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ABSTRACT 

Groundwater plays a fundamental role in water resource sustainability in Virginia 

(USA), but overpumping has caused significant declines in the potentiometric surface in 

the Potomac Aquifer System (PAS). With water levels falling, communities are at risk of 

wells running dry, saltwater intrusion, and land subsidence. The Sustainable Water 

Initiative for Tomorrow (SWIFT) project is an aquifer long-term replenishment (ALTR) 

project that uses continuous recharge into the multi-layered confined aquifer system to 

restore the potentiometric surface over space and time and increase storage in the system. 

The SWIFT Research Center (SWIFT-RC) is a 1 million gallon per day (MGD) 

demonstration facility in Suffolk, Virginia that recharges the PAS through a multi-screen 

well.  

Addressing research questions about the impact of continuous, sustained recharge 

on aquifer systems is crucial to the long-term sustainability of an ALTR project. 

Quantifying how flow moves through the multi-layered system is necessary to 

communicate travel times and water quality impacts on the aquifer system. This work 

uses injectate as an intrinsic tracer, an in-situ flowmeter, and a bromide tracer test to 

evaluate how flow is distributed through the eleven screens in the recharge well and to 

assess how flow distribution changes over time. Typically, flow distribution in multi-

screen wells is estimated only once over the length of a project and assumed to remain 

constant for modeling purposes; by measuring flow distribution using multiple methods 

over the course of the project, this work shows that flow distribution is not constant. In 



future ALTR projects, developing a consistent and robust monitoring plan to use injectate 

as an indicator of movement through the aquifer system, paired with other methods to 

monitor changes in flow distribution, will be a critical part of effectively evaluating how 

flow moves through the groundwater system. 
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GENERAL AUDIENCE ABSTRACT 

Groundwater plays a fundamental role in water resource sustainability in Virginia 

(USA), but overpumping has left the Potomac Aquifer System (PAS) depleted. With 

water levels falling, communities are at risk of wells running dry, adverse water quality 

changes, and even changes to the land surface due to subsurface settling. The Sustainable 

Water Initiative for Tomorrow (SWIFT) project is an aquifer long-term replenishment 

(ALTR) project that uses continuous recharge into the deep aquifer system to restore 

water levels and increase storage in the system. The SWIFT Research Center (SWIFT-

RC) is a 1 million gallon per day (MGD) demonstration facility in Suffolk, Virginia that 

recharges the PAS through a multi-screen well.  

Addressing research questions about the impact of continuous, sustained recharge 

on aquifer systems is crucial to the long-term sustainability of an ALTR project. 

Quantifying how flow moves through the multi-layered system is necessary to 

communicate travel times and water quality impacts on the aquifer system. This work 

uses multiple methods to evaluate how flow is distributed through the eleven screens in 

the recharge well and to assess how flow distribution changes over time. Typically, flow 

distribution in multi-screen wells is estimated only once over the length of a project and 

is assumed to remain constant for modeling purposes; by measuring flow distribution 

using multiple methods over the course of the project, this work shows that flow 

distribution is not constant. In future ALTR projects, developing a consistent and robust 

monitoring plan to use recharge water itself as an indicator of movement through the 



aquifer system, paired with other methods to monitor changes in flow distribution, will be 

a critical part of effectively evaluating how flow moves through the groundwater system. 
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1. Intro duction 

With 41% of the population of the United States depending on groundwater as its primary 

source of drinking water, groundwater is a vitally important resource for a significant fraction of 

the country (NGWA 2020). Moreover, groundwater plays a fundamental role in non-drinking 

water uses like agricultural production, and groundwater utilization and stewardship transcend 

direct use to impact those who do not use it directly as a drinking water source in the area of food 

security. According to United States Geological Survey (USGS) estimates in 2015, groundwater 

made up approximately 29.3% of the total freshwater supply (gallons per day) for the United 

States, an 8% increase in groundwater withdrawals since 2010. Nationally, fresh and saline 

groundwater use as a fraction of total water use has increased from 18.5% in 1950 to 26.3% in 

2015 ï a 42.2% increase.  

In the state of Virginia, approximately 298 million gallons per day (MGD) are withdrawn 

from the stateôs groundwater resources. Groundwater in Virginia is primarily drawn from 

domestic wells (125 MGD), public supply wells (83 MGD), and industrial wells (66 MGD) 

(Dieter et al. 2018). In 1992, the General Assembly of Virginia authorized the State Water 

Control Board to form the Eastern Virginia Groundwater Management Area (EVGWMA) 

(Figure 1-1. Groundwater management areas (GWMAs) are designated where an area is 

experiencing declining groundwater levels or is at risk of groundwater pollution; as a result, 

GWMAs are subject to stringent withdrawal permitting to address groundwater management 

concerns (Rubin 2017). In the EVGWMA, groundwater is derived from the Virginia Coastal 

Plain Aquifer System; approximately 74% of groundwater withdrawals from this system come 

from the Potomac Aquifer System (PAS) (McFarland and Bruce 2006). Heywood and Pope 

employed numerical modeling of the EVGWMA to demonstrate substantial groundwater level 
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declines in the PAS as a result of industrial groundwater use over the last century, which puts the 

area at risk for saltwater intrusion (Heywood and Pope 2009). As groundwater becomes a more 

important water source, considerations must be taken to implement effective groundwater 

monitoring systems to ensure sustainable use for the long-term viability of the resource 

(Dennehy et al. 2015). 

 
Figure 1-1. Eastern Virginia Groundwater Management Area (EVGWMA) and Eastern 

Shore Groundwater Management Area as of August 2017 (Rubin 2017). 

1.1 Managed Aquifer Recharge  

Managed aquifer recharge (MAR) is an important component of safeguarding 

groundwater resources and is well established, with more than 1,200 projects documented 

globally in over fifty countries (Pyne 2004; Stefan and Ansems 2018; IGRAC 2019). MAR 

serves as an umbrella term to describe all methods of artificial recharge of groundwater 

resources. The term ñmanaged aquifer rechargeò was coined by Ian Gale, a British 
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hydrogeologist and founding co-chair of the International Association of Hydrogeologists (IAH) 

Commission on Managed Aquifer Recharge (Dillon et al. 2019). While the term was adopted 

within the last two decades, the concept of artificially increasing recharge rates has existed for 

centuries (Maliva 2015; Dillon et al. 2019). MAR takes ñartificial rechargeò a step further by 

adding an aspect of intentionality and considering the impacts not only of quantity of recharge, 

but also of quality (NRMMC, EPHC, and NHMRC 2009). Examples of MAR include, but are 

not limited to, induced riverbank filtration, spreading methods (such as infiltration basins, excess 

irrigation, or flooding); in-channel modification (such as dams and channel spreading); and well, 

shaft, and borehole recharge (Ringleb et al. 2016; Stefan and Ansems 2018; Dillon et al. 2019; 

IGRAC 2019). The approach implemented at a site depends on the goal of the project and the 

available footprint for operation (i.e., a large footprint could sustain spreading methods while 

smaller footprints would necessitate well recharge). 

The use of injection wells for aquifer storage and recovery (ASR) or aquifer storage, 

transfer, and recovery (ASTR) has become more common because of the maturing of recharge 

technologies, the reduced land footprint required for implementation relative to land surface 

strategies like spreading methods, the elimination of dependence on surface characteristics, and 

the ability to recharge into deep, confined aquifers. ASR involves injecting potable water into a 

storage aquifer during periods of low demand and recovering it from the same well during 

periods of high demand (Figure 1-2). The goal of ASR is indirect potable reuse in the near term 

with an emphasis on the recovery aspect of the project (Pyne 2005). ASTR is a recharge method 

that builds on the concept of ASR in which water is injected at one well and recovered at one or 

more nearby wells (Figure 1-3); this method includes the additional aspect of groundwater 

transport as a method of soil aquifer treatment (SAT) (Harpaz and Bear 1964; MiotliŒski et al. 
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2014). SAT is the process of contaminant removal from source water for an MAR project by 

straining, attenuation via adsorption, or chemical or biological degradation during advective 

transport through an aquifer system (Idelovitch and Michail 1984; Grinshpan et al. 2021).  

