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ABSTRACT 

 

The state of Arizona utilizes a valuable water management tool, Managed Aquifer 

Recharge (MAR), in response to water scarcity and population growth. MAR consists of 

storing water in an aquifer through a process called artificial recharge. This research 

analyzes three different aspects of MAR in Central Arizona: a tool called long-term 

storage credits (LTSCs), a mechanism called the Central Arizona Groundwater 

Replenishment District (CAGRD), and means for recharge: the reuse of effluent. This 

research follows a three-article dissertation format. The main body of this dissertation is 

contained in Appendixes A, B, and C. 

 Appendix A offers a descriptive analysis of sales and purchases of LTSCs and 

connects LTSCs to Arizona's laws and regulations that ensure sustainable use of water in 

the most populated areas of the state. LTSCs represent a quantity of water stored in the 

aquifer. Using data collected and maintained by the Arizona Department of Water 

Resources (ADWR), this study examines sales of LTSCs to reveal patterns of market-

based transactions. Analysis of 23 years of public records shows several trends: (1) LTSC 

transactions have been increasing since 2003; (2) municipal water providers and 

investment firms have been active participants in LTSC transactions; (3) the greatest 

transaction volumes involve governmental entities established by state law with 

groundwater recharge and replenishment obligations. The experience with LTSCs in 

Arizona indicates that market mechanisms of transactions can be helpful in regions that 

need to facilitate economic growth despite water scarcity.  

Appendix B provides a problem structuring method for policy analysis. This 

article uses primary qualitative data acquired in the Fall of 2020 by interviewing sixteen 
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CAGRD experts to find alternatives to CAGRD problems. This article also produces 

statistical and qualitative analyses of 41 survey responses collected in the Summer of 

2021 to gather Arizona stakeholder opinions about CAGRD. Results show that 

stakeholders' chief concerns are long-term uncertainties related to the availability of 

renewable water supplies and a hydrologic disconnect between the area where water is 

added to the aquifer and the area where it is extracted. Stakeholders' sectors and CAGRD 

membership influence their opinions. Potential policy changes are offered to address 

problems identified by stakeholders. This research will inform forthcoming policy 

examinations regarding groundwater management in Central Arizona as the state's 

decision-makers look to improve CAGRD in the context of water scarcity exacerbated by 

climate change.  

Appendix C offers methods to monitor contaminants of emerging concern in 

municipal wells. This article generates two simple hydrological models to estimate the 

impact of effluent reuse through MAR with municipal water. It uses the City of 

Goodyear, AZ, as its case study. This research relies on secondary data obtained from a 

worldwide literature review and ADWR data. Two contaminant removal models were 

designed to run recharge scenarios for eight municipal wells. Estimated concentrations of 

carbamazepine and sulfamethoxazole in municipal water were found to be below the 

acceptable human daily intake. This article concludes that MAR of effluent in Goodyear 

is effective in significatively removing these contaminants. This research has applications 

to other regions that recharge effluent in alluvial aquifers. 
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1. CHAPTER 1: INTRODUCTION 

 

1.1. Challenges in Central Arizona: Supply and Demand for 

Growing Population in a Context of Drought 

 

1.1.1. Water Supply and Demand 

 

Arizona water users rely on a variety of sources. In 2017, groundwater and 

Colorado River water met, respectively, 40% and 36% of Arizona's annual water 

demands, while in-state rivers (21%) and reclaimed water (3%) met the remainder 

(ADWR, 2018a).  

 

1.1.1.1. The Colorado River and the Central Arizona Project Canal 

 

The Colorado River is governed by the "Law of the River," a system of laws, 

Congressional actions, court cases, contracts, and agreements among the Colorado River 

basin states and the Republic of Mexico, dating back to the early twentieth century 

(Glennon & Culp, 2002; Kuhn & Fleck, 2019; O’Neill et al., 2016). In 1922, the 

Colorado River Compact divided the Colorado River Basin into the Upper Colorado 

River Basin—Wyoming, Colorado, Utah, New Mexico, and a small part of Arizona—and 

the Lower Colorado River Basin—California, Arizona, and Nevada. This Compact 

allocated half (7.5 million acre-feet (maf)) of the annual estimated flow on the Colorado 

River to each basin. In 1944, the Mexico-U.S. Water Treaty allocated 1.5 maf to Mexico. 

In 1928, the Boulder Canyon Act allocated 4.4 maf of the Colorado River water to 

California, 2.8 maf to Arizona, and 0.3 maf to Nevada. In 1945 Around 46% of Arizona’s 

allocation of the Colorado River water is used by mainstem users, like farmers and 
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irrigation districts in the Yuma area and four tribes (Arizona Town Hall, 2015). About 

54% of Arizona’s allocation of the Colorado River water is delivered through the Central 

Arizona Project (CAP), a 336-mile canal system completed in 1992 that transports water 

from the Colorado River on the western boundary of Arizona uphill to Central Arizona. 

The Central Arizona Water Conservation District (CAWCD), a governmental subdivision 

of Arizona encompassing Maricopa, Pima, and Pinal counties, operates the CAP canal 

delivery system and sets charges for the water delivered through the canal. Generally, 

Colorado River water delivered via the CAP canal is referred to as CAP water.  

Other surface water in the state of Arizona are in-state rivers such as the Salt 

River, the Gila River, and the Santa-Cruz River. In-state rivers are subject to the doctrine 

of prior appropriation and beneficial use (Arizona Revised Statute 45-141, n.d.). The 

prior appropriation doctrine and beneficial use adopted by most Western states in the 

1870s gave rights to whomever first claimed water from a stream over its use (Bark 

Rosalind H. & Jacobs Katharine L., 2009). Since that time, states like Arizona have been 

administrating a system of surface water rights (Walston, 1979). 

 

1.1.1.2. Groundwater 

 

Arizona has been at the forefront of groundwater management by creating the 

Groundwater Management Act in 1980. The Groundwater Management Act created 

Active Management Areas (AMAs) and Irrigation Non-expansion Areas (INAs) where 

groundwater use is regulated by the Arizona Department of Water Resources (ADWR). 

Groundwater outside the AMAs and the INAs is not regulated in Arizona. The 

boundaries of the five AMAs – Phoenix, Pinal, Prescott, Santa Cruz, and Tucson – and 
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the three INAs – Joseph City, Douglas and Harquahala – are mainly determined by 

hydrologic considerations (Figure 1). The INAs were created to preserve existing 

irrigation of cultivated lands (ADWR, 2017). In 2016, the AMAs included 82% of 

Arizona’s more than seven million residents (ADWR, 2016b; US Census Bureau, 2018). 

The study area of this work comprises the three Central AMAs (the Phoenix, Tucson, and 

Pinal AMAs), which overlap the service area of the CAP. 

 

 

Figure 1: Map of Arizona showing the AMAs, the INAs  and county boundaries 
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1.1.1.3. Effluent 

 

In 1989, the Arizona Supreme court case, Arizona Public Service Company v. 

John F. Long, made effluent a legal type of water (Colby et al., 2006). Effluent is defined 

as “water that has been collected in a sanitary sewer for subsequent treatment” (Arizona 

Revised Statute 45-101, n.d.). Effluent is the water product of wastewater treatment 

facilities. When effluent is treated for a specific water reuse, it becomes reclaimed water 

(Asano, 2019). The terms effluent and reclaimed water are used interchangeably in this 

work.  

 

1.1.1.4. Water Supply in Central Arizona Active Management  

Areas  

 

Central Arizona AMAs rely on groundwater, CAP water, effluent, and surface 

water (other than the Colorado River delivered through the CAP canal). The source of 

water used in Central Arizona AMAs has changed since 1985 (ADWR, 2021). The 

Phoenix (Figure 2) and Tucson (Figure 3) AMAs show similar water supply trends: 

decrease in groundwater, increase in Colorado River water, and slight but continuous 

increase of effluent use. In the Tucson AMA, Colorado River water had replaced the use 

of groundwater by the municipal sector as the main source by 2010. In the Pinal AMA, 

the use of groundwater has remained consistent since 2010; the use of Colorado River 

water increased until 2012, then declined slightly afterwards (Figure 4). 
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Figure 2: Water supply (af) by source in the Phoenix AMA from 1985 to 2019 | Source: ADWR 

 

 

Figure 3: Water supply (af) by source in the Tucson AMA from 1985 to 2019 | Source: ADWR 

 

 

Figure 4: Water supply (af) by source in the Pinal AMA from 1985 to 2019 | Source: ADWR 
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1.1.1.5. Water Demand in Central Arizona Active Management 

Areas 

 

Central Arizona AMAs have four principal water sectors: municipal, industrial, 

agricultural, and Indian. According to ADWR, most of the 2019 water demand in the 

Phoenix and Tucson AMAs came from the municipal and agricultural sectors. Of the 

Phoenix AMA’s total annual water demand of 2.16 maf, 53% was municipal, and 30% 

was agricultural, and the Tucson AMAs sectoral percentages were similar (49% and 28%, 

respectively) out of 303,509 af  (Figure 5, Figure 6). The agricultural sector alone used 

79% of 948,210 af in the Pinal AMA (Figure 7). In the three AMAs combined, the Indian 

sector, a good portion of which is agricultural, accounted for 12%, and the industrial 

sector 8.2% of the water demand (Figure 5, Figure 6, Figure 7). 

 

Figure 5: Water demand (af) by sector in the Phoenix AMA in 2019 | Source: ADWR 
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Figure 6: Water demand (af) by sector in the Tucson AMA in 2019 | Source: ADWR 

 

 

Figure 7: Water demand (af) by sector in the Pinal AMA in 2019 | Source: ADWR 

 

 

1.1.2. Climate Change and Population Growth 

 

1.1.2.1. Climate Change Pressures on Semi-Arid Water Resources 

 

Groundwater and CAP water from the Colorado River, the two main water 

sources for Central Arizona, have important constraints. Climate change makes dry areas 

drier (Arias et al., 2021; Overpeck & Cole, 2006). Semi-arid areas like Arizona are 
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therefore experiencing drier climates. Maricopa, Pima, and Pinal Counties' temperatures 

have been significantly increasing (National Centers for Environmental Information 

(NCEI), 2021a, 2021b, 2021c). Figure 8 shows the annual average temperature in 

Maricopa County from 1895 to 2020; since 2000, temperatures in Maricopa County have 

been well above the historical average. This temperature increase is exacerbated in cities 

because of the heat island effect (Arias et al., 2021).  Figure 9 shows that precipitation 

has been slightly decreasing in Maricopa County. Limited rainfall and exacerbated 

evaporation rates restrain the ability of water to accumulate and remain as surface water. 

In water-limited environments, the lack of precipitation and snow events prevents more 

surface water from flowing in the river and natural recharge. 

 

 
Figure 8: Annual average temperatures recorded in Maricopa County | Source: NCEI 
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Figure 9: Annual average precipitation recorded in Maricopa County | Source: NCEI 

 

In Arizona, groundwater is considered non-renewable because its natural 

replenishment rate is slower than anthropogenic withdrawals. In the US Southwest, the 

groundwater natural recharge rate is around 8% and is expected to decrease by half by 

2031-2050 because of climate change (Niraula et al., 2017). The Colorado River, which 

stretches from the Rocky Mountains in the State of Colorado, through the Grand Canyon 

(Image 1), along the Arizona-California border, all the way to the Sea of Cortez, has been 

overallocated since 1920 (Kuhn & Fleck, 2019). The water volume flowing down the 

River is also affected by Climate Change. The delivery amounts of the Colorado River by 
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Arizona, California, Nevada, and Mexico depend upon the level of water in Lake Mead. 

This level dropped from 1,084 feet in 2016 (Image 2) to 1,065 feet in 2021 (The Lake 

Mead Website, 2021). In 2020 and 2021, Arizona’s allocation on the Colorado River was 

cut by 7% due to a Tier 0 shortage on the Colorado River. On August 16, 2021, the US 

Secretary of the Interior declared a Tier 1 shortage on the Colorado River because Lake 

Mead’s level is projected to drop under 1,075 feet above sea level on January 1, 2022. 

Arizona will experience an additional annual Colorado River reduction of 512,000 af.  

 

 

Image 1: Colorado River in the Grand Canyon, Arizona | 2015 | Credits: Brian F. O’Neill 
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Image 2:  Lake Mead, Arizona | 2016 | Credits: Brian F. O’Neill 

 

1.1.2.2. Population Growth 

 

Another constraint in Arizona is population growth. Most of Arizona's population 

lives in Maricopa, Pima, and Pinal Counties. In 2019, 61% of Arizona’s population lived 

in Maricopa County, 14% in Pima, and 6% in Pinal (US Census, 2019a). From 2010 to 

2019, the population increased by 17% in Maricopa, 7% in Pima, and 21% in Pinal 

Counties (US Census, 2019a).  In fact, 11% of the population in Pinal County in 2019 

had moved to the county within that year (4.9% in Maricopa, and 6.2% in Tucson) (US 

Census, 2019b). From 2011 to 2018, housing permits increased by 210% in the State of 

Arizona (Figure 10, Arizona Department of Housing, 2019).  
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Figure 10: Number of housing permits delivered in Arizona from 2000 to 2018 

 

From 2014-2018, people who left Pinal county moved principally to Pima and 

Maricopa Counties (US Census Bureau, 2020); people who left Pima County, moved 

principally to Maricopa, Cochise, and Mohave Counties, AZ, and Riverside County, CA 

(US Census Bureau, 2020). People who lived in Maricopa County moved to the Chicago 

area, Los Angeles, Orange, and San Diego Counties, CA (US Census Bureau, 2020). 
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1.2. Development of Managed Aquifer Recharge to Meet Arizona 

Water Management Objectives 

 

1.2.1. Natural Aquifer Recharge 

 

 

The recharge of aquifers is part of the water cycle. The first predictor of natural 

recharge is water input to the soil, and the second is vegetation (Kim & Jackson, 2012). 

Vegetation affects the volume of water that infiltrates the soil (Ludwig et al., 2005; 

Madsen et al., 2008; Urgeghe et al., 2010). Vegetation obstruction to natural groundwater 

recharge is usually only a small part of the water budget (Seyfried et al., 2005; Wilcox et 

al., 2003); however, it can sometimes be surprisingly high in arid environments (Wilcox 

et al., 2003). Figure 11 shows the following parameters in the water balance influencing 

natural recharge: 

𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 + 𝑆𝑜𝑖𝑙 𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑃𝑒𝑟𝑐𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑡𝑜 𝑎𝑞𝑢𝑖𝑓𝑒𝑟 + 𝐼𝑛𝑓𝑙𝑜𝑤

= 𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑉𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠 + 𝑅𝑜𝑜𝑡𝑠 𝑢𝑝𝑡𝑎𝑘𝑒

+ 𝑇𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑅𝑢𝑛𝑜𝑓𝑓 + 𝑈𝑛𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑍𝑜𝑛𝑒 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠

+  𝑂𝑢𝑡𝑓𝑙𝑜𝑤 
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Figure 11: Parameters influencing natural aquifer recharge 

 

Water input such as precipitation either flows down the slope, is intercepted by 

canopy, or infiltrates into the soil. Obstruction by vegetation captures runoff (Ludwig et 

al., 2005), although herbaceous patch cover allows for run-on (Urgeghe et al., 2010). As 

for canopy interception, Junipers intercept about 35% of precipitation (Owens et al., 

2006). This vegetation obstruction limits the amount of water that reaches the soil. 

Water that infiltrates the soil either evaporates, is transpired by plant roots, 

remains in the interstices of the unsaturated zone (interception loss), or percolates to the 

aquifer. Models showed that, on average, evaporation accounts for 30% of 

evapotranspiration and plant transpiration for 70% (Kool et al., 2014). Soil hydraulic 

redistribution is multidimensional and, therefore, occurs through horizontal hydraulic 

redistribution, foliar uptake, and tissue dehydration (Nadezhdina et al., 2010). In the case 

of patches of piñon-juniper, water is horizontally redistributed from intercanopy to 
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canopy, where it is transpired (Newman et al., 2010). Vegetation holds deep drainage 

back below the root zone, reducing groundwater recharge (Scanlon et al., 2005). 

Finally, water that was not subject to evaporation or transpiration ends up 

percolating to the aquifer. Vertical hydraulic redistribution leads to percolation 

(Nadezhdina et al., 2010). Then, water either goes to the aquifer further down or leaves 

the saturated zone through baseflow (outflow). Water may also enter the aquifer through 

inflow (Maddock & Vionnet, 1998).  

 

1.2.2. Need for Managed Aquifer Recharge 

 

Anthropogenic activities created groundwater overdraft. Farmers settled in 

Central Arizona because of a climate conducive to crop growth and flowing state rivers 

(Reisner, 1986). However, streams quickly became fully allocated under the prior 

appropriation doctrine, which caused more recent settlers to turn to groundwater 

pumping. The creation of the high-speed centrifugal turbine pump in 1937 spurred 

groundwater pumping (Silber-Coats & Eden, 2017). Over time, a groundwater overdraft 

in Arizona was caused by withdrawing more groundwater than was naturally recharged.  

Groundwater is not a renewable supply because only a small portion of 

precipitation ends up being recharged. In a water-limited environment such as Arizona, 

the lack of annual precipitation prevents more natural recharge from occurring. Growing 

population and dry climate are two common denominators that create a situation of 

aquifer depletion. Groundwater overdraft leads to the depletion of cities' supply, 

subsidence, cracks in the ground, and wells running dry (Jasechko & Perrone, 2021). 
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MAR consists of storing water in an aquifer through a process called artificial 

recharge. MAR is defined as a technique to address "water deficit" to increase natural 

recharge (Houston et al., 1999). This technique augments the quantity of water in the 

aquifer because groundwater basins can be used as a reservoir (Baffa & Bartilucci, 1967). 

That water can later be retrieved through recovery processes. Recovery is the action of 

pumping back the amount of water that was previously recharged.  

MAR may be used to achieve different goals. Areas that recharge Colorado River 

water in Arizona have seen their groundwater levels increase compared to regions with 

no recharge (Scanlon et al., 2016), which proves recharge efficiency. Regions implement 

MAR for various reasons: replenishment of a depleted aquifer, development of an 

alternative to surface water for potable use, improvements in water quality, effluent or 

wastewater treatment for potable or other uses, prevention of aquifer saline intrusion, or a 

need for inexpensive storage. MAR is also used as a buffer against drought and a 

changing, variable climate (Megdal & Dillon, 2015), and storing groundwater is one of 

the strategies to deal with megadrought (Overpeck, 2013).   

 

1.2.3. Policy Effort and Regulatory Settings 

 

The 1980 Groundwater Management Act is one of the most important pieces of 

legislation to be implemented in the State of Arizona. The objectives of the Groundwater 

Management Act are to (1) control the severe groundwater overdraft occurring in many 

parts of the state, (2) provide a means to allocate the state's limited groundwater resources 

to most effectively meet the changing needs of the state, and (3) augment Arizona’s 
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groundwater through water supply development (ADWR, n.d.-b). Six provisions were 

initially established to meet these objectives: 

- Provision 1: Establishment of a program of groundwater rights and permits to 

specific users in the AMAs. For example, agricultural sector users were granted 

groundwater rights called “grandfathered irrigation rights” (Arizona Revised 

Statute 45-462, n.d.). These rights may be converted to “type 1 rights” for non-

irrigation purposes on the land that had been irrigated and may be conveyed with 

the land to new owners. Municipal water providers have groundwater rights to 

provide water for customers in their service area called “service area rights” 

(Arizona Revised Statute 45-491, n.d.). Industrial sector users were granted 

groundwater rights called “type 2 rights”) (Arizona Revised Statute 45-464, n.d.) 

and can apply for groundwater withdrawal permits (Arizona Revised Statute 45-

512, n.d.; Arizona Revised Statute 45-463, n.d.). Finally, landowners can apply 

for rights to pump groundwater for non-irrigation uses from exempt wells, which 

have a capacity of less than 35 gallons (132 liters) per minute (Arizona Revised 

Statute 45-454, n.d.). 

- Provision 2: Prohibition of irrigating new agricultural lands within AMAs. 

- Provision 3: Preparation of a series of five water management plans for each 

AMA, designed to create comprehensive systems of conservation targets and 

other water management criteria.  

- Provision 4: Development of a program requiring developers to demonstrate 100 

years of assured water supply for new growth.  
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- Provision 5: A requirement to meter/measure water pumped from wells pumping 

more than 35 gallons per minute. 

- Provision 6: A program for annual water withdrawals and use reporting. These 

reports may be audited to ensure water-users compliance with the provisions of 

the Groundwater Management Act and management plans. Penalties may be 

assessed for non-compliance. 

Other provisions were added later to the groundwater management code. These 

provisions involve MAR: The Underground Water Storage, Savings, and Replenishment 

Act, the Central Arizona Groundwater Replenishment District (CAGRD), the Assured 

Water Supply (AWS) Rules (through the use of recharged water), and the Arizona Water 

Banking Authority (AWBA).  

Arizona's water policies are divided between Arizona's law – through the Arizona 

Revised Statutes – and administrative agencies that implement these statutes through 

rules in the Arizona Administrative Code. Table 1 shows statutes and rules that involve 

MAR mechanisms and techniques. Figure 12 and the four subsections below show the 

interplay between Arizona statutes, rules, and MAR mechanisms implemented in Arizona 

with common techniques and methods. 

 

Table 1: Arizona’s statutes and rules referring to managed aquifer recharge practices 

Managed aquifer recharge 

related statute or rule 
Source 

Underground Water Storage, 

Savings, and Replenishment 

Act 

Arizona Revised Statutes - Title 45: Waters, n.d.: 

Chapter 3.1:  Underground Water Storage, Savings, and 

Replenishment Act 

Central Arizona 

Groundwater Replenishment 

District 

Arizona Revised Statutes - Title 45: Waters, n.d. :   

Chapter 2: Groundwater Code 
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Chapter 3.1: Underground Water Storage, Savings, and 

Replenishment Act 

Arizona Revised Statutes - Title 48: Special Taxing 

Districts, n.d.: 

Chapter 22: Multi-County Water Conservation Districts 

Chapter 27: Groundwater Replenishment Districts 

Assured Water Supply Rules 

Arizona Administrative Code - Title 12 - Chapter 7, 1995:   

Chapter 15 – Department of Water Resources 

Article 7: Assured and Adequate Water Supply 

Arizona Water Banking 

Authority 

Arizona Revised Statutes - Title 45: Waters, n.d.    

  Chapter 14: Arizona Water Banking Authority 

 

 

 

 

 
Figure 12: Interplay between Arizona’s statutes, rules, and MAR mechanisms implemented in Arizona with common 

techniques and methods 
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1.2.3.1. The Underground Water Storage, Savings, and 

Replenishment Act, LTSCs, USFs, GSFs, and Permitting 

 

Entities in the State of Arizona have been physically storing water in aquifers 

since the creation of the Groundwater Storage and Recovery Projects Act in 1986. This 

process is done at Underground Storage Facilities (USFs) and Groundwater Saving 

Facilities (GSFs) (Figure 12 (1)). A USF is a direct recharge facility in which water 

enters the aquifer at a constructed USF through infiltration basins, injection wells, or a 

natural stream channel called managed USF. The majority of USFs in Central Arizona 

AMAs are constructed USFs (72/79) (ADWR, 2020b). Some of these facilities use a 

MAR technique defined as aquifer storage and recovery (Maliva, 2020b) with injection 

wells to recharge water. Other constructed USFs use a MAR method called infiltration 

basins (Maliva, 2020b) by diverting water into human-made surface spreading basins, in 

which water infiltrates the soil and percolates into the underlying aquifer. Managed USF 

methods in Arizona use an in-channel infiltration system MAR technique by discharging 

water into a river channel. As for GSFs, they are offered as a means for farmers and other 

water users to use renewable water instead of their entitled groundwater rights. Farmers 

or irrigation districts who could have pumped groundwater receive surface water or 

effluent and share the cost with the entity that delivered the water (Seasholes, 2003). In 

exchange, the water provider receives LTSCs – that can be recovered later as renewable 

water – for the groundwater that the farmer saved. The majority of GSFs involve CAP 

water (ADWR, 2020a). A GSF is an indirect recharge mechanism called in-lieu recharge 

because renewable water is used instead of groundwater (Maliva, 2020a; Megdal & 
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Shipman, 2008). Many municipalities, governmental agencies, industries, municipal 

water utilities, and Native American tribes have participated in this program.  

MAR in Arizona has allowed entities to reuse effluent. The majority of USFs 

(49/79) in Central Arizona AMAs store effluent, which represent 40% USFs permitted 

volume (ADWR, 2020b). The state of Arizona uses two different treatment-type MAR 

techniques. Through USFs with injecting wells, Arizona uses an aquifer storage transfer 

and recovery technique that treats water (Maliva, 2020c). Through USFs with infiltration 

basins (Image 3), Arizona uses a soil-aquifer treatment technique, in which water is 

treated while seeping through the soil, and then diluted in the groundwater. The aquifer is 

used as an environmental buffer that filtrates, biodegrades, and dilutes contaminants. 

 

 

Image 3: Avra Valley Recharge Basin, Arizona | 2015 | Credits: Brian F. O’Neill 
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A system of water credits has been developed in Arizona through MAR. In 1994, 

the Groundwater Storage and Recovery Projects Act was updated and became the 

Underground Water Storage, Savings, and Replenishment Act and allowed the creation 

of long-term storage credits (LTSCs) (Figure 12, (2)) and GSFs (Figure 12, (3)). CAP 

water or effluent is either stored at a USF or a GSF for annual recovery (water is 

recovered within the calendar year it was stored), or for a longer time through LTSCs, in 

which case the ADWR credits LTSCs into the account of the entity that stored the water 

(Figure 12, (4)). One LTSC is equal to 1 acre-foot or 1233.4 cubic meters (m3) of water. 

Through 2016, 197 long-term storage accounts were registered in Central Arizona 

AMAs, and 13.8 billion m3 of water was stored and physically available through LTSCs 

(Arizona Department of Water Resources, 2016).  

The ADWR implements and enforces the three permits, independent of one 

another, required for recharge and recovery: storage facility permit, water storage 

permit and recovery well permit. The storage facility permit allows the operation of a 

recharge facility project. The water storage permit establishes the ability to store 

water at a facility. The recovery well permit identifies wells that are eligible to 

recover stored water. In the case of annual storage and recovery, i.e., when an entity 

recovers water within the calendar year in which it was stored, the full amount 

credited to the storage account can be recovered. If the water stored remains beyond 

the calendar year, LTSCs are issued. Part of the stored water will remain in the 

aquifer. This is called the “cut” to the aquifer and varies with the types of water 

stored and the kind of storage facility used (Table 2) (ADWR, n.d.-a) 
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Table 2: Cut to the aquifer (ADWR, n.d.) 

Water Source Facility Type Cut to the Aquifer 

CAP Constructed USF 5% 

CAP Managed USF 5% 

CAP GSF 5% 

Effluent Constructed USF 0% 

Effluent Managed USF built after 2020 5% 

Effluent Managed USF built before 2020 50% 

Effluent GSF 0% 

 

 

To recharge water, one needs a water storage permit to recharge at a permitted 

storage facility. The storage facility permit application requires, among other things, the 

maximum annual amount of water proposed for storage at one facility. The amount 

should not impact other land structures within the area of impact. The area of impact is  

the area where the stored water has migrated or is located (Arizona Revised Statute 45-

802.02, n.d.). In Arizona, effluent may not be recharged without treatment and Aquifer 

Protection Permit (APP) from the Arizona Department of Environmental Quality 

(ADEQ). 

Water recovery requires a recovery well permit. Recovery must either occur 

within the area of impact of the stored water, or be located in an area experiencing an 

average annual rate of decline that is less than 1.22 m per year within the AMA of the 

stored water (ADWR, 1999a, 1999b). 
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1.2.3.2. The Assured Water Supply Rules 

 

Community development for subdivided lands within an AMA depends on 

demonstrating a 100-year AWS. The AWS program contains seven rules implemented by 

ADWR according to the Arizona Administrative Code. The AWS require demonstration 

of all of the following rules: 

• Physical water availability 

• Continuous water availability 

• Legal water availability 

• Water quality 

• Financial capability to treat and deliver water 

• Consistency with the periodic management plans required for each AMA 

• Consistency with the statutory groundwater management goal of the AMA 

 

To demonstrate physical, continuous, and legal availability of water supplies for 

100 years, different sources1 of water may qualify: groundwater, surface water, Colorado 

River, CAP water, effluent, stored water and water obtained through exchange 

agreement. Table 3 presents each of the physical, legal, and continuous availability 

requirements of these water sources in the Phoenix, Tucson, and Pinal AMAs (Arizona 

Administrative Code R12-15-716, 1995; Arizona Administrative Code R12-15-717, 

1995; Arizona Administrative Code R12-15-718, 1995). Financial ability requires the 

means to provide adequate water delivery, storage, and treatment of water of any type 

 
1 The AWS Rules consider Colorado River, CAP water (Colorado River delivered through the CAP canal), 

and surface water (any surface water but Colorado River or CAP water) are different “types” of water. 
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(Arizona Administrative Code R12-15-720, 1995). Water quality requires providing 

water deemed of adequate quality by the Arizona Department of Environmental Quality 

or by lab analysis results (Arizona Administrative Code R12-15-719, 1995). The 

management plans assist in achieving management goals by primarily providing a 

framework for conservation regulations for the major water sectors (Megdal et al., 2008). 

Finally, demonstrating consistency with the statutory groundwater management goals of 

the AMAs is complex and described in the following paragraph. 

 

 

 

 

 

 

 



 

 

Table 3: Physical, continuous and legal availability criteria of the AWS Rules (Arizona Administrative Code, Title 12, Chapter 15) 

Water Source Physical Availability Continuous Availability Legal Availability 

Groundwater 

from an AMA 

A hydrologic study must be conducted and prove that 

the groundwater to be used can supply 100 years of 

development, and that as the result of this pumping, 

the level in the aquifer will not reach 1m000 feet 

below land surface in Phoenix and Tucson AMAs, or 

1,100 feet below land surface in Pinal AMA. 

Wells of a sufficient capacity must be 

constructed to serve the proposed uses on a 

continuous basis for 100 years. 

The applicant or the proposed municipal 

provider has a service area right, or a non-

irrigation grandfathered right to withdraw 

groundwater. 

Groundwater 

from outside 

an AMA 

May be imported to an AMA. 

The applicant uses its own wells. 
  

Surface water  
The volume of water pursuant to surface water rights 

may be withdrawn. 

Water must come from a perennial stream 

unless water can be stored, or conservation 

measures were taken. 

The applicant or the proposed municipal 

provider must have a surface water right. 

CAP water 

The water volume of a long-term municipal and 

industrial subcontracts, or of a lease from Indian 

Priority CAP water may be withdrawn. 
Water can be stored, or conservation 

measures were taken. 

The applicant or the proposed municipal 

provider must have a subcontract with CAWCD 

for the proposed volume of CAP water.  

Colorado 

River 

The volume of water pursuant to Colorado River water 

rights may be used. 

The applicant has obtained an allocation of 

Colorado River water from an entity that holds a 

contract for Colorado River water with the 

United States Secretary of the Interior. 

Effluent 
Effluent may be used based on the annual volume 

projected to be produced. 

