 3: Planned and established ASR wells within the city of Roseville. (Source: [2]) 

This ASR project administered by the city of Roseville falls under the purview of the General                
Order and is subject to jurisdiction by the Central Valley Regional Water Quality Control Board               
(CVRWQCB). The CVRWQCB oversaw the execution of two phases of ASR pilot testing             
conducted by the city of Roseville. This pilot testing was conducted at the Diamond Creek Well.                
The pilot test consisted of short-term injection and recovery in a 26-day period between June and                
September 2004. In this pilot test 158 acre-feet of water from Folsom Lake that was treated at the                  
City of Roseville’s Barton Road Water Treatment Plant was injected, underwent a brief storage              
period and was extracted. The total extraction volume was 439 acre-feet in order to evaluate               
effects of storage on native groundwater. No appreciable contamination was observed in the             
recovered water, except for disinfection byproducts (DBPs) consisting of trihalomethanes          
(THMs) and haloacetic acids (HAAs), which occurred at levels below their respective maximum             
contaminant limits (MCLs). 

The second pilot study was conducted at a much larger scale and occurred over a longer time                 
period from December 2005 to February 2008. A total of 830 acre-feet (270 million gallons) of                
treated drinking water was injected over a 142-day period, which was followed by a 407-day               
storage window, and the subsequent withdrawal of 2,140 acre-feet (697 million gallons) which             
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was delivered to customers. Water quality parameters observed over the course of the second              
pilot study were documented (Figure 4). These monitoring wells were located both up- and              
down-gradient (Fig. 5). The results(Figure 4) demonstrated that injection of drinking water into             
the aquifer media beneath the City of Roseville was not likely to cause exceedances of water                
quality parameters above California Water Quality Objectives (WQOs). Further antidegradation          
analysis confirmed that although injection of treated drinking water may cause deleterious effects             
on groundwater quality with respect to DBPs and fluoride, any degradation was not anticipated              
to adversely affect any current or potential beneficial uses. In addition, the results of the pilot                
studies indicated that many water quality parameters within the context of the storage area would               
improve, and the additional benefits garnered by these improvements would greatly outweigh            
any potential adverse impact. 

Overall, this ASR project was found to provide benefit to all the people of California, as storing                 
water during times of plenty will supplement the total supply of the state during times of scarcity                 
(Figure 6). 

 
Figure 4: Water quality information pertinent to pilot test phase II. (Source: [2]) 
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Figure 5: Position of monitoring wells around the Diamond Creek ASR well. (Source: [2]) 
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Figure 6: Benefits associated with the Roseville ASR project. (Source: [3]) 

Policy Connections 
This ASR project was deemed to qualify for coverage under the General Order. For more               
information about the General Order, see associated document “Summary of ASR Regulations”.            
Briefly, the General Order is a stipulation that fast-tracks ASR projects in California that meet               
certain stringent requirements, such as treating injected water pursuant to a drinking water             
permit. There is still pilot testing and approval required before operation of qualifying ASR wells               
can begin, but the General Order allows for Regional Water Quality Boards to use a refined                
methodology for approval, rather than having to scrutinize each proposed project from the             
ground up. 

Despite this robust regulatory structure at the state level, California is not a primacy state when it                 
comes to the authority over Class V wells as classified by the United States Environmental               
Protection Agency (US EPA) Underground Injection Control (UIC) program. The means that            
EPA Region 9 are the ultimate regulatory and permitting authority for ASR projects in              
California. 

Economic Considerations 
It is difficult to quantify the economic implications of a major water shortage, but certain they                
would be drastic and adverse. Implementation of the Roseville ASR project as well as other               
projects of its kind in the state of California would promote water security and reliability to                
mitigate the detrimental effects associated with a water shortage. 

Future Projections 
The City of Roseville ASR project seems to have a clear runway ahead for it to take off. Pilot                   
testing as well as antidegradation analysis has been completed and a final Environmental Impact              
Report (EIR) have been certified by the City.  
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