ASR/ASTR projects are currently implemented on every continent except Antarctica, 

with the majority of projects located in the United States, Europe, Australia, and China (Stefan 

and Ansems 2018; IGRAC 2019). Influent sources for ASR projects vary based on available 

water sources, regulations, and project purpose. In the United States, most projects use either 

treated groundwater or surface water (lake or river water) as an influent source; however, this is 

often region dependent due to source water availability. States including California, Arizona, 

Texas, Florida, and Virginia have implemented ASR and ASTR projects using reclaimed 

wastewater facility effluent as an influent source to maximize natural storage, prevent saltwater 

intrusion, or limit nutrient discharge into local water bodies (IGRAC 2019). 
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Figure 1-2. Conceptual diagram of aquifer storage and recovery (ASR) operations. 

Recharge water is injected during periods of low demand and removed at the same well for 

use during high demand periods. Dur ing the injection cycle, a mixing zone is created, 

which essentially creates a buffer between recoverable water and native groundwater. 

Upon pumping, the buffer zone is usually left in place (i.e., the recovered volume is similar 

but slightly lower than the injected volume).  



6 

 

Figure 1-3. Conceptual diagram of aquifer storage transfer and recovery (ASTR) 

operations. During operations, water is injected at one well and removed at one or more 

nearby wells. ASTR includes the concept of soil aquifer treatment (SAT), in which 

contaminants are removed during advective transport. 

Because source water for recharge projects is injected directly into the aquifer instead of 

entering the aquifer via infiltration methods, questions of source water quality and geochemical 

compatibility  are paramount to the feasibility of any project. To prevent injection well clogging, 

injectate should be from a source already compatible with the aquifer or pre-treated to meet the 

geochemical characteristics of the aquifer. Hydrogeological compatibility  has been a significant 

area of ASR/ASTR research (Mirecki et al. 1998; Herczeg et al. 2004; Lowry and Anderson 

2006; Vanderzalm et al. 2010; Guo et al. 2015). Case studies highlight the importance of 

maintaining a ñrecharge bubbleò to improve recovery efficiency (e.g., Vacher et al. 2006), and 

studies suggest that ASR recovery efficiency can be influenced by multiple factors, including 

aquifer heterogeneity, density differences between injectate and native groundwater, and the 

length of the storage period (Missimer et al. 2002; Fram et al. 2003; Pyne 2005; 2006; Vacher et 
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al. 2006; Maliva, et al. 2006; Reese and Alvarez-Zarikian 2007). In the future, however, recharge 

technology will also be implemented to achieve other goals beyond storage and recovery, 

including aquifer replenishment and rehabilitation.  

Continuous artificial recharge to deep aquifers using injection wells conceptually aligns 

with MAR. Unlike ASR or ASTR, the goal of a third MAR strategy, aquifer long-term 

replenishment (ALTR), is to replenish and rehabilitate confined aquifer systems where 

groundwater storage has been depleted and the potentiometric surface has declined over space 

and time. ALTR is becoming increasingly necessary where local or regional groundwater usage 

exceeds natural recharge rates, resulting in groundwater depletion and reduction of available 

groundwater storage (Wada et al. 2010; Wada et al. 2012; Konikow 2013; Dennehy et al. 2015; 

Hartmann et al. 2017; Moeck et al. 2020). Aquifer Recharge (AR) is the conventional term to 

describe the practice of recharging an aquifer without the goal of recovery of the recharged 

water, but this term is simplistic and can complicate the discussion since it could refer to 

multiple methods of recharge (e.g., injection wells, paleochannels) or recharge goals (increasing 

long term storage, dewatering to prevent subsidence in deep excavation projects) (Sheng 2005; 

Bouri and Dhia 2010; Hernández et al. 2011; Samadder et al. 2011; Zhang et al. 2015; Zhang et 

al. 2017a, 2017b). A review of the literature suggests the terms ñaquifer rehabilitationò or 

ñaquifer restorationò involve removing or treating groundwater contaminants (Lehr and Nielsen 

1982; Josephson 1983; Chen et al. 2019). In the present discussion, ALTR does not refer to 

remediation of contaminants, but rather rehabilitation of depleted aquifers by increasing storage 

and raising the potentiometric surface specifically through the use of injection wells (Figure 1-4). 

ALTR is conceptually focused on confined aquifers since long term injection into an unconfined 

aquifer could result in water levels increasing above the land surface. In a confined aquifer, 
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ALTR is more likely to have regional effects compared to an unconfined aquifer. ALTR injects 

geochemically compatible water into an aquifer with the goal of increasing storage and returning 

the aquifer to pre-development conditions. Moreover, land subsidence and saltwater intrusion are 

both issues that threaten aquifers. By injecting freshwater into an aquifer system, saltwater 

intrusion can be prevented, and the effects of increased land subsidence can be slowed or halted.  

 

Figure 1-4. Conceptual diagram of aquifer long term replenishment (ALTR)  operations. 

While pumping does occur at the recharge well, pumping is primar ily for well maintenance 

and not for recovery, leading the recharge volume to steadily increase over time.  

While the implementation of ALTR is similar to ASR and ASTR, the goals are different. 

On the one hand, ASR is like putting money into a savings account; you deposit extra money 

when you can and withdraw it when you are running low on funds. ASTR is like putting money 

into a ñcertificate of depositò; you invest money and are interested in short term growth (i.e., 

additional treatment). Both financial management approaches are short-term solutions, and it is 

important that managers keep the assets liquid and easily available. ALTR, on the other hand, is 

like placing your money in a trust ï while there is not an expectation that the assets will be used 
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immediately or even within a reasonable timeframe, the goal is to achieve significant long-term 

benefits over generations. ALTR presents similar research questions to ASR and ASTR, 

including the extent of SAT through the confined aquifer over the course of the recharge period 

and the impacts of aquifer heterogeneity on transport. However, because the water management 

goals are different, ALTR also increases the scale of long-term transport and provides new 

avenues for research questions not previously considered. 

1.2 Research Question Development 

Addressing research questions about the impact of continuous, sustained recharge on 

aquifer systems is crucial to the long-term sustainability of an ALTR project. The literature 

review discusses existing research regarding physiochemical transport during MAR operations in 

unconfined aquifer systems and fractured rock aquifers during ASR/ASTR; however, questions 

remain about recharge behavior in deep, confined multi-layered aquifers. If the goal is to inject 

large volumes (~10-15 MGD at a site) continuously, the spatial and temporal distribution of 

recharge flow over multiple screens or aquifers becomes a critical question in relation to solute 

transport and potential water quality impacts. Understanding what controls water quality 

outcomes in the subsurface depends on the success of modeling solute transport related to flow 

distribution, recharge operations, and hydrogeological processes.  

To effectively investigate the issues surrounding the impact of MAR on an aquifer 

system that is multi-layered and multi-screened, the existing relevant literature is discussed in 

detail in Chapter 2 based on its applicability to the following questions: 

1. How is flow distributed in a high-capacity, multi-screen recharge well in a confined 

multi-layered aquifer? Quantifying the flow distribution within a multi-screen recharge 
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well may significantly impact aquifer replenishment and solute transport through an 

aquifer system, especially if distribution is non-constant. 

2. What transport mechanisms control solute transport and water quality at the scale 

associated with ALTR operations? Monitoring the impacts of ALTR on an aquifer system 

and identifying relevant transport mechanisms are key parts of understanding flow and 

transport, as well as water quality impacts on the aquifer system. 

3. How can ALTR through a multi-layered aquifer be modeled to interpret existing data? 

Creating a model of chemical constituents relevant to an ALTR project supports the 

identification of known transport mechanisms and provides guidance as to where 

understanding is lacking in terms of describing solute transport and where unconsidered 

processes may be affecting water quality. A calibrated model leads to analysis of 

breakthrough data at nearby monitoring wells and an improved understanding of 

transport coupled to attenuation mechanisms at the ALTR scale.  

4. What are the effects of recharge operations on aquifer parameters, flow distribution, and 

recharge breakthrough? Though the goal is to recharge continuously, stoppage and 

backflush (pumping) are inevitable on a long-term project. Identifying the impacts of 

stoppage and pumping on breakthrough behavior at monitoring wells is an important step 

to understand mechanisms that impact water quality in the aquifer system. 