The capability to use the effluent to meet 

the demands of the proposed use should 

not be affected by any changes in the 

effluent supply. 

The applicant or the proposed municipal 

provider must have the legal right to use the 

effluent. 

Stored water Amount of LTSCs owned or to be created.  

Recovery wells of a sufficient capacity 

must be constructed in a timely manner to 

serve the proposed use on a continuous 

basis for 100 years. 

The municipal provider must have the legal right 

to store water in the storage facilities. 

The applicant or the proposed municipal 

provider must have the legal right to use the 

credits under A.R.S. Title 45, Chapter 3.1. 

Water 

exchange 

agreement 
Amount of water acquired. 

The source of water the applicant or the 

applicant’s customers will use must be 

continuously available. 

The water exchange agreement satisfies the 

requirements of A.R.S. Title 45, Chapter 4. 



 

 

The Phoenix and Tucson AMAs have the same management goal, “safe-yield by 

1 January 2025, or such earlier date as may be determined by the [ADWR] director” 

(Arizona Revised Statute 45-562, n.d.). The term “safe-yield” means “a groundwater 

management goal which attempts to achieve and thereafter maintain a long-term balance 

between the annual amount of groundwater withdrawn in an active management area and 

the annual amount of natural and artificial recharge in the active management area” 

(Arizona Revised Statute 45-561, n.d.). “The management goal of the Pinal active 

management area is to allow development of non-irrigation uses and to preserve existing 

agricultural economies in the active management area for as long as feasible, consistent 

with the necessity to preserve future water supplies for non-irrigation uses”(Arizona 

Revised Statute 45-562, n.d.). Consistency with the management goal of the AMA, and 

thus adherence to the AWS Rules, limits the volume of groundwater (considered non-

renewable2) that applicants for an AWS can use. Any groundwater pumped above the 

limit specified for each AWS designation or certificate is called “excess groundwater.” 

The amount of excess groundwater is determined on an annual basis depending on annual 

reporting. A water provider can choose the timing of use of its allowable groundwater.  

Municipal water providers that want to facilitate development in their service 

areas must apply for a designation of AWS. Designated municipal water providers may 

use a volume of groundwater consistent with their AMA management goal. Part of this 

volume is a volume of incidental recharge calculated by multiplying the provider’s total  

 
2 While the AWS Rules do not employ the term of renewable supplies, non-groundwater sources are 

considered renewable.  

 



 

 

 45 

water use in the previous year by a factor of 4% as established by the ADWR (Arizona 

Administrative Code R12-15-724, 1995; Arizona Administrative Code R12-15-725, 

1995; Arizona Administrative Code R12-15-727, 1995). In addition, municipal water 

providers that started providing water before February 17, 1995 in the Phoenix and 

Tucson AMAs, are granted a groundwater allowance based on their 1994 water supply 

multiplied by an allocation factor (7.5 in the AMA (Arizona Administrative Code R12-

15-724, 1995), 15 in the Tucson AMA (Arizona Administrative Code R12-15-727, 

1995)). In the Pinal AMA, municipal water providers that started providing water before 

October 1st, 2007, and filed a designation of AWS by January 1st, 2012, are also granted 

a groundwater allowance. This groundwater allowance is calculated by multiplying a 

volume of 473 liters per capita per day by the applicant’s service area population for 365 

days (Arizona Administrative Code R12-15-725, 1995). Although the volume of 

groundwater to which municipal water providers applying for AWS designation are 

entitled will not decrease, an increase in water demand will force applicants to seek more 

renewable supplies. 

Real estate developers who are subdividing land into six or more lots not located 

within the service area of a designated municipal water provider must apply for a 

certificate of AWS. To get an AWS certificate, a developer’s estimated water use must be 

consistent with the management goal of the AMA. Applicants for a certificate of AWS 

are granted a groundwater allowance based on the estimated water demand of the 

subdivision at the time the application multiplied by an allocation factor (4 in the Phoenix 

(Arizona Administrative Code R12-15-724, 1995) and Tucson (Arizona Administrative 
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Code R12-15-727, 1995) AMAs, and 10 in the Pinal AMA (Arizona Administrative Code 

R12-15-725, 1995)). 

The requirement to meet consistency with the management goals of the AMAs 

prompted the development of MAR in Central Arizona AMAs. Blomquist, Heikkila, and 

Schlager (2001) showed that groundwater recharge increased from 4,529 af in 1991 to 

238,745 af in 1992 (when the AWS Rules were published). MAR allows storage of 

renewable supplies such as CAP water and effluent. The requirement to meet consistency 

with the management goals of the Phoenix, Tucson, and Pinal AMAs also prompted the 

creation of a replenishment mechanism, operated by CAGRD (Figure 12, (6)) for entities 

that report pumping a quantity of excess groundwater.  

 

1.2.3.3. The Central Arizona Groundwater Replenishment District 

 

 

In 1993, the Arizona State legislature created the CAGRD, a subsidiary unit of the 

CAWCD (Megdal, 2012). CAWCD is a subdivision of Arizona encompassing Maricopa, 

Pima, and Pinal counties that operates the CAP canal delivery system and sets charges for 

the water delivered through the canal. Generally, Colorado River water delivered via the 

CAP canal is referred to as CAP water.  

Water users in Central Arizona use different categories of CAP water according to 

a priority system. For many years, the AWBA and CAGRD used some of the excess CAP 

water for underground storage when available. This category had the lowest priority in 

the CAP system and was the first category of water to experience cutbacks when a Tier 0 

shortage was declared on the Colorado River in 2021. The Agricultural Settlement Pool 

refers to excess water available to irrigation districts and experienced some curtailment in 
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2020 and 2021. The Non-Indian Agriculture (NIA) CAP category was initially designated 

for agriculture use. It is now available to several cities in the Phoenix AMA, the Gila 

River Indian Community (GRIC), and the Tohono O'odham Nation. CAP M&I and CAP 

Indian priority have the same level of priority. CAP M&I priority is water available to 

municipalities and industries. For example, several cities in Central Arizona, like Tucson, 

hold M&I subcontracts to receive this type of CAP water. In total, 42 municipal and 

industrial users hold M&I subcontracts3 (ADWR, 2018b). CAWCD has an annual CAP 

M&I subcontract of 8,311 af to give to CAGRD. CAP Indian priority water is water 

within the available water supply having an Indian delivery priority. Ten Native Nations 

hold Indian priority contracts (ADWR, 2018b). Lastly, the CAP category with the highest 

priority is called Third Priority. This water is available to the Ak-Chin Native Nation and 

seven municipalities in the Phoenix AMA. 

Water entitled "Colorado River" or "Fourth Priority" refers to water used directly 

from the mainstem river, not through the CAP canal system. These entitlements have 

their own priority ranking; they equal or surpass the Third Priority CAP category. The 

aforementioned categories of water may be transferred through sales or leases, although 

the regulation can be quite complex (Thompson et al., 2013). Nevertheless, CAGRD has 

relied on CAWCD purchasing and leasing water from other users in order to operate.  

CAGRD provides a mechanism for landowners and water providers to 

demonstrate conformity with the management goal of their AMA (Figure 12, (6)). By 

becoming CAGRD members, municipal water providers and land developers can 

 

3 The San Carlos Apache Tribe also holds M&I allocations. 
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demonstrate an AWS, even when they may not have access to a renewable water supply. 

There are two types of memberships: member service areas (MSA) for water providers 

and member lands (MLs) for new subdivisions. A municipal water provider without 

access to sufficient renewable water can demonstrate consistency with the AMA 

management goal by enrolling as a CAGRD MSA. A developer without access to enough 

renewable water can demonstrate consistency with the AMA management goal by 

enrolling its subdivision as a CAGRD ML. In exchange, CAGRD replenishes (Figure 12, 

(7)) the excess groundwater reported annually. Replenishment means that the excess 

groundwater pumped is replaced with the same quantity of renewable water within the 

same AMA. CAGRD shall meet its groundwater replenishment obligation within three 

years after the annual excess water use is reported to ADWR. Indeed, every year, MSA 

and municipal water providers of MLs notify CAGRD by March 31 of the excess 

groundwater pumped. CAGRD publishes this information in its annual report and 

informs its replenishment activities by August 31 to ADWR.  

In addition, the Arizona Groundwater Management Code requires CAGRD to 

prove that it has the ability to fulfill its current and future replenishment responsibilities. 

Every ten years, CAGRD must submit a Plan of Operation for ADWR Director approval 

(Arizona Revised Statute 45-576.03, n.d.). The CAGRD Plan of Operation must be 

consistent with the management goals of the Phoenix, Tucson, and Pinal AMAs (Arizona 

Revised Statute 45-576.03, n.d.) and must include projected replenishment obligations 

and a description of the expected water resources to be available to CAGRD (Arizona 

Revised Statute 45-576.02, n.d.).  
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CAGRD has acquired water for replenishment. The concept of replenishment is 

unique to Arizona and is defined as an after-the-fact MAR mechanism (Maliva, 2020b; 

Megdal, 2012). To fulfill its obligations, CAGRD may acquire, transport, hold, exchange, 

own, lease, store or replenish any water source but groundwater withdrawn from within 

an AMA (Arizona Revised Statute 48-3771, n.d.). When CAGRD was created in 1993, it 

intended to use excess CAP water for replenishment. By 2004, CAGRD realized excess 

CAP water would only be available in the short term because of upcoming shortages on 

the Colorado River. Therefore, CAGRD decided to diversify its water supply portfolio 

(CAGRD, 2004). To compensate for its members' activities, CAGRD may also purchase 

LTSCs, and extinguish them as part of the replenishment mechanism (Figure 12, (8)). 

Between 2007-2021, CAGRD acquired water sources such as effluent, LTSCs, and 

Colorado River water with higher priority than excess CAP water through various 

agreement and acquisition contracts. CAGRD publishes its water agreement and 

acquisition contracts on its website (CAGRD, 2021a). Figure 13 summarizes the volume 

and type of water CAWCD has purchased since 2007. 
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Figure 13: Volume of water (af) by source CAWCD purchased from 2007 to 2021 

 

CAGRD has predominantly bought LTSCs, from CAP and effluent storage at 

USG and GSF. The largest purchase made was from the Gila River Water Storage, LLC 

in 2019, for which CAGRD obtained 70,375 LTSCs of CAP stored at the Roosevelt 

Water Conservation District, GSF, the Maricopa Water District GSF, and the GRIC 

Olberg Dam managed USF, in the Phoenix AMA. 

CAGRD also acquired CAP M&I water. Five water utilities transferred their M&I 

subcontract entitlement to CAGRD in the Phoenix AMA. For example, Litchfield Park 

Service Company agreed to annually transfer 4,760 af of CAP water from 2008 to 2020. 

CAGRD has also made deals with the GRIC. For example, in 2019, the GRIC leased 

18,185 af of their CAP NIA Priority water and exchanged 15,000 af of CAP Indian 

priority water. CAGRD also entered into agreements with Water Property Investor, LP, 

and Water Asset Management, LLC agreeing to lease 17,289 af of mainstem Colorado 

River normally delivered to their farm. Finally, effluent lease in Figure 13 refers to a 
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2014 Effluent Development and Disposal lease made from 2014 to 2020 with Liberty 

Utilities. 

As discussed in the previous section, LTSCs play an important role in CAGRD. 

CAGRD has three types of LTSC accounts in each of the Phoenix, Pinal, and Tucson 

AMAs: a conservation district account (CDA), a long-term storage subaccount, and a 

replenishment reserve subaccount (Arizona Revised Statute 45-859.01, n.d.). Typically, 

CAGRD credits its LTSC subaccount when it acquires LTSCs. Some of these credits are 

then transferred to its CDA, in which LTSCs are extinguished to offset the excess 

groundwater pumped by members; some are transferred to the replenishment reserve 

account.  

The replenishment reserve account was mandated by Arizona’s legislature for 

CAGRD to purchase and accumulate credit in anticipation of a shortage and of rising 

water rates (Central Arizona Groundwater Replenishment District, 2015, p. 9). Indeed, 

when CAGRD purchased LTSCs for the first time in 2008, it paid $128/af; in 2021, it 

paid $257/af. As soon as 2030, CAGRD will be allowed to transfer its replenishment 

reserve LTSCs to its CDA to offset member excess groundwater pumping by 

extinguishing these LTSCs. 

For each AMA and for each membership category, CAGRD divides the total 

costs and expenses among members. CAGRD has to bear many charges such as capital 

expenses, operation, maintenance, administrative, and replenishment reserve costs. 

Each ML (the parcel owner, whether the developer or the subsequent homeowner) 

pays CAGRD an enrollment fee and, when the home is built, an activation fee based on 

the number of housing units in the subdivision being enrolled. In 2020, the enrollment fee 



 

 

 52 

was $284/unit; the activation fee was $1,080/unit in Phoenix and Pinal AMA, and 

$810/unit in Tucson AMA (Final CAGRD 2021/2022 - 2025-2026 Rate Schedule, 2021). 

In addition, CAWCD levies annual membership dues against each subdivision and an 

annual replenishment assessment against each subdivision developed based on the 

volume of excess groundwater MLs use. In 2020, the annual membership dues were 

$28.59/lot in Phoenix AMA, $19.36/lot in Pinal AMA, and $31.05/lot in Tucson AMA; 

the annual assessment rates were $727/af in Phoenix AMA, $708/af in Pinal AMA, and 

$738/af in Tucson AMA;(Final CAGRD 2021/2022 - 2025-2026 Rate Schedule, 2021). 

In 2015, there were 1,091 subdivisions enrolled as member land for a total of 263,707 

homes in Central Arizona (Central Arizona Groundwater Replenishment District, 2015).  

Each MSA pays annual membership dues and an annual assessment to the 

CAGRD based on the groundwater pumped in excess of the pumping limitations imposed 

by the AWS Rules. To enroll its service area as a CAGRD member, MSA must pay 

CAGRD an enrollment and activation fee based on the number of housing units in the 

subdivision being enrolled. In 2020, the enrollment fee was $284/unit; the activation fee 

was $1,080/unit in Phoenix and Pinal AMA, and $810/unit in Tucson AMA (Final 

CAGRD 2021/2022 - 2025-2026 Rate Schedule, 2021). In addition, CAWCD levies an 

annual replenishment tax and annual membership dues against each municipal provider 

having a qualified member service area. In 2020, the annual assessment rates were 

$727/af in Phoenix AMA, $708/af in Pinal AMA, and $738/af in Tucson AMA; the 

annual membership dues were $97.22/af (Final CAGRD 2021/2022 - 2025-2026 Rate 

Schedule, 2021). As of April 2021, there were 25 MSA in Central Arizona AMAs 

(CAGRD, 2021b). 
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1.2.3.4. The Arizona Water Banking Authority 

 

The creation of the AWBA was spurred by the state's need to fully use the 

available CAP supply (Megdal et al., 2014). The AWBA has been creating LTSCs by 

storing the excess water of Arizona's entitlement of the Colorado River water since 1996 

to achieve the following objectives (AWBA, n.d.): 

• CAP M&I Firming: This process ensures that Arizona’s CAP subcontractors and 

specified others have a stock when a shortage is declared on the river, a process called 

firming (Megdal, 2006). In the event of a shortage, the CAWCD will recover LTSCs 

stored by the AWBA and distribute them to CAP M&I water users that experienced 

cutbacks. 

• On-River Firming: The AWBA is responsible for firming supplies for Fourth Priority 

M&I Colorado River water users along the river. One of these users, the Mohave 

County Water Authority, has entered into a firming agreement with the AWBA to 

accumulate LTSCs. 

• Tribal Firming Program: The AWBA is a governmental entity responsible for meeting 

the state's obligations according to the Arizona Water Settlement Act (Bark & Jacobs, 

2009). 

• Interstate Banking: The AWBA may assist the states of Nevada and California through 

interstate banking. Nevada has paid Arizona for storing excess CAP water and 

committed to cover Arizona's users' cost of water recovery. Nevada will be diverting 

an equal portion of Arizona's Colorado River entitlement directly from Lake Mead. 
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The AWBA has been described by George Renner, Former President of the 

CAWCD Board of Directors, as “one of the [most] innovative tools that Arizona created 

to have in [its] arsenal to deal with water challenges and with growth in [the] State."(CAP 

Oral History - George Renner Interview Transcript, 2007, p.20). To conduct its activities, 

AWBA stores water at USFs and GSFs (Figure 12, (1)). From 1997 to 2015, 3.9 maf were 

stored at GSFs and USFs. This storage leads to the creation of LTSCs (Figure 12, (4)).  

More recently, the AWBA has been purchasing LTSCs to fulfill its obligations. In 

2010, less CAP became available to the AWBA because of increased use by higher priority 

water users (AWBA, 2013). The AWBA was then authorized to purchase LTSCs (Figure 

12, (5)). Effective July 24, 2014, Arizona Revised Statutes 45-2423 (Arizona Revised 

Statute 45-2423, n.d.) allows the AWBA: “to purchase long-term storage credits for the 

purpose of firming the water supplies of Municipal and Industrial subcontractors of CAP 

water in times of shortages of Colorado River water.“ The purchase of LTSCs is now part 

of the AWBA strategy to achieve its objectives.    

 

1.3. Relationship of the Appended Manuscripts, Data Sources and 

Contribution of the Author 

 

This dissertation contributes to the fields of water management, water policy, 

chemistry and hydrology. The aim of this dissertation is to study the implications of 

MAR in Central Arizona to improve water use efficiency in terms of quantity and quality. 

To show these effects of MAR on water management, this research analyzes three 

different aspects of MAR in Central Arizona: a tool called LTSCs, a mechanism called 

CAGRD, and means for recharge: the reuse of effluent. The main body of this 
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dissertation is contained in three appendices (A, B, and C). Each appendix contributes to 

a research field and answers a research question: 

• Appendix A: How does MAR enable water stakeholders to comply with water law? 

• Appendix B: How to combine sustainable use of groundwater with urban 

development? 

• Appendix C: How to monitor contaminants of emerging concern in municipal wells? 

As pointed in Figure 14, all manuscripts are related to the topic of MAR. Each of 

the three articles discusses LTSCs, CAGRD, and effluent. Taken together, the three 

appendices aim at promoting the use of renewable supplies and helping municipalities 

and government entities in the State of Arizona. 

 

Figure 14: Relationship between the three appendices 
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The first manuscript offers a descriptive analysis of sales and purchases of LTSCs 

and connects LTSCs to the AWS Rules that ensure sustainable use of water in AMAs. 

LTSCs transactions have been collected and archived by ADWR since 1994 on an annual 

basis. I acquired these data in the Fall of 2018 after submitting multiple public requests 

(2016-2017) and meeting with Mallory Orme, ADWR recharge specialist, in March of 

2019. This article reveals that the market-based transactions of LTSCs have allowed the 

redistribution of renewable water – CAP water and effluent – among Arizona’s 

stakeholders, thereby helping municipalities and government fulfill their obligations.  

The second manuscript uses primary qualitative data I acquired in the Fall of 2020 

by interviewing sixteen CAGRD experts to find alternatives to CAGRD operations. This 

article also produces statistical and qualitative analyses of 41 survey responses I collected 

in the Summer of 2021 to find out stakeholder opinions on the CAGRD. This paper 

highlights the two main CAGRD issues stakeholders deem problematic among various 

stakeholders and provides potential solutions. These results could inform the Post-2025 

AMAs Committee and its participants on the most pressing water issues, their 

alternatives, and which stakeholders may support them. This project received approval by 

the University of Arizona’s Institutional Review Board on August 26, 2020 (Protocol 

Number: 2008926930). 

The third manuscript generates two simple hydrological models to estimate the 

impact of effluent reuse through MAR on municipal water. It uses Goodyear, as its case 

study. This article relies on secondary data I obtained from a worldwide literature review, 

ADWR data, and reports I procured on their website, as well as WateReuse reports. This 
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article concludes on the distance between recharge and recovery in which two 

unregulated contaminants (carbamazepine and sulfamethoxazole) can be found in potable 

water pumped from the ground. The methodology and models are transferrable to other 

regions and municipalities to determine if there is a need for more elaborated 

hydrological models for accurate estimations of contaminants of emerging concern 

concentration in groundwater. 

Preliminary work on LTSCs was initiated and conducted through a graduate 

research assistantship (0.25FTE) at the University of Arizona Water Resources Research 

Center in the Fall of 2015, Spring, and Summer of 2016. During that time, I created a 

database of LTSC ownership from 2007 to 2016. However, data collection and analysis 

of LTSC transactions were not conducted as part of a graduate research assistantship. 

The conceptual and research designs for all three manuscripts were my original 

contributions guided by my dissertation chair and committee members. I am solely 

responsible for creating all tables and figures (except for Figures 1-9, 23 and 28); I also 

contributed to most images, although many photos are credited and published with the 

authorization of Brian F. O’Neill. 
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2. CHAPTER 2: PRESENT STUDY 

 

The literature review, methods, results, and conclusions of this study are 

presented in the papers appended to this dissertation. The following is a summary of the 

most important findings in this dissertation. 

 

2.1. Long-Term Storage Credits: Analyzing Market-Based 

Transactions to Achieve Arizona Water Policy Objectives 

 

Water markets have emerged in arid and semi-arid countries as a solution to 

efficiently redistribute the right to use water in times of scarcity and population growth 

(Brookshire et al., 2004; Brookshire & Ganderton, 2004; Howe et al., 1986). Since 1994 

in Arizona, LTSCs have been created when Colorado River and effluent are stored in the 

aquifer. Because these LTSCs can be sold, their transactions allow for the voluntary 

redistribution of water among users. This article presents original research on this 

emerging market, which has not been studied academically, unlike traditional forms of 

water markets based on legal rights (Brookshire et al., 2004; Chong & Sunding, 2006; B. 

Colby & Bush, 1987; B. G. Colby, 1990; Culp et al., 2015; Garrick, 2015; Grafton et al., 

2011; Ingram et al., 1984; Julian & Weaver, 2019; National Research Council (U.S.), 

1992; Richter et al., 2017; Stewart & Howell, 2003; Thompson et al., 2013). 

This article collected and analyzed 23 years of monetary transfers of LTSCs in 

Central Arizona AMAs. A total of 578 transfers of LTSCs were identified and reported in 

the Excel database. A database showing the amount of LTSCs transferred every year 

from 1994 to 2016, with the name of the buyers and sellers associated with each transfer 
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was created. Only 443 transfers qualified as monetary. Most transactions occurred in the 

Phoenix and Tucson AMAs (Figure 15), which will be the focus on this section. 

 

 

Figure 15: Number of LTSCs transactions in Central Arizona AMAs, from 1994 to 2016 

 

This article analyzed the categories of entities (whether they were governmental 

entities, municipal water providers, Native Nations, industries, or investment firms) that 

were most active based on quantity of LTSCs bought and sold. In each AMA, major 

participant categories traded more LTSCs than would have traded if all of the categories 

participated equally. Based on this qualifying formula, results showed that municipal 

water providers, governmental entities, and investment firms were the main participants 

in the market-based transaction of LTSCs. In fact, the analysis of LTSC market-based 

transactions revealed a triangular pattern of trades among municipal water providers, 

investment firms and governmental entities in the Phoenix (Figure 16) and the Tucson 
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(Figure 17) AMAs.

 

Figure 16: Direction of sales and purchases, and amount of LTSCs traded between governmental entities, municipal 

water providers, and investment firms, from 1994 to 2016 in the Phoenix AMA 
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Figure 17: Direction of sales and purchases, and amount of LTSCs traded between governmental entities, municipal 

water providers, and investment firms, from 1994 to 2016 in the Tucson AMA 

 

2.1.1. Municipal water providers: Active Sellers and Buyers of LTSCs 

 

Municipal water providers have sold more LTSCs than they purchased. Most 

LTSC sales by these municipal providers were to CAGRD. In the Phoenix AMA, 

municipal water providers sold 2.8 times more LTSCs than they bought. In the Tucson 

AMA, municipal water providers sold five times more LTSCs than they purchased. 

LTSCs are attractive because owners of LTSCs can use them to demonstrate an AWS 

which developers and municipal water providers utilize to show compliance with the 

AMA's management goal. Possession of LTSCs also helps developers and municipal 

water providers demonstrate physical water availability when their LTSCs are located 
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within the area of impact of the storage project. Physical availability can be demonstrated 

using LTSCs, whether those credits exist at the date of the application or the applicant 

proves it has the means to store water to generate LTSCs. In addition, municipal water 

providers that accumulate LTSCs in excess of their demands to withdraw renewable 

water from the aquifer may sell for financial reasons in order to meet other needs, such as 

infrastructure expansion. 

 

2.1.2. Investment firms: Brokers of the LTSC Market 

 

Investment firms are in the business of selling LTSCs to governmental agencies 

specifically. Anyone, anywhere may purchase LTSCs; consequently, this market is open 

to private firms. Investment firms are active in the trade of LTSCs in the Phoenix and 

Tucson AMAs. In both the Phoenix and Tucson AMAs, investment firms appear to have 

placed themselves between municipal water providers and governmental entities as LTSC 

brokers for many transactions.  

 

2.1.3. Governmental Entities Secure LTSCs for Future Responsibilities 

 

Market-based transactions of LTSCs help CAGRD and the AWBA meet their 

legal obligations. CAGRD is the governmental entity that purchased the most LTSCs. 

The CAGRD is an entity that replenishes groundwater on behalf of its members. LTSCs 

accumulated by the CAGRD will be extinguished for replenishment purposes. The 

AWBA stores CAP water to protect holders of municipal and industrial subcontracts 

during times of shortage and to facilitate Indian water rights settlements. CAGRD and the 
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AWBA have replenishment and firming responsibilities, respectively, which they intend 

to meet partly through the purchase of LTSCs. In 2014, Arizona's legislature amended 

Arizona Revised Statutes 45-2423 to allow the AWBA to purchase existing LTSCs. This 

has been an important development in the history of LTSCs in Arizona. The fact that 

CAGRD and AWBA have been actively involved in market-based transactions of LTSCs 

demonstrates the importance of LTSCs for meeting Arizona's water management and 

policy goals. 

 

2.1.4. Applicability of the LTSC Market to Other Regions 

 

This article describes the contribution of LTSCs to enabling municipal water 

providers and governmental entities to comply with the AWS Rules, and such a system 

could be applicable to other regions in which MAR is already developed with appropriate 

contextual considerations. First, buyers should have the assurance that they will be able 

to recover the stored water. While owning LTSCs does not grant recovery, LTSCs do 

represent water present in the aquifer. Second, a source of water should be available for 

MAR. In semi-arid areas such as Arizona, a decrease in the availability of surface water 

and groundwater makes effluent an alternative commodity that may be stored, and then 

sold. 

 

2.2. Stakeholder Opinions on the Issues of the Central Arizona 

Groundwater Replenishment District and Policy Alternatives 

 

CAGRD is a groundwater management mechanism that facilitates development in 

regions where the use of groundwater is limited by law. Several CAGRD-related issues in 
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water management have gained increasing attention among scholars (Avery et al., 2007; 

Ferris & Porter, 2019). The Post-2025 AMAs Committee, created by the Arizona 

Governor's Water Augmentation, Innovation and Conservation Council, is identifying 

potential strategies for sound water management after 2025. One of the topics of 

discussion is CAGRD and stakeholder groups have yet to agree on the problems’ 

definition, let alone how CAGRD might be improved.  

This study used deductive thematic content analysis to examine 16 semi-

structured interviews with CAGRD experts in order to gain information to develop well 

thought out policy alternatives that could be used for CAGRD operation. This study also 

used a survey to determine which CAGRD issues 41 stakeholders view as problems. 

Then, statistical Chi-square tests were used to determine whether opinions differ 

significantly among different stakeholders groups, such as professional categories, sector 

and CAGRD membership status.  

 

2.2.1. Survey Revealed Main Stakeholders Concerns  

 

Results show that long-term uncertainties related to the availability of renewable 

water supplies is stakeholders’ chief concern (70% of respondents believe it is a 

problem). This issue was ranked first out of six as the problem for stakeholders that 

requires immediate attention. Results from the statistical analysis show that there is a 

strong difference of opinion among the stakeholders’ sectors; Indeed, 86% of public 

entities and 75% of respondents from the nonprofit sector agree this issue is a problem; 

by contrast, the private sector opinion is mixed (20% agree and 50% disagree). 

Differences in opinion are supported by the analysis of the comments made by 
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stakeholders. Indeed, with six topics brought out from the survey, stakeholders had a lot 

to say on the availability of renewable supplies. Seven individuals mentioned the scarcity 

of renewable water and shortages on the Colorado River. Two stakeholders talked about 

the competition to acquire water supplies and claimed that the CAGRD has an unfair 

advantage over municipal water providers due to its ability to purchase large volumes of 

water. While the cost of renewable water is expected to increase because of competition, 

only one individual dissented, saying that the water remains inexpensive compared to 

other states. Additionally, five stakeholders said that augmenting supplies would mean 

the necessary development of the direct potable reuse of effluent or desalination of 

seawater. Lastly, as with the other issues, the idea that the problem is in fact beyond the 

administrative capacity of the CAGRD was brought up. 

Results show that replenishing pumped groundwater in hydrologically 

disconnected areas is also a problem (62% of respondents believe it is a problem). This 

issue was ranked third as the problem for stakeholders that requires immediate attention. 

The Chi-square analysis revealed that there is a difference of opinion between CAGRD 

members and non-members. Almost 75% of non-CAGRD members believe it is a 

problem, while CAGRD members have mixed opinions. As for comments about this 

issue, stakeholders blame other water users for the hydrologic disconnect and say that 

CAGRD’s contribution is in fact negligible. They say it can be an issue depending on the 

location in the present, or could result in a problem over the long term (such as 100 

years). They add that this discussion merits more analysis and that, like with the 

hydrologic disconnect concerning recharge and recovery, it can be beneficial in areas that 

need replenishment.  
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2.2.2. Experts Suggest Effluent and Infrastructure Development, and 

Creating Sub-AMAs 

 

Experts suggested different solutions to address CAGRD’s issues in order to 

ensure that sustainable use of groundwater can be allied with urban development: the 

development of effluent and infrastructure, and managing water at the sub-basin level, 

rather than at the AMA level. Two policy alternatives were drafted based on these results 

in order to address, even only partially, the issues of long-term uncertainties related to the 

availability of renewable water supplies and the hydrologic disconnect.   

 One policy alternative would consist of redirecting effluent for replenishment 

with the collaboration of CAGRD, wastewater treatment plants, and developers. 

According to Avery (2007), when designing their subdivision, developers must plan how 

to take back part of the effluent generated by the local wastewater treatment plant. This 

incentivizes developers to build green areas in their subdivision to dispose of this 

effluent. We suggest wastewater treatment plants partner with CAGRD to dispose of the 

effluent generated by a subdivision (rather than developing green areas). CAGRD would 

develop new recharge facilities near wastewater treatment plants and purchase effluent 

from wastewater treatment plants. This would increase the supply of water available for 

CAGRD. This policy alternative would require CAGRD to obtain a recharge facility 

permit from the ADWR associated with an Aquifer Protection Permit from the Arizona 

Department of Environmental Quality, as well as a water storage permit to recharge 

effluent at a designated facility. CAGRD would receive the credits for recharge. This 
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policy alternative would also entail the CAP board4 to decide on a reduced fee for 

developers in exchange for limiting green spaces in their subdivision.  This policy would 

contribute to addressing the uncertainties of CAGRD supplies by connecting CAGRD 

with renewable water and reducing CAGRD replenishment obligations. For this reason, 

this policy might not receive the support of the private sector, as the survey results show. 