Multiple methods are used in this dissertation to characterize flow behavior in a multi-

screen, multi-aquifer well  and address the research questions posed above. Chapter 3 provides an 

overview of the research location and project: Hampton Roads Sanitation Districtôs (HRSD) 

Sustainable Water Initiative for Tomorrow (SWIFT) Project ï a large-scale aquifer 
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replenishment project using injection wells in the Tidewater area of Virginia, USA. Chapters 4 

and 6 describe the use of injectate (SWIFT Water) as an intrinsic tracer to characterize flow at 

nearby monitoring wells at the SWIFT Research Center, a 1 million gallon per day (MGD) 

demonstration facility in Suffolk, VA, USA. Chapter 4 primarily focuses on the use of injectate 

to characterize flow distribution based on breakthrough at a nearby (50 foot) monitoring well in 

2018 and the initial development of an analytical model to describe transport under non-constant 

recharge flow conditions. Chapter 5 describes the use of an in-situ flowmeter to measure flow 

distribution during recharge operations under a range of flow conditions. Chapter 6 builds on 

Chapters 4-5 by analyzing transient chemical concentration data of multiple intrinsic tracers and 

previously estimated flow distributions to describe breakthrough at a distant (340 feet) 

monitoring well on site. Chapter 6 further develops the model created in Chapter 4 to account for 

variable influent concentration and dynamic flow distribution. Chapter 7 explores the use of 

sodium bromide solution as an artificial tracer to measure flow distribution at the nearby (50 

foot) monitoring well, addresses model updates from Chapter 6 to consider the dual-domain 

nature of the aquifer, and provides a comparison of the efficacy of intrinsic to artificial tracers at 

the SWIFT Research Center. 
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2. Li terature Review 

While each upcoming chapter includes a review of the literature relevant to the 

experiment or model that is the chapter focus, this chapter aims to broadly address the research 

questions posed in Chapter 1 by giving a general overview. More specifically, this chapter 

reviews the currently available experimental tools used to describe flow and transport in aquifer 

systems; describes how results of those methods have been used to model aquifer systems both 

analytically and computationally; and discusses investigations done into the effects of recharge 

operations on aquifer parameters, flow distribution, and recharge breakthrough. It also aims to 

identify gaps in the literature where further work is needed to better understand flow through 

complex groundwater systems during large-scale aquifer recharge projects.  

2.1. Flow Behavior and Transport in a High-Capacity Recharge Well 

Geophysical logging is an often used as an initial method to predict or measure well flow 

distribution, both through the well screen during pumping or recharge or vertical flow within the 

well under static conditions. Depending on the tool used, borehole logging can delineate 

hydrogeologic units, measure groundwater quality, and assess well condition. One commonly 

used type of geophysical logging is the flowmeter, which uses a range of methods to measure 

flow within the borehole. While initially used to measure horizontal flow, borehole flowmeters 

have also been used to investigate vertical flow within the borehole, which can affect water 

quality within the well (Collar and Mock 1997; Mayo 2010; Basiricò et al. 2015).  

Initial work by Molz et al. (1989) at the Mobile test site defined hydraulic conductivity as 

a function of depth K(z) by demonstrating a directly proportional relationship between 

transmissivity and flow measured along the depth of a pumping well. Others have since built on 

this work by: 
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¶ Comparing the Molz method to other direct and indirect methods (Rehfeldt et al. 

1992; Zlotnik and Zurbuchen 2003a; Li et al. 2008) 

¶ Evaluating conductivity and permeability distributions with newer, more precise 

flowmeter tools like the electromagnetic borehole flowmeter (Young et al. 1998; 

Zlotnik and Zurbuchen 2003b) 

¶ Testing key assumptions of the approach of Molz et al. including that of a 

perfectly stratified aquifer and a steady flow regime (Riva, Ackerer, and 

Guadagnini 2012; Bianchi 2017) 

¶ Using Molz et al. method to demonstrate the existence of preferential flow 

pathways, which develop when flow through high-transmissivity zones is 

preferential to low-transmissivi ty zones (Young 1995; Le Borgne et al. 2006; Le 

Borgne et al. 2007; Alazard et al. 2016) 

¶ Improving flowmeter logging and data interpretation techniques (Oberlander and 

Russell 2006; A.H. Parker et al. 2010) 

More recent papers suggest that flowmeter data can also be impacted by the following 

factors, which must be accounted for in data analysis: 

¶ Head loss inducing non-uniform flow behavior across the flowmeter (Ruud et al. 1999; 

Zlotnik and Zurbuchen 2003b) 

¶ Skin effect, or the effect of the difference in permeability in the gravel pack immediately 

surrounding a well, which can cause flow variations across the well screen (Ruud and 

Kabala 1997; Chen and Chang 2006; Chen et al. 2012; Riva et al. 2012; Cheng 2015) 
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¶ Nature of testing ï whether static or dynamic tests (F. Paillet 2004; Oberlander and 

Russell 2006) 

The use of flowmeters to investigate recharge behavior during MAR is often only a 

supplemental part of any experiment, though flow distribution is of critical importance. Alazard 

et al. (2016) also used borehole logging (heat pulse flowmeter and conductivity logging) to 

examine recharge flow paths and the implications for MAR; however, their study examined 

recharge via a ñpercolation tank,ò which is essentially a water retention basin that infilt rates 

through the base to recharge the underlying aquifer. Paillet (1998) mentions that some tests 

included injection wells to measure hydraulic conductivity by logging flow at measured intervals 

within a well. 

Few experiments measure well flow rate distribution during the operations of an 

ASR/ASTR project. Mukhopadhyay et al. (1995) mention the use a flowmeter in conjunction 

with a tracer test to measure flow distribution in a limestone aquifer during a feasibility study for 

artificial recharge in Kuwait, but data from that experiment are not included in the paper beyond 

the identification of the most transmissible depths. Pavelic et al. (2006) employed an 

electromagnetic (EM) flowmeter to measure flow in monitoring wells around an ASR recharge 

well to characterize heterogeneity in an aquifer but did not measure flow in the recharge well 

itself. Following the method of Molz et al. (F.J. Molz et al. 1994), flows were measured at set 

intervals, and dynamic testing did not occur. 

Izbicki et al. (2010) describe the use of the tracer pulse method to determine flow 

distribution in a single-screen ASR well using chlorinated municipal drinking water coupled with 

EM flowmeter measurements at nearby monitoring wells. However, flow logs were not collected 
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from the ASR well during the injection phase of the project, and flow measurements in the ASR 

well were incremental due to the nature of the tracer pulse method, which essentially involves 

injecting a rhodamine dye at known depths and recording time taken to reach the surface 

discharge (Izbicki et al. 2010). Using this method during pumping, average flowrate was 

calculated at specific depth intervals to create a profile of borehole flow within the recharge well 

(Izbicki et al. 1999).  

Much remains unknown about variability between pumping and recharge in an ASR well 

as well as variability within the well during full-scale operation. An impeller flowmeter was a 

supplemental part of an evaluation of arsenic mobilization during recharge via deep well 

injection in a multi-screen aquifer in the Orange County Groundwater Basin (Fakhreddine et al. 

2020). While the study primarily focused on the development of a model to assess arsenic 

mobilization, the receiving aquifer consisted of eleven distinct units separated by low-

conductivity silt and clay layers, and the injection volume fraction was estimated using a 

downhole impeller flowmeter survey (Fakhreddine et al. 2020). While the results of the survey 

were not published in the paper, they are available in the Groundwater Replenishment System 

(GWRS) 2018 Annual Report published by Orange County Water District (Burris 2018). The 

spinner log tests were completed under pumping and recharge conditions, and results are listed in 

Table 2-1. Results indicate that there is a difference in flow distribution between recharge and 

pumping conditions. However, the choice of distribution used in Fakhreddineôs groundwater 

flow model is unclear. Additionally, no further research has been done to evaluate whether flow 

distribution at the site changed over time or how a dynamic flow distribution may have impacted 

the model results. 
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Table 2-1. Injection Well MBI -1 Spinner Log Test Results (Burris 2018). GPM indicates 

gallons per minute. BGS indicates below ground surface. 

MBI -1 

Screen 

No. 