This policy alternative would also mitigate the hydrologic disconnect, assuming 

wastewater treatment plants are nearby the areas where water is pumped and delivered to 

subdivisions. For this reason, this policy might not receive the support of CAGRD 

members as the survey results show.  

Another policy alternative would limit membership enrollment to selected sub-

basins. This alternative would delineate sub-basins in each AMA and limit new CAGRD 

enrollment to developments located in sub-basins in which CAGRD has the means to 

replenish water. In practice, CAGRD would need to develop new recharge facilities or 

seek partnerships that would facilitate replenishment in sub-basins where storage capacity 

at already permitted facilities is not available. In the Phoenix AMA, CAGRD does not 

have facilities in Fountain Hills sub-basin, where CAGRD members are located. This 

policy alternative would require replacing the “active management area” phrasing with 

“sub-basin of an active management area" in eleven sections of the following Arizona 

 
4 Pursuant to ARS 48-4473. 
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Revised Statutes.5 The statute6 stating that requiring groundwater withdrawal in the east 

or west portion of the AMA to be replenished in that same portion would become 

unnecessary, and would be deleted. Moreover, this policy alternative would require 

CAGRD to amend its membership enrollment statutes by limiting enrollment to members 

located in a sub-basin of an AMA in which the CAGRD has methods of replenishment.7 

This policy alternative would mitigate the hydrologic disconnect between the area in 

which groundwater is pumped by or for CAGRD members and the area in which 

groundwater is replenished by CAGRD. This policy alternative may also temporarily 

reduce future CAGRD obligations, therefore helping with water supply uncertainties. 

This policy, however, might not receive the support of the private sector and CAGRD 

members, as the results show.  

 

 

 

 

 

 
5 ARS 45-576.02. Replenishment district plans, conservation district plans and water district plans; ARS 

45-576.03. Director's review of plans; 45-576.05. Alternative method for determining consistency with the 

management goal in a groundwater replenishment district; terminating designation; ARS 45-852.01. Long-

term storage accounts; ARS 45-859.01. Conservation district account; replenishment reserve subaccount; 

debits and credits; ARS 45-860.01. Water district account; debits and credits; ARS 45-877.01. Annual 

reports by conservation districts; penalties; ARS 45-878.01. Annual reports by water districts; penalties; 

ARS 45-894.01. Use for replenishment purposes; ARS 48-3771 "District replenishment obligations; 

replenishment location; source of replenishment; exception," ; ARS 48-3772 "Duties and Powers of district 

regarding replenishment,"; and ARS 48-3779 "Annual membership dues." 
6 Section I of ARS 48-3772 
7 48-3780: Qualification as a member service area; termination; 48-3774: Qualification as member land 
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2.3. Estimating the Effects of De Facto Potable Reuse of Managed 

Aquifer Recharge: Case Study of the City of Goodyear 

Arizona 

 

MAR allows for the reuse of effluent, which has become prominent in the 

Phoenix AMA, particularly among the municipal sector. Likewise, the recharge of 

effluent in the Phoenix AMA has been increasing since it started in 1989. The Arizona 

Department of Environmental Quality ensures the effluent quality before being recharged 

meets state and federal standards. However, unregulated contaminants have been found 

in Arizona (Chiu & Westerhoff, 2010; Drewes et al., 2003; Rice, 2014; Wilson & Jones-

Lepp, 2013). The goal of this article is to determine how to monitor contaminants of 

emerging concern (CECs) in municipal wells. We used the case study of Goodyear 

because there is a lot of recharge activity in its surroundings (Figure 18) and because the 

municipality relies almost exclusively on its aquifer. Five of Goodyear’s municipal wells 

are located on the Roosevelt Irrigation District GSF, which recharges effluent. There are 

four USFs in the vicinity of Goodyear that recharge effluent: the EPCOR USF, 

Sustainable Effluent to Aquifer Project USF by Liberty, Goodyear SAT USF and 

Goodyear VIP USF. Furthermore, in 2016, Goodyear received a designation of AWS, for 

which the city is planning to rely on 37% of effluent, 35% of CAP water, 24% of 

groundwater, and 4% LTSCs by 2028 (ADWR, 2016). 
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Figure 18: Map of Goodyear water service area with municipal wells, USFs and GSFs 
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We chose to create two abstraction models: one “Full Mixing” model and one 

“Piston Flow” model to estimate the concentration of CECs reaching municipal wells.  

Model abstraction is a process that simplifies and generalizes the description of a system 

so that the model does not need complex parameters (such as soil pH and temperature, 

soil porosity and hydraulic conductivity, adsorption processes, soil-air interface, 

thickness of the unsaturated, vadose, and saturated zone). The Full Mixing model 

assumes rapid, complete, and homogenous mixing of effluent with the volume of 

groundwater present, such as is the case with highly conductive and dispersive aquifers. 

The Piston Flow model assumes water travels to the extraction well with no mixing of 

effluent with the volume of native groundwater present. We ran these two models to 

study the decay of two CECs during MAR in Goodyear’s aquifer: carbamazepine (CBZ) 

and sulfamethoxazole (SMX).  

 

 

2.3.1. Effectiveness of MAR Measured with Acceptable Daily Intake 

 

To determine the effectiveness of MAR in removing CECs, we compared their 

concentrations in municipal wells from each model to the acceptable level of CECs that 

can be ingested. This is measured by the acceptable daily intake of a chemical, which 

gives the mass of chemical that can be ingested for one kilogram of the human body. 

These limits were compared to the average adult consumption of water pumped from 

every municipal well of Goodyear. Therefore, the maximum concentration allowed in 

water pumped from a municipal well is 9.46 µg/L for CBZ (Fryar et al., 2018; Sheikh, 

2016), and 106 µg/L for SMX (Fryar et al., 2018; Kennedy et al., 2012). 
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2.3.2. Combination of Abstraction Models for CEC Monitoring 

 

In the case of the Full Mixing model, the initial input of effluent in the aquifer 

was already below the acceptable CEC concentration in municipal wells. And over time, 

the concentrations of CBZ (Figure 19) and SMX (Figure 20) decrease in the aquifer and 

therefore in the water pumped by Goodyear’s municipal wells.  
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Figure 19: Estimated concentration of CBZ in Goodyear’s municipal wells (µg/L) according to the Full Mixing model 
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Figure 20: Estimated concentration of SMX in Goodyear’s municipal wells (µg/L) according to the Full Mixing model 

 

 

 

In the case of the Piston Flow model, we can conclude that MAR is effective in 

removing CBZ (Figure 21) and SMX (Figure 22) even if their concentrations at 

municipal wells increase over time. The Piston Flow model is the most conservative may 
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overestimate the concentration in municipal wells, but it shows results over 100 years, 

which makes it appropriate for long-term planning. 

 

 

Figure 21: Estimated concentration of CBZ in Goodyear’s municipal wells (µg/L) according to the Piston Flow model 
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Figure 22: Estimated concentration of SMX in Goodyear’s municipal wells (µg/L) according to the Piston Flow model 

 

Despite the concern of these chemicals within the academic literature, the 

situation of Goodyear does not warrant further investigation regarding the presence of 

CBZ or SMX in municipal wells. These models are applicable to regions in which 

municipalities or other water entities do not have the means to conduct complex 

modeling. These models are practical and relevant tools for cities as water shortages are 
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anticipated worldwide and can be used on a precautionary basis. Such an approach is 

critical to establish trust between water users, residents and policy makers. 

 

2.4. Future Research 

 

Several future research projects might be developed from this dissertation 

research. Some of these projects could use very similar methodologies. The methodology 

developed to highlight the main participants of the LTSC market in Appendix A could be 

applied to study water markets, not necessarily created through MAR, in other regions 

such as California, Colorado, Spain, South Africa, China, Australia or Chile (Breviglieri 

et al., 2018; Debaere et al., 2014; Grafton et al., 2011; Palomo-Hierro et al., 2015). In 

addition, studying the relationship between water transaction data and water ownership or 

usufruct would provide more insight into the rationale for entities joining a water market 

(water need, profit, etc.). 

The results of Appendix B should be shared with the Post-2025 AMA Committee. 

Then, the methodology developed in Appendix B could be used to send an opinion 

survey to evaluate stakeholder support and political feasibility for policy alternatives to 

CAGRD. Such future research could engage the same CAGRD experts and stakeholders. 

An opinion survey sent through the Post-2025 AMA Committee would probably engage 

more stakeholders and generate a higher response rate.  

The question of economic growth and water sustainability raised in Appendix B 

should be studied from a water management and land use perspective. It seems that 

tackling economic development at its roots would be more effective in addressing water 

issues in Arizona rather than finding mitigation strategies to solve part of the problem. 
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This would require the study of the Arizona Corporation Commission, which regulates 

private water utilities and other corporate entities such as power companies and 

brokerage firms. 
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4.1.  Abstract 

 

The state of Arizona has created a unique water management tool in response to 

water scarcity and population growth. In 1994, Arizona’s state legislature authorized the 

creation of long-term storage credits (LTSCs) through aquifer recharge with Colorado 

River water or effluent. LTSCs represent a quantity of water the owner is entitled to 

recover and use once the water has remained underground for a full calendar year. 

Owners may also sell their LTSCs to others by a simple credit account transfer. LTSCs 

have emerged as a tool for water users to achieve compliance with groundwater 

regulations in the most populated areas of the state, such as the cities of Phoenix and 

Tucson. Using data collected and maintained by the state’s water resources regulator, this 

study examines sales of LTSCs to reveal patterns of market-based transactions. Analysis 

of 23 years of public records shows several trends: (1) LTSC transactions have been 

increasing since 2003; (2) municipal water providers and investment firms have been 

active participants in LTSC transactions; (3) the greatest transaction volumes involve 

https://www.mdpi.com/2073-4441/12/2/568
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governmental entities established by state law with groundwater recharge and 

replenishment obligations. This analysis reveals how LTSCs have contributed to 

achieving water policy goals in Central Arizona and suggests how the LTSC system can 

be used to improve water use efficiency through voluntary redistribution in other water 

scarce regions. 

 

4.2. Introduction 

 

Arizona is a semi-arid state in the southwestern United States that has growing 

water demands, significant groundwater overdraft, and surface water supplies with 

diminishing reliability (Megdal et al., 2014). Climate change also contributes to water 

scarcity, through rising temperatures and more variable rainfall (Overpeck & Cole, 2006). 

Limited water availability creates competition among water users; consequently, water 

markets can be expected to emerge (Debaere et al., 2014). This is a situation faced by 

many other regions worldwide. 

For 25 years, many entities in the state of Arizona have been securing water for 

future use through the creation or purchase of long-term storage credits (LTSCs). 

Creation of LTSCs through underground storage of Colorado River water or effluent 

allows LTSC initiators or subsequent purchasers to recover water in times of need, 

subject to specific regulations. One LTSC is equal to 1 acre-foot of water or 1233.4 cubic 

meters (m3). When they are bought or sold, LTSCs become part of market-based water 

transactions. Those LTSC transactions are part of Arizona’s current water management 

system. 
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This article describes the contribution of LTSCs to meeting the state’s policy 

goals in the most populated areas of Central Arizona. The accrual of and ability to sell 

LTSCs provide flexibility in the utilization of the stored water in a manner that supports 

economic growth. 

The analysis of LTSC market-based transactions reveals a clear pattern of trades 

among investment firms, municipal water providers, and governmental entities that 

assists these entities in meeting their water management responsibilities. Tools similar to 

LTSCs may be adapted to help accomplish essential water redistribution elsewhere and 

ameliorate scarcity through improved water use efficiency. 

 

4.3. Background 

 

4.3.1. Groundwater Management Act and Central Arizona Project 

 

Arizona water users rely on a variety of sources. In 2017, groundwater and 

Colorado River water met, respectively 40% and 36% of Arizona’s annual water 

demands, while in-state rivers (21%), and reclaimed water (3%) met the remainder 

(ADWR, 2018). The Colorado River is governed by the “Law of the River,” a system of 

laws, Congressional actions, court cases, contracts and agreements among the Colorado 

River basin states and the Republic of Mexico, dating back to the early twentieth century 

(Glennon & Culp, 2002; Kuhn & Fleck, 2019; O’Neill et al., 2016). In 1922, the 

Colorado River Compact divided the Colorado River Basin into the Upper Colorado 

River Basin—Wyoming, Colorado, Utah, New Mexico, and a small part of Arizona—and 

the Lower Colorado River Basin—California, Arizona, and Nevada. This Compact 
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allocated half (more than 9 billion m3) of the annual estimated flow on the Colorado 

River to each basin. In 1928, the Boulder Canyon Act allocated more than 5.4 billion m3 

of the Colorado River water to California, more than 3.4 billion m3 to Arizona, and 370 

million m3 to Nevada. Around 46% of Arizona’s allocation of the Colorado River water 

is used by mainstem users, like farmers and irrigation districts in the Yuma area and four 

tribes (Arizona Town Hall, 2015). About 54% of the Colorado River water has been 

delivered through the Central Arizona Project (CAP), a 336-mile canal system completed 

in 1992 that transports water from the Colorado River on the western boundary of 

Arizona uphill to Central Arizona. The Central Arizona Water Conservation District 

(CAWCD), a governmental subdivision of Arizona encompassing Maricopa, Pima and 

Pinal counties, operates the CAP canal delivery system and sets charges for the water 

delivered through the canal. Generally, Colorado River water delivered via the CAP canal 

is referred to as CAP water. 

In 1980, the Groundwater Management Act created Active Management Areas 

(AMAs), where groundwater use is regulated by the Arizona Department of Water 

Resources (ADWR). The boundaries of the five AMAs—Phoenix, Pinal, Prescott, Santa 

Cruz, and Tucson—are determined largely by hydrologic considerations (Figure 23). In 

2016, the AMAs included 82% of Arizona’s more than seven million residents (ADWR, 

2016b; U.S. Census Bureau, 2018). This article focuses on the three AMAs that overlap 

the service area of the CAP and that have entered into market-based transactions of 

LTSCs: Phoenix, Pinal, and Tucson. These AMAs have four principal water sectors: 

municipal, industrial, agricultural, and Indian. According to ADWR, most of the 2016 

water demand in the Phoenix and Tucson AMAs came from the municipal and 
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agricultural sectors. Of the Phoenix AMA’s total water demand of 2.8 billion m3, 48% 

was municipal and 31% was agricultural, and the Tucson AMAs sectoral percentages 

were similar (48% and 32% respectively) out of 387 million m3 (ADWR, 2019a, 2019c). 

The agricultural sector alone used 80% of 1.3 billion m3 in the Pinal AMA (ADWR, 

2019b). In the three AMAs combined, the Indian sector, a good portion of which is 

agricultural, accounted for 12%, and the industrial sector 7.1%, of the water demand 

(ADWR, 2019a, 2019c, 2019b). 

The Groundwater Management Act also grants groundwater rights to specific 

users in the AMAs. For example, agricultural sector users were granted groundwater 

rights (these are referred to as “grandfathered irrigation rights”) (Arizona Revised Statute 

45-462, n.d.). These rights may be converted to “type 1 rights” for non-irrigation 

purposes on the land that had been irrigated and may be conveyed with the land to new 

owners. Municipal water providers have groundwater rights to provide water for 

customers in their service area (these are referred to as “service area rights”) (Arizona 

Revised Statute 45-491, n.d.). Industrial sector users were granted groundwater rights 

(these are referred to as “type 2 rights”) (Arizona Revised Statute 45-464, n.d.), and can 

apply for groundwater withdrawal permits (Arizona Revised Statute 45-512, n.d.; 

Arizona Revised Statute 45-463, n.d.). Finally, landowners can apply for rights to pump 

groundwater for non-irrigation uses from exempt wells, which have a capacity of less 

than 132 liters per minute (Arizona Revised Statute 45-454, n.d.). 
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Figure 23: Map of Arizona showing the AMAs and county boundaries 

  

 

4.3.2. Assured Water Supply Rules 

 

Within an AMA, new community developments must demonstrate a 100-year 

Assured Water Supply (AWS). Approved in 1995, the AWS Rules are the cornerstone of 
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the Groundwater Management Act (Glennon, 2005; Megdal, 2012). The AWS Rules 

require the demonstration of physically, legally, and continuously available water 

supplies for 100 years, financial capability to treat and deliver water that meets water 

quality standards, consistency with the statutory groundwater management goal of the 

AMA, and consistency with the periodic management plans required for each AMA 

(Glennon, 2005; Megdal, 2012). The management plans assist in achieving management 

goals by primarily providing a framework for conservation regulations for the major 

water sectors (Megdal et al., 2008). 

The Phoenix and Tucson AMAs have the same management goal, “safe-yield by 

1 January 2025, or such earlier date as may be determined by the [ADWR] director” 

(Arizona Revised Statute 45-562, n.d.). The term “safe-yield” means “a groundwater 

management goal which attempts to achieve and thereafter maintain a long-term balance 

between the annual amount of groundwater withdrawn in an active management area and 

the annual amount of natural and artificial recharge in the active management area” 

(Arizona Revised Statute 45-561, n.d.). “The management goal of the Pinal active 

management area is to allow development of non-irrigation uses and to preserve existing 

agricultural economies in the active management area for as long as feasible, consistent 

with the necessity to preserve future water supplies for non-irrigation uses”(Arizona 

Revised Statute 45-562, n.d.). 

Consistency with the management goal of the AMA, and thus adherence to the 

AWS Rules, limits the volume of groundwater applicants of an AWS can use. Any 

groundwater pumped above the limit specified for each AWS designation or certificate is 

called “excess groundwater”. Each year the entity that pumps groundwater pursuant to an 
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AWS designation or certificate reports the quantity of excess groundwater pumped and 

this quantity must be replenished. Replenishment means that the excess groundwater 

pumped from an aquifer in an AMA is replaced with the same quantity of renewable 

water in an aquifer within the same AMA. CAP water and effluent are considered 

renewable water, unlike groundwater. 

Municipal water providers that want to facilitate development in their service 

areas must apply for a designation of AWS. Designated municipal water providers may 

use a volume of groundwater consistent with their AMA management goal. Part of this 

volume is a volume of incidental recharge calculated by multiplying the provider’s total 

water use in the previous year by a factor of 4% as established by the ADWR (Arizona 

Administrative Code R12-15-724, 1995; Arizona Administrative Code R12-15-725, 

1995; Arizona Administrative Code R12-15-727, 1995). In addition, municipal water 

providers that started providing water before 7 February 1995 in the Phoenix and Tucson 

AMAs, are granted a groundwater allowance based on their 1994 water supply multiplied 

by an allocation factor (7.5 in the Phoenix AMA (Arizona Administrative Code R12-15-

724, 1995), 15 in the Tucson AMA (Arizona Administrative Code R12-15-727, 1995)). 

In the Pinal AMA, municipal water providers that started providing water before 1 

October 2007, and filed a designation of AWS by 1 January 2012, are also granted a 

groundwater allowance. This groundwater allowance is calculated by multiplying a 

volume of 473 liters per capita per day by the applicant’s service area population for 365 

days (Arizona Administrative Code R12-15-725, 1995). Although the volume of 

groundwater to which municipal water providers applying for AWS designation are 
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entitled will not decrease, an increase in water demand will force applicants to seek more 

renewable supplies. 

Real estate developers who are subdividing land into six or more lots not located 

within the service area of a designated municipal water provider must apply for a 

certificate of AWS. To get an AWS certificate, a developer’s estimated water use must be 

consistent with the management goal of the AMA. Applicants for a certificate of AWS 

are granted a groundwater allowance based on the estimated water demand of the 

subdivision at the time the application multiplied by an allocation factor (4 in the Phoenix 

(Arizona Administrative Code R12-15-724, 1995) and Tucson (Arizona Administrative 

Code R12-15-727, 1995) AMAs, and 10 in the Pinal AMA (Arizona Administrative Code 

R12-15-725, 1995)). 

If more groundwater is required by the applicant of a certificate or a designation 

of AWS, it will be considered excess groundwater and must be replenished. The state 

legislature created the Central Arizona Groundwater Replenishment District (CAGRD) in 

1993 as a mechanism facilitating compliance with the consistency of the management 

goal requirement of the AWS program (Megdal, 2006). Applicants for AWS designation 

or certification that demonstrate physical groundwater availability to ADWR but do not 

have access to a renewable water supply have the option to become CAGRD members. 

Operated by the CAWCD, CAGRD replenishes groundwater on behalf of its members 

(Megdal, 2006). There are two types of memberships: member lands and member service 

areas. A member service area is the service area of a water provider that chooses to 

become a CAGRD member in order to demonstrate consistency with the AMA 

management goal. The provider will then pay annual membership dues and an annual 
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assessment to the CAGRD based on the volume of excess groundwater delivered to its 

customers. To obtain an AWS certificate, a developer without access to sufficient 

renewable water can demonstrate consistency with the AMA management goal by 

enrolling the development as member land in the CAGRD. The parcel owner, whether 

the developer or the subsequent homeowner, pays annual membership dues and an annual 

assessment to the CAGRD based on the volume of excess groundwater the parcel owner 

uses. 

 

4.3.3. The Underground Water Storage, Savings, and Replenishment Act 

and the Creation of Long-Term Storage Credits 

 

In 1986, the Arizona Legislature resolved certain issues pertaining to ownership 

and control of renewable water stored in recharge project with passage of the 

Groundwater Storage and Recovery Projects Act. This act was revised in 1994 as the 

Underground Water Storage, Savings and Replenishment Act to authorize the creation of 

LTSCs. When CAP water or effluent is recharged, ADWR calculates the amount 

considered recoverable as annual storage and recovery and the amount that can be 

recovered as LTSCs. 

Water can be stored in underground storage facilities (USFs) and groundwater 

saving facilities (GSFs). A USF is a direct recharge facility in which water enters the 

aquifer, either through infiltration basins or injection wells, or, in cases that meet 

specified criteria, through a natural stream channel called managed USF. A GSF is an 

indirect recharge mechanism by which CAP water or effluent is used in place of 

groundwater. GSFs save groundwater by leaving water underground that would 
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otherwise have been pumped and used (Megdal & Shipman, 2008). The entities 

providing CAP water or effluent used in lieu of groundwater receive LTSCs for the 

groundwater that was saved. 

ADWR implements and enforces three types of permits that are independent of 

one another and required for recharge and recovery: the storage facility permit, the water 

storage permit, and the recovery well permit. The storage facility permit allows operation 

of a recharge facility. If effluent is to be recharged, a storage facility also requires an 

Aquifer Protection Permit from the Arizona Department of Environmental Quality. The 

water storage permit establishes the ability to store water at a facility. An entity must 

have a storage permit to accrue LTSCs. The recovery well permit identifies wells that 

may be used to recover stored water. With few exceptions, all the water deemed 

recoverable by ADWR can be recovered if the recovery takes place in the same calendar 

year as the storage. If the water stored in the aquifer remains after the calendar year, 

LTSCs are issued, and the amount of LTSCs will not increase or decrease no matter how 

long the credits are held on an account. In this way, the amount of LTSCs issued can be 

understood as static over time, unless the physical water is recovered, in which case a 

LTSC account balance would correspond to such a withdrawal. Ninety-five percent of the 

CAP water deemed recoverable by ADWR may be recorded as LTSCs. Five percent of 

the recoverable water must remain in the aquifer as the “cut to the aquifer.” Effluent 

stored at a managed USF on or after 31 January 2019 is also subject the 5% cut. The 

objective of this “cut” is to augment Arizona groundwater. 

Water that was stored as LTSCs in an AMA may be recovered under certain 

conditions. A recovery well permit must be granted by ADWR (Arizona Revised Statute 
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45-834.01, n.d.) and recovery must either occur within the area of impact of the stored 

water, or be located in an area experiencing an average annual rate of decline that is less 

than 1.22 m per year within the AMA of the stored water (ADWR, 1999a, 1999b, 2016a). 

Water may also be stored, and LTSCs may also be used for replenishment 

purposes by a replenishment district (an entity that develops, stores, replenishes or 

otherwise increases water supplies for the benefit of its members) (Arizona Revised 

Statute 45-802.02, n.d.). An amount of “excess groundwater” pumped may be 

replenished by storing an equal amount of renewable water in the aquifer, or by 

extinguishing an equal amount of LTSCs on the replenishment district account. 

ADWR keeps track of every cubic meter of water stored at a permitted recharge 

facility pursuant to a water storage permit, which assures that credits are granted only for 

water reaching the aquifer and that the credit owner has the right to recover, sell, or 

extinguish the credit. 

 

4.4. Framework for Long-Term Storage Credits Market-Based 

Transactions 

 

This section proposes a framework for understanding sales of LTSCs as market-

based transactions. In general, a market is a platform for transactions in which something 

of value may be bought and sold. Studies of water markets in the Southwestern U.S. 

almost exclusively examine the process of and possibilities for trading water rights 

(Brookshire et al., 2004; Chong & Sunding, 2006; B. Colby & Bush, 1987; B. G. Colby, 

1990; Culp et al., 2015; Garrick, 2015; Grafton et al., 2011; Ingram et al., 1984; Julian & 

Weaver, 2019; National Research Council (U.S.), 1992; Richter et al., 2017; Stewart & 
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Howell, 2003; Thompson et al., 2013). Thomas Brown (Brown, 2006), David Brookshire 

et al. (Brookshire et al., 2004), and a recent review by Kurt Schwabe et al. (Schwabe et 

al., 2020) analyzed markets for water rights in Arizona, but scholars have not described a 

market for LTSCs. 

Bonnie Colby (B. G. Colby, 1990, p. 1116) defined the term “market” as “a set of 

transactions taking place continuously over a period of time.” According to Colby’s 

definition, a “going” price was a “key market function.” Because sellers and buyers are 

not required to disclose the price of the LTSCs purchased, price information is scarce. 

Buyers and sellers do not have a clear price reference point. Moreover, at approximately 

20 transactions per year, the market for LTSCs has been “thin” by Colby’s reckoning. 

Discussion of successful water markets by Howard Chong and David Sunding (Chong & 

Sunding, 2006) warned that the frequency of transactions cannot be used as the sole 

indicator of water market success. In the case of LTSCs, we define LTSC transactions as 

successful when they allow buyers to obtain the amount of LTSCs they seek, and sellers 

to get the cash amount they need. 

More recent articles present water markets as institutional arrangements 

(Breviglieri et al., 2018; Debaere et al., 2014; Theesfeld, 2010). They assume the 

existence of an entity that organizes sales and sets the transaction price. In Arizona, 

ADWR provides a central authority for quantifying LTSCs, maintaining transaction 

records, and ensuring compliance with Arizona’s statutes, but does not organize sales or 

dictate prices. 

Demand for water reallocation to those who value it most highly (Brookshire et 

al., 2004; Brookshire & Ganderton, 2004; Howe et al., 1986) is an incentive for the 
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development of markets in general. As early as 1984, Ingram et al. predicted an increase 

in water transactions to reallocate water to different users, stating that “(w)hile markets 

for water rights are only beginning to appear in the United States, the reallocation of 

water by water sales and exchanges is on the rise and can be expected to play a more 

important role in water management in the future (p. 331).” In general, water markets 

have emerged as an alternative to other reallocation mechanisms where the competition 

for water is escalating (Brookshire & Ganderton, 2004). Rights to the use of surface 

water flowing in Arizona are fully allocated, and transferring water rights is complex 

(Thompson et al., 2013), consisting of a “series of procedural and regulatory 

requirements” (Culp et al., 2015, p. 13). In addition, very little CAP water remains to be 

allocated and priority use of unallocated water is controlled by CAWCD. Outside AMAs, 

water users without surface water rights can turn to groundwater; however, in AMAs 

groundwater users must have defined and quantified rights before they can pump 

groundwater. Thus, conditions exist within AMAs for development of a water market. 

Water marketing can provide a financial incentive for groundwater right users to 

invest in water conservation in order make a profit on the unused water (Thompson et al., 

2013). For example, in 2017, 74% of Arizona’s water demand came from agriculture 

(ADWR, 2016b). A small reduction in the percentage of agricultural use would translate 

into a relatively large increase in water available for municipalities or industries. Such a 

market is likely to develop if legal and political barriers related to the sale of groundwater 

rights are removed (Culp et al., 2015). 

Although LTSC transactions lack a price reference point, a key market function, 

these transactions effectuate reassignment of the right to use water through voluntary 
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exchanges of value and therefore qualify as market-based activity. Very recently, an 

article by Landry et al. (2019, p. 4) characterized trades of “groundwater storage and 

recovery entitlements” of surface water and effluent as an “active market” in Arizona. 

This statement clearly refers to LTSC transactions and establishes the value of an in-

depth examination of the existing record. 

 

4.5. Research Contribution 

 

Scholars have described the advantages of LTSCs as part of the Arizona Water 

Banking Authority (AWBA) and the Underground Water Storage, Savings and 

Replenishment Act in Arizona (Bark Rosalind H. & Jacobs Katharine L., 2009; Megdal 

et al., 2014). LTSCs are also mentioned when referring to groundwater management and 

sustainability in the Tucson basin (Cabello et al., 2016), the innovative strategies of 

Arizona’s water management by the AWBA, ADWR and CAWCD (Zhao et al., 2015) 

and its recharge and recovery framework (Megdal, 2006). 

Outside of academia, one study by a consulting firm discussed LTSCs in a market 

context, calling LTSC transaction the most developed market for water in Arizona 

(Payne, 2018). WestWater Research (WestWater Research, 2014) published an 

accounting of the volumes of LTSC acquired by buyer type from 2008 to 2014. The 

Journal of Water, an online-based journal from the consulting firm Stratecon Inc., 

published very select data on recent LTSC transactions (CAWCD and AWBA Purchase 

Long-Term Storage Credits, 2017; GRIC, City of Chandler Ink Deal to Meet City’s Long-

Term Water Needs, 2017; GRIC, Phoenix Enter Collaborative Agreements to Address 

Arizona’s Long-Term Water Needs, 2017). This paper is the first comprehensive 
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examination of LTSC transactions and their contributions to multiple water management 

objectives. Market mechanisms of LTSC transactions may offer a useful approach to the 

water redistribution challenges of other water scarce regions. 

 

4.6. Materials and Methods 

 

Because, at the time of this writing, LTSC summaries for the years 2017, 2018 

and 2019 were not available, the Materials and Methods Section will only determine the 

major participants involved in LTSC market-based transactions from 1994 to 2016. 

Nevertheless, more recent transactions, those publicly available directly from the major 

participants, are presented in the Results Section on a case by case basis. 

 

4.6.1. Development of Long-Term Storage Credit Transaction Database 

 

Through 2016, 197 long-term storage accounts were registered in Central Arizona 

AMAs and 13.8 billion of m3 of water were stored and physically available through 

LTSCs (Arizona Department of Water Resources, 2016). Although the recovery of 

LTSCs is restricted to the AMA in which they were stored, there are no legal restrictions 

on who can buy LTSCs. LTSCs may be resold, retained in storage, recovered, or 

extinguished for replenishment. A transaction does not involve the physical exchange of 

water; instead, ADWR transfers LTSCs from the seller’s account to the purchaser’s 

account. 

The ADWR has been keeping track of every LTSC generated since 1994, and 

completes a yearly summary of LTSCs for every entity that owns these credits. To create 
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the transactions database, 2358 LTSC holder’s summaries (23 years of documentation 

maintained by ADWR) were examined. Each LTSC holder’s summary shows LTSCs 

accrued or bought and recovered or sold during the year. One section displays the LTSCs 

stored by the holder, while a second section shows the number of credits transferred to 

the long-term storage holder’s account, the seller, and the date of the transfer. A third 

section details the credits transferred out of the LTSC holder’s account. Every LTSC 

transfer is associated with a water storage permit and linked to a facility permit. Among 

the 2358 LTSC holders’ summaries, only 578 transfers of LTSCs were identified and 

reported in the database. The database shows how many LTSCs were transferred every 

year from 1994 to 2016 and the name of the buyers and sellers associated with each 

transfer. 

Owners of LTSCs were categorized by type of entity. In total, seven categories 

were created to reflect the different types of LTSC owners in Central Arizona AMAs 

(Table 4): governmental entities, municipal water providers, Native American tribes, Gila 

River Water Storage (GRWS), industries, investment firms, and others. Five categories 

apply to all three Central Arizona AMAs: governmental entities, municipal water 

providers, Native American Tribes, industries, and investment firms. The GRWS is a 

separate category in the Phoenix and Pinal AMAs because it is a unique partnership 

between the GRIC and the Salt River Project (a quasi-governmental water and power 

utility). In the Phoenix and Tucson AMAs, an additional category called “others” 

contains home building agencies such as Del Webb and William Lyon Homes, and golf 

courses. Entities in the “other” category owned only 0.2% of the total LTSCs in the 
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Phoenix AMA, and 1.4% in the Tucson AMA as of 2016 (Table 4) (Arizona Department 

of Water Resources, 2016). 

 

Table 4: LTSCs owned by category in 2016 in Central Arizona AMAs 

Category Phoenix AMA Tucson AMA Pinal AMA 
Central Arizona 

AMAs 

Governmental Entities 43.0% 61.0% 66.4% 51.4% 

Municipal Water 

Providers 
36.3% 26.8% 3.0% 26.8% 

Industries 6.4% 2.6% 3.3% 5.1% 

Native American Tribes 5.6% 7.0% 7.9% 6.4% 

Gila River Water Storage 2.1% 0.0% 19.3% 5.9% 

Investment Firms 6.3% 1.2% 0.2% 4.0% 

Others 0.2% 1.4% 0.0% 0.4% 

 

 

Governmental entities include CAWCD, AWBA, and the US Bureau of 

Reclamation. Municipal water providers include cities, towns, and private water 

providers that operate community water systems. Four Native American tribes have 

entered into LTSC transactions: the Gila River Indian Community (GRIC), Ak-Chin 

Indian Community, Pascua Yaqui Tribe, and Tohono O’odham Nation. Entities listed 

under the label “industries” are mining and power companies. The investment firm 

category includes Vidler Water Company (a private-sector water resource company), 

Aqua Capital Management, LP (a water right investment and management company), 

Fidelity National Title (an insurance company), Rocking K Acquisition, LLC (a real 

estate development and investment company), Mojave Ventures, LLC (an investment 

company). 
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4.6.2. Selection of Transactions 

 

The first step of the analysis of LTSC transactions consisted of determining which 

transfers of LTSCs between ADWR accounts qualify as market-based transactions. In its 

LTSC holders’ summaries, the ADWR refers to the shift of LTSCs between accounts as 

“transfers.” In this analysis, monetary transfers – or transactions – were distinguished 

from non-monetary transfers. If a transfer of LTSCs occurred between accounts of the 

same entity, it was considered non-monetary, such as transfers among the multiple 

accounts held by CAWCD or AWBA. Additionally, LTSC transfers involving the Pinal 

County Water Augmentation Authority, and transfers between the GRWS and GRIC 

were considered non-monetary because no money changed hands. The GRIC owned the 

majority of Native American tribes’ LTSCs in 2016 (100% in the Pinal AMA, and 52% 

in the Phoenix AMA). The GRIC partnered with the Salt River Project in 2010 to create 

the Gila River Water Storage, LLC to secure water supply for any prospective water 

users (GRWS, n.d.). Together, they owned 12.3% of LTSCs in Central Arizona AMAs in 

2016 (Table 4). While the partnership sold 38,677 LTSCs through the GRWS account 

(mostly to Resolution Copper Mining), the GRIC and the GRWS have exchanged LTSCs 

twenty-three times between 2012 and 2016, for a total of 873,537 LTSCs. The GRWS 

may become an increasingly important player in LTSC transactions. In fact, in 2019 the 

GRWS, LLC sold to CAWCD for replenishment purposes 375,000 LTSCs in the Pinal 

AMA and 70,375 in the Phoenix AMA (Gila River Water Storage, LLC & Central 

Arizona Water Conservation District, 2019). The GRWS advertises itself as “the largest 

holder of LTSCs available for purchase by municipal water providers, residential 
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developers, and industrial water users” and as an alternative to CAGRD membership 

(GRWS, n.d.). 

All other LTSC transfers were considered transactions of LTSCs. The ADWR 

does not require buyers and sellers to disclose the price of LTSCs and those data are 

generally unavailable, except for the CAWCD and the AWBA purchases. However, 

when LTSCs are transferred between accounts of different entities, money transfers are 

presumed because LTSCs have monetary value (CAWCD and AWBA Purchase Long-

Term Storage Credits, 2017; GRIC, City of Chandler Ink Deal to Meet City’s Long-Term 

Water Needs, 2017; GRIC, Phoenix Enter Collaborative Agreements to Address 

Arizona’s Long-Term Water Needs, 2017; Gila River Water Storage, LLC & Central 

Arizona Water Conservation District, 2019). In Central Arizona AMAs between 1994 

and 2016, non-monetary LTSC transfers involved 1,526,842 LTSCs and LTSC 

transactions involved 927,293 LTSCs. Most LTSC transfers have been monetary in the 

Phoenix (55%) and Tucson (84%) AMAs, while only 8.7% of transfers in the Pinal AMA 

were monetary (Table 5). Non-monetary transfers of LTSCs were not part of this analysis 

and will not be discussed in the remainder of the article. 

 

Table 5: Number of transfers and volume of Arizona’s LTSC transfers, from 1994 to 2016 

Type of Transfers Phoenix AMA Tucson AMA Pinal AMA 

Total Transfers 336 975,129 171 341,296 71 1,137,692 

Monetary Transfers 

(Sum) 
297 537,293 146 291,256 13 98,744 

Non-Monetary Transfers 

(Sum) 
39 437,836 25 50,040 58 1,038,948 

Central Arizona 

Groundwater 

Replenishment District 

27 82,922 22 15,938 14 17,769 
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Arizona Water Banking 

Authority 
2 176,626 3 34,102 4 273,251 

Gila River Water Storage 10 178,288 0 0 13 695,249 

Pinal County Water 

Augmentation Authority 
0 0 0 0 27 52,679 

 

4.6.3. Selection of Major Participants 

 

The analysis focused on the categories of entities that were most active based on 

quantity of LTSCs bought and sold. In each AMA, major participant categories traded 

more LTSCs than would have been traded if all of the categories participated equally. For 

example, if the seven categories in the Phoenix AMA had participated equally in the sale 

and purchase of 537,293 LTSCs, they would each have traded 76,756 LTSCs (537,293 

LTSCs/7 categories). Therefore, major participant categories in the Phoenix AMA either 

purchased or sold more than 76,756 LTSCs. 

Based on this qualifying formula, municipal water providers, governmental 

entities, and investment firms are the major participants in the market-based transaction 

of LTSCs. In the Phoenix AMA, municipal water providers and investment firms qualify 

as main sellers, and governmental entities, investment firms, and municipal water 

providers qualify as major buyers. In the Tucson AMA, all three qualify as both as major 

buyers and sellers. Together, their activities represent 96% of purchases and 92% of 

sales. In the Pinal AMA, municipal water providers qualify as major sellers, and 

governmental entities qualify as both major sellers and buyers. 
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4.7. Results 

 

4.7.1. Transactions by Category of Participants 

 

This section provides the details of transactions between the sellers and buyers. 

Table 6, Table 7 and Table 8 present the number and volume of LTSC transactions in the 

Phoenix, Tucson, and Pinal AMAs, respectively, by all participants.  

 

Table 6: Volume of Arizona LTSC transactions in the Phoenix AMA, from seller to buyer, from 1994 to 2016 

 Buyer 

Seller 
Government

al Entities 

Gila 

River 

Water 

Storage 

Municipal 

Water 

Providers 

Native 

American 

Tribes 

Industries 
Investment 

Firms 
Others Total 

Governmental 

Entities 
950 0 32,038 0 0 0 1,320 34,308 

Gila River 

Water Storage 
0 0 553 0 33,830 0 1,294 35,677 

Municipal 

Water 

Providers 

88,097 0 30,914 0 3,033 97,989 43,511 263,546 

Native 

American 

Tribes 

0 0 0 0 0 0 0 0 

Industries 0 0 0 0 0 0 0 0 

Investment 

Firms 
92,933 0 2,642 0 9,500 32,495 2,277 139,847 

Others 12,167 0 27,638 1,276 0 13,630 9,203 63,914 

Total 194,147 0 93,785 1,276 46,363 144,115 57,605 537,293 
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Table 7: Volume of Arizona LTSC transactions in the Tucson AMA, from seller to buyer, from 1994 to 2016 

 Buyer 

Seller 
Governmental 

Entities 

Municipal 

Water 

Providers 

Native 

American 

Tribes 

Industries 
Investment 

Firms 
Others Total 

Governmental 

Entities 
60,000 8,497 0 0 0 3,500 71,997 

Municipal 

Water 

Providers 

67,997 13,081 5,000 2,715 39,956 5,383 134,133 

Native 

American 

Tribes 

3,899 0 0 0 0 0 3,899 

Industries 0 0 0 0 0 0 0 

Investment 

Firms 
22,032 2,850 0 0 49,244 0 74,126 

Others 0 1,001 0 0 0 6,100 7,101 

Total 153,928 25,429 5,000 2,715 89,200 14,983 291,256 

 

 

 

Table 8: Volume of Arizona LTSC transactions in the Pinal AMA, from seller to buyer, from 1994 to 2016 

 Buyer 

Seller 
Governmental 

Entities 

Gila River 

Water 

Storage 

Municipal 

Water 

Providers 

Native 

American 

Tribes 

Industries 
Investment 

Firms 
Total 

Governmental 

Entities 
70,000 0 20,522 0 0 0 90,522 

Gila River 

Water 

Storage 

0 0 3,000 0 0 0 3,000 

Municipal 

Water 

Providers 

0 0 100 0 0 91 191 

Native 

American 

Tribes 

0 0 0 0 5,000 32 5,032 

Industries 0 0 0 0 0 0 0 

Investment 

Firms 
0 0 0 0 0 0 0 

Total 70,000 0 23,622 0 5,000 122 98,744 
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4.7.2. Transactions by Major Participants 

 

4.7.2.1. Governmental Entities 

 

Three governmental entities have been active in selling and buying LTSCs: 

CAGRD/CAWCD, AWBA, and US Bureau of Reclamation. 

The CAGRD is an entity that replenishes groundwater on behalf of its members. 

LTSCs accumulated by the CAGRD will be extinguished for replenishment purposes. 

CAGRD has been actively purchasing LTSCs from municipal water providers and 

investment firms in both the Tucson and Phoenix AMAs. 

Created in 1996, the AWBA stores Colorado River water to ensure that Arizona’s 

CAP subcontractors and specified others have a stock of water if and when a shortage is 

declared on the river, a process called firming (Megdal, 2006). In essence, the AWBA 

stores CAP water to protect holders of municipal and industrial subcontracts during times 

of shortage and to facilitate Indian water rights settlements. Effective 24 July 2014, 

Arizona Revised Statutes 45-2423 (Arizona Revised Statute 45-2423, n.d.) allow the 

AWBA to supplement storage so that it can meet its future firming obligations and 

responsibilities. The AWBA purchased 14,570 LTSCs from the City of Tucson in 2015 

and 50,000 LTSCs from the investment firm Active Resources Management (now called 

Vidler Water Company) in the Phoenix AMA in 2016. According the AWBA 2017 

Annual Report, the AWBA purchased 71,652 LTSCs at a cost of $14 million for 

municipal and industrial CAP firming in Maricopa County, most of which (59,082 

LTSCs) were located in the Phoenix AMA (Arizona Water Banking Authority, 2017). 

The AWBA purchased 12,570 LTSCs at a cost of just over $17.35 million for municipal 

and industrial CAP firming in Pima County, all of which were located in the Tucson 
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AMA (Arizona Water Banking Authority, 2017). The AWBA did not purchase LTSCs in 

the Pinal AMA.  

 

4.7.2.2. Municipal Water Providers 

 

In the Phoenix and Tucson AMAs, municipal water providers have sold more 

LTSCs than they purchased. In the Phoenix AMA, municipal water providers sold 2.8 

times more LTSCs than they purchased. Goodyear, Scottsdale, and Liberty Utilities sold 

42,928, 14,904, and 14,177 LTSCs respectively between 2006 and 2016. In the Tucson 

AMA, municipal water providers sold five times more LTSCs than they purchased. 

Between 2003 and 2016, the City of Tucson, the Metropolitan Domestic Water 

Improvement District (MDWID), the Town of Oro Valley, and the Town of Marana sold 

29,570, 14,000, 13,407, and 3763 LTSCs respectively. Most LTSC sales by these 

municipal providers were to CAGRD. 

 

4.7.2.3. Investment Firms 

 

Anyone, anywhere may purchase LTSCs; consequently, this market is open to 

private firms. Investment firms are active in the trade of LTSCs in the Phoenix and 

Tucson AMAs. Since 2009, important trades have occurred between the Water Utility of 

Greater Tonopah, investment firms (Aqua Capital Management, LP, and Mojave 

Ventures, LLC), and CAGRD. The Water Utility of Greater Tonopah has been storing 

CAP water in a USF since 2007, the year it acquired a CAP water subcontract of 78,938 

m3 per year. Most of the stored water, however, was water purchased annually from the 
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pool of CAP water considered “excess” because it is not allocated by subcontract or 

CAWCD policy. The Water Utility of Greater Tonopah sold LTSCs to Mojave Ventures, 

LLC (21,558 in 2009; 23,427 in 2010 and 2012), and to Aqua Capital Management LP 

(29,271 in 2009). Aqua Capital Management then sold 27,087 LTSCs to Mojave 

Ventures, LLC in 2011, which also bought 4713 LTSCs in 2013 from Hassayampa 

Ventures, LLC. Mojave Ventures then sold 14,311 LTSCs to CAGRD between 2014 and 

2016. Another important transaction was the sale of 50,000 LTSCs by Vidler Water 

Company (Active Resource Management) to AWBA. Vidler Water Company, a “self-

described water-resource company owned by NASDAQ-traded PICO Holdings” 

(Whitman, 2019) has been storing CAP water since 1998 at their recharge project in 

Harquahala Valley, directly west of Phoenix. 

In the Tucson AMA, important trades have occurred since 1998 between Spanish 

Trail Water Company, three investment firms (Fidelity National Title/Trust #10773, 

Rocking K Acquisitions, and Mojave Ventures LLC), and CAGRD. Spanish Trail Water 

Company has been accruing LTSCs since 1997 at groundwater saving facilities using 

excess CAP water. In 2007, it was awarded a CAP subcontract for 3,745,836 m3 of water 

per year. Fidelity National Title/Trust #10773 purchased 6838 LTSCs in 1998 from 

Spanish Trail Water Company, then 20,000 in 2004. Rocking K acquisitions purchased 

9668 LTSCs in 2008 from Spanish Trail Water Company, then an additional 1700 in 

2010. Thus, over the study period Spanish Trail Water Company sold over 38,000 LTSCs 

to investment companies. 

In 2009, Fidelity National Title/Trust #10,773 sold 20,938 LTSCs to Rocking K 

Acquisitions, which sold 26,606 LTSCs to Mojave Ventures LLC in the same year, and 



 

 

 122 

1700 in 2010. Mojave Ventures LLC sold 4044 LTSCs in 2014–2016 to CAGRD and 

Fidelity National Title/Trust #10773 sold CAGRD 9900 LTSCs. 

 

4.8. Discussion 

 

4.8.1. Benefits of LTSC Transactions to Major Participants 

 

LTSCs are attractive because owners of LTSCs can use them to demonstrate an 

AWS for which developers and municipal water providers have to show compliance with 

the AMA’s management goal. Possession of LTSCs also helps developers and municipal 

water providers demonstrate physical water availability when their LTSCs are located 

within the area of impact of the storage project. Physical availability can be demonstrated 

using LTSCs, whether those credits exist at the date of the application or the applicant 

proves it has the means to store water to generate LTSCs. In addition, municipal water 

providers that accumulate LTSCs in excess of their needs to withdraw renewable water 

from the aquifer may sell them to meet other needs, such as infrastructure expansion. 

Governmental entities participate in market-based transactions of LTSCs to fulfill 

their statutory obligations. CAGRD may either add water to the aquifer or extinguish 

LTSCs to fulfil its replenishment obligation. CAGRD’s annual replenishment obligation 

is projected to increase by 63% in 2034 (Central Arizona Groundwater Replenishment 

District, 2015) and keep increasing as members pump more excess groundwater. By law 

CAGRD may not refuse to accept new members, and its replenishment obligation will 

increase as new entities join. Moreover, CAGRD’s primary source of renewable water, 

excess CAP water, is not expected to be available in the near future, because of projected 
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shortages on the Colorado River. Therefore, CAGRD must look for alternative sources of 

supplies. 

CAGRD had already identified LTSCs as an additional water source in its 

portfolio in its 2004 Plan of Operation (CAGRD, 2004). As of 2015, CAGRD owned 

1,094,069 LTSCs (Arizona Department of Water Resources, 2016). From 1994 to 2015, 

CAGRD purchased 298,075 LTSCs in the Phoenix and Tucson AMAs, from investment 

firms and municipal water providers. As a result, 27% (298,075/1,094,069) of the total 

LTSCs owned by CAGRD were accrued through purchase. Some of these LTSCs have 

already been extinguished toward replenishment. CAGRD is planning on acquiring 

335,982 LTSCs in the Phoenix AMA and 119,264 LTSCs in the Tucson AMA in the next 

100 years (Central Arizona Groundwater Replenishment District, 2015), a much slower 

pace of than between 1994 and 2015. 

Until 2014, AWBA accrued LTSCs though storage of excess CAP water. As of 

2016, the AWBA had stored a total of 3,053,206 LTSCs in Central Arizona AMAs to 

firm the supplies for municipal and industrial subcontractors (1,694,189 in the Phoenix 

AMA, 729,547 in the Pinal AMA, and 629,470 in the Tucson AMA). However, the 

quantity of excess CAP water available to AWBA has been decreasing since 2010 

(Arizona Water Banking Authority, 2019), and with the probability of shortages on the 

Colorado River, may disappear altogether. Consequently, ABWA is likely to rely more 

on the purchase of LTSCs in the future. 
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4.8.2. Evolution of Transactions in Central Arizona Active Management 

Areas 

 

In general, the most transactions occurred and the greatest quantity of LTSCs 

were traded in the Phoenix AMA. Total number (Figure 24) and volume of transaction 

(Figure 25), although highly variable has shown an increasing trend. 

 

 
Figure 24: Number of LTSCs sold in Central Arizona AMAs, from 1994 to 2016 

 

 

 
Figure 25: Volume of LTSCs sold in Central Arizona AMAs, from 1994 to 2016 

0

5

10

15

20

25

30

Phoenix AMA Tucson AMA Pinal AMA

0

25,000

50,000

75,000

100,000

To t a l= 9 2 7 , 2 9 3  L TS C S

Phoenix AMA Tucson AMA Pinal AMA



 

 

 125 

 

The Phoenix and Tucson AMAs have seen the quantity of LTSCs traded grow 

since 1994 (Figure 25). In 2009, transactions rose sharply in the Tucson and Phoenix 

AMAs, when several investment firms and the Water Utility of Greater Tonopah joined 

the market for the first time. The Tonopah utility and the City of Goodyear were the 

selling entities responsible for the 2010 peak in transactions in the Phoenix AMA. In 

2015 in the Tucson AMA, the US Bureau of Reclamation sold 50,000 LTSCs to CAGRD 

to generate revenue to pay for delivery of CAP water to the Tohono O’odham Nation as 

specified under the Southern Arizona Water Settlement Act of 1982, amended by title III 

of the 2004 Arizona Water Settlement Act (Bark Rosalind H. & Jacobs Katharine L., 

2009). The US Bureau of Reclamation had accrued the LTSCs through storage of City of 

Tucson effluent in the Santa Cruz River Managed USF in the Tucson AMA (CAWCD & 

Bureau of Reclamation, 2015). The 2016 peak in the Phoenix AMA was due to sales by 

investment firms to AWBA and CAGRD. In the Pinal AMA, as much as 92% of the 

LTSCs sales occurred before 2004, with a peak in 2003 (Figure 25) when CAWCD sold 

50,000 LTSCs to AWBA. 

 

4.8.3. Triangular Pattern among Governmental Entities, Municipal 

Water Providers, and Investment Firms 

 

In both the Phoenix and Tucson AMAs, investment firms appear to have placed 

themselves between municipal water providers and governmental entities as LTSC 

brokers for some, but not all transactions. This is especially highlighted in Phoenix AMA, 

in which governmental agencies purchased 48% of their LTSCs from investment firms, 

while these firms purchased 68% of their LTSCs from municipal water providers (Table 
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6). For example, Aqua Capital Management and Mojave Ventures, whereby LLC 

appeared to act as intermediaries in the ultimate sale of LTSCs accrued by the Water 

Utility of Greater Tonopah to CAGRD (Figure 26). Similarly, the Spanish Trail Water 

Company was at the origin of transactions involving Rocking K Acquisitions, Fidelity 

National Title/Trust #10773 and Mojave Ventures in the sale of LTSCs to CAGRD 

(Figure 27). 

 

Figure 26: Direction of sales and purchases, and amount of LTSCs traded between governmental entities, municipal 

water providers, and investment firms, from 1994 to 2016 in the Phoenix AMA 
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Figure 27: Direction of sales and purchases, and amount of LTSCs traded between governmental entities, municipal 

water providers, and investment firms, from 1994 to 2016 in the Tucson AMA 

 

Nevertheless, in the Phoenix AMA, government entities purchased nearly as 

many LTSCs from investment firms than directly from municipal water providers. In 

fact, in the Tucson AMA, government agencies purchased more LTSCs from municipal 

water providers than from investment firms. In the Tucson AMA, investment firms 

mostly purchased LTSCs from one another. In addition, sales to municipal providers 

from investment firms were relatively rare in both AMAs. As for sales to investment 

firms from governmental agencies, they were non-existent in this case. Consequently, 

investment firms are clearly in the business of selling LTSCs to governmental agencies 

specifically. 
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In general, the majority of entities involved in LTSC trades from 1994 to 2016 

owned the most LTSCs in 2016. In the Phoenix AMA, the investment firms that have 

been involved in trades are the ones that owned all of the LTSCs of their category. In the 

Tucson AMA, every investment firm that owned LTSCs has been involved in LTSCs 

transactions. This standard applies to municipal water providers in the Tucson AMA, in 

which the City of Tucson and the MDWID had the largest amount of LTSCs (83% of the 

total LTSCs owned by municipal water providers), and have been trading many LTSCs 

as shown in Figure 5. However, in the Phoenix AMA, the four municipal water providers 

(the City of Mesa, City of Chandler, Town of Gilbert, and the City of Phoenix) that 

owned the most LTSCs in 2016 (61% of the total LTSCs owned by municipal water 

providers) have not, or have barely been active in market-based transactions. Such 

arrangements suggest the need for additional research focused on the correlation between 

the amount of LTSCs owned over the years and the amount of LTSCs traded by each 

entity, in each AMA, and the way in which these entities perceive the benefits of LTSC 

transactions. 

 

4.9. Conclusion 

 

Based on more than 20 years of data, this paper presents who is trading LTSCs in 

three Central Arizona AMAs. Water users such as governmental entities, municipal water 

providers, and investment firms have participated in LTSC transactions. In this way, the 

article contributes not only to an understanding of Arizona water policy, but also to the 

literature on water markets. While this paper is narrow in its empirical scope, it opens up 

several areas for future research. For example, it would be useful for scholars and 
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practitioners to develop comparative research on the variety of emerging water markets 

and market mechanisms around the world, of which LTSCs is one. Additionally, research 

into the organizations that specifically develop and participate in water markets should 

continue. In light of growing interest in effluent reuse and concerns about water 

contaminants, more research is needed to understand how water market mechanisms can 

account for the water quality issues surrounding recharge and recovery of CAP water and 

effluent. 

Specifically, this article addressed how market-based transaction of LTSCs help 

participants meet their legal obligations. The CAGRD and AWBA have replenishment 

and firming responsibilities respectively, which they intend to meet partly through the 

purchase of LTSCs. In 2014, Arizona’s legislature amended Arizona Revised Statutes 45-

2423 to allow the AWBA to purchase existing LTSCs. This has been an important 

development in the history of LTSCs in Arizona. The fact that CAGRD and AWBA have 

been actively involved in market-based transactions of LTSCs demonstrates the 

importance of LTSCs for meeting Arizona’s water management and policy goals. LTSCs 

may help municipal water providers or developers in AMAs comply with the AWS 

Rules, including compliance with AMA goals and management plans and, in some cases, 

may help demonstrate physical availability. The ability to purchase LTSCs is useful for 

municipal water providers or developers that do not have access to renewable water. 

The experience with LTSCs in Arizona indicates that market mechanisms of 

transactions can be useful in regions that need to facilitate economic growth despite water 

scarcity. Future comparative research on water markets should evaluate different market 

mechanisms. Nevertheless, under Arizona law, LTSCs are much easier to acquire than 
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surface water rights or Colorado River allocations. The LTSC model of water marketing 

could be applicable in areas in which aquifer storage is already developed with 

appropriate contextual considerations. First, buyers should have the assurance that they 

will be able to recover the stored water. This issue is particularly apparent in Arizona, 

where there is a distinction between “wet water” and “paper water.” Defined in the 

context of water rights, “wet water” is physically available to the rights owner while 

“paper rights” are not, either because the water source was over-allocated or because 

other users are depleting the source (Glennon, 2002). One the one hand, LTSCs can be 

considered “paper water” because owning LTSCs does not grant recovery. On the other 

hand, LTSCs are created when water is either physically stored in the ground (USF) or 

when groundwater is saved (GSF). Unlike “paper rights” LTSCs represent water present 

in the aquifer, as required by Arizona state law. In that sense, LTSCs can also be defined 

as “wet water” because water is physically available in the aquifer. 

Moreover, for the LTSC model to be implemented elsewhere, a source of water 

should be available for recharge. Effluent reuse presents advantages because it increases 

proportionally with demand. Arizona Supreme court case, Arizona Public Service 

Company vs John F. Long, made effluent a legal type of water in 1989 (B. G. Colby et 

al., 2006). As a distinct legal category of water in Arizona, effluent, and LTSCs of 

effluent, have become a commodity that may be traded. In Central Arizona AMAs, 

transactions of LTSCs were dominated by sales of CAP water from 1994 to 2016. In the 

Phoenix AMA, sales of LTSC effluent started slowly but steadily to increase in 2003. 

Moreover, in 2013 and 2015 sales of effluent dominated sales of LTSCs accrued with 

CAP storage in the Tucson AMA. Therefore, effluent has a clear role to play in the 
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market-based transactions for LTSCs, and corresponds with one of the strategies of the 

AMAs, which is to replace groundwater with the reuse of effluent. A decrease in the 

availability of surface and groundwater in arid areas makes effluent an alternative 

resource. Nonetheless, in Arizona, LTSC transactions of CAP water are expected to 

continue because a large volume of CAP water already has been stored as LTSCs. 

The Groundwater Management Act set the stage for a series of policies that 

Arizona has implemented to manage its water resources. Policy tools such as the AWS 

Rules, AWBA, and CAGRD established incentives for LTSC transactions. In addition, 

drought conditions in Arizona are making Colorado River water less reliable, and a 

declaration of shortage will reduce Arizona’s Colorado River allocation. As a result, 

entities are accumulating LTSCs as a hedge against a shortage for Colorado River water. 

Thus, further increases in LTSC transactions are expected. 
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5.1. Abstract  

 

Arizona has been at the forefront of groundwater management since establishment 

of the Groundwater Management Act in 1980. The Central Arizona Groundwater 

Replenishment District (CAGRD) is a groundwater management mechanism that 

facilitates development in regions of Central Arizona where the use of groundwater is 

limited by law. Several stakeholders have raised concerns about some of CAGRD’s 

operations; however, stakeholder groups have yet to agree on the problems’ definition, let 

alone how the CAGRD might be improved. This study uses statistical and inductive 

thematic content analysis of a survey to determine 1) the CAGRD issues stakeholders 

view as problems and 2) whether opinions differ significantly among different 

stakeholder groups. This study also uses deductive thematic content analysis to examine 

semi-structured interviews with CAGRD experts in order to identify potential solutions to 

the CAGRD identified problems. Results show that long-term uncertainties related to the 

availability of renewable water supplies and a hydrologic disconnect are stakeholders’ 

chief concerns. Sector affiliation and CAGRD membership status influence stakeholders’ 
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opinions on some, but not all, questions. The potential policy changes offered address 

problems identified by stakeholders. This research will inform forthcoming policy 

discussions regarding groundwater water management in Central Arizona as the state’s 

decision-makers look to improve CAGRD in the context of water scarcity exacerbated by 

climate change. 

 

5.2. Introduction  

 

5.2.1. Background 

 

Arid regions of the world are facing unprecedented challenges to water supplies 

for growing populations. The State of Arizona in the southwestern United States has 

growing water demands, significant groundwater overdraft, and surface water supplies 

with diminishing reliability (Megdal et al., 2014). The study described herein uses 

Arizona as a relevant case study in support of efforts to improve an existing groundwater 

management tool intended to protect against groundwater depletion while allowing 

groundwater-dependent growth. By examining stakeholder opinions regarding the 

Central Arizona Groundwater Replenishment District (CAGRD), this study identifies the 

chief problems with CAGRD and potential solutions, as indicated by stakeholders 

through interviews and a survey. 

In 1980, the Groundwater Management Act created Active Management Areas 

(AMAs), where groundwater use is regulated by the Arizona Department of Water 

Resources (ADWR). Within an AMA, development depends on the demonstration of a 

100-year Assured Water Supply (AWS) (Arizona Administrative Code - Title 12 - 

Chapter 15, n.d.). The term development (also called real estate development or property 
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development) refers to the activities of the development community for the production of 

residential and commercial properties. The development community encompasses 

developers, landowners, and homebuilders. To sell or build on lots in an AMA, the 

development must hold an AWS certificate or be located within the service area of a 

water supplier with an AWS designation issued by ADWR. One of the criteria for an 

AWS certificate or designation is consistency with the groundwater management goal of 

the AMA. This requirement limits the amount of groundwater that water providers may 

pump or that homeowners may use in an AMA. The remainder of the supply must be met 

by renewable supplies. 