MBI -1 

Screened 

Interval  

(ft bgs) 

MBI -1 

Screen 

Length 

(ft)  

Flow contribution from each screened interval (%)1 

Backwash 

Pumping 

3,000 gpm 

Pre-Backwash 

In jection 

1,000 gpm 

Post-Backwash 

Injection  

1,100 gpm 

Static2 

0 gpm 

1 530-540   10   20     6   11 71 

2 595-605   10   6   -6   -4 29 

3 660-710   50   20   52   24 -29 

4 770-780   10   13   16   17 -14 

5 800-8303   30     0     0     0     0 

6 970-980   10     7   16   18 -14 

7 990-1,000   10     9     6   14 -14 

8 1,100-1,120   20   14     3   17 -14 

9 1,175-1,190   15   11     7     3 -14 

Totals: 165 100 100 100     0 
1 Spinner log tests conducted on August 4, 2015. 
2 For the static case, a negative sign indicates flow out of the well screen; for the injection 

case, a negative sign indicates flow into the well. 
3 Liner installed in 2012 due to excessive sand production during well development. 

 

The use of borehole flowmeters allows for direct characterization of flow distribution 

within a well or along a well screen as well as the extrapolation of hydraulic conductivity using 

the relationship developed by Molz et al. (1989). However, flow logging does not allow for the 

characterization of aquifer parameters such as porosity or longitudinal dispersivity, nor does it 

allow for the determination of controlling transport mechanisms within the aquifer system. The 

use of flowmeters in conjunction with tracer tests allows for a more robust characterization of 

advective-dispersive transport through an aquifer system. Tracer tests are a commonly used tool 

for measuring groundwater velocity, hydrogeologic parameters (such as hydraulic conductivity, 

porosity, and dispersivity), and travel time in aquifer systems. Because an ideal tracer does not 

exist, Davis et al. (1985) posit that tracer selection should be well considered and account for 

multiple factors, including ease of detection, interaction potential with the aquifer, conservative 

nature of the tracer within the specific aquifer system, and native groundwater characteristics 
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(i.e., the tracer should be significantly higher or lower than the native groundwater). A wide 

range of both natural and artificial tracers is available, including temperature, ions, dyes, 

dissolved gases, stable isotopes, and radionuclides, and the choice of tracer depends on the goal 

of the project as well as cost and experimental design considerations.  

The scope of this literature review will primarily cover the use of tracers introduced to a 

system via an injection well, although tracers can also be introduced through an aboveground 

source like an infiltration pond, especially when the goal of the experiment is to characterize 

groundwater/surface water interactions or groundwater behavior in unconfined aquifers (e.g., 

Moeck et al. 2017). In a confined aquifer, tracers are often introduced under forced gradient 

tracer test (FGTT) conditions (Fred J. Molz et al. 1988). FGTTs can use either one or two wells 

and a combination of recharge and pumping to create a forced hydraulic gradient between the 

tracer-introducing well and nearby monitoring wells (Güven et al. 1985; Molz et al. 1985; Güven 

et al. 1986; Molz et al. 1986). Monitoring wells nearby are also used to evaluate changes in water 

level and water quality for the duration of the experiment.  

Artificial  tracers are added to injectate to differentiate between native groundwater and 

the movement of the recharge front. Ionized substances, particularly salt-based tracers like 

chloride (NaCl) and bromide (NaBr), are commonly used as conservative tracers (Ptak et al. 

2004; Zakhem and Hafez 2012; Mosthaf et al. 2018; Gerenday et al. 2020). While chloride and 

bromide are the most popular, other ions may be used depending on the situation, including Li+, 

NO3
-, and SO4

2- (Davis et al. 1980; Mosthaf et al. 2018). Fluorescent dyes (e.g., fluorescein, 

sulforhodamine B, rhodamine B, and rhodamine WT) have also been used as artificial  tracers 

(Smart and Laidlaw 1977; Kasnavia et al. 1999; Hadi et al. 2016; Mosthaf et al. 2018). Dyes 

were originally thought to be particularly useful in karst aquifers (Smart and Laidlaw 1977), 
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though they have also been implemented in other systems in conjunction with additional tracers 

to characterize travel times (e.g., Hadi et al. 2016; Moeck et al. 2017). Dissolved gases (e.g., 

sulfur hexafluoride [SF6], noble gases) allow large volumes of water to be tagged (Moran et al. 

2007; Mayer et al. 2014; Moeck et al. 2017; Gerenday et al. 2020) and are often used in 

conjunction with other conservative tracers. Gerenday demonstrated the use of SF6 in 

conjunction with bromide in a MAR infiltration basin to evaluate aquifer heterogeneity, 

subsurface residence time, and porous media saturation, since SF6 exsolves from groundwater 

when it encounters trapped air (Gerenday et al. 2020). 

While artificial tracers are added to injectate to add or increase the concentration of the 

tracer constituent, intrinsic tracers are tracers that are native to the system or injectate. Intrinsic 

tracers have been used to infer groundwater ages and residence times and have been reviewed in 

depth (Geyh 1957; Plummer 2005; Newman et al. 2010; Herczeg and Leaney 2011; Turnadge 

and Smerdon 2014). Isotopes are common intrinsic tracers, especially in aquifers where 

groundwater age is significantly older than recent recharge (Mayer et al. 2014; Moeck et al. 

2017), and they have even been used to directly estimate the rate of saltwater intrusion in a deep, 

confined aquifer in Israel (Yechieli et al. 2019). Temperature has also been used as an intrinsic 

tracer (Becker et al. 2013; Irvine et al. 2016; Moeck et al. 2017). Becker et al. (2013) used fiber 

optic temperature sensing to assess recharge basin performance over seasonal variations. 

Anthropogenic tracers also fall under the category of intrinsic tracers and can include persistent 

organic and chemical pollutants (Hillebrand et al. 2015; Urresti-Estala et al. 2015).  

Intrinsic tracers are especially valuable in the context of an ALTR project, where large-

scale site characterization is a primary goal. In recharge wells where the injectate has a water 

quality with constituents that are significantly different than the native groundwater, indicators 
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within the injectate can be used as the primary marker of breakthrough at nearby monitoring 

wells. The use of injectate as an intrinsic tracer can be a more cost-effective way to characterize 

a site; as site scale increases, the volume of artificial tracer necessary to be above detection at 

distant wells increases concomitantly and can be cost-prohibitive. Williams (2000) demonstrated 

the effectiveness of ASR injectate as an intrinsic tracer over the course of over a year with 

multiple ASR cycles occurring. Pavelic (2006) also employed ASR injectate as a long-term 

tracer, using both chloride breakthrough and thermal profiling data to characterize recovery 

efficiency in a heterogeneous receiving aquifer over the course of multiple ASR cycles. Izbicki 

et al. (2010) also demonstrated the use of chloride in ASR injectate as a conservative tracer to 

evaluate transport during ASR operations, determine fate and transport of non-conservative 

disinfection byproducts (DBPs), and assess recovery efficiency in a heterogeneous aquifer in 

Roseville, California. Zakhem et al. (2012) also used chloride, nitrate, and conductivity to 

evaluate recovery efficiency for an ASR project in Syria. 

To increase confidence in aquifer parameters and identify potential water quality 

mechanisms in an aquifer system, multi-tracer tests can use a combination of intrinsic and 

artificial tracers over the course of an entire project to characterize aquifer properties and 

evaluate flow between aquifer systems. Sanford et al. found that using multiple tracers (CFC-

113, SF6, 
3H, and 3He) in a fractured-rock aquifer to calculate groundwater age was useful to 

identify and constrain transport parameters in a site model, as well as evaluate the effect of the 

dual-porosity nature of the system (Sanford et al. 2017). Hillebrand et al. (2015) also employed 

multiple reference tracers (uranine, acesulfame, and carbamazepine) and reactive compounds 

(including caffeine, ibuprofen, and paracetamol) to monitor contaminant transport between a 

sinkhole and a karst spring in southwest Germany. Multiple tracers have also been used to 
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characterize inter- and intra-aquifer connectivity; for example, Hadi et al. (2016) performed a 

FGTT using multiple tracers (rhodamine-WT, fluorescein, and sodium bromide) at multiple 

injection wells. Using multiple intrinsic tracers within the injectate has the potential to be 

particularly valuable in a multi -aquifer system where water quality characteristics vary by depth; 

a tracer that is suitable in one layer may be too similar to the water quality of another layer to 

show significant breakthrough, requiring multiple tracers for complete characterization. 