The passage of the Groundwater Management Act was one of the conditions for 

federal funding to build the Central Arizona Project (CAP), a 336-mile canal system 

completed in 1992 that transports water from the Colorado River on the western 

boundary of Arizona uphill to Central Arizona. In 1971, the Arizona legislature created 

the Central Arizona Water Conservation District (CAWCD), a governmental subdivision 

of Arizona encompassing Maricopa, Pima, and Pinal counties, to operate the CAP. 

Generally, Colorado River water delivered via the CAP canal is referred to as CAP water.  

The Groundwater Management Act required establishment of an AWS, which 

took the form of an interim program until 1995 (Holway, 2006). The AWS Rules, 

adopted in 1995, are the cornerstone of the Groundwater Management Act (Glennon, 

2005; Megdal, 2012) because they are essential to limiting increases in groundwater use 

in AMAs. Yet, because not all developers and water providers can access sufficient 

renewable water to meet AWS requirements, the Arizona State legislature established 

CAGRD in 1993, prior to the adoption of the AWS Rules. Operated by the CAWCD, 



 

 

 144 

CAGRD provides a mechanism for developers and municipal water providers to show 

conformity with the management goals of the Central Arizona AMAs. Membership in 

CAGRD supports an application for an AWS certificate or designation because CAGRD 

replenishes a portion of the groundwater pumped by its members. Replenishment is a 

mechanism that consists of replacing groundwater (considered non-renewable by Arizona 

law) withdrawals with injection or infiltration of water considered renewable, such as 

CAP water or treated wastewater. Replenishment rules are established under the 

Underground Water Storage, Savings and Replenishment Act (Arizona Revised Statutes - 

Title 45: Waters - Chapter 3.1:  Underground Water Storage, Savings, and Replenishment 

Act, n.d.)8. 

The CAGRD has been a crucial mechanism to allow for economic development in 

the study area (Figure 28). By becoming CAGRD members, developers and municipal 

water providers without access to enough renewable water can demonstrate an AWS, 

because CAGRD is obligated to replenish the excess groundwater members use. 

 
8 There are also other statutes covering replenishment and replenishment districts (Arizona Revised Statutes 

- Title 45: Waters - Chapter 3.1:  Underground Water Storage, Savings, and Replenishment Act, n.d.; 

Arizona Revised Statutes - Title 48: Special Taxing Districts - Chapter 22: Multi-County Water 

Conservation Districts, n.d.; Arizona Revised Statutes - Title 45: Waters, n.d.; Arizona Revised Statutes - 

Title 48: Special Taxing Districts, n.d.) 
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Figure 28: Map of Arizona showing the AMAs and county boundaries 

 

5.2.2. Developing Subdivisions in Central Arizona Active Management 

Areas under the Assured Water Supply Rules 

 

The AWS Rules require the demonstration of physically, legally, and 

continuously available water supplies for 100 years, financial capability to treat and 
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deliver water that meets water quality standards, consistency with the statutory 

groundwater management goal of the AMA, and consistency with the periodic 

management plans required for each AMA (Glennon, 2005; Megdal, 2012). The 

management plans assist in achieving management goals primarily by providing a 

framework of conservation requirements for the major water sectors (Megdal et al., 

2008). The Phoenix and Tucson AMAs have the same management goal, "safe-yield by 1 

January 2025, or such earlier date as may be determined by the [ADWR] director" 

(Arizona Revised Statute 45-562, n.d.). The term "safe-yield" means "a groundwater 

management goal which attempts to achieve and thereafter maintain a long-term balance 

between the annual amount of groundwater withdrawn in an active management area and 

the annual amount of natural and artificial recharge in the active management area" 

(Arizona Revised Statute 45-561, n.d.). "The management goal of the Pinal active 

management area is to allow development of non-irrigation uses and to preserve existing 

agricultural economies in the active management area for as long as feasible, consistent 

with the necessity to preserve future water supplies for non-irrigation uses" (Arizona 

Revised Statute 45-562, n.d.). Consistency with the management goal of the AMA, and 

thus adherence to the AWS Rules, limits the volume of groundwater AWS applicants can 

use. 

Municipal water providers that want to facilitate development in their service 

areas must apply for a designation of AWS. Designated municipal water providers may 

use the volume of groundwater that ADWR calculates is consistent with the AMA’s 

management goal. When enrolling a municipal water provider as a member service area 

(MSA) in CAGRD, the applicant projects future population, water demands, and 
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renewable supplies available to meet those demands. CAGRD will replenish the MSA’s 

excess groundwater as reported annually. 

Developers of land not located within the service area of a designated municipal 

water provider must apply for a certificate of AWS before building or selling lots in a 

subdivision of six or more lots (Arizona Administrative Code - Title 12 - Chapter 15, 

n.d.). To obtain an AWS certificate, the subdivision's estimated water use must be 

consistent with the management goal of the AMA. If developers anticipate the need for 

more groundwater to obtain a certificate of AWS, they may enroll the subdivision as a 

CAGRD member land (ML). In exchange, CAGRD replenishes the excess groundwater 

supplied to the ML by its water provider. 

 

5.2.3. Literature and Policy Gap : Recognizing and Assessing 

Stakeholders Opinions 

 

Several issues growing out of CAGRD have gained increasing attention among 

scholars (Avery et al., 2007; Ferris & Porter, 2019), who have raised concerns about 

CAGRD and suggested solutions to some of these concerns. However, all stakeholders do 

not agree on which issues are problems. For the purposes of this analysis, stakeholders 

are defined as individuals or entities that affect (including decision makers), are affected 

by, or have an interest in the outcomes of decisions and actions (Melloni et al., 2020; 

Mott-Lacroix, 2015; Reed et al., 2009; White et al., 2017). 

In 2007, Avery et al. identified three main issues regarding CAGRD operations: 

reliance in part on short-term supplies, a growing membership that was increasing 

replenishment obligations, and a "hydrologic disconnect" between the area from which 
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members pump groundwater and the location of CAGRD replenishment. In some cases 

though, the replenishment is in the same aquifer as modeled by ADWR. 

Before 2004, CAGRD relied on "surplus water for recharge," called "excess CAP 

water” to fulfill its replenishment obligations. In its 2005 Plan of Operation CAGRD 

“identified a significant gap between its water supplies and replenishment obligation” 

(CAGRD, 2021a), and established 50% long-term supplies and 50% short-term supplies 

(CAGRD, 2004). In 2014, the CAGRD planned to fulfill its obligations with the 

acquisition of effluent, long-term storage credits (LTSCs) (water already stored in 

aquifers), and CAP water with higher priority than excess CAP water (Central Arizona 

Groundwater Replenishment District, 2015).   

 CAGRD may not refuse to accept new members by law, and its replenishment 

obligation will increase as new entities join. CAGRD projects an increase in its 

replenishment obligation of 33% between 2015 and 20239 (CAGRD, 2019). Moreover, 

CAGRD's primary source of renewable water, excess CAP water, is not expected to be 

available in the future because of projected shortages on the Colorado River. Therefore, 

CAGRD must look for alternative sources of supplies. 

Another issue concerning observers is the aforementioned “hydrologic 

disconnect.” Currently, CAGRD activities may allow aquifer depletion in areas where 

developments pump groundwater from one groundwater basin while CAGRD replenishes 

a separate and possibly distant groundwater basin. This can occur legally if both basins 

are within the same AMA (Arizona Revised Statute 48-3771, n.d.). According to the 

AWS Rules, groundwater may be pumped from depths as low as 1,000 feet below surface 

 
 

9 According to CAGRD 2019 Mid-Plan Review, Figure 2.3 
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in the Phoenix and the Tucson AMAs, and down to 1,100 feet in the Pinal AMA (Arizona 

Administrative Code (A.A.C) R12-15-716, n.d.). In addition, in the Phoenix AMA 

CAGRD is required to replenish in the same division of the AMA (east or west) as the 

pumping occurs, but only "to the extent reasonably feasible" (Arizona Revised Statute 

48-3772, n.d.). Thus, the hydrologic disconnect can have adverse effects on the aquifer 

system in the long term (Avery et al., 2007; Megdal et al., 2014; Vincent, 

2006).Moreover, the hydrologic disconnect might compromise the future ability of water 

users to pump groundwater or even to recover water stored underground. The 

Underground Water Storage, Savings, and Replenishment Program allows water recovery 

to occur only within the area of impact of the storage facility or in an area where the 

average annual rate of decline is less than four feet per year (ADWR, 1999a, 1999b, 

2016). Groundwater pumping by CAGRD members is not limited by these regulations.  

Central AMAs have management plans and with defined objectives to follow 

until 2025. In 2020, the Arizona Governor's Water Augmentation, Innovation and 

Conservation Council (GWAICC) created the Post-2025 AMAs Committee "to evaluate 

the outcomes of the first 45 years under the [Groundwater Management Act] and to 

identify potential strategies for sound water management after 2025" (ADWR, n.d.). The 

Post-2025 AMAs Committee drafted a series of Issue Briefs. Among the topics discussed 

by the Post-2025 AMAs Committee were three briefs linked to CAGRD: the hydrologic 

disconnect; groundwater in the AWS program; and CAGRD: Water Supplies, Revenue 

Structure, and ADWR Review. There were disagreements, however, about how to define 

these issues and the extent to which they are problematic. Notably, on March 19, 2021, a 

group of seven stakeholders expressed their concerns in a letter addressed to the Director 
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of ADWR (Dunham et al., 2021). This stakeholder group recalled significant differences 

of opinion among Post-2025 AMAs Committee members not reflected in the briefs and 

asked that those differences be included.  

As mentioned, creating the CAGRD was essential to the passage of the AWS 

Rules, the cornerstone of the Groundwater Management Act. The lack of agreement 

among stakeholder opinions about CAGRD prompted this analysis, which addresses the 

following research questions: What issues do stakeholders perceive as problems? What 

do they think are the most important problems to address? How do opinions compare 

across categories of stakeholders? What solutions could be implemented to address the 

most important CAGRD issues identified by stakeholders?  

We differentiate the word “issue” from the word “problem.” An “issue” is a topic 

under discussion that needs debating, whereas a “problem” requires solving. In a nutshell, 

a consensus must be reached for an issue to be declared a problem. This distinction is 

important because problem structuring (i.e., producing information about the problem to 

solve) is the basis of policy analysis (Dunn, 2012). Finding the right problem(s) is 

essential to avoid solving the wrong problem, which is a common mistake in policy 

analysis (Dunn, 2012).  

Before searching for answers, it is necessary to structure the problem related to 

CAGRD by locating points of consensus around which to build policy alternatives.. In 

light of stakeholder disagreement about what constitute a CAGRD problem, this study 

first assesses stakeholders' opinions on CAGRD issues, and then considers policy 

alternatives for the issues deemed problematic by the majority of stakeholders. 
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5.2.4. CAGRD Issues 

 

This research studied issues drafted and described by the Post-2025 AMA 

Committee (Committee). The Committee organized ten public meetings from October 10, 

2019, to June 22, 2021 (ADWR, n.d.). On average, 110 individuals participated in these 

meetings10.  

 

5.2.4.1. Hydrologic Disconnect 

 

A hydrologic disconnect happens when there is a physical disconnect between the 

area where water is added to the aquifer and the area where it is extracted (Post-2025 

AMAs Committee, 2021c). This issue is not unique to CAGRD as it concerns not only 

activities related to pumping and replenishment, but also activities related to recharge and 

recovery. Although AMA boundaries were drawn mainly to coincide with major aquifer 

boundaries, each AMA is divided into subbasins, and pumping water in one subbasin 

while replenishing or recharging water in another may lead to aquifer imbalance.  

 

5.2.4.2. Groundwater in the Assured Water Supply Program 

 

Another issue refers to groundwater in the AWS Program (Post-2025 AMAs 

Committee, 2021b). The AWS program permits some residential developments and 

municipalities in Central Arizona AMAs to rely primarily on groundwater if groundwater 

is replenished. This practice raises concerns about groundwater sustainability and the risk 

 
10 Information collected from email correspondence on October 25th, 2021, with Jenna Norris, 

Governor's Water Council Coordinator. 
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of localized groundwater depletion. Groundwater depletion has consequences on future 

growth because it increases the depth to water level in the aquifer, which may prevent 

AWS applicants from showing physical availability of groundwater. Indeed, this AWS 

Rule requires that the groundwater to be used can supply 100 years of development, and 

that as the result of this pumping, the level in the aquifer will not reach 1,000 feet below 

land surface in Phoenix and Tucson AMAs, or 1,100 feet below land surface in Pinal 

AMA (Arizona Administrative Code R12-15-716, 1995). Furthermore, allowing water 

users to rely on  groundwater deters the use of alternatives to groundwater.  

 

5.2.4.3. CAGRD Water Supplies and Revenue Structure, and 

ADWR Review of CAGRD 

 

Three more issues were raised about CAGRD water supplies, revenue structure, 

and the ADWR review of the CAGRD Plan of Operation (Post-2025 AMAs Committee, 

2021d). The first issue raised relates to the long-term uncertainties concerning the 

availability of renewable water supplies to meet CAGRD's replenishment obligation.  

The second issue concerns CAGRD's method of charging ML homeowners for 

replenishment services. The third issue is about the statutory framework for ADWR 

review of the CAGRD Plan of Operation. 

 

5.2.5. Multifaceted CAGRD-Stakeholder Relationships and Study 

Objectives 

 

CAGRD was created to respond to concerns from the development community. 

When the AWS Rules were in the process of being drafted, the development community 
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feared that the requirement to meet consistency with the management goal of the AMA 

would have reduced the value of land located outside the service area of water providers. 

Developers also complained about having to pay taxes to contribute to the repayment for 

federal funding for CAP without having access to CAP water. As a result, many 

developers have enrolled their new subdivisions as CAGRD MLs. Avery et al. (2007) 

explain the controversy behind creating the AWS program in more detail. 

CAGRD policies affect CAGRD members. For example, to cover the costs of 

CAGRD operations, both MSAs and MLs must pay for their membership. Annual 

membership dues and replenishment assessments are subject to increase. CAGRD 

members (MSAs and MLs) also affect CAGRD policies. For example, increase in 

membership increases CAGRD’s replenishment responsibilities. This means CAGRD has 

to identify additional water supplies for its members. As of April 2021, there were 25 

MSAs in Central Arizona AMAs (CAGRD 2021). In 2015, there were 1,091 subdivisions 

enrolled as MLs for 263,707 homes in Central Arizona (Central Arizona Groundwater 

Replenishment District, 2015).  

In addition to members, several other entities have benefitted from CAGRD. 

CAGRD purchases or leases water to fulfill its replenishment obligations towards its 

members through the purchase or lease of water. Such contracts are called acquisitions. 

Since 2008, municipal water providers, investment firms, and Native Nations have sold 

or leased their water to CAGRD for financial gain. 

These supplies must be considered renewable. Renewable supplies can be CAP 

water, surface water, or effluent. Acquisitions may take the form of surface water rights 

or renewable water stored in aquifers and recoverable as LTSCs (Bernat et al., 2020). 
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Other entities in Central Arizona covet some of those supplies. For example, municipal 

water providers in search of renewable supplies for future growth may compete with 

CAGRD. CAGRD also interacts with stakeholders that have entitlement to mainstem 

Colorado River (outside Central Arizona AMAs).  

According to Megdal (2012, p. 166), in Arizona, "the public sector tends to 

dominate water supply provision and decision making. Yet the private sector plays an 

important role and access to private-sector capital may become a more important 

consideration going forward.” Therefore, to examine stakeholders' views regarding water 

management issues in Arizona, differences in opinion should be assessed by looking at 

grouped entities, such as as public, private, or nonprofit entities. Knowing how opinions 

may differ between the public and private sectors may help gauge the likelihood of 

support for policy change.  

The issues raised by the Post-2025 AMA Committee are complex because they 

might pertain to CAGRD but not exclusively. These issues have consequences for all 

types of water management statewide. For example, entities outside of Central Arizona 

AMAs may sell or lease their water rights to CAGRD. Therefore, the term stakeholder 

encompasses many groups. Any attempt to improve water management necessitates 

effective stakeholder engagement (Mott Lacroix & Megdal, 2016) to facilitate dialogue 

for decision-making processes (Melloni et al., 2020). The activities of CAGRD impact 

water users in Central Arizona and beyond. Comparison of the responses of other groups 

of stakeholders may uncover patterns of concern about CAGRD and support for policy 

change. 
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5.3. Methodology 

 

5.3.1. Interviews with CAGRD Experts 

 

In order to gain information to develop well thought out policy alternatives that 

could be used for CAGRD operation, we reached out to 35 CAGRD experts to request 

interviews. The CAGRD experts were former and current CAGRD board members, 

former and current CAGRD managers, personnel representing CAGRD members, 

lawyers representing/having represented developers or homebuilders, and other well-

known CAGRD experts such as consultants and academic researchers. These experts 

were either identified by the authors because of their known experience in the field or 

selected using snowball sampling. We conducted semi-structured interviews with the 16 

CAGRD experts that agreed to be interviewed. Interviewees were asked to define the 

advantages and disadvantages of the way CAGRD operates, to define issues, and then 

offer potential solutions. Interviewees were also invited to share any other information 

about CAGRD.  

 

5.3.2. Survey Design  

 

5.3.2.1. Data Collection Method and Best Practices 

 

Surveys are quick and straightforward ways to obtain information about people's 

attitudes and opinions (The UX Cookbook, n.d.). This survey was web-based, allowing 

participants to complete it in their own time, and it typically took less than 10 minutes to 

complete. We chose Qualtrics as the digital survey tool and the data collection method. 

The survey produced quantitative and qualitative data answers (“Chapter 1: 

Introduction to Survey Methodology,” 2009) to three stakeholder identification questions 
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(mandatory), six opinion questions with comments (optional), and one ranking question 

(optional). The information collected in the survey could be compared across 

stakeholders because all the individual surveyed answered the same questions (Fowler, 

2009c). Surveys gather information about samples of populations (“Chapter 1: 

Introduction to Survey Methodology,” 2009). The population of this survey comprises 

entities that affect, are affected by, or have an interest in the outcomes of decisions and 

actions regarding CAGRD. The questions of this survey were carefully designed to 

ensure the differences in answers could be attributed to differences in stakeholders 

(Fowler, 2009c).  

The first three questions collect basic information to get the respondents 

accustomed to the survey. We asked stakeholders to select their category, sector, and 

county that best describes them for purpose of the study (Fisher & Smith, 2020). Then we 

ask respondents for their opinion on six questions with the possibility to comment after 

each question. Because respondents tend to agree with statements more often than 

disagree, we choose to formulate "what do you think of…" type of questions, to limit 

acquiescence response bias by avoiding leading statements(“8 Types of Survey Questions 

to Get You All the Data You Need,” 2018). Answers options to opinion questions were: 

"This is a problem," "this is not a problem," "I don't know," and "No opinion."  The 

answer "I don't know" allows for respondents who believe they have inadequate 

knowledge about the issue (Fowler, 2009c). The answer “No opinion” is for respondents 

who have not formed an opinion on the topic or do not wish to share it. Finally, we asked 

stakeholders to rank issues. The opinion and ranking questions were optional as we 

would rather have no information than incorrect information. 
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Ordinal scales like the Likert scale may provide unreliable measurement as it is 

relative to the state of the stakeholder and give too much variation (Fowler, 2009c). They 

also have a higher cognitive burden (Oberski, 2018). To obtain nuanced answers, we 

offered respondents the opportunity to comment after each six opinion questions. Open 

questions have the advantage of eliciting unanticipated answers; they also allow 

individuals to respond according to their own definition of the issue, thus they reduce 

respondents’ frustration and survey dropout (Fowler, 2009c). While the value of many 

open-ended questions may be limited by vague and incomplete answers (Fowler, 2009d), 

they produce complementary data that increase the value of constrained choice data.  

 

5.3.2.2. Dependent Variable: Selection of Issues to Test 

 

To establish which CAGRD issues are perceived as problems among Arizona’s 

stakeholders and to ascertain the most critical problems that need attention, we conducted 

a stakeholder opinion survey about six CAGRD-related issues discussed by the 

Committee11. We assumed the respondents know all words and concepts of each 

question. Each question generated a categorical opinion variable (Table 9). Categorical 

questions are adequate to get an easy-to-analyze count and percentages (“8 Types of 

Survey Questions to Get You All the Data You Need,” 2018). To determine which 

problems require immediate attention from the Post 2025 AMA Committee, we ask 

respondents to rank issues by order of priority (Table 10). Answers are optional and 

 
11 Opinion question 1 below pertains to the hydrologic disconnect but is not a CAGRD issue. Opinion 

question 2, however, is related to the hydrologic disconnect caused by CAGRD's activities. Because both 

issues were raised in the same Brief#1, we decided to include opinion question 1 in the survey. We can 

consider that the similarity in the questions was generally clear to the survey respondents as only one 

respondent commented on the similarity of the questions.  
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randomly displayed to eliminate order bias. Respondents can choose to only rank a subset 

of issues.  

 

 

Table 9: Survey questions to collect information about the dependent variables 

Question 
Mutually exclusive 

answers (optional) 

Option to 

comment 

Question 1: What do you think of recharging water (at 

underground storage facilities or groundwater savings facilities) 

and recovering it in hydrologically disconnected areas in Central 

Arizona AMAs? 

It is a problem 

Yes 
It is not a problem 

I don't know 

No opinion 

Question 2: What do you think of replenishing pumped 

groundwater in hydrologically disconnected areas? 

It is a problem 

Yes 
It is not a problem 

I don't know 

No opinion 

Question 3: What do you think of the fact that the Assured Water 

Supply program permits some residential developments and 

municipalities in Central Arizona AMAs to rely primarily on 

groundwater? 

It is a problem 

Yes 
It is not a problem 

I don't know 

No opinion 

Question 4: What do you think of the long-term uncertainties 

related to the availability of renewable water supplies to meet 

CAGRD’s replenishment obligation? 

It is a problem 

Yes 
It is not a problem 

I don't know 

No opinion 

Question 5: What do you think of CAGRD’s method of charging 

member land homeowners for replenishment services? 

It is a problem 

Yes 
It is not a problem 

I don't know 

No opinion 

Question 6: What do you think of the statutory framework for 

ADWR review of the CAGRD Plan of Operation? 

It is a problem 

Yes 
It is not a problem 

I don't know 

No opinion 
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Table 10: Final survey question to rank CAGRD issues by priority order 

Question 
Optional responses, not all 

statements have to be ranked 

Option to 

comment 

Rank the following issues to be 

considered by the Post-2025 

AMAs Committee by order of 

priority (1 being highest priority, 

and 6 being lowest priority): 

Recharging water and recovering it 

in hydrologically disconnected areas 

in Central Arizona AMAs 

No 

Replenishing pumped groundwater 

in hydrologically disconnected areas 

The Assured Water Supply program 

permitting some residential 

developments in Central Arizona 

AMAs to rely primarily on 

groundwater 

Long-term uncertainties related to 

the availability of renewable water 

supplies to meet CAGRD’s 

replenishment obligation 

CAGRD’s method of charging 

member land homeowners for 

replenishment services 

The statutory framework for ADWR 

review of the CAGRD Plan of 

Operation 

 

 

5.3.2.3. Stakeholder Identification Sampling 

 

Stakeholder identification is an essential step of stakeholder analysis (Reed et al., 

2009). First, we listed the 35 experts identified in 5.3.1. Second, we added individuals 

and organizations discussed in the CAGRD literature (Avery et al., 2007; Ferris & Porter, 
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2019; Shipman & Wilson, 2014; Vincent, 2006). To ensure the population sample was 

representative of all stakeholders that have been publicly engaged in the CAGRD, we 

added individuals that commented on Post-2025 AMA Committee's issues briefs (May 

26th, 2020, and March 22nd, 2021) and during CAGRD meetings (August 6th, 2020, and 

May 20th, 2021). 

 

5.3.2.4. Independent Variables: Stakeholder Categorization by 

Group, Sector and CAGRD Membership 

 

To determine how opinions compare among stakeholders, we asked respondents 

to select the primary category of stakeholders they represent or with whom they most 

closely identify based upon their characteristics (Table 11). The literature and 

observations inform these categories of the field (Bernat et al., 2020; CAGRD, 2021b, 

2021c, 2021d; Mott Lacroix & Megdal, 2016). To determine how opinions compare 

among different sectors, we ask respondents whether they identify as a private company, 

public entity, nonprofit, or other. To determine how opinions compare between CAGRD 

members and non-members, we ask respondents whether or not they are a CAGRD MSA 

or a CAGRD ML. 

 

Table 11: Survey questions to collect information about the independent variables 

Question 
Mutually exclusive answers 

(mandatory) 

Option to 

comment 

What category do you primarily represent 

or identify with? 

Academic 

No 

Consultant 

Government entity 

Homebuilder 

Industry 
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Investment firm 

Municipal water provider 

Native Nation 

Non-governmental organization 

Real estate developer 

Other (please specify) 

Do you want to select another category? 
Yes 

No 
No  

 If yes , what other category do you 

represent or identify with? 

Academic 

No 

Consultant 

Government entity 

Homebuilder 

Industry 

Investment firm 

Municipal water provider 

Native Nation 

Non-governmental organization 

Real estate developer 

Other (please specify) 

What sector do you represent or identify 

with? 

Private company 

No 
Public entity 

Non-profit 

Other (please specify) 

Are you (or do you represent) a CAGRD 

member?  

Yes, member service area 

No Yes, member land 

No 

Please select your County: 

Maricopa 

No 
Pima 

Pinal 

Other (please specify) 

 

5.3.3. Data Acquisition, Processing, and Analysis 

 

5.3.3.1. Interview Data Collection 

 

The 16 interviews ranged in duration from 30 to 90 minutes, yielding about 150 

pages of transcripts. We used a method of qualitative content analysis to identify and 

describe solutions offered by experts. Specifically, we proceeded with a thematic analysis 
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with a deductive approach (Pajo, 2018) by highlighting sections of the transcripts that 

provide solutions to CAGRD activities. Solutions mentioned by at least two experts were 

recorded. 

 

5.3.3.2. CAGRD Issues 

 

Survey responses were collected from August 10th, 2021, to September 1st, 2021. 

The survey was shared with 137 individuals via email. Data were collected on Qualtrics 

and exported to Excel for analysis. We used descriptive statistics to determine the 

percentage of stakeholders that perceive each issue as a problem. We also showed which 

issues were the top priorities. 

We used a method of qualitative content analysis to analyze remarks made by 

respondents when commenting on each CAGRD issue. Specifically, we used a thematic 

analysis with an inductive approach (Pajo, 2018) by highlighting sections of the text and 

assigning a topic to them. Out of the 41 respondents, 30 left at least one comment while 

taking the survey. In total, 134 comments were collected. For each opinion question, 

topics mentioned by at least two individuals were recorded. This resulted in 45 comments 

selected for the thematic analysis. The remaining comments just reaffirmed the questions 

and were therefore not included. 

 

5.3.3.3. Chi-square Test to Test Hypotheses about Stakeholder 

Differences in Opinions  

 

To analyze whether stakeholder opinions differ across professional categories, 

sectors, and membership, we used a Chi-square test of independence. The objective of a 
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Chi-square test is to determine whether there is a significant association between the 

dependent and the independent variable or if the association is random. The independent 

variables in this study are qualitative (also called categorical) data, more specifically 

nominal variables (public entity, private company, nonprofit, for example). We chose a 

Chi-square test because it is suitable to conduct analysis with more than two groups of 

nominal data (UCLA, 2021).  

A Chi-square test of independence tests the discrepancy between the observed and 

expected frequency data (Cuneen et al., 2020). In other words, it compares observed 

frequencies with expected ones. Observed values are generated by the survey based on 

respondents' answers. Expected frequencies are what we would have expected to see if 

there were no relationship whatsoever between the two variables. Expected frequencies 

are calculated based on the percentages of respondents from each subgroup.  

We created a cross-tabulation for each of the six opinion questions, and then 

tested the responses for different groups of stakeholders: category (hypothesis 1), sector 

(hypothesis 2), and CAGRD membership status (hypothesis 3). In total, we conducted 18 

Chi-square tests. The null hypothesis (Ho) is that the proportion of opinion responses 

from each subgroup is the same. The alternative hypothesis (H1) is that the distribution of 

their opinions is statistically different. 

Hypothesis 1: 

Ho= Pconsultant & real estate = Pgovernmental entity = Pmunicipal water provider = PNGO = Pother  

H1= Pconsultant & real estate ≠  Pgovernmental entity ≠  Pmunicipal water provider ≠  PNGO ≠  Pother  

 

Hypothesis 2: 
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Ho= Pprivate company = Ppublic entity = Pnon-profit  

H1= Pprivate company ≠ Ppublic entity ≠ Pnon-profit  

 

Hypothesis 3: 

Ho= PCAGRD member = Pnon-CAGRD member  

H1= PCAGRD member ≠   Pnon-CAGRD member  

with P = proportion of responses from a subgroup of stakeholders 

 

Critical value on the Chi- squared distribution  

The significance level of a statistical test is the level of probability at which the 

null hypothesis is rejected. We operated the test with a significance level of 0.05 or alpha 

= 0.05 (probability on the right tail). Alpha is the probability of making an error of type I 

(Everitt, 2002). An error of type I is a false positive, when a test concludes there is 

significance, when in fact there is no significance. An error of type II is a false negative, 

when a test concludes there is no significance, when in fact, there is. An alpha of 0.05 

achieves a good balance to avoid both error types (Glen, n.d.) because the area under the 

tail is small enough to avoid an area of type I but large enough to avoid an error of type 

II.  

Degree of freedom=(number of subgroups-1)*(number of different answers-1) 

The critical value is determined on a Chi-square table with a given degree of freedom and 

a significance level.   
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Cell Expected Value 

The first step of the Chi-square statistic test is to calculate the expected value for 

each cell. Each group of stakeholders has four cells corresponding to one of the four 

possible answers. An expected value cell corresponds to the expected count for a specific 

category of stakeholders who selected specific answers. There are a total of 4 answers* 

[number] groups = [number] cells in each table.   

Cell Expected Value = R * C /T 

With R = total number of respondents from a group who responded to the survey 

C = total number of survey respondents who selected a specific answer 

T = total number of respondents 

Cell Chi-square 

The second step of the Chi-square test is to calculate the Chi-square of a cell. We 

calculate the difference between the actual results of the survey (called observed value) 

and the expected value of each cell. The greater the difference between the observed and 

expected values, the more likely the relationship between the independent and dependent 

variables is significant. In other words, the larger the difference between the observed 

values and the expected values, the more likely what we observe is not due to chance. 

Cell Chi-square = (Cell Expected Value – Observed Value)2/ Cell Expected Value 

Table Chi-square 

Individual cell Chi-square test components are added together.  

Table Chi-square = Sum ((Cell Expected Value – Observed Value)2/Cell Expected Value) 

Conclusion 
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If the table Chi-square value exceeds the critical value, then we reject the null 

hypothesis that there is no difference between the observed and expected values. In other 

words, there are no difference across paired stakeholder groups. If the Chi-square value 

does not exceed the critical value, then we accept the null hypothesis. 

 

5.4. Results 

 

5.4.1. Representation of Stakeholders 

 

Out of the 137 individuals surveyed, 41 responded.12 The majority of respondents 

were from Maricopa County (56%), while the rest of the respondents were in Pima 

County (17%), Pinal County (7.3%), and Mohave County or a combination of these and 

non-specified counties (18%). Most stakeholders are located in the Maricopa, Pima, and 

Pinal Counties because the CAGRD operates in this geographic area. According to the 

US Census, 75% of Arizona’s population is in Maricopa County (US Census Bureau, 

n.d.-a), 18% in Pima County (US Census Bureau, n.d.-b), and 7% in Pinal County (US 

Census Bureau, n.d.-c). Therefore, we can say that the responses generated are a valid 

representation of CAGRD stakeholders statewide because they mirror population across 

Central Arizona and outlying counties.   

Overall, the distribution of respondents represents well the distribution of the 

sample survey (Table 12). A larger percentage of private sector consultants responded; 

and none of the seven Native Nations surveyed responded. Several decisions were made 

regarding the classificatory scheme necessary for analysis based on the response 

 
12 One individual neither replied to the opinion questions nor the ranking question but did leave comments. 

These data are dropped for the statistical analysis but not for the inductive thematic content analysis. 
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received.  For purposes of the analysis (to reduce degrees of freedom and improve the 

relevance of statistical tests), we reorganized the professional categories. We grouped 

consultants and real estate developers together and designated the category as 

“Consultant and real estate13.” Additionally, we added the one academic respondent and 

the industry respondents to the category “Other.” Finally, we moved five respondents to 

the professional NGO category because they 1) selected NGO as their second 

professional category of choice, and also because 2) they selected nonprofit as their 

sector. We took this liberty to increase the number of responses in the NGO category. 

 

Table 12: Distribution of the survey respondents vs. distribution of the sample survey 

 Individuals surveyed Respondents 

 Number % Number % 

Academic 4 3% 1 2% 

Consultant 7 5% 6 15% 

Governmental entity 40 29% 12 29% 

Homebuilder 2 1% 0 0% 

Industry 6 4% 2 5% 

Investment firm 2 1% 0 0% 

Municipal water provider 37 27% 11 27% 

Native Nation 7 5% 0 0% 

Non-governmental organization 10 7% 3 7% 

Real estate developer 2 1% 1 2% 

Other 20 15% 5 12% 

Total 137 100% 41 100% 

 

After reorganizing the categories, we can say that respondents represented mostly 

municipal water providers (27%) and governmental entities (25%), NGOs (20%), as well 

 
13 The individual who primarily identified as real estate also identified as a consultant. 
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as consultants and real estate (17%). The remaining respondents represent or identify 

with other categories (industry, academic, lawyer). Fifty-four percent of respondents 

identified with or represented the public sector, 26% identified as coming from the 

private sector, and 20% from the nonprofit sector14 (Figure 29). Finally, only nine 

respondents are or represent a CAGRD MSA and four ML (Figure 30). 

 

 

Figure 29: Number of survey respondents that represent or identity with a sector 

 

 
14One person declared representing both public and private clients. Answers recorded by this individual 

were dropped to conduct the statistical analysis of the sector crosstab. This is why the Chi-square analysis 

of stakeholders' answers by sector only totals 39 observations. 
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Figure 30: Number of survey respondents that are or represent a CAGRD member 

 

We conducted the Chi-square test for each of the six opinion questions for the 

three classifications of stakeholder groups (Table 13). Results show that there is no 

significant difference between the way every category answered at the 0.05 level. In other 

words, there is no relationship between the category of stakeholders and their answers. 

Indeed, every test for every question accepts the null hypothesis at the 0.05 level. This 

means that the distribution of responses across professional categories is random.15 

 

Table 13: Results of the Chi-square test analysis at the 0.05 level. Rejecting the null hypothesis means there is a 

significant difference of opinion across groups of stakeholders 

Group 
Opinion 

Question 1 

Opinion 

Question 2 

Opinion 

Question 3 

Opinion 

Question 4 

Opinion 

Question 5 

Opinion 

Question 6 

 

15 For Question 4, there is a probability of approaching 0.05, significant at the 0.1 level. In that case, we 

reject the null hypothesis and conclude that there is a significant difference between the way every category 

at the 0.1 level. However, rejecting the null hypothesis at the 0.1 level would risk making an error of type I 

(a false positive).  
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Category Accept Accept Accept Accept Accept Accept 

Sector Accept Accept Reject Reject Reject Accept 

Membership 

Status 
Accept Reject Accept Accept Accept Accept 

 

 

Results show that there is a relationship between the sector of stakeholders and 

the answers to Questions 3, 4, and 5 at the 0.05 level. Therefore, the stakeholders from 

the private, public and nonprofit sectors answered differently on questions 3, 4, and 5. 

Indeed, we reject the null hypothesis for Questions 3, 4, and 5 at the 0.05 level; we accept 

the null hypothesis for Questions 1, 2, and 6. 

Results show that there is a relationship between the membership status of 

stakeholders and the answers to Question 2 at the 0.5 level. This means that CAGRD 

members and non CAGRD members answer differently on question 2. We therefore 

reject the null hypothesis for Question 2 at the 0.5 level16; we accept the null hypothesis 

for Questions 1, 3, 4, 5, and 6.  

 

5.4.2. Identification of Problems to Address with Issue Prioritization 

 

This section shows how stakeholders prioritize the issues and the number of 

stakeholders who find each of the issues problematic. Table 14 presents the topics and 

arguments mentioned by stakeholders on each issue, which we discuss in each of the 

subsections. Each column of Table 14 anonymously represents the answers of one 

 
16 Data from MLs and MSAs were grouped together to reduce degrees of freedom and improve the 

relevance of statistical tests. 
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stakeholder. Columns also show when a particular respondent commented on more than 

one issue. 

According to the descriptive data analysis of the survey's responses, stakeholders 

ranked the importance of issues considered by the Post-2025 AMAs Committee as 

follow: 1) the long term uncertainties related to the availability of renewable water 

supplies to meet CAGRD's replenishment obligations, the hydrologic disconnect caused 

by 2) recharge and recovery, by 3) replenishment, 4) the AWS program permitting some 

residential development and municipalities in Central Arizona to rely primarily on 

groundwater, 5) the method of charging ML homeowners for replenishment services, and 

6) the statutory framework for ADWR review of the CAGRD Plan of Operation. 

Answers to questions about individual issues support this ranking.  

 

Table 14: Frequency of topics mentioned by stakeholders. Each column anonymously represents the answers of one 

stakeholder 

Comments Respondents 
Tot

al 

Issue #1                                               

Groundwater 

overdraft 
●   ● ●             ●         ●       ● ●   7 

Water 

recovery 
                                      ● ●   2 

Benefits                           ●       ●         2 

Minor issue   ●                       ●                 2 

Issue #2                                               

Long-term 

impact 
            ●     ●                         2 

Benefits             ●       ●                       2 

Minor issue                   ●       ●                 2 

Issue #3                                                

Unsustainable ●       ●               ●     ●             4 

Groundwater 

reliability 
                  ●       ●               ● 3 

Issue #4                                               
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Shortages and 

scarcity 
●             ●       ● ●   ● ●         ●   7 

Supply 

competition 
●                                   ●       2 

Cost ●                                         ● 2 

Broader issue             ●   ●                           2 

Effluent reuse           ●                     ●           2 

Desalination           ●       ● ●                     ● 4 

Issue #5                                               

Developer 

cost 
        ●   ●                   ●           3 

True cost of 

water 
          ●                   ●             2 

Issue #6                                                

Politics                         ●     ●       ●     3 

 

5.4.2.1. First-Ranked Issue: Long-Term Uncertainties Related to 

the Availability of Renewable Water Supplies to Meet CAGRD 

Replenishment Obligations 

 

A large majority of respondents (70%) are concerned about the long-term 

uncertainties related to the availability of renewable water supplies to meet CAGRD’s 

replenishment obligations (Figure 31). This issue was ranked first out of six as the 

problem for stakeholders that requires immediate attention. Results from the statistical 

analysis show that there is a strong difference of opinion among the stakeholders’ sectors. 

Indeed, 86% of public entities and 75% of respondents from the nonprofit sector agree 

this issue is a problem (Figure 32).By contrast, the private sector opinion is mixed (20% 

agree and 50% disagree) (Figure 32). 

Differences in opinion are supported by the analysis of the comments made by 

stakeholders. Indeed, of the six survey topics, stakeholders had the most to say on the 

availability of renewable supplies. Seven individuals mentioned the scarcity of renewable 

water and shortages on the Colorado River. Two stakeholders wrote about the 
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competition to acquire water supplies and claimed that the CAGRD has an unfair 

advantage over municipal water providers due to its ability to purchase large volumes of 

water. While the cost of renewable water is expected to increase because of competition, 

one individual dissented, saying that the water remains inexpensive in Arizona compared 

to other states. Additionally, five stakeholders said that augmenting supplies would mean 

the necessary development of the direct potable reuse of effluent or desalination of 

seawater. Lastly, as with the other issues, the idea that the problem is in fact beyond the 

administrative capacity of the CAGRD was brought up. 

We therefore can confidently conclude that this issue is perceived as a problem by 

Arizona's stakeholders, while opinions on the solution vary. Therefore, finding 

alternatives that could solve it will be the focus of Section 5.5. It is important to note, 

however. that attempts to address this issue might not receive the support of private 

entities. 
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Figure 31: Survey answers to opinion question 4 

 

 

Figure 32: Distribution of answers given by each sector to opinion question 4 
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5.4.2.2. Second and Third-Ranked Issues: The Hydrologic 

Disconnect 

 

A large majority of respondents (77%) believe recharging water and recovering it 

in hydrologically disconnected areas in Central Arizona AMAs is a problem (Figure 33); 

while a smaller majority (62%) believe that CAGRD replenishment specifically is a 

problem when it is disconnected from the pumped aquifer (Figure 34). 

In the case of the hydrologic disconnect created by water recharge and recovery, 

the professional category, sector, and membership status of stakeholders were not found 

to be statistically correlated with their responses. This indicates that there is a consensus 

among stakeholders on the fact that this issue is a problem. Specifically, seven 

respondents claimed that the hydrologic disconnect between the area of impact and the 

area of recovery creates groundwater overdraft or depletion in the areas where water is 

not recharged. In essence, they are concerned that this procedure depletes aquifers. Some 

added that it can lead to groundwater declines, subsidence, fissuring, aquifer compaction, 

storage capacity loss, and water quality concerns. "I've seen fissuring and subsidence in 

the west valley with my own eyes,” commented one respondent. Another argument used 

is that if disconnected recovery can potentially impact the water supplies stored by others, 

then aquifers do not benefit from recharge. As for the arguments of stakeholders who 

believe this is not a problem, they explain that the hydrologic disconnect is not a “one-

size fits all issue" because it can be beneficial to recharge in areas with a declining water 

table. Additionally, stakeholders warned that the most significant threat to stored water is 

farming that uses grandfathered groundwater rights; they concluded that the impact of the 
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hydrologic disconnect is “vastly overstated” in comparison to the groundwater level 

impacts of unreplenished17 groundwater pumping.  

In the case of the hydrologic disconnect created by replenishment, there is a 

difference of opinion between CAGRD members and non-members (at the 0.05 level). 

Almost 75% of non-CAGRD members believe it is a problem, while CAGRD members 

have mixed opinions (Figure 35). Because there were twice as many non-members 

surveyed, the conclusion that this issue is a problem is not representative of the CAGRD 

member population. If this problem were to be addressed, the results of the survey could 

not help determine definitively if CAGRD members would support a policy change. 

Moreover, stakeholders blame other water users for the hydrologic disconnect and say 

that CAGRD’s contribution is in fact negligible. They say it can be an issue in the 

present, depending on the location, or could result in a problem over the long term (such 

as 100 years). They add that this discussion merits more analysis and that, as with the 

hydrologic disconnect associated with recharge and recovery, it can be beneficial in areas 

that need replenishment.   

The hydrologic disconnect caused by recharge and recovery is ranked second, 

while the hydrologic disconnect caused by replenishment is ranked third. Finding 

alternatives to address the hydrologic disconnect caused by replenishment will be 

considered in drafting alternatives. Addressing issues of the hydrologic disconnect 

created by recharge and recovery will not be a priority because it is outside of the scope 

of the study. 

 
17 The term "unreplenished groundwater" refers to groundwater that is “legally withdrawn without 

requirement or obligation to artificially replenish or replace that volume of water back into the aquifer” 

(Post-2025 AMAs Committee, 2021a) 
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Figure 33: Survey answers to opinion question 1 

 

 

Figure 34: Survey answers to opinion question 2 
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Figure 35: Distribution of answers given by CAGRD members and non-members to opinion question 2 

 

5.4.2.3. Fourth-Ranked Issue: The AWS Program Permitting some 

Residential Developments and Municipalities in Central Arizona to 

Reply Primarily on Groundwater 

 

Slightly more than half (55%) of respondents believe that the fact that the AWS 

program permits some residential development and municipal growth in Central Arizona 

AMAs to rely primarily on groundwater is a problem (Figure 36). 

Results showed a relationship between the respondents' sector and their opinion. 

The large majority of private entities (80%) believe it is not a problem, while 67% of 

public entities and 75% of nonprofits believe it is (Figure 37). However, it is important to 

note that the private sector represents only 26% of the stakeholder sample. If more 

entities in the private sector were answering the question, it is possible that the overall 

stakeholders’ results on this issue could change. 
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This is the question that received the most comments. The comments show that 

there is a large divide between opinions, with little to no room for middle ground. For 

some, using groundwater is an unsustainable practice because it allows the pumping at 

unsustainable depths, and that only a finite amount of groundwater can and should be 

used. For others, groundwater is a reliable supply and was characterized as a “much more 

drought resilient source of water than surface water,” because it is not subject to 

fluctuating availability the way surface water supplies are. Additionally, one individual 

provided a mixed answer by saying that combining both sources of supplies is essential. 

Because there is such a difference in opinions and because many argue that this problem 

goes beyond CAGRD, reforms should address scales larger than CAGRD. Therefore, 

addressing this is issue does not fall within the scope of this work.  

 

 

Figure 36: Survey answers to opinion question 3 
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Figure 37: Distribution of answers given by each sector to opinion question 3 
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not responding to the method itself, but rather question the cost of water. Many 

stakeholders believe developers should have to pay the upfront costs of providing a 

renewable water supply instead of passing it off to CAGRD without dealing with after-

effects. Others are not concerned about the rising cost of water because they claim that 

providing renewable water should not and cannot be cheap in the desert. Because five 

individuals did not know or did not have an opinion on the issue, and because of the 

likelihood that stakeholders misinterpreted the question, these results are inconclusive, 

therefore addressing this issue will not be the focus of this study.  

 

 

Figure 38: Survey answers to opinion question 5 
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Figure 39: Distribution of answers given by each sector to opinion question 5 
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influences. One insisted that an independent entity should review the Plan of Operation, 

and another said that "ADWR should be free to give a technical opinion of the plan to 

flesh out the issues in future years and not worry about what it means for industry and 

economy, etc." 

 Also, 35% of the respondents answered they did not know or did not have an 

opinion. They might not have known that the term "statutory framework" meant or what 

it implied. Also, because there is no statistical difference between the opinion across 

stakeholders, this means that the problem with this question was felt across stakeholder 

groups. 

 

 

Figure 40: Survey answers to opinion question 6 
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5.4.5. Thematic Analysis of Experts Solutions to CAGRD Problems 

 

In this section, we present seven CAGRD solutions discussed during semi- 

structured interviews with experts and explain how relevant these solutions are to solve 

the problems highlighted by stakeholders in the survey. Experts were asked to provide 

solutions to what they believed the problems were18. This is why the solutions collected 

in Table 15 below would not necessarily address the issues deemed problematic by the 

majority of stakeholders. On Table 15 each column anonymously represents the answers 

of one expert. Columns also show when a particular expert provided a solution to more 

than one problem.  

 

Table 15: Frequency of solutions mentioned by experts. Each column anonymously represents the answers of one 

stakeholder 

Solutions to CAGRD problems Expert Total 

Adjusting CAGRD Costs ● ●                   2 

Effluent Development       ●       ●       2 

Infrastructure               ●     ● 2 

Growth Culture         ●     ● ●     3 

AWS Reform           ●       ●   2 

Sub-AMAs             ● ●       2 

Transitional (Alternative) Entity     ●       ●     ●   3 

 

5.4.5.1. Adjusting CAGRD Costs 

 

One expert was concerned about CAGRD not having the financial means to pay for 

water acquisition in the future. This expert suggested raising the cost of CAGRD 

enrollment, as well as the rates paid by homeowners. The expert also explained that such a 

 
18 More experts might agree with these solutions but might not have said it or thought of it at the time. 
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measure would have the benefit of discouraging some housing developers from enrolling 

their subdivisions into CAGRD. This expert criticized developers, saying “they 

[developers] own the homes, sell them, and walk away, and they are gone, leaving behind 

an unknown financial obligation on the people who own the land in the district.” Another 

expert explained that limiting membership would require CAGRD to admit it cannot take 

responsibility for more land development in the future. 

From the standpoint of increasing the long-term viability of the CAGRD to provide 

water to citizens, limiting CAGRD membership would place less stress on the uncertainties 

related to the availability of renewable water supplies that are meant to meet CAGRD’s 

replenishment obligation. Also, fewer replenishment obligations generate fewer hydrologic 

disconnects. Nevertheless, we believe this suggestion is not a solution that can be made 

actionable. Indeed, CAGRD cannot charge revenues that exceed reasonable 

characterizations of its costs, meaning that CAGRD cannot make profits. Furthermore, 

CAGRD has been accumulating water and saving it for future replenishment. In 2003, the 

Arizona Legislature created a replenishment reserve in each of the Phoenix, Tucson, and 

Pinal AMAs to allow CAGRD to purchase and accumulate LTSCs in anticipation of rising 

water rates (Central Arizona Groundwater Replenishment District, 2015, p. 9).  

 

5.4.5.2. Effluent Development 

 

Another theme expressed by experts was that the CAGRD should focus on 

increasing water supply by reusing more effluent. As one interviewee argued, such an 

approach would "expand the amount of water available to live in the desert.” Across the 
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interviews conducted, there are three different ways experts suggested reusing effluent. 

First, more wastewater treatment plants should deliver effluent to golf courses and 

common green areas of masterplanned communities. Second, one expert would like to 

see more partnerships like the Liberty Aquifer Replenishment Facility (CAGRD, 2017) 

“One example is in the West Valley with Liberty Utilities and CAP. They partnered on an 

effluent recharge project. I think that is innovative, I think that is the way things have to 

go. It takes the effluent that is being generated by CAGRD members and replenishes it 

basically in the area of impact.” Indeed, the effluent generated at Liberty’s Palm Valley 

Water Reclamation Facility is recharged in USF basins (CAGRD, 2017). Third, the state 

of Arizona might consider serious investment in cost-effective technology for direct 

potable reuse. The rationale is that recharging activities might become too cost-

prohibitive. 

Certainly, bringing a new supply would address the uncertainties related to the 

availability of renewable water supplies that are meant to meet CAGRD’s replenishment 

obligation. Out of these two suggestions though, we believe encouraging more effluent 

reuse for outdoor areas is perhaps the most prudent. Area of green lawns in Phoenix has 

decreased by 82% between 2000 and 2019 (Robbins, 2019), homeowners use up to 70% 

of their domestic water outside their households in Central Arizona, mainly on landscape 

irrigation (AMWUA, 2018). In sum, this solution could reduce the hydrologic disconnect 

and help residential developments and municipalities rely on less groundwater, but only 

if some infrastructure would be developed to transport effluent to green spaces in 

residential areas. This is why the suggestion of effluent development will be used to draft 

alternatives in Section 5.5. 
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While developing direct potable reuse would solve some of these same issues, it is 

speculative to say that recharge activities might become more expensive than treated 

effluent to drinking water standards, especially considering the price of infrastructure to 

transport that water. 

 

5.4.5.3. Infrastructure 

 

CAGRD was created to allow subdivisions to be built in areas that had no ability 

to deliver renewable resources. According to one expert, when CAGRD was created, 

subdivisions were also expected to get direct renewable water delivery in the long-term 

and not rely as much on CAGRD. However, as several interviewees expressed, it seems 

that in this case, a promise made has been a promise broken: “The cons, I guess one of 

the consequences is something that was expected, that the infrastructure to bring 

renewable supplies to these subdivisions has not been created so they are relying on the 

replenishment of the groundwater for the groundwater use to be consistent with the 

management goal and so they don’t have the ability to receive renewable supplies 

directly.” Creating long-term infrastructural solutions, has not materialized, as this would 

have required constructing expensive infrastructure from the CAP canal to either extend 

or modify that project. As one expert said: “The issue is that it is easier to develop the 

way it is. It is cheaper, it is easier and it has really been good to the development 

community and the homebuilders, that is the big issue.” 

 For example, subdivisions might have funded the construction of conveyance 

infrastructure leading from the CAP into their local supply networks. The experts 

interviewed in this study were adamant that piping infrastructure is the solution to limit 
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subdivisions’ reliance on groundwater despite the costs and must be achieved in the near 

future, now that the CAGRD issues have gone on for several decades. 

Experts added that infrastructure development is, in a strictly legal sense, a land-

use policy issue. As one interviewee explained, “in Arizona, land is not always cheap 

where there is water available. And development communities want to develop where 

they can make the most money.” Real-estate developers' consideration is first and 

foremost to the movement of their commodities, in this case, houses, and not to the 

underlying ecological conditions on which they are, quite literally in this case, built.  

Additionally, developing more infrastructure means building recharge facilities or 

being able to transport renewable water when it is needed. For this reason, it would 

reduce the hydrologic disconnect and decrease some residential development and 

municipalities' reliance on groundwater. The suggestion of building more infrastructure is 

not a solution itself. But it is essential to complement alternatives, so it will be considered 

in drafting alternatives in Section 5.5. 

 

5.4.5.4. Growth Culture 

 

Three CAGRD experts questioned the statewide policy of growth in Arizona. For 

example, one expert raised the following question: “Should we support growth at all cost, 

or do we stop growing? […] what is reasonable growth?” For another expert, reasonable 

growth is the opposite of the sprawl machine. CAGRD is qualified as an unsustainable 

practice referring to the sprawl machine: "it drives unsustainable development and I think 

it has helped to facilitate faster development of sprawl style development on undeveloped 

desert instead of more compact development in communities, so it is part of the sprawl 
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machine.” Boyer and al. (2021) explain that authors such as Logan (1995) and Gober et 

al. (2013) have suggested policies of land use regulation and the limitation of urban 

sprawl since 1970. Robbins (2019) uses the example of the metropolitan area of Phoenix 

to describe an "unrelenting sprawl.” The same expert who commented on the sprawl 

machine added that "growing fast does not mean that we are growing in a way that is 

sustaining people, creating a good quality of life […] Mechanisms like the CAGRD feed 

into that because again, they are fairly short-sided.”  

The comment of another explains, in a way, why CAGRD may seem short-sighted. 

This is because CAGRD was supposed to be a temporary solution: "My perspective on this 

is CAGRD was put in place as an incremental solution to a longer-term problem […] 

CAGRD is an incremental solution that I don’t know was really meant to be the ultimate 

for every solution […] I hope, I don’t think anybody ever thought CAGRD was the solution 

to all the problems. It was one step toward the long-term solution.” 

Two experts admit that growth is a global state issue beyond CAGRD. Land use 

policy seems to be an appropriate way of approaching those sustainability problems.  

Indeed, one interviewee said: "[Growth] is not really a CAGRD issue, that is a state issue” 

and “ADWR is going to have to get tough about where there is not enough physically 

available water to allow continued growth;" Another expert explained: "There is a land-

use policy that frankly seems a better way to approach those issues than going after the 

CAGRD.” In the literature, Molotch believes that a creative land-use program could 

emerge if governments would ask “what it can do for its people rather than what it can do 

to attract more people” (Molotch, 2005, p. 25). In other words, Arizona's policymakers 

would have to shift their priorities from coinciding with the development community that 
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wants to bring new people to the state, to pleasing Arizonans. Molotch also criticizes 

growth and the fact that increased costs  “caused by new development [must] be borne by 

the public at large, rather than by those responsible for the "excess’’ demand on the urban 

infrastructure” (Molotch, 2005, p. 20). This raises the question of whether real estate 

developers and home builders should be the ones paying to build infrastructure. 

Limiting growth would limit CAGRD’s future replenishment obligation, the 

hydrologic disconnect, as well as some residential development and municipalities' 

reliance on groundwater. However, the state of Arizona’s policy of growth is the reason 

behind the creation of CAGRD. We do not believe it is feasible to change the policy of 

growth in Arizona. This is why this suggestion will not be selected to draft policy 

alternatives. 

 

5.4.5.5. Assured Water Supply Reform 

 

Two experts suggested amending the AWS Rules. The first reason behind such a 

reform would be to give incentives to undesignated water providers serving CAGRD MLs 

to become designated water providers. One expert said that rather than “a change to the 

CAGRD, it is more a change to the AWS Rule” that would be necessary by “provid[ing] 

some additional incentive for undesignated water provider serving ML to become 

designated or try to acquire other renewable supplies.” As a result, these water providers 

would deliver renewable water instead of groundwater to subdivisions. However, many 

designated water providers still rely on CAGRD, so in fact, this suggestion would not 

necessarily address any of the CAGRD issues, because MSAs do need CAGRD for 

replenishment. The second suggestion, more drastic, would be to modify the AWS Rules 
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to accommodate new water supply goals to new AWS criteria.  Another expert had this to 

say: “part of what drives people to the CAGRD, and the AWS Rules are not too strict 

necessarily but, the kind of supply that would qualify for an AWS are mostly already taken 

and gone […] whatever we come up with then the AWS Rules would have to be modified 

to accommodate what we have decided [is] a good enough supply for new growth.”  

It is unclear, nonetheless, what the experts meant by amending the AWS Rules.  If 

the new criteria consist of implementing less stringent regulations by allowing more 

groundwater pumping, this would limit reliance on CAGRD and, therefore, decrease 

CAGRD's future replenishment obligation. However, such a proposal would exacerbate 

the negative consequences of residential development and municipalities' reliance on 

groundwater.  

 

5.4.5.6. Sub-Active Management Areas 

 

Two experts considered creating sub-AMAs, that is, administrative divisions 

within the already existing structure of AMAs: "You cannot manage water, groundwater 

over an entire AMA, you have to manage it over smaller portions, smaller hydrologic 

areas.” Moving from AMA-wide goals to sub-AMA basin goals would limit the 

hydrologic disconnect between basins. In essence, this strategy would allow for water 

managers to better focus and concentrate their attention on particularly problematic areas, 

rather than administering the AMA broadly. While this solution, in and of itself, would 

not address some of the uncertainties related to the availability of renewable water 

supplies to meet CAGRD’s replenishment obligation, it will be further considered in 

section 5.5 because it can reduce the hydrologic disconnect.  
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5.4.5.7. (Transitional) Alternative Entity 

 

According to experts, CAGRD has the monopoly of helping entities that do not 

have enough renewable supplies to show consistency with the management goal of the 

AMAs. Three experts suggest creating another entity that could also be transitional. In 

fact, one expert explained that CAGRD is, in a way, already a transitional entity: "The 

only way those cities [like Buckeye or Queen Creek] can grow their tax base to generate 

the revenue and go buy their water supplies is through the CAGRD, the CAGRD is a 

stepping stone.” 

An alternative entity could be a collective entity (under the form of a cooperative 

arrangement, a joint action district, a public agency, or a private entity) to acquire and 

cobble water supplies and share them among its members to meet the requirements of the 

AWS Rules. Such an entity would increase the capacity of municipal water providers to 

negotiate to get legal rights on water acquisition. Water users that are too far from 

existing infrastructure could temporarily turn to CAGRD, giving cities time to build 

infrastructure to later receive renewable directly through the alternative agency. Or 

CAGRD should be a stepping stone for some municipal water providers to help them 

grow and collect more revenue to build infrastructure later, deliver renewable water and 

get their designation of AWS. Several cities relied on CAGRD for a regulatory purpose 

while their goal was to use their renewable supplies. Water users would then cancel their 

CAGRD membership. Or users could negotiate with each other and use wheeling 

agreements to transport non-project water through the CAP aqueduct. In the end, 
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CAGRD would become a water supply transitional mechanism rather than a permanent 

solution.   

Experts disagree, however, on how this entity would be governed. One would like 

to see water markets emerge" “My sense though is that institution might emerge, more 

about private markets, there are folks out there with deep pockets looking to make money 

on water resources. And there is a lot of money to be made on development;” while 

another would not:  “What I also would not want to see is the privatization of water 

rights, that you create speculative interest that started buying all the water rights and they 

were kind of held by a private sector, I think that’s just asking for trouble […] But having 

a private entity in there to me is ok as long as they don’t control or dominate the market.” 

With infrastructure development, the suggestion of an alternative entity, whether 

transitional or not, could limit the hydrologic disconnect in the long term. It would even 

limit groundwater reliance of some development and municipalities. This suggestion 

would reduce CAGRD replenishment obligations, but it would not address the issue of 

uncertainties related to the availability of renewable supplies to meet CAGRD 

replenishment. In other words, this solution would keep increasing demand without 

increasing supply. This is why this suggestion will not be selected to draft alternatives. 

 

5.4.6. Error Analysis/Limitations 

 

5.4.6.1. Sampling Method Errors  

 

Errors of non-observation also called coverage errors (“Chapter 2: Inference and 

Error in Surveys,” 2009), are associated with the sampling method. Persons participating 

in the survey must have characteristics similar to those of the population. The stakeholder 
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selection may be biased because we cannot find an email for every stakeholder identified 

in the stakeholder list. Sampling numbers differed between different stakeholder groups 

because of logistical issues of finding contact information, as well as being based on the 

population demographics of the different groups. Although a great effort was made to call 

different entities and request an email to send the survey, we sampled stakeholders for 

which it was convenient to contact (“Chapter 1: Introduction to Survey Methodology,” 

2009). Furthermore, we sent follow-up emails twice to encourage non-respondents.  

 

5.4.6.2.  Errors of Measurement and Distortion 

 

This survey measures subjective mental states such as attitude, opinions, and 

feelings about stakeholders (“Chapter 2: Inference and Error in Surveys,” 2009), not 

objective facts. Individuals may not fully understand the questions. As such, there is an 

element of measurement error (“Chapter 2: Inference and Error in Surveys,” 2009) 

associated with this study. While these errors cannot be measured, we tried to limit them 

when designing the questions. For example, to cover the case in which individuals would 

not have an answer or did not feel comfortable sharing it, we offered the answers "I don't 

know" and "No opinion." This study should also account for errors of distortion. Some 

stakeholders might decide to provide answers that align with their agendas, not 

necessarily reflecting their genuine opinions.  
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5.4.6.3. Missing Data 

 

There are two types of missing data: “Missing data at random” and “missing data 

not at random” (Ohio State University, n.d.). Missing data at random does not affect the 

reliability of the survey responses but can reduce sample size. Although the opinion 

questions were optional, forty respondents answered them. Only one respondent left all of 

the questions blank (but submitted comments). And because missing data is not 

consistent with a professional category, sector, or membership status, we consider the 

data being missing at random. Because this study did not experience missing data “not at 

random,” we find support in the data that respondents did not miss questions strategically 

and, thus, results did not overstate certain opinions. 