While the use of tracer tests is a time-proven and useful tool to characterize groundwater 

flow and chemical transport through an aquifer system, tracer tests can also be cost prohibitive, 

especially as the scale of the test expands. Depending on the tracer, a high volume of solute may 

be needed for detection at distant monitoring wells. Furthermore, in an aquifer that spans a large 

range of depths, native groundwater characteristics may introduce uncertainty regarding how 

tracers interact with the native groundwater in a range of water quality characteristics that vary 

by screen depth. In conventional wells where there is one pump intake and either a long screen or 

multiple sample screens, monitoring wells may not fully capture a representative sample from 

the entire depth, which could lead to an underestimation of flow through the system (Reilly et al. 

1989; Poulsen et al. 2019). 

2.2. Modeling of ASR/ASTR Projects 

Model development of an ALTR site to simulate physical transport is a tool for 

interpreting existing data and provides one step toward understanding the fate and transport of 

non-conservative constituents of interest and how they interact with the aquifer system. Ringleb 

et al. (2016) have previously discussed the breadth and importance of groundwater modeling of 

MAR projects in their review of the subject. In their review, the authors categorize ASR 

modeling studies by objective, with the most common objectives being geochemical processes 
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(i.e., clogging and water quality upon recovery), recovery efficiency, and groundwater 

management (Ringleb et al. 2016). Analytical models are useful to describe geochemical 

processes, calculate breakthrough of recharge water, and estimate water quality characteristics of 

recovered water. Herczeg et al. (2004) use analytical models to quantify the extent of interaction 

between recharge and native groundwater and the impact on water quality and aquifer stability. 

Pavelic et al. (2006) combine experimental methods with analytical and numerical models in 

their work to characterize a heterogeneous aquifer during ASR, but their work is screened over a 

single 60 m (164 feet) open borehole in a limestone formation and would not reflect aquifer 

conditions in a different geological setting.  

Analytical solutions for transport in a radially divergent flow field have been developed 

to describe advective-dispersive transport under pumping or recharge conditions, though most 

solutions assume constant operating conditions (Hoopes and Harleman 1967; D.H. Tang and 

Babu 1979; C.S. Chen 1985; Hsieh 1986; Moench 1989; Goltz and Oxley 1991; Novakowski 

1992; Moench 1995; J. Chen et al. 2012; Lai et al. 2016). Assuming constant operating 

conditions simplifies the approach by assuming that the velocity field is not a temporal function 

and that influent concentration at the recharge well is constant. Chen et al. (2012) present a semi-

analytical approach that accounts for multi-step pumping and a variable influent concentration. 

To account for multiple pumping rates, the solution transforms the time domain into the 

cumulative injected flow domain, which transforms the temporally varying velocity field into a 

steady state flow problem, uses Laplace transforms to solve, and then maps the solution back 

into the time domain. Chenôs solution is then tested with synthetic test cases and compared to 

numerical solutions from MATLABôs ODE solver (Chen et al. 2012). Chenôs solution also 

assumes a single screen with known transient flow to the screen that can be described by 



26 

discretized functions. It does not account for a well with multiple screens where transient flow to 

the well can be quantified but distribution to a single screen is unknown and could also change 

over time; it is unclear whether Chenôs solution could be used to inversely determine flow to a 

single screen.  

Beyond the use of analytical models, numerical modeling is widely used to answer the 

research questions about ASR projects discussed earlier in this section. MODFLOW (McDonald 

and Harbaugh 1988) has been used in conjunction with other tools to estimate recovery 

efficiency on ASR projects and quantify hydrogeologic parameters on a project site (Sheng 

2005; Lowry and Anderson 2006; Wang et al. 2012; Forghani and Peralta 2017). Lowry and 

Anderson (2006) use MODFLOW in conjunction with MODPATH and MT3DMS to simulate 

the mixing of native groundwater and recharge water. They also show that solute transport 

modeling is more effective than using particle tracking models to predict recovery rates when 

mixing is a factor (i.e., when water chemistry between native groundwater and injectate is 

significantly different) (Lowry and Anderson 2006). Modeling is also useful for assessing system 

performance and evaluating how injection has impacted local water levels (Sheng 2005). To 

describe variable density sites and preferential flow in dual-porosity conditions, SEAWAT, 

which is a combination of MODFLOW and MT3DMS, has been used effectively (Guo et al. 

2015; Maliva et al. 2006). 

In additional to physical transport, modeling has also been used to describe contaminant 

transport, including interactions with the aquifer during transport. PHREEQC/PHREEQC-2 

(Parkhurst and Appelo 1999) has been utilized to identify and simulate geochemical reactions 

that impact water quality with the goal of optimizing recovered water quality and efficiency 

(Mirecki 2006; Vanderzalm et al. 2010). Gaus et al. (2002) use PHREEQC-2 and SWIFT (a 3D 
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dual porosity transport model) to model fluoride concentrations affected by dual porosity 

behavior and fluorite dissolution near an injection well during an ASR project. PHREEQC can 

also be used to optimize ASR operations based on injectate water quality by identifying 

hydrogeochemical processes that contribute to water quality degradation (Antoniou et al. 2013; 

2015).  

Regardless of the tools employed for modeling, using models that simulate interaction 

between recharge and native groundwater is important to reflect dispersion in the aquifer system 

(Lowry and Anderson 2006). Konikow (2011) notes that because no numerical method works for 

all conditions, solute transport models should be incorporated into models calibrated with other 

data and should be used for interpreting existing data rather than predictive modeling. Though 

most injection wells in existing studies are comprised of a single long screen or an open 

borehole, ASR modeling studies discussing density variations in native groundwater 

characteristics over long screens are uncommon (Ward et al. 2007; 2008). These variations could 

contribute to preferential flow pathways or affect flow distribution along a screen in an injection 

well. 

2.3. Operational Effects on Aquifer Behavior and Breakthrough 

Water quality of the recharge injectate at the wellhead and groundwater at nearby 

monitoring wells are typically assessed on a regular basis to comply with regulatory 

requirements and to monitor recharge operations. Aquifer geochemistry and well clogging are 

common issues with aquifer replenishment projects, and incompatibility between injectate and 

the native groundwater causes clogging and often leads to loss of specific capacity at the well 

and ultimately to failure of the project (Pyne 2005; Bloetscher et al. 2014). Jeong et al. (2018) 

outlined clogging mechanisms and categorized them into physical clogging caused by suspended 
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solids, fine particles, aquifer sediment perturbation, or dissolved gases; biological clogging, 

which can aggravate clogging already triggered by physical processes via biofilm formation and 

biomass accumulation; and chemical clogging, which results from precipitation of minerals due 

to changing redox conditions and change in pH between injectate and native groundwater.  

In an aquifer recharge project, clogging over time can change the permeability 

coefficient, which can impact transport and water level analyses (Du et al. 2013; Li  et al. 2019; 

Ye et al. 2019; Tang et al. 2020). Rinck-Pfeiffer et al. (2000) demonstrated that physical, 

biological, and chemical clogging processes occurred in tandem in laboratory column 

experiments that preceded field trials of an ASR project in South Australia. Suspended solids 

caused physical clogging, despite relatively low levels (3-4 mg/L) in the influent (Rinck-Pfeiffer 

et al. 2000). However, the concentration of suspended solids that produce clogging has been 

shown to be site specific (Okubo and Matsumoto 1983; P. Pavelic et al. 1998; Rinck-Pfeiffer et 

al. 2000). Clogging can also give rise to preferential flow through an aquifer system. In the 

context of a multi-screen well, preferential clogging can happen not only within a screen but also 

across well screens and would likely contribute to flow distribution being dynamic; as some 

screens clog, flow to that screen will decrease while flow to other, less clogged screens will 

increase with time. 

In addition to the impacts of clogging on flow behavior of a recharge well, recharge 

operations (i.e., changes in operating conditions between recharge, pumping, and shut-down 

conditions) can also impact water quality measured by breakthrough indicators (Bullard et al. 