 

5.4.6.4. Representativeness of Data & Response Rate 

 

The random sample of each category of stakeholders is representative of the 

population surveyed, with the exception of Native Nations. Indeed, Native Nations are 

under-represented in the results of this study because none of the seven Native Nations 

surveyed chose to participate. Furthermore, the sample size is the same for each opinion 

question, which means that the importance of issues can be compared at the same level.  

 

5.5. Discussion of Policy Alternatives to Address CAGRD Issues 

 

This section offers two solutions drawn upon the solutions suggested by experts: 

effluent and infrastructure development and the creation of sub-AMAs, and they aim at 

addressing the problem of the uncertainties of CAGRD supplies and the hydrologic 
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disconnect caused by replenishment activities. The first and second policy alternatives 

would partially address the problem of the uncertainties of CAGRD supplies by limiting 

demand for replenishment. The second policy alternative would address some of the 

problems related to the hydrologic disconnect. We explain how they would work and 

how they would have to be implemented. 

 

5.5.1. Policy Alternative 1: Redirecting Effluent for Replenishment with 

the Collaboration of CAGRD, Waste Water Treatment Plants, and 

Developers 

 

The objective of this policy alternative is to help with the uncertainties of 

CAGRD supplies by connecting CAGRD with renewable water and reducing CAGRD 

replenishment obligations. It also contributes to mitigating the effects of the hydrologic 

disconnect between water pumping by CAGRD members and replenishment. This is 

based on the solution suggested by experts about effluent reuse. 

According to Avery (2007), when designing their subdivision, developers must 

plan how to take back part of the effluent generated by the local wastewater treatment 

plant. This incentivizes developers to build green areas in their subdivision to dispose of 

this effluent. We suggest wastewater treatment plants partner with CAGRD to dispose of 

the effluent generated by a subdivision. CAGRD would develop new recharge facilities 

near wastewater treatment plants and purchase effluent from wastewater treatment plants. 

This would increase the supply of water available for CAGRD. This policy alternative 

would also mitigate the hydrologic disconnect, assuming wastewater treatment plants are 

nearby the areas where water is pumped and delivered to subdivisions. In exchange, 
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developers would get a reduced enrollment fee by limiting green spaces in their 

subdivision.  

This policy alternative would require CAGRD to obtain a recharge facility permit 

from the ADWR associated with an Aquifer Protection Permit from the Arizona 

Department of Environmental Quality, as well as a water storage permit to recharge 

effluent at a designated facility. CAGRD would receive the credits for recharge. This 

policy alternative would also entail the CAP board to decide on a reduced fee for 

developers19 

 

5.5.2. Policy alternative 2: Limit Membership Enrollment to Selected 

Sub-Basins 

 

The main objective of this policy alternative is to mitigate the hydrologic 

disconnect between the area in which groundwater is pumped by or for CAGRD 

members and the area in which groundwater is replenished by CAGRD. This policy 

alternative may also temporarily reduce future CAGRD obligations, therefore helping 

with water supply uncertainties. We suggest delineating sub-basins in each AMA and 

limiting new CAGRD enrollment to developments located in sub-basins in which 

CAGRD has the means to replenish water. According to ADWR (2021) there are seven 

sub-basins in the Phoenix AMA, five sub-basins in the Pinal AMA, and two sub-basins in 

the Tucson AMA (Figure 41). 

This policy alternative would require replacing the “active management area” 

phrasing with “sub-basin of an active management area" in eleven sections of the Arizona 

 
19 Pursuant to ARS 48-4473. 
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Revised Statutes.20 The statute21 stating that requiring groundwater withdrawal in the east 

or west portion of the AMA to be replenished in that same portion would become 

unnecessary, and would be deleted. Moreover, this policy alternative would require 

CAGRD to amend its membership enrollment statutes by limiting enrollment to members 

located in a sub-basin of an AMA in which the CAGRD has methods of replenishment.22 

In practice, CAGRD would need to develop new recharge facilities or seek 

partnerships that would facilitate replenishment in sub-basins where storage capacity at 

already permitted facilities is not available. In the Phoenix AMA, CAGRD does not have 

facilities in Fountain Hills sub-basin, where CAGRD members are located. CAGRD does 

not have facilities in the Lake Pleasant and Carefree sub-basins, but it does not have 

CAGRD members there. In the Pinal AMA, CAGRD has replenishment obligations for 

members located in the Maricopa Stanfield and the Eloy sub-basins. CAGRD has 

identified the Maricopa Stanfield Irrigation and Drainage District GSF and the Central 

Arizona Irrigation and Drainage District GSF to replenish groundwater. However, this 

policy could limit membership in three other Pinal AMA sub-basins because they are no 

 
20 ARS 45-576.02. Replenishment district plans, conservation district plans and water district plans; ARS 

45-576.03. Director's review of plans; 45-576.05. Alternative method for determining consistency with the 

management goal in a groundwater replenishment district; terminating designation; ARS 45-852.01. Long-

term storage accounts; ARS 45-859.01. Conservation district account; replenishment reserve subaccount; 

debits and credits; ARS 45-860.01. Water district account; debits and credits; ARS 45-877.01. Annual 

reports by conservation districts; penalties; ARS 45-878.01. Annual reports by water districts; penalties; 

ARS 45-894.01. Use for replenishment purposes; ARS 48-3771 "District replenishment obligations; 

replenishment location; source of replenishment; exception," ; ARS 48-3772 "Duties and Powers of district 

regarding replenishment,"; and ARS 48-3779 "Annual membership dues." 
21 Section I of ARS 48-3772 
22 48-3780. Qualification as a member service area; termination; 48-3774. Qualification as member land 
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facilities there. In Tucson AMA, CAGRD owns a recharge facility in each of the two 

sub-basins. 

 

 

Figure 41: Map with sub-basins delineated in the Phoenix, Pinal, and Tucson AMAs 
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5.6. Conclusion 

 

CAGRD has been an essential mechanism to help new developments and 

municipal water providers show consistency with the management goals of the Phoenix, 

Tucson, and Pinal AMAs. This article shows the positions of 41 Arizona stakeholders on 

six CAGRD-related issues and offers policy alternatives that address the main CAGRD-

related issues. While both policy alternatives have their own practical and legal 

challenges, this study shows that a lack of consensus among stakeholders risks hindering 

support for any specific policy. 

There is no consensus across the stakeholders' sectors on whether the long-term 

uncertainties related to the availability of renewable water supplies to meet CAGRD’s 

replenishment obligations and the fact that the AWS permits some residential 

developments and municipalities in Central Arizona AMAs to rely on groundwater are 

problems. On these two issues, there is a dichotomy between the opinions of the private 

sector and of the public sector. Public and private sector entities have different 

constituencies, financial circumstances, and consequently motivations and perspectives. 

Based on the comments collected from the survey, stakeholders are concerned about 

groundwater overdraft, shortage and scarcity, and unsustainable groundwater pumping 

practices.  

The results of this study bring up several ideas and perspectives for future studies 

as well. Surveying more individuals and creating fewer professional categories of 

stakeholders would have been helpful to obtain more significant results on the 

stakeholders supporting issues. Nevertheless, in addition to identifying the important 

issues that require special attention of the Post-2025 AMA Committee meeting, this 
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article reveals the underlying question of land-use development, which has not been 

discussed in any of the Briefs created by the Post-2025 AMA Committee.  

Finally, this article informs current and future discussions about groundwater 

management in Central Arizona to attain a secure and sustainable water supply. The 

approach of land use should be pursued in future research to solve water challenges in 

Arizona. Likewise, a prospective opinion study should be conducted to evaluate 

stakeholder support and political feasibility for policy alternatives. Such future research 

should engage CAGRD experts and stakeholders in the Arizona policy-making process. 

 

5.7. Note 

 

This project received approval by the University of Arizona’s Institutional 

Review Board on August 26, 2020 (Protocol Number: 2008926930). 
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6. APPENDIX C: ESTIMATING THE EFFECTS OF DE FACTO POTABLE 

REUSE OF MANAGED AQUIFER RECHARGE: CASE STUDY OF THE 

CITY OF GOODYEAR, ARIZONA 

 

Rebecca F. A. Bernat, Marcel Schaap and Jean McLain   

 Department of Environmental Science, College of Agriculture and Life Sciences, The 

University of Arizona; Tucson, Arizona; 85721 

 

6.1. Abstract 

 

In arid areas, cities like Goodyear, Arizona, diversify their water portfolio to limit 

their reliance on non-renewable water supplies. Wastewater is a renewable supply 

because it increases proportionally with population growth. Since 1989, Arizona has been 

reusing treated wastewater – or effluent – through a technique called managed aquifer 

recharge (MAR), in which water is intentionally added to an aquifer.  However, concerns 

remain about the presence of unregulated contaminants of emerging concern (CEC) in 

groundwater used by municipalities for MAR. This study considers the impact of de facto 

potable reuse on the quality of municipal water, with an aim of assessing whether there is 

a need for more elaborate and expensive hydrological models for accurate estimations of 

CEC concentration in groundwater. We evaluated the concentration of two CECs: 

carbamazepine (CBZ) and sulfamethoxazole (SMX) in groundwater pumped by 

municipal wells of Goodyear. This paper summarizes the literature on these two 

contaminants’ removal rates during recharge in alluvial aquifers as a function of travel 

distance. We designed two contaminant removal models and ran recharge scenarios for 

eight municipal wells. When comparing the concentration of CEC estimated to be in 

municipal water to the acceptable human daily intake, we conclude that MAR of effluent 
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in Goodyear is effective in significatively removing SMX and CBZ. This research has 

applications to other regions that recharge effluent in alluvial aquifers. 

 

6.2. Introduction 

 

Arizona is a semi-arid state in the southwestern United States with growing water 

demands, significant groundwater overdrafts, and surface water supplies with 

diminishing reliability (Megdal et al., 2014). Through rising temperatures and more 

variable rainfall (Overpeck, 2013), climate change exacerbates water scarcity. As 

Arizona's population grows, the reuse of wastewater, or effluent, is an essential part of 

water resource management (Megdal & Forrest, 2015).  

With a population increase of 33% between 2010 to 2019, Goodyear is the 

second-fastest-growing city in the state and ranked 14th in the country (United States 

Census Bureau, 2020). Wastewater increases proportionally with population growth and 

can be treated for potable reuse. The reuse of effluent provides the population with a local 

supply of water that is cheaper than importing groundwater (Meehan et al., 2013; 

Rodriguez et al., 2009).  

Since 1989, the state of Arizona has been reusing effluent via managed aquifer 

recharge (MAR), a process referring to any kind of intentional, rather than natural, 

recharge. The quality of the effluent recharged in the state is regulated by the Arizona 

Department of Environmental Quality (ADEQ). However, only a few of the thousands of 

CECs are regulated (ADEQ, 2016; US EPA, 2013). These contaminants may end up in 

the water pumped and delivered to municipal users.  
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We examined how MAR practices by Goodyear and surrounding entities may 

impact Goodyear's groundwater quality. We estimated the likelihood of finding 

contaminants of emerging concern (CEC) in groundwater. We chose to use the example 

of two CECs that have been detected in Arizona’s groundwater: CBZ and SMX because 

they have physical and chemical properties that could potentially result in different 

behavior in aquifers and may affect their concentration when groundwater is extracted for 

potable use. To that end, we conducted a literature survey on effluent recharge in alluvial 

aquifers to determine these contaminant removal rates as a function of time and distance 

traveled in the aquifer. We compared these results to the water management context of 

Goodyear.  

 

6.2.1. Development of Effluent Reuse in Arizona 

 

6.2.1.1. Compliance with management goals of the Phoenix AMA 

 

In 1980, the Groundwater Management Act created Active Management Areas 

(AMAs), where groundwater use is regulated by the Arizona Department of Water 

Resources. The boundaries of the five AMAs – Phoenix, Pinal, Prescott, Santa Cruz, and 

Tucson – are largely determined to reflect hydrologic units.  

The hydrologic cycle of the Arizona desert necessitates MAR. In a semi-arid 

environment such as Arizona, natural recharge is limited, potentially causing populated 

areas to experience significant groundwater overdrafts, and land subsidence with 

associated property and infrastructural damage. As a result, groundwater is not 

considered renewable (unlike surface water and effluent) because only a small portion of 
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precipitation ends up being recharged on average: 5% per rain event on average (Stewart 

& Howell, 2003).  

Goodyear's community water system is located in both the West Salt River Valley 

(WSRV) and the Rainbow Valley (RV) sub-basins in the Phoenix AMA. However, 

municipal wells are only located in the WSRV. Since 1995, new community development 

must demonstrate a 100-year Assured Water Supply (AWS). Applicants for an AWS 

must demonstrate consistency with the statutory groundwater management goal of the 

AMA, which limits the volume of groundwater they can use in Phoenix AMA. Water 

providers that want to facilitate development in their service areas and developers need to 

assure a water supply that is not completely dependent on groundwater. As a result, new 

community development is forced to plan for new demand with renewable supplies and is 

becoming more dependent on surface water or effluent.  

 

6.2.1.2. Municipal Increase Over the Use of Effluent in the Past 20 

Years  

 

The following section describes water supply and demand in the Phoenix AMA, 

the area of interest. In 2018, groundwater and Colorado River water provided, 

respectively, 35.8% and 27.2% of the Phoenix AMAs' annual water demands, while in-

state rivers (25.5%) and reclaimed water (11.5%) met the remainder (Table 16) (ADWR, 

2018). The Phoenix AMA has four principal water sectors: municipal, industrial, 

agricultural, and Indian. Most of the 2018 water use (ADWR, 2018) in the Phoenix AMA 

came from the municipal (49.6%) and agricultural (30.1%) sectors. The Indian sector, a 
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good portion of which is agricultural, accounted for 11.6% and the industrial sector 

covered the remaining 8.8% of the water demand (Table 17).  

In 1998, however, municipal water use represented only 38.4% of the Phoenix 

AMA water demand, while the agricultural sector represented 41.8% (Table 17). There 

has been a shift in water demand from the agricultural sector to the municipal sector. 

Looking closely at the municipal sector source of water, between 1998 and 2018 the use 

of surface water has decreased by 21%, while the use of groundwater and Colorado River 

has increased by 19% and 93%. More remarkable is the use of effluent by municipalities 

in Phoenix AMA, which has increased by 532% in 20 years. This vast increase in water 

usage results in small and large municipal water providers generating more and more 

effluent.  

 

Table 16: Phoenix AMA 2018 annual supply and demand by sector (af | %) 

 Agricultural Indian Industrial Municipal Total 

Groundwater 379,007 16.9% 101,341 4.5% 95,807 4.3% 228,872 10.2% 805,027 35.8% 

Colorado 

River 
178,779 8.0% 61,922 2.8% 1,290 0.1% 370,133 16.5% 612,124 27.2% 

Surface 

Water 
94,582 4.2% 92,613 4.1% 13,723 0.6% 371,706 16.5% 572,624 25.5% 

Effluent 23,802 1.1% 4,082 0.2% 86,894 3.9% 144,113 6.4% 258,891 11.5% 

Total 676,170 30.1% 259,958 11.6% 197,714 8.8% 1,114,824 49.6% 2,248,666 100.0% 
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Table 17: Phoenix AMA 1998 annual supply and demand by sector (af | %) 

 Agricultural Indian Industrial Municipal Total 

Groundwater 384,067 16.9% 76,563 3.4% 72,794 3.2% 192,801 8.5% 726,225 31.9% 

Colorado 

River 
205,783 9.0% 0 0.0% 2,920 0.1% 191,610 8.4% 400,313 17.6% 

Surface 

Water 
333,719 14.6% 167,405 7.3% 72,794 3.2% 468,793 20.6% 1,042,711 45.8% 

Effluent 28,200 1.2% 0 0.0% 58,339 2.6% 22,802 1.0% 109,341 4.8% 

Total 951,769 41.8% 243,968 10.7% 206,847 9.1% 876,006 38.4% 2,278,590 100.0% 

 

 

6.2.2. Managed Aquifer Recharge of Effluent in Arizona 

 

In 1986, the Arizona Legislature resolved specific issues pertaining to ownership 

and control of renewable water stored in recharge projects with the passage of the 

Groundwater Storage and Recovery Projects Act, revised in 1994 as the Underground 

Water Storage, Savings, and Replenishment Act. Colorado River water or effluent can be 

stored in underground storage facilities (USFs) and groundwater saving facilities (GSFs). 

A certain amount of the stored water may be recovered annually or as long-term storage 

credits (LTSCs) once the water has remained underground for more than the calendar 

year. In the three Central Arizona AMAs: Phoenix, Tucson, and Pinal AMAs, 

groundwater pumped in excess must be replenished by the Central Arizona Groundwater 

Replenishment District (CAGRD). A USF is a direct recharge facility in which water 

enters the aquifer through infiltration basins or injection wells or, in cases that meet 

specified criteria, through a natural stream channel called managed USF. A GSF is an 

indirect recharge mechanism by which Colorado River or effluent is used in place of 
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groundwater. GSFs save groundwater by leaving water underground that would 

otherwise have been pumped and used (Megdal & Shipman, 2008). The entities 

providing Colorado River water or effluent used in place of groundwater receive LTSCs 

for the groundwater that was saved. 

 

6.2.2.1. Effluent, Water Quality Regulation, and Caveats with 

Contaminants of Emerging Concern 

 

Effluent became a key water resource when the 1989 Arizona Supreme Court 

case, Arizona Public Service Company v. John F. Long, made effluent a legal type of 

water (Colby et al., 2007). Effluent is defined as “water that has been collected in a 

sanitary sewer for subsequent treatment” (Arizona Revised Statute (ARS) 45-101 n.d.). 

The Arizona Administrative Code sets different classes of effluent for different types of 

uses (Arizona Administrative Code R18-11, n.d.). The effluent of class C receives 

secondary treatment. The effluent of class B goes through both secondary treatment and 

disinfection, and class B+ effluent goes through an additional step with nitrogen removal 

treatment. The effluent of class A goes through secondary treatment, filtration, and 

disinfection. The effluent of class A+ has undergone secondary treatment, filtration, 

nitrogen removal, and disinfection and is, therefore, the highest quality of recycled water 

in Arizona (Dery et al., 2018). One obvious and public aspect of effluent is its potential to 

carry contaminants not removed by any of the treatments mentioned that would 

negatively impact water quality and possibly result in public health concerns. In Arizona, 

effluent may not be recharged without treatment and the authorization of the ADEQ. 

Only effluent of class A+ may be used for MAR in Arizona because this effluent 

may influence the quality of water in the aquifer. An Aquifer Protection Permit (APP) is 



 

 

 218 

required by the ADEQ for a recharge facility to be allowed to store effluent. By law, 

ADEQ must implement water quality standards adopted by the EPA. The APP and the 

federal Safe Drinking Water Act standards are largely identical, though some differences 

existed for microorganisms, arsenic, copper, and lead as of 2019.  

CECs have been found in both wastewater and drinking water. Charles Hignite 

and Daniel L. Azarnoff  (1977) were some of the first researchers to report the detection 

of pharmaceutical metabolites of clofibrate (a chemical used to lower cholesterol) and 

aspirin in the effluent coming from a wastewater treatment plant in Kansas City, 

Missouri. Many pharmaceutical compounds are not eliminated by standard wastewater 

treatment and may be discharged into water bodies. These compounds may find their way 

to a source of potable water. According to Shane Snyder (2014), pharmaceuticals found 

in US drinking water were reported for the first time by Benotti et al. (2009). The authors 

analyzed potable water from 19 treatment facilities in the country and noted that CBZ and 

SMX were found in more than half of the facilities.  

The state of Arizona is neither required to test for nor treat unregulated 

contaminants such as CBZ and SMX, which are likely to be found in wastewater and 

eventually ingested by individuals. Urban metropolitan areas like the Phoenix AMA are 

relevant places to study contaminants due to their population density. Many 

contaminants, especially pharmaceuticals, are likely to be found in effluent water, survive 

wastewater treatments (Levine & Asano, 2004), and persist in the environment during 

MAR. Cities like Goodyear rely on water stored in aquifers for municipal use. Therefore, 

the dilution factor and the removal rate of CEC in the aquifer are critical to determine the 

level of pollution in drinking water.  
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6.2.3. Prominence of the Reuse of Effluent through Managed Aquifer 

Recharge 

 

MAR has allowed Arizona to diversify its renewable water with the indirect reuse 

of effluent. Effluent reuse may reduce groundwater overdraft in the AMAs (Jacobs and 

Holway 2004). The majority of USFs (49/79) in Central Arizona AMAs store effluent 

(ADWR, 2020). Unlike USFs, GSFs mainly store CAP water (ADWR, 2020). The 

volume of effluent delivered to USFs in Phoenix AMA has been increasing since 1989 

(Table 18). The years 2003, 2004, and 2005 show a peak in the volume of effluent stored 

at GSF (ADWR public request). The increase in effluent deliveries to GSFs in the 

Phoenix AMA resulted from the Roosevelt Irrigation District GSF permit being issued in 

2000 and the City of Phoenix sending up to 30,000 af per year of effluent to this GSF. 

 

Table 18: Volume of effluent delivered to recharge facilities in the Phoenix ama (af) 
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6.2.4. Growing Cities in the United States: the Case of Goodyear, 

Arizona 

 

6.2.4.1. Goodyear’s Transition to an Assured Water Supply 

 

Goodyear is located in Maricopa County, Arizona. Goodyear’s climate is hot and 

dry. The annual average temperature in Maricopa County has increased since 1895 

(Figure 42). In August 2020, temperatures reached their highest (109°F compared to 

98.7°F in 1895). In Summer 2020 (June-August), the average temperature was 91.8°F. 

From 1985 to 2020, the average rainfall was 0.84 inches per month during the Summer 

months. Limited precipitation and increased evaporation rates have decreased the ability 

of water to accumulate and remain as surface water, consequently limiting the volume of 

water that can percolate to aquifers. These data illustrate how critical a sound water 

supply policy with a diverse portfolio is to the growing population of Goodyear. 

 



 

 

 221 

 

Figure 42: Annual average temperatures recorded in Maricopa County | Source: NCEI 

 

In 2019, Goodyear relied entirely on groundwater (Boyer, 2020; R. Diaz, personal 

communication, May 22, 2019). But the city has made efforts to transition to a more 

diverse portfolio. In 2016, Goodyear received a designation of AWS (ADWR, 2016). The 

city is planning to rely on 37% of effluent, 35% of Central Arizona Project (CAP) water, 

24% of groundwater, and 4% LTSCs (Table 19) by 2028. 
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Table 19: Goodyear Assured Water Supply portfolio 

Source Volume (af) 
Percentage of the 

total supply 

Groundwater 
5,299 24% 

Existing LTSCs 
786 4% 

CAP water (for storage and recovery) 
7,51723 35% 

Effluent (direct delivery and storage and 

recovery inside the area of impact) 

8,099 37% 

TOTAL supply 
21,701 100% 

 

6.2.5. Goodyear’s Recharge Activity 

 

Goodyear is planning on reusing a large percentage of wastewater. Three 

treatment plants (WWTPs) treat the residents’ wastewater (Figure 43, (1)): the WWTP on 

157th Avenue, the Cornett WWTP, and the Rainbow Valley WWTP. These utilities are 

projected to produce up to 8,099 af per year of effluent by 2028. Part of this effluent will 

be stored at USFs (Figure 43,(2)). Goodyear owns two facility permits (Image 4), one for 

the Goodyear Soil Aquifer Treatment (SAT) Pilot Recharge Facility and one for the 

Goodyear Vadose Injection Project (VIP). The remainder of the effluent will be directly 

delivered for non-potable uses in the city (Figure 43, (3)). 

 
23 The City has a CAP allocation of 10,742 af/year and is leasing 7,000 af/year of CAP from GRIC, but 

only 7,516.98 af/year is deemed physically, continuously, and legally available for 100 years (ADWR, 

2016) 
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Figure 43:  Goodyear’s water supply 
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Image 4: Goodyear's recharge facility, with injection well (top left), and water tank (right)| 2021 | Credits: Rebecca 

F.A. Bernat 

 

CAP water is delivered through a 336-mile long canal from the Colorado River to 

Central Arizona. The municipal and industrial sectors hold CAP subcontracts that give 

them the right to use Colorado River water. Goodyear has recharge permits to store CAP 

water in USFs (Figure 43, (4)) and GSFs (Figure 43, (5)). In addition, Goodyear has a 

CAP lease from the Gila River Indian Community for 7,000 af per year (Figure 43, (6)). 

The city has eight wells associated with a water provider permit (56-002019), that 

it must use to pump groundwater. Goodyear is allowed to withdraw 5,025 and 274 af per 

year (Figure 43, (6)) over 100 years within the WSR and RV subbasins24, respectively 

 
24 It is unclear, although, how Goodyear is planning on withdrawing water from the RV sub-basin. To date, 

the municipality’s wells are all located in the WSRV sub-basin.  
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pursuant to the city's service area groundwater right (ADWR, 2016). The city may also 

use six of those wells as recovery wells (Figure 43, (6)) to recover CAP or effluent stored 

at USFs ((Figure 43, (7)) and GSFs (Figure 43, (8)). 

Five of Goodyear's wells are located in Roosevelt Irrigation District (Image 5), a 

GSF in which effluent and CAP water are used by farmers. There are four USFs that 

recharge effluent in the vicinity of Goodyear and whose water may contribute to 

Goodyear's aquifer: the EPCOR Water Arizona INC. Luke 303 USF, the Sustainable 

Effluent to Aquifer Project USF by Liberty (Image 6), and Goodyear's facilities that 

recharge effluent, called SAT Goodyear and VIP Goodyear. Because of their proximity to 

USFs that store effluent and their location on GSF that use effluent, we hypothesize that 

municipal wells of Goodyear are pumping a significant amount of effluent when 

recovering CAP or when pumping groundwater from the aquifer to use as potable water. 

 

 

 

Image 5: Canal (left) and cotton (right) in Roosevelt Irrigation District GSF | 2021 | Credits: Rebecca F.A. Bernat 
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Image 6: Sustainable Effluent to Aquifer Project USF. The purple color of pipes and tanks is indicative of treated 

wastewater | 2021 | Credits: Rebecca F.A. Bernat 

 

 

Goodyear's groundwater sub-basins have alluvial characteristics, which are 

conducive to water percolation. Because the aquifers are predisposed to recharge, the 

Goodyear was able to develop three MAR mechanisms. Goodyear has stored effluent and 

CAP water in seven USFs and has participated in the GSF program. Goodyear has an 

AWS, meaning the city wants to facilitate development within its service area. This 

situation sets Goodyear apart from the City of Buckeye, the fastest-growing city in the 

state of Arizona, which mainly relies on groundwater for its development (Boyer & 

Bernat, 2020). Goodyear is also a member service area of the Central Arizona 

Groundwater Replenishment District, which is necessary because the city currently 

pumps more groundwater than allowed per the AWS Rules.  Therefore, Goodyear 

currently needs CAGRD to replenish up to 15,940 af of water per year (ADWR, 2016).  
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6.3. Methodology 

 

This section explains the rationale for choosing to study CBZ and SMX. In it, we 

also present the studies selected during the literature reviews to compile data on the 

removal rate of CBZ and SMX. Finally, this section demonstrates how two simple 

abstraction models were designed to estimate the concentration of CBZ and SMX in 

water pumped by the municipality of Goodyear. 

 

6.3.1. Choice for Abstraction Models  

 

We chose to create and run two abstraction models that require little information 

about the settings and are applicable to regions in which municipalities or other water 

entities do not have the means to conduct complex modeling to provide scientific 

information for their decision making and water management planning. 

State-of-the-art dynamic models such as MODFLOW coupled with relevant 

(geo)chemical transport and degradation models may provide accurate simulations of 

transport and degradation of contaminants in the aquifer, but they also have limitations. 

These models require complex information such as the structure, the physical and 

chemical transport properties of the subsurface (Pachepsky et al., 2006). These models 

also require knowledge of chemical properties of contaminants. In addition, conducting 

subbasin-scale simulations is labor intensive, requires supercomputing facilities, and is 

time-consuming.  

Early attempts to obtain data about effluent concentration near municipal wells 

from ADWR and ADEQ made it clear that numerical MODFLOW-simulations were not 
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used to monitor the transport and fate of contaminants that are potentially carried by 

effluent, and would be too onerous to do so with the means and time-frame of this study.  

Due to these common limitations and the lack of information about effluent in 

aquifers, we developed a technique of model abstraction. Model abstraction is a process 

that simplifies and generalize the description of a system so that the model complexity 

becomes consistent with the available data. In other words, the less the parameters 

included in the model, the easier the model is to design. This implies that relevant, but 

incomputable mechanisms such as soil pH and temperature, soil porosity and hydraulic 

conductivity, adsorption processes, soil-air interface, thickness of the unsaturated, 

vadose, and saturated zone are left out of the final analysis and are replaced by simplified 

constructs that approximate the mechanisms happening in the aquifer.  

We therefore opted to reformulate MAR in the abstracted form of what is called 

the "Full Mixing" of native groundwater with effluent and “Piston Flow with delayed 

displacement" in the ground. Pursuing these models provides two extreme limits of 

contaminant presence upon which further and more detailed studies of aquifer 

characterization and simulation could then be based. With the Full-Mixing model, a 

contaminant injected through recharge can be expected to be present immediately at 

extraction wells, but initially at very low concentrations because the effluent is expected 

to fully mix with the entire volume of water present in the aquifer. Concentrations will 

vary gradually and depend on the removal rate of the contaminant, but also on injection 

rate, extraction rate, and the entire volume of water in the aquifer. In the Piston Flow 

model, the water does not mix with the water already present in the aquifer, but instead 

slowly migrates as one unit to extraction wells. Removal occurs along this trajectory. 
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Concentrations will therefore exhibit discrete jumps, depending on flow velocities and 

distance between injection and extraction wells. With this approach, we were able to 

overcome the aforementioned limitations, because little data beyond effluent recharge 

rates and groundwater volume extracted, and chemical decay rates are necessary as 

inputs. In addition, these two models require no specialized software and could therefore 

be evaluated in a standard spreadsheet form and, with different input data, become 

applicable to situations other than Goodyear, that is, to other case studies in the U.S. and 

potentially abroad. 

 

6.3.2. Choice of Contaminants of Emerging Concern 

 

CBZ and SMX were selected because they are the CECs that are most often 

detected in effluent research studies in Arizona (Chiu and Westerhoff 2010; Drewes et al. 