2019). Together with the advective transport impacts occurring in a system experiencing both 

recharge (flow moving in an outward radial direction) and pumping (flow moving in an inward 

radial direction) conditions, back diffusion, or diffusive interaction between high- and low-



29 

porosity domains in a heterogeneous aquifer system, is another potential cause of changes in 

water quality at a monitoring well. Multiple studies have attempted to numerically quantify this 

type of aquifer heterogeneity (van Genuchten and Wierenga 1976; Bibby 1981; Mağoszewski and 

Zuber 1985; Gerke and van Genuchten 1993; Haggerty and Gorelick 1995; Cihan and Tyner 

2011; Knorr et al. 2016). In the context of an ASR project, back diffusion would occur when 

recharge water flushes native groundwater from high-permeability media while native 

groundwater remains in low-permeability media around the screen. When advective transport 

stops, diffusion occurs between the two domains, and samples from a monitoring well show 

traces of native groundwater after breakthrough of recharge water has taken place. Aquifer 

heterogeneity is known to impact system performance and recovery efficiency in ASR projects 

(Guo et al. 2015). While this is certainly a concern when recovery is a major project goal, the 

impact of back diffusion should be considered when modeling an aquifer system to reconcile 

differences in breakthrough characteristics estimated by multiple tracer tests (Sanford et al. 

2017). This persistence of native groundwater must be understood before impacts to water 

quality can be fully quantified.  

In the existing literature, back diffusion is often used to describe plume persistence in an 

aquifer system even after rehabilitation of a contaminated region (Chapman et al. 2007; Parker et 

al. 2008; Rasa et al. 2011; Seyedabbasi et al. 2012; Parker and Kim 2015; Adamson et al. 2016; 

Wanner et al. 2018). While back diffusion has been employed to describe pollutant behavior, less 

research exists regarding the relationship between groundwater recharge, native groundwater, 

and back diffusion. The implementation of a dual-domain component to model breakthrough 

concentrations affected by back diffusion near an injection well has been documented by Gaus et 

al. (2002). Levy et al. (2016) conclude that in a peat bog, back diffusion into recharge water from 



30 

a peat matrix can alter the geochemical characteristics of discharge into adjacent bog sites. 

Libera et al. (2017) show that pumping schedule can influence solute concentrations at a 

pumping well in a heterogeneous aquifer, but this research is theoretical in nature. They examine 

a contaminant remediation condition with a known mass of contaminant, whereas the ratio of 

native groundwater to recharge water between a recharge well and monitoring well one screen of 

a multi-screen well is not easily determined (Libera et al. 2017). Previous research does not 

cover a large depth variation with a range of water quality characteristics at different screens, nor 

does it delve into whether a relationship between periods of no flow (i.e., significantly low 

advective transport) and changes in measured concentrations exists.  
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Abstract 

The Sustainable Water Initiative for Tomorrow (SWIFT) is a 378,000 m3/day (100 

MGD) managed aquifer recharge (MAR) program designed by the Hampton Roads Sanitation 

District (HRSD) to rehabilitate the Potomac Aquifer System (PAS) in the Coastal Plain of 

Eastern Virginia. Groundwater is a primary water source in Eastern Virginia with over 93% of 

reported use derived from the PAS. Starting in May 2018, HRSD has operated a 3,780 m3/day 

(1.0 MGD) MAR demonstration facility at the SWIFT Research Center (SWIFT-RC) in Suffolk, 

Virginia. The primary aim of the SWIFT-RC is to demonstrate, at a meaningful scale, the 

feasibility of MAR using deep well recharge into confined PAS hydrostratigraphic unit. The 

SWIFT-RC employs advanced water treatment technology to bring secondary effluent from an 

HRSD wastewater treatment plant to drinking water standards. Lessons learned include the 

evaluation and selection of a multiple barrier carbon-based treatment system to ensure water 

quality and maintain geochemical compatibility between MAR water and native groundwater, 

and the evaluation and selection of aluminum chlorohydrate for stabilizing aquifer clays 

immediately around the well to accept the fresher recharge water. The distribution of flow in the 

SWIFT-RC multiscreen recharge well and associated well injectivity were variable with time 
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resulting from changing conditions in the well. Dynamic recharge well performance was 

quantified through the combined analysis of intrinsic and artificial tracer transport, in-situ 

flowmeter testing, and water level analysis. Monitoring well nests and a depth-discrete sampling 

system supported a robust sampling plan to analyze chemical transport and attenuation in 

SWIFT-RC groundwater.  

3.1 Introduction 

Groundwater withdrawals from the Potomac Aquifer System (PAS) in the Coastal Plain 

of Virginia (USA) over decades has resulted in a decline of the potentiometric surface by nearly 

71 m (232 feet) near centers of large, regulated usage (Heywood and Pope 2009). Of the total 

groundwater withdrawals in the state reported in 2019 (527,100 m3/day), approximately 47% 

was withdrawn from wells in the Virginia Coastal Plain Aquifer System (VDEQ 2020) located in 

the Eastern Virginia Ground Water Management Area (EVGWMA). The primary use of 

groundwater in the EVGWMA is public water supply and industrial use, 85,090 m3/day (22.48 

MGD) and 132,600 m3/day (35.02 MGD), respectively (Lovelace et al. 2020). Estimates of 

unreported self-supplied domestic groundwater use in the EVGWMA range from 92,000 m3/day 

(24 MGD) in Lovelace et al. (2020) to 150,000 m3/day (40 MGD) in Virginia Department of 

Environmental Quality (VDEQ) (2018). The majority of groundwater withdrawals (74%) in the 

EVGWMA are derived from the PAS (McFarland and Bruce 2006) with 94% of permitted use in 

2017 attributed to the PAS (VDEQ 2018).  

The Sustainable Water Initiative for Tomorrow (SWIFT) is a managed aquifer recharge 

(MAR) program designed by the Hampton Roads Sanitation District (HRSD) to rehabilitate the 

PAS at a regional scale. A critical program driver was the Virginia Chesapeake Bay restoration 
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effort and HRSDôs goal to reduce nutrient discharge to the Chesapeake Bay by 90% through 

advanced water treatment of HRSD wastewater effluent. With highly treated water available at 

multiple HRSD facilities, the SWIFT program has the potential to reverse groundwater declines 

through direct recharge of the PAS. Unlike other indirect potable reuse MAR projects including 

aquifer storage and recovery (e.g., Pyne 2005), SWIFT is designed for continuous recharge with 

no intentional reuse or recovery. Other potential benefits of the SWIFT Project include reducing 

pumping-induced land subsidence in the southeastern region of Virginia (Eggleston and Pope 

2013) and inhibiting saltwater intrusion in the PAS (Nylen 2021). 

The SWIFT Research Center (SWIFT-RC) is a 3,780 m3/day (1.0 MGD) MAR 

demonstration facility located at the HRSD Nansemond Treatment Plant in Suffolk, Virginia 

(Figure 3-1). The primary role of the SWIFT-RC is to demonstrate, at a meaningful scale, the 

feasibility of MAR via deep well recharge within the Coastal Plain. SWIFT-RC operational and 

monitoring findings are used to support requests for the necessary state and federal regulatory 

approvals and support of other key stakeholders for full-scale implementation. The SWIFT-RC 

also serves as a platform to conduct research for advanced water treatment processes and 

chemical transport and attenuation in groundwater. At full scale, design capacity will increase to 

378,000 m3/day (100 MGD) distributed at five HRSD treatment facilities (Figure 3-1). 
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Figure 3-1. Location of the HRSD service area (blue), future full-scale SWIFT locations, 

and the SWIFT demonstration facility site (SWIFT-RC) in southeast Virginia, USA. 

3.2 SWIFT Research Center (SWIFT-RC) Overview 

3.2.1 Project Status 

Recharge at the SWIFT-RC was initiated in May 2018 and has been continuous with 

several stoppages or withdrawal events of various durations. One extended withdrawal event 

occurred in August 2018 and lasted approximately 18 days. Two major stoppages enabled 

recharge well rehabilitation resulting from declining injectivity from November 2018 to April 

2019 and from December 2020 to April 2021. Two shorter shutdowns of approximately one 

month occurred for treatment process maintenance during January and July 2020. During the 

first three years of operation, recharge to the PAS was supplied at the SWIFT-RC design 

capacity. 
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3.2.2 Source Water 

Source water for the SWIFT Project is derived from secondary effluent from HRSD 

wastewater treatment plants, which already perform full nitrification and denitrification, as well 

as phosphorus removal. Prior to recharge at the SWIFT-RC, multiple pre-treatment steps are 

required to treat secondary effluent from the Nansemond Treatment Plant to drinking water 

standards. Following treatment, SWIFT-RC effluent or ñSWIFT Waterò is supplied to the PAS 

through a 30-cm diameter multi-screen recharge well located on site. 