2003; Kahl 2013; Reinhard et al. 2003; Rice, n.d.; Wilson and Jones-Lepp 2013). SMX 

has been detected in the effluent of WWTPs in Tempe, Phoenix, Maricopa Village, near 

Kino, Flowing Wells, Duval, and Guadalupe (Chiu & Westerhoff, 2010) with a 

concentration of 2.3 µg/L in average; and in groundwater monitoring wells at the Lake 

Havasu Regional WWTP with a concentration of 1.3 µg/L (Wilson and Jones-Lepp 

2013). CBZ was found with a concentration of up to 610 ng/L in the monitoring wells of 

Sweetwater Wetlands USF (Drewes et al., 2003) and with a concentration of 675 ng/L in 

the WWTP effluent of the Mesa Northwest Water Reclamation Plant (Rice, 2014). Table 

20 compiles levels of CBZ and SMX detected around the state, illustrating that CBZ and 

SMX are widely found in Arizona. CBZ and SMX were also found in the Santa Cruz 

surface water in Pima County but ten times less concentrated than in WWTP effluent of 
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groundwater near USFs (Kahl, 2013), suggesting the presence of higher levels of CBZ 

and SMX in areas that generate a lot of wastewater and practice effluent recharge, such as 

the Goodyear area.  

CBZ and SMX have different properties. CBZ is an anticonvulsant compound 

used in the treatment of epilepsy, and has a log Kow of 2.45 (PubChem, 2021a). SMX is 

an antibiotic used to treat urinary, respiratory, and gastrointestinal tracts infections, and 

has a log Kow of 0.89 (PubChem, 2021b). CBZ has a higher tendency to absorb the soil 

in the aquifer than SMX. 

Furthermore, scholars have used CBZ and SMX as tracers during MAR (Dvory, 

Kuznetsov, et al., 2018; Dvory, Livshitz, et al., 2018; Renau-Pruñonosa et al., 2020) 

because their persistence in the environment allows for mapping the flow of recharged 

effluent.  

 
Table 20: Literature review of the concentration of CBZ and SMX found in Arizona’s water after MAR 

Water Source Location of samples 
CBZ 

(ng/L) 

SMX 

(ng/L) 
Reference 

WWTP         

WWTP effluent  

Tempe, Phoenix, Flowing 

Wells, Kino, South of Duval, 

near Guadalupe, and Maricopa 

  2,300 
Chiu & Westerhoff, 

2010   

WWTP effluent  Gilbert   12 
Chiu & Westerhoff, 

2010   

WWTP tertiary 

effluent  

Mesa Northwest Water 

Reclamation Plant 
175   Drewes et al., 2003    

WWTP effluent  
Mesa Northwest Water 

Reclamation Plant 
675   Rice, 2014    

WWTP 

Lake Havasu Island Wastewater 

Treatment Plant and North 

Regional Wastewater Treatment 

Plant treated wastewater 

samples 

303 2,159 
Wilson & Jones-Lepp, 

2013   
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Activated sludge 

WWTP with 

nitrification 

Across the state of Arizona 
20 - 

1,000 

20 - 

1,000 

Chiu & Westerhoff, 

2010   

Raw wastewater Across the state of Arizona 
20 - 

1,000 
> 1,000 

Chiu & Westerhoff, 

2010   

Monitoring well 
Mesa Northwest Water 

Reclamation Plant 
145   Drewes et al., 2003    

Monitoring well 
Mesa Northwest Water 

Reclamation Plant 
85   Drewes et al., 2003    

Piezometer adjacent 

to the water 

reclamation plant 

Mesa Northwest Water 

Reclamation Plant 
155   Drewes et al., 2003    

Groundwater         

Groundwater 

monitoring well  

Mesa Northwest Water 

Reclamation Plant 
235   Drewes et al., 2003    

Groundwater 

monitoring well  

Mesa Northwest Water 

Reclamation Plant 
125   Drewes et al., 2003    

Groundwater 

Monitoring Wells at the Lake 

Havasu North 

Regional Wastewater Treatment 

Plant ( (highest value) 

350 1,300 
Wilson & Jones-Lepp, 

2013   

Groundwater 
Well within the urbanized city 

area 
0.7 54 

Wilson & Jones-Lepp, 

2013   

Surface Water         

CAP water Across the state of Arizona 
20 - 

1,000 

20 - 

1,000 

Chiu & Westerhoff, 

2010   

Santa Cruz River 37 km from Ina Road WWTP 0.4 1.5 Kahl, 2013    

Untreated source 

water  

Lake Havasu's primary 

water supply diversion point 
18.4 21.2 

Wilson & Jones-Lepp, 

2013   

Colorado River Colorado River Mile 221 4 12.5 
Wilson & Jones-Lepp, 

2013   

Colorado River 
Thompson Bay/Lake Havasu 

Colorado Rivermile 210 
3.1 9.5 

Wilson & Jones-Lepp, 

2013   

Salt River Project 

waters (Verde River 

and Salt River) 

Across the state of Arizona   
20 - 

1,000 

Chiu & Westerhoff, 

2010   

Recharge sites         

Groundwater at 

recharge site 
Across the state of Arizona   

20 - 

1,000 

Chiu & Westerhoff, 

2010   
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Monitoring well Sweetwater Wetlands 610   Drewes et al., 2003    

Monitoring well Sweetwater Wetlands  455   Drewes et al., 2003    

Drinking Water 
Lake Havasu's treated drinking 

water  
14.6   

Wilson & Jones-Lepp, 

2013   

 

 

 

 

6.3.3. Selection of Worldwide Alluvial Aquifer Studies to Evaluate 

Removal Rate of Carbamazepine and Sulfamethoxazole 

 

Through a literature review, we selected studies that examined the presence of 

CBZ and SMX in groundwater after recharge of effluent. These studies had to meet three 

criteria: 1) they were conducted in an alluvial aquifer (like Goodyear's); 2) there was a 

presence of some form of recharge mechanism, either natural or artificial; and 3) there 

was evidence of recharge of wastewater or surface water in which effluent was 

discharged. If it was not calculated in the study, we used the following formula to 

calculate the removal rate of each chemical: 

Removal (%) = (concentration in effluent or river – concentration in groundwater)/ 

concentration in effluent or river *100 

 

 

 

6.3.4. Full Mixing Abstraction Modeling 

 

The first hydrologic model we designed for this study assumes that the water 

recharged mixes instantaneously with water that already exists in the aquifer regardless of 

the distance between recharge and extraction wells.  
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6.3.4.1. Estimations of Volume and Concentration Parameters and 

Removal Rate for Full Mix Model 

 

 

We estimated the value of different model input parameters: initial groundwater 

volume, volume and concentration of CECs in water recharged, and volume of water 

pumped from the aquifer (Table 21). 

 

Table 21: Estimation of volume and concentration parameters 

Parameter Estimated value 

Vaq,t 
Groundwater volume in 

Goodyear’s aquifer 
1,362,712  af 

Vin,t  
Volume of reaching 

Goodyear’s aquifer 
56,510 af 

Cin,t (SMX) 
Concentration of SMX in 

water injected 
9.24E-01 µg/L  

Cin,t (CBZ) 
Concentration of CBZ in 

water injected 
2.38E-01 µg/L  

Vout,t 

Volume of water pumped 

by Goodyear’s municipal 

wells 

5,816 af (2010-2019) 

5,816 to 18,622 af (2010-

2027) 

18,622 af (after 2028) 

 

 

To estimate the volume of water in the aquifer at the initial time, we used data 

from the ADWR. According to the ADWR report, the approximate volume of 

groundwater in storage in the Phoenix AMA is 80.4 million af (ADWR, 2010). We 

define Goodyear’s aquifer as the volume of water under the municipality of Goodyear 

located in the WSRV sub-basin, hypothesizing that the volume of groundwater in 

Goodyear’s aquifer is proportional to the surface area of the city in the WSRV sub-basin 

(about 95 square miles). Knowing the Phoenix AMA covers 5,646 square miles (ADWR, 
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2021), we used the following formula to calculate the initial volume of water in 

Goodyear’s aquifer: 

 

     Vaq,t = Groundwater Volume Phoenix AMA/ Surface Area Phoenix AMA * Surface Area 

Goodyear (WSRV)= 80,400,000/59  

 Vaq,t =1,362,712  af 

 

To estimate the volume of water reaching Goodyear’s aquifer, we combined the 

total volume of water permitted at every recharge facility (Table 22) and found it to be 

Vin,t = 56,510 af. 

 

 
Table 22: Annual permitted volume (af) at recharge facilities 

Annual permitted 

volume (af) 

Facility 

1* 

Facility 

2* 

Facility 

3 

Facility 

4 

Facility 

5 

Facility 

6 
Total 

CAP water  5,320 16,292 0 0 0 0 21,612 

Effluent 5,320 16,292 616 6,000 6,570 100 34,898 

Effluent % 50% 50% 100% 100% 100% 100% 62% 

*Estimation (50% effluent/50% CAP water)     

 

 

To estimate the concentration of CBZ and SMX in the effluent injected, we first 

calculated the average concentration of these CECs found in effluent from Arizona’s 

WWTPs (see first five rows of Table 20. We found that the average concentration of 

CBZ was 0.384 µg/L (Drewes et al. 2003; Rice 2014; Wilson and Jones-Lepp 2013) and 

that the concentration of SMX was 1.490 µg/L (Chiu & Westerhoff, 2010; Wilson & 

Jones-Lepp, 2013). Because facilities recharge both effluent and CAP water, we took into 
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account a factor of dilution to determine the concentration of CECs in the water 

recharged. According to Table 22, 62% of the water recharged at six facilities is effluent. 

We applied this dilution factor to the concentrations of SMX and CBZ:  

Cin,t = 2.38E-01 µg/L (CBZ) 

Cin,t = 9.24E-01 µg/L (SMX)  

 

Finally, we calculated the volume of water pumped by Goodyear’s municipal 

wells. To that end, we used data from ADWR (Table 23) (ADWR, 2019). We considered 

that the volume of water pumped from 2010 to 2019 was 5,816 af/year.  To include 

Goodyear's future water, we used its AWS projections (ADWR, 2016). By 2028, 

Goodyear estimates its demand to be 18,622 af. So we gradually added 1,423 af ((18,621-

5816.09)/(2028-2019)) to the annual water demand from 2020 to 2028. After 2028, the 

demand will remain the same.  

Vout,t = 5,816 af (2010-2019) | 18,622 af (after 2020) 

 

Table 23: Volume of water pumped by Goodyear in 2019 

Well ID 
Volume of water pumped 

in 2019 (af) 

A 1107 

B 740 

C 465 

D 631 

E 1643 

F 561 

G 191 

H 479 

Total 5816 
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To estimate the decay of CEC in the aquifer we calculated the removal rate per 

year of CEC in the aquifer. According to Montgomery and Harshbarger (1992) the 

velocity of water in alluvial aquifers varies a few feet to a few hundreds of feet per year. 

We converted removal distance into time using a speed of 200 feet/year. Then we plotted 

each CEC decay as a function of time.  

 

6.3.4.2. Full Mixing Model Design 

 

The Full Mixing model assumes rapid, complete and homogenous mixing of 

effluent with the volume of groundwater present, such as is the case with highly 

conductive and dispersive aquifers. There is a high dilution of water recharged in this 

case, with the almost immediate emergence of CECs in extraction wells. In this model, 

we kept track of the volume of water injected and recovered in Goodyear's aquifer and 

estimated the concentration of CECs underground. We assumed the initial concentration 

of CECs in the aquifer equals 0. We chose a water budget approach with a simple model 

composed of the five following equations:  

(1) Vaq,t+1 = Vaq,t + Vin,t+1 - Vout,t+1 

(2) Caq,t+1 = (Vin,t+1 * Cin,t+1 + M(decay)aq,t – C(decay)aq,t * Vout,t+1) / Vaq,t+1 

(3) Maq,t+1 = Caq,t+1 * Vaq,t+1 

(4) M(decay)aq,t+1 = Maq,t+1 * (1-𝜏) 

(5) C(decay)aq,t+1= M(decay)aq,t+1 / Vaq,t+1 

 

With  
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t= year 

Vaq,t Volume of water in the aquifer 

Vin,t Volume of water injected reaching the aquifer  

Vout,t  Volume of water pumped   

Caq,t Concentration of CEC in the aquifer  

Cin,t Concentration of CEC in water injected  

Maq,t  Mass of CEC in aquifer 

M(decay)aq,t Mass of CEC after decay in the aquifer 

𝜏 Removal rate per year of CEC in the aquifer 

C(decay)aq,t  Concentration of CEC after decay in the aquifer 

 

We created a model in a spreadsheet using Microsoft Excel in which each column 

corresponded to each of the above equations and each row to a year. The model started in 

2010 because this is when ADWR last estimated groundwater volume, and therefore is 

the oldest point of available data. The fifth column of the model shows the concentration 

of CEC after decay in the aquifer over time. These results will provide an estimation of 

the concentration of CEC in municipal wells after MAR.    

 

6.3.5. Piston Flow Abstraction Modeling 

 

The second hydrologic model we designed for this study is based on a Piston 

Flow model. According to Sukhija et al. (2003), piston flow models are applicable in 

alluvial settings. In such models, the underlying assumption is that water recharged does 
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not mix with water already in the aquifer. This flow of water recharged moves slowly and 

horizontally until pumped by a municipal well.  

 

6.3.5.1. Evaluating the Distance Between Goodyear’s Municipal 

Wells, and USF and GSF Facilities 

 

For this model, we used the distance between each well and each facility. We 

selected the eight wells used by Goodyear for municipal purposes as of 2019. As showed 

on Error! Reference source not found., wells C and H are located on the Eastern p

ortion of the Roosevelt Irrigation District GSF, called Facility 1; wells A, B and E are 

located on the Western portion of the Roosevelt Irrigation District GSF, called Facility 2. 

Four facilities are in the vicinity of Goodyear: the EPCOR USF (Facility 3), the 

Sustainable Effluent to Aquifer Project USF by Liberty (Facility 4), Goodyear SAT USF 

(Facility 5) and Goodyear VIP (Facility 6). Table 24 shows the distance between each 

well and the center of each USF. When a municipal well was located on a GSF, the 

distance was recorded as zero miles.  
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Figure 44: Map of Goodyear water service area with municipal wells, USFs, and GSFs 
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Table 24: Proximity of Goodyear’s municipal wells to facilities that recharge effluent (miles) 

Municipal well Facility 1 Facility 2 Facility 3 Facility 4 Facility 5 Facility 6 

55-210705 A   0 4.6 4.5 0.9 0.9 

55-501892 B   0 6.3 5.5 1.1 1.1 

55-571170 C 0   5.1 4.5 3.3 3.3 

55-588625 D     7.0 7.2 1.0 1.0 

55-606698 E   0 6.0 5.9 0.5 0.5 

55-609571 F     6.1 5.6 2.3 2.3 

55-617171 G     5.5 5.0 2.6 2.6 

55-617174 H 0   5.3 5.0 2.6 2.6 

 

 

6.3.5.2. Estimations of Concentration and Time Parameters for 

Piston Flow Model 

 

We estimated the value of different model input parameters: concentration of 

CECs in water recharged at each facility and the time it takes for each recharge flow to 

move from each of the recharge facilities to each of Goodyear’s municipal wells. 

To estimate the concentration of CBZ and SMX in the effluent recharged at each 

facility, we first calculated the average concentration of these CECs found in effluent 

from Arizona’s WWTPs (see first five rows of Table 20). We found that the average 

concentration of CBZ was 0.384 µg/L (Drewes et al. 2003; Rice 2014; Wilson and Jones-

Lepp 2013) and that the concentration of SMX was 1.490 µg/L (Chiu & Westerhoff, 

2010; Wilson & Jones-Lepp, 2013). Because facilities 1 and 2 recharge 50% effluent, we 

took this dilution factor into account to estimate the concentrations of SMX and CBZ in 

the water recharged at these facilities; because facilities 3, 4, 5 and 6 only recharge 

effluent, we did not apply a factor of dilution (Table 25). 
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C3aq,t = C4aq,t = C5aq,t = C6aq = 3.84E-01 µg/L (CBZ)  

C3aq,t = C4aq,t = C5aq,t = C6aq,t =  1.49µg/L (SMX)  

 

C1aq,t = C2aq,t = 1.92E-01 µg/L (CBZ)  

C1aq,t = C2aq,t = 7.45E-01 µg/L (SMX)  

With 

t= year 

x= 1, 2, 3, 4, 5 or 6 corresponding to Facility 1, 2, 3, 4, 5 or 6 

  

Table 25: Estimated concentration of CEC and estimated volume of water reaching the aquifer at each facility 

  Facility 

1 

Facility 

2 

Facility 

3 

Facility 

4 

Facility 

5 

Facility 

6 

Estimated 

Concentration of 

Effluent Reaching 

the Aquifer (µg/L) 

CBZ 0.192 0.192 0.384 0.384 0.384 0.384 

SMX 0.745 0.745 1.490 1.490 1.490 1.490 

Estimated volume of water 

recharged reaching the aquifer 

(af) 

10,640 32,584 616 6,000 6,570 100 

 

 

We calculated the time for each recharge flow to travel from its recharge facility 

to municipal wells (Table 26). We also selected a speed of 200 feet/year for this model. 

To calculate the travel time of a piston flow, we divided the distance between the points 

of injection and pumping and divided it by the velocity of water in the aquifer. 

 

 

 



 

 

 242 

Table 26: Years taking for a recharge flow to reach a municipal well 

Municipal well Facility 1 Facility 2 Facility 3 Facility 4 Facility 5 Facility 6 

A n/a 0 121 119 24 24 

B n/a 0 166 145 29 29 

C 0 n/a 135 119 87 87 

D n/a n/a 185 190 26 26 

E n/a 0 158 156 13 13 

F n/a n/a 161 148 61 61 

G n/a n/a 145 132 69 69 

H 0 n/a 135 119 87 87 

 

6.3.5.3. Piston Flow Model Design  

 

The Piston Flow model assumes water travels to the extraction well with no 

mixing of effluent with the volume of native groundwater present. There is no dilution of 

water recharged in this case, with slow but highly concentrated emergence of CEC in 

extraction wells. As the flow of water recharged moves horizontally in the aquifer, CECs 

decay as a function of distance. In sum, the shorter the distance, the quicker the response, 

the lower the decay, the higher the CEC concentration in the municipal well.  

We then weighted the concentration of CEC in the injected water proportionally 

with the volume of water estimated to be recharged at each facility (Table 25). We 

assumed the initial concentration of CECs in the aquifer equals 0. We chose a water 

budget approach with a simple model composed of the five following equations: 

 

(6) Cx(decay)aq, t= Cxin,t * (1-𝜏x) with  Cxin,t = 0 if t < tx 

(7) Cmunicipal well, t= (1/n) * C1(decay)aq,t  * V1/Vt  + C2(decay)aq,t * V2/Vt + 

C3(decay)aq,t * V3/Vt + C4(decay)aq,t * V4/Vt + C5(decay)aq,t * V5/Vt + 

C6(decay)aq,t * V6/Vt) 
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With 

t= year 

n= total number of facilities in the model 

x= 1, 2, 3, 4, 5 or 6 corresponding to Facility 1, 2, 3, 4, 5 or 6 

 

Vt in,t  Volume of water injected reaching the aquifer from every facility in the model  

Cxin,t Concentration of CEC in the water recharged 

𝜏 Removal rate of CEC in the aquifer as a function of distance 

C(decay)aq,t  Concentration of CEC after decay in the aquifer 

Cmunicipal well Concentration of CEC at any given well.  

 

We created a model in Excel in which each column corresponds to each of the 

above equations and each row to a year. The second column of the model shows the 

concentration of CEC after decay in the aquifer reaching a given well over time. We 

applied this model to each of the eight municipal wells of Goodyear. 

 

 

6.3.6. Determining the Effectiveness of MAR 

 

To determine the effectiveness of MAR in removing CECs, we compared their 

concentrations in municipal wells from each model to the acceptable level of CECs than 

can be ingested. This is measured by the acceptable daily intake (ADI) of a chemical, 

which gives the mass of chemical that can be ingested for one kilogram of the human 

body. CBZ has a ADI of 0.34 µg/kg (Sheikh, 2016) and SMX has an ADI of 3.8 µg/kg 
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(Kennedy et al., 2012). These limits were compared to the average human consumption 

of water pumped from every municipal well of Goodyear.  

In the United States, the average adult weight is 184 lb (83.5 kg)25 (Fryar et al., 

2018) while a 2-5-year old child weighs 17.1kg (National Center for Health Statistics 

(U.S.) et al., 2021). We compared these ADIs to the amount of CBZ and SMX an adult 

and a child would ingest by drinking three liters of Goodyear’s water every day. As a 

result, MAR will be deemed effective if the estimated concentrations of CBZ and SMX 

in municipal wells does not exceed the concentrations summarized in Table 27, as the 

equation shows: 

(8) Cmunicipal well  <= ADI * weight of individual/3 

 

Table 27: Maximum concentration allowed in drinking water for MAR to be deemed effective 

 Maximum Concentration Allowed in Water Pumped 

from Municipal Well (µg/L) 

Adult (83.5 kg)   

CBZ 9.46 

SMX 105.77 

Child (17.1 kg)   

CBZ 1.94 

SMX 21.66 

 

 

 

 

 

 
25 Data were collected from 2015-2016 
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6.4. Results and Discussion 

 

6.4.1. Regression of Carbamazepine and Sulfamethoxazole Removal 

During Recharge 

 

There has been a recent interest in CBZ and SMX, not only in the US, but across 

the world. Five field studies have been conducted in alluvial aquifers in Spain, Poland, 

and Serbia report on the concentration of CBZ or SMX (Boy-Roura et al., 2018; Candela 

et al., 2016; Corada-Fernández et al., 2017; Kovačević & Dimkić, n.d.; Kruć et al., 2019; 

Stauder et al., 2012). These studies have analyzed the concentration of CBZ or SMX in 

the effluent before recharge and in the aquifer. But only three studies link removal rate 

and distance between discharge and pumping (Table 28, Table 29). We therefore used 

these studies to plot a removal rate trend for SMX and CBZ as a function of distance, and 

created two regressions for each dataset with Excel ( 

Figure 45, Figure 46), respectively. 

 

Table 28: Results of literature review for SMX removal rate as a function of aquifer distance between recharge and 

groundwater sampling locations 

Removal rate (%) 

Aquifer distance between 

recharge and groundwater 

sampling locations (miles) 

Source 

20 0.008 (Kruć et al., 2019) 

51 0.06 (Kruć et al., 2019) 

100 0.10 (Kruć et al., 2019) 

83 0.13 (Kruć et al., 2019) 

100 0.40 (Kruć et al., 2019) 

89 0.40 (Candela et al., 2016) 

89 1.3 (Candela et al., 2016) 
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Table 29: Results of literature review for CBZ removal rate as a function of aquifer distance between recharge and 

groundwater sampling locations 

Removal rate (%) 

Aquifer distance between 

recharge and groundwater 

sampling locations (miles) 

Source 

15 0.10 (Kruć et al., 2019) 

22 0.13 (Kruć et al., 2019) 

43 0.40 (Kruć et al., 2019) 

44 0.40 (Candela et al., 2016) 

36 0.64 (Kovačević & Dimkić, n.d.) 

44 1.3 (Candela et al., 2016) 

 

 
 

Figure 45: Removal rate of SMX as a function of distance 
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Figure 46: Removal rate of CBZ as a function of distance 

 

Each removal regression allowed us to find a removal rate for any distance 

traveled by CECs in the Piston Flow model. Table 30 shows regression equations with 

lower and upper bound of distance. The regressions can conclude on a removal rate for 

distance travelled up to 9.2 miles in the case of SMX, and 47 miles in the case of CBZ. 

Beyond the upper bound, the removal rate is considered to be 100%. To find an SMX 

removal rate when the distance between injection and pumping is between 0-511 feet, we 

used regression (1); For distance between 512 feet and 9.2 miles, we use regression (2). 

To find a CBZ removal rate when the distance between injection and pumping is between 

0 and 0.38, we used regression (3); For distance between 0.39 miles and 47 miles, we 

used regression (4). 
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Table 30: Lower and upper bounds for removal of SMX and CBZ 

 Lower bound Upper bound Lower bound Upper bound 

SMX 

0 miles 511 feet 512 feet 9.2 miles 

Regression (1) Regression (2) 

y1 = 831x1 + 9.29  y2 = 1.12x2 + 89.6  

CBZ 

0 miles 0.38 miles 0.39 miles 47 miles 

Regression (3) Regression (4) 

y3 = 88.2x3 + 8.02  y4 = 1.26x4 + 40.8  

 

 

6.4.2. Applying Results to Goodyear’s Water Management Situation 

 

6.4.2.1. Full Mixing Model 

 

We converted data in Table 28 and Table 29 to plot a removal rate trend for SMX 

and CBZ as a function of time, and created two regressions for each dataset with Excel 

(Figure 47, Figure 48) respectively. Using Regression (5) and Regression (7), we find 

that the decay rates for SMX and CBZ in one year are 0.41 and  0.11, respectively. 

 



 

 

 249 

 

Figure 47: Removal rate of SMX as a function of time 

 

 

Figure 48: Removal rate of CBZ as a function of time 
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In this Full Mixing model, the diminution of CEC concentration at municipal 

wells increase in the first few years due to the effluent being recharge in the aquifer. Then 

the diminution of CEC decreases slowly due to decay rates of contaminants. Indeed, 

every year, 11% of CBZ and 41% of SMX is decomposes. We note that degradation 

products of SMX and CBZ may also be of health concern, but chemical degradation and 

physical absorption mechanisms are beyond the scope of the present study. After running 

the model, we obtained the concentration of CBZ (Figure 49) and SMX (Figure 50) after 

decay in the aquifer. While there is a dilution factor when effluent is recharged in the 

aquifer that helps lower the concentration, without the influence of decay, the 

concentration of CECs in municipal wells would increase over time in a logarithmic 

fashion. 
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Figure 49: Estimated concentration of CBZ in Goodyear’s municipal wells (µg/L) 
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Figure 50: Estimated concentration of SMX  in Goodyear’s municipal wells (µg/L) 

 

 

6.4.2.2. Piston Flow Model 
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Table 31: Estimated Removal Rate of CBZ as a function of distance between each well and each facility 

Well Facility 1 Facility 2 Facility 3 Facility 4 Facility 5 Facility 6 

A   8.0% 47% 46% 42% 42% 

B   8.0% 49% 48% 42% 42% 

C 8.0%   47% 46% 45% 45% 

D     50% 50% 42% 42% 

E   8.0% 48% 48% 41% 41% 

F     48% 48% 44% 44% 

G     48% 47% 44% 44% 

H 8.0%   47% 47% 44% 44% 

 

Table 32: Estimated Removal Rate of SMX as a function of distance between each well and each facility 

Well Facility 1 Facility 2 Facility 3 Facility 4 Facility 5 Facility 6 

A   9.3% 94% 95% 91% 91% 

B   9.3% 97% 96% 91% 91% 

C 9.3%   95% 95% 93% 93% 

D     97% 98% 91% 91% 

E   9.3% 96% 96% 90% 90% 

F     96% 96% 92% 92% 

G     96% 95% 93% 93% 

H 9.3%   96% 95% 93% 93% 

 

Finally, after running the model for each well with its associated removal rate, we 

obtained the concentration of CBZ (Figure 51) and SMX (Figure 52) after decay in the 

aquifer over time. The Piston Flow, a more conservative model, shows a slow but abrupt 

increase in CECs in municipal wells over time. Because wells A, B, C, E and H are 

located on a GSF, the concentration of CECs in the aquifer increases right during the first 

year. On the contrary, it takes between 26 to 69 years for wells D, F, and G to start 

pumping effluent. In Figure 51 and Figure 52 each stage showing an increase in CEC 
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concentration corresponds to water recharged finally reaching a municipal well. As more 

effluent is injected through the years, the CEC concentration at municipal wells increases. 

In several cases, the flow of effluent does not have time to reach municipal wells after 

150 years because of the long distance (above 5.7 miles). Even after 150 years, wells B 

and H will still not be pumping effluent from Facility 3, and wells E and D, will neither 

be pumping effluent from facility 3 nor 4 within that time frame. 

 



 

 

 255 

 

Figure 51: Estimated concentration of CBZ in Goodyear’s municipal wells (µg/L) 
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Figure 52: Estimated concentration of SMX in Goodyear’s municipal wells (µg/L) 
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dilution factor. Even at its peak, the concentration of CECs does not exceed the 

acceptable CEC concentration in municipal wells. When looking at the piston flow 

model, we can conclude that MAR is effective in removing these two contaminants, even 

if their concentrations at municipal wells increase. Table 27 shows the maximum 

concentration of CBZ and SMX in water from municipal wells that is acceptable to 

conclude that MAR effectively keeps municipal wells from pumping significant CECs. 

According to the Piston Flow model, the highest concentration of SMX among 

Goodyear’s municipal wells after 150 years would be in well A, and this would be 0.102 

µg/L, which is well under the maximum concentration acceptable for a child (21.66 

µg/L) and a fortiori for an adult (105.77 µg/L). The highest concentration of CBZ among 

Goodyear's municipal wells after 150 years would be in well G, and this would be 0.0523 

µg/L, which is well under the maximum concentration acceptable for a child (1.94 µg/L) 

and a fortiori for an adult (9.46 µg/L). 

 

6.5. Conclusion 

 

The combination of models designed in this study may help municipalities with 

decision-making for a number of reasons. The Piston Flow model is the most 

conservative approach among other possible modelling options, as it shows the rate at 

which the CEC concentration in municipal wells may increase. Furthermore, this model 

shows results over 100 of years, which makes it appropriate for long-term planning, 

including possible future downward regulatory adjustments in maximum allowable 

concentrations. The Full Mixing model may underestimate the concentration in municipal 

wells, but it provides valuable information about increases in concentration in the short 
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term (couple of years). Together, these models can help a municipality determine if the 

drinking water pumped from an aquifer may require some optional testing for several 

CECs.  

Despite the concern of these chemical within the academic literature, the situation 

of Goodyear does not warrant further investigation regarding the presence of CBZ or 

SMX in municipal wells. The magnitudes of CBZ and SMX found in the city's drinking 

water supply were low when compared to acceptable daily intake data. Nevertheless, it 

was important to show that contaminants are present, even in small level, as other CECs 

that have not been studied yet, might be present too in unknown quantities. The presence 

of other CECs in Goodyear municipal water can be evaluated with these two models. The 

models do not currently address the concentration of degradation products. 

These two models are applicable to other regions, under the condition of 

establishing decay as a function of distance first, which may be challenging. Indeed, 

studies often report contaminant concentrations in graphs only, which are harder to read 

than tables to collect data. Furthermore, accurate travel distance of contaminants are not 

always reported.  

However, this research also has broader water policy and water supply 

implications. Changes in parameters will have to be taken into consideration in the future. 

In Arizona, upcoming shortages on the Colorado River, for example, will reduce the 

volume of CAP available for MAR. Such cutbacks will eventually increase the fraction of 

effluent in aquifers. On the one hand, there will be less non-effluent water but at least the 

same volume of effluent recharged. In the case of the Piston Flow model, an increase in 

effluent recharge in Facility 1 and Facility 2 (which currently recharge 50% effluent and 
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50% CAP water) will affect the CEC concentration input. On the other hand, water users 

such as farmers on GSFs might turn back to using their groundwater rights and start 

extracting water from the aquifer. Such practices will delay the reduction of CECs in the 

aquifer, as far as the Full Mixing model is concerned. These models are practical and 

relevant tools for cities as water shortages are anticipated worldwide and can be used on a 

precautionary basis. Such approach is critical to establish trust between residents and 

policy makers. 
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