3.2.3 Regulatory Considerations for the SWIFT Project 

As a potable water supply, native groundwater within the PAS generally meets The 

Environmental Protection Agencyôs (EPA) Primary Safe Drinking Water Standards. Some 

exceptions include fluoride for certain locations within the upper zone of the PAS and 

radionuclides for the deeper zones of the PAS. However, total dissolved solids (TDS) in the PAS 

is at or above the secondary maximum contaminant level (MCL) of 500 mg/L, varying from 210 

mg/L inland to 487,000 mg/L in wells adjacent to the coast (McFarland 2010). Unsustainable 

withdrawals from the PAS have reduced groundwater levels within the confined aquifer at rates 

from 0.4 to 0.6 m/yr over decades (Heywood and Pope 2009), reversing the natural gradient and 

making it susceptible to saltwater intrusion from brackish and saline portions of the aquifer 

(Smith 1999; McFarland 2010; 2015). At full scale the primary goal of the SWIFT program is to 

reverse PAS groundwater level declines and increase available groundwater storage. Although 

not a primary goal, the replenishment of the aquifer is anticipated to create a pressure barrier to 

prevent the lateral migration of saltwater onto the freshwater wellfields and reduce subsequent 

contamination of the potable aquifer supplies. 
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SWIFT Water and, subsequently, groundwater samples collected in SWIFT-RC 

monitoring wells, have consistently met U.S. drinking water quality standards, including MCLs 

as identified by the Safe Drinking Water Act. SWIFT-RC operations are permitted by rule, 

authorized by EPA Region 3ôs UIC program. Though Virginia does not have primary 

enforcement authority for the UIC program, a state oversight structure, the Potomac Aquifer 

Recharge Oversight Committee, was enabled through legislation to provide assurance that the 

SWIFT program, including its effect on the PAS, is monitored independently. The Potomac 

Aquifer Recharge Monitoring Laboratory, jointly led by Old Dominion University and Virginia 

Tech, provides the technical expertise necessary to accomplish this objective.  

Pilot-scale column studies packed with aquifer sediment indicated that in-situ treatment 

occurs in the PAS and that chemical and biological contaminants, both regulated and 

unregulated, are removed during transport through the groundwater system (Dziura 2020). In-

situ attenuation provides an additional post-treatment barrier against contaminants of concern 

and may inform the level of pre-recharge treatment required in future MAR projects. 

3.2.4 Project Costs 

The SWIFT program has been evaluated as part of an Integrated Plan designed to help 

communities prioritize capital investments in a manner that provides the maximum 

environmental and public health benefits. A cost evaluation was performed to evaluate various 

advanced treatment methods prior to MAR. This work suggested that a carbon-based advanced 

treatment scheme is approximately 25% and 50% less expensive on a capital and operational cost 

basis, respectively, as compared to a membrane-based approach that utilizes ultrafiltration, 

reverse osmosis, ultraviolet (UV) advanced oxidation, remineralization, and reverse osmosis 
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(RO) brine treatment (CH2M 2015). Full-scale buildout of SWIFT is estimated at a capital cost 

of approximately $2.0B at five HRSD facilities with a final combined capacity of 378,000 

m3/day (100 MGD). The capital and operating costs of the SWIFT-RC demonstration facility at 

1% full capacity do not translate to the full-scale SWIFT as these costs are inflated due to the 

scale of the facility and the research capability and efforts ongoing there. 

3.3 Project Infrastructure 

3.3.1 Advanced Treatment Process 

The activated carbon-based treatment train was determined to hold two significant 

advantages in comparison with membrane treatment: lower capital and annual operating and 

maintenance costs and the ability to produce water compatible with the geochemistry of the 

aquifer (CH2M 2015). The carbon-based train follows a state-of-the-art nutrient removal 

wastewater treatment facility and includes coagulation, flocculation, sedimentation, ozonation, 

biofiltration, granular activated carbon, UV disinfection, and pH adjustment before SWIFT 

Water is recharged to the PAS. SWIFT Water generated from this treatment approach has been 

shown to be protective of public health over the 38-month period of operation from the 

standpoint of organics, conventional and emerging contaminants, and pathogens by meeting the 

SWIFT-RC regulatory and monitoring limits and SWIFT-RC non-regulatory performance 

indicators established as part of its Underground Injection Control rule authorization. 

3.3.2 Multiscreen, Multi-Aquifer Recharge Well and Sampling System 

The PAS in the vicinity of the SWIFT-RC is primarily characterized by interbedded 

sands and clays segregated into three hydrostratigraphic units nearly 300 m in total thickness 
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(Bullard 2019). Recharge enters the PAS through 11 screens in recharge well TW-1 (Figure 3-2). 

To assess aquifer-scale transport with depth, several multiple-screen monitoring wells were 

constructed at varying depths in the PAS beneath the SWIFT-RC. A monitoring well (MW-SAT) 

located at a radial distance of 15.2 m from TW-1 and with 11 screens at depths consistent with 

TW-1 enabled evaluation of screen-specific transport and travel times. Samples were collected 

from each screen using a Flexible Liner Underground Technology (FLUTe) system, which has 

been documented previously in multiple groundwater monitoring projects (e.g., Keller 2017; 

Mosthaf et al. 2018; Ren et al. 2018). This system uses nitrogen purging to collect screen 

specific samples from the aquifer formation.  

Three nested multiple-screen monitoring wells were installed in the Upper, Middle, and 

Lower PAS (MW-UPA, MW-MPA, and MW-LPA, respectively) to evaluate groundwater 

quality impacts at a larger transport scale. The three conventional wells are located between 104 

m and 134 m from TW-1 and are spaced 15.2 m apart along a radial transect. Each well is 

screened in the most transmissive layers of the PAS within the three major units. Dedicated 

pumps in each of the conventional wells run continuously for groundwater sampling. Unlike the 

FLUTe liner at MW-SAT which produces discrete samples, each monitoring well produces a 

composite groundwater sample from multiple well screens. 
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Figure 3-2. Well locations at the SWIFT-RC. Figure adapted from (Bullard et al. 2019). 

 

SWIFT Water is of higher overall quality compared to the quality of the native 

groundwater of the PAS. With the exception of total organic carbon (TOC), concentrations of 

constituents of interest in SWIFT Water are lower than in the native groundwater. Representative 

values of water quality characteristics of SWIFT pre-treatment, SWIFT Water, and of PAS 

background concentrations are provided in Table 3-1 and demonstrate the variability within the 

PAS and the differences between SWIFT Water and the receiving aquifer. 
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Table 3-1. Time-averaged concentration of SWIFT-RC influent before treatment (NTP 2°), 

after treatment (SWIFT), and time-averaged background concentrations in the Upper, 

Middle, and Lower Potomac Aquifer (UPA, MPA, and LPA, respectively). 

 Sample 

Location 
Mean 

Standard 

Deviation 

Number 

of 

Samples 

Chloride 

(mg/L) 

NTP 2° 220 16.27 3 

SWIFT 186 40.71 34 

UPA 124 11.46 8 

MPA 1137 41.26 15 

LPA 4221 393.85 9 

TOC 

(mg/L) 

NTP 2° 10.80 2.36 256 

SWIFT 2.74 1.13 403 

UPA 0.36 0.31 23 

MPA 0.24 0.05 84 

LPA 0.92 0.51 86 

TDS* 

(mg/L) 

NTP 2° 644 0 1 

SWIFT 668 79.29 36 

UPA 714 31.57 8 

MPA 2500 127.98 9 

LPA 7437 782.15 9 

Fluoride 

(mg/L) 

NTP 2° 1.03 0.11 34 

SWIFT 0.89 0.13 687 

UPA 4.20 0.18 213 

MPA 0.61 0.09 129 

LPA NDÀ ND 122 

* Total Dissolved Solids 
À Detection Limit = 0.50 mg/L 

 

3.4 Lessons Learned 

3.4.1 Aquifer Compatibility 

Sands of the PAS in Southeast Virginia contain a low percentage (2%-5%) of interstitial 

smectite clays, dominated by montmorillonite. The native groundwater at the SWIFT-RC is 

generally brackish, with TDS ranging from 738 mg/L to 7,437 mg/L. Flooding relatively fresh 

recharge water, an order of magnitude or lower ionic strength than the native groundwater, 
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reduces the surface charge on interstitial clay minerals residing in the sand matrix of the aquifer. 

Inter-particle attachments weaken due to the change in surface charge and diminish adhesive 

charges between individual clay layers causing clays to disperse. The fragmented clays collect in 

aquifer pore spaces, dramatically reducing aquifer permeability. Clogging due to migrating clay 

fragments is a special type of formation damage that can be catastrophic to recharge operations 

(Civan 2007). 

Brown and Silvey (1977) described catastrophic loss in specific capacity and injectivity 

during pilot aquifer storage and recovery (ASR) test cycles in the PAS at a location 20 km from 

the SWIFT-RC. Fresh recharge water from the Mooreôs Bridges Water Treatment Plant in 

Norfolk, Virginia, exhibiting an ionic strength of 0.1 mM, was recharged into a test well 

screening the upper and middle portions of the PAS, where the ionic strength of the native 

groundwater was 10 mM. The specific capacity of the test well declined by nearly 80 percent 

over three ASR test cycles effectively ending the viability of the facility. The loss in permeability 

was attributed to destabilization of the interstitial clays. Attempts were made to recover the 

capacity however injectivity and injection capacity losses proved irreversible. 

Selection of the advanced water treatment technology for SWIFT was driven in part by 

aquifer compatibility. Geochemical modeling of the expected effluent from the two pilot-tested 

treatment trains resulted in unacceptably low effluent concentrations of TDS for the membrane-

based RO system and confirmed the incompatibility with the brackish native groundwater. The 

carbon-based pilot effluent maintained a TDS of approximately 673 mg/L, proving much more 

compatible with receiving aquifer.  
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Even with the carbon-based treatment process, SWIFT Water maintains a TDS with an 

ionic strength one order of magnitude less than the native groundwater depending on depth in the 

PAS, which can result in irreversible losses in aquifer permeability. To ensure viability of the 

recharge operation, HRSD decided to pre-condition the target recharge zones of the aquifer with 

an Aluminum salt (Al-salt). 

Treating interstitial clay minerals in the aquifer surrounding the MAR well involves 

introducing an Al-salt solution to encourage exchange of the native sodium (Na+) ions, 

maintaining a +1 charge, with aluminum ions (Al+) ions that maintain a +3 charge. The stronger 

charge protects the clayôs structural integrity and adherence to the aquifer framework grains 

when more dilute recharge water enters the formation (Khilar and Fogler 1981). 

HRSD conducted a pilot aquifer pre-conditioning, treating the SWIFT-RC monitoring 

well with the highest TDS and then recharging with potable water from the City of Suffolk, 

having lower TDS than SWIFT Water. The well was recharged for 124 hours with no signs of 

clay destabilization. Capacity testing results between pre-treating, post-treatment application and 

post injection testing revealed no significant changes in specific capacity (Jacobs Engineering 

Group, 2021).  

Based on the pilot testing, HRSD applied similar pre-conditioning to the SWIFT-RC 

recharge well prior to start-up. The hydroxy-AlCl 3 proved difficult to mix in the field and 

produced a very turbid solution, therefore AlCl3 was used. A conservative phased start-up 

approach was employed to avoid significant capacity losses if signs of clay dispersion were 

observed. Recharge started at 0.49 m3/min (130 gpm) and was stepped up to the target rate of 

2.65 m3/min (700 gpm) over a month-long period, with specific capacity ranging from 35 to 25 
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gpm/ft, respectively. The aquifer pre-conditioning proved successful and clay destabilization was 

not observed. The SWIFT-RC has been operating since May 2018, with only a single pre-

conditioning aquifer treatment, and continues to show no observable signs of clogging due to 

clay dispersion. Subsequent laboratory and field studies using test wells have proven aluminum 

chlorohydrate (ACH) to be very effect, maintaining a +6 charge density that adheres to the 

surface and the interlayers of the smectite clays (Jacobs Engineering Group, 2021). 

3.4.2 Monitoring Network 

Multiple monitoring wells and a robust sampling plan were essential to assessing 

chemical transport and attenuation in SWIFT-RC PAS groundwater. The proximity of MW-SAT 

to TW-1 and the depth discrete FLUTe sampling system allowed characterization of the flow 

distribution and solute transport through individual permeable units and provided valuable data 

for predictive modeling of breakthrough at the nested monitoring wells.  

Before the initiation of recharge, multiple background samples were collected from each 

of the screens in MW-SAT and the monitoring well nest to characterize the native groundwater 

at various depths and each zone of the PAS. Initial breakthrough was measured at MW-SAT 

using specific conductivity as an indicator of SWIFT Water. Differences in the specific 

conductivity of SWIFT Water and native groundwater enabled the use of specific conductivity as 

a cost-effective intrinsic tracer during this initial period. When specific conductivity 

measurements crossed an initial threshold (decrease of 10% of background concentration) at 

specific screens at MW-SAT, sample frequency increased to capture breakthrough of other 

constituents of interest. The use of screen-specific sampling of specific conductivity prevented 

oversampling at screens where breakthrough of SWIFT Water had not been observed. 
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Breakthrough at MW-SAT varied by screen, with travel times ranging from three days to one 

month in screens associated with the UPA and MPA. Breakthrough in the LPA (Screens 10 and 

11) was delayed the longest and was not observed until after the first well rehabilitation ending 

in April 2019.  

Because of the variability of operating conditions at the SWIFT-RC (long periods of 

shutdown and occasional extended backflush periods), a simple radial transport model could not 

fully capture breakthrough at MW-SAT. A new model was developed to account for changing 

flow conditions using incremental volume by layer instead of assuming constant flow (Bullard et 

al. 2019). This model improved the ability to predict transport, but also indicated other transport 

mechanisms that impact flow through the PAS, including back diffusion. 

Breakthrough was observed at well MW-UPA in April 2019 following the initial 5-month 

well rehabilitation. Multiple intrinsic tracers associated with SWIFT Water were used to 

determine breakthrough at MW-UPA, including sulfate, chloride, TOC, fluoride, 1,4-dioxane, 

and N-Nitrosodimethylamine (NDMA). Multiple tracer concentration data combined with flow 

distribution estimates at MW-SAT were useful in interpreting results at MW-UPA. Breakthrough 

concentrations showed that groundwater samples reflected a weighted average flow from 

Screens 1 and 2 instead of a weighted combination of all four screens in MW-UPA. This is most 

likely a result of the low flow from the sampling pump, which abstracted 7.6 L/min (2 gpm) 

from the well. 

3.4.3 Dynamic Well Performance 

The distribution of flow and associated injectivity in the multiscreen recharge well (TW-

1) exhibited transient behavior during the course of operations. Injectivity declined from 23 to 12 
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gpm/ft in the preceding period starting in May 2018. This reduction was consistent with 

decreasing injectivity with time observed at an ASR facility in the PAS (Pyne 2005). 

Rehabilitation involved wire brushing, air lifting of debris from the well, chemical treatment 

with acid and dispersant, chlorine disinfection, and aggressive pumping of the well. These 

rehabilitation processes varied by well screen, which would explain the shift in flow distribution 

from Screen 9 to Screen 2. Similar processes were used for the second well rehabilitation, and 

changes in flow distribution were also observed. Post-rehabilitation camera surveys were 

completed and used in the second rehabilitation work to evaluate the degree to which well 

screens were clean and to target screens for additional cleaning. Following completion of well 

rehabilitation, a flow meter was installed inside TW-1. 

Quantifying dynamic well performance was achieved using intrinsic and artificial tracers 

coupled with in-situ flowmeter testing and water level analysis (Figure 3-3). SWIFT Water was 

used as an intrinsic tracer to monitor breakthrough at MW-SAT and determine initial flow 

distribution at TW-1 (M. Bullard et al. 2019). An in-situ flowmeter test performed in May 2019 

confirmed the dynamic nature of flow distribution within the aquifer. Significant changes in flow 

distribution were observed after the first well rehabilitation, which occurred between November 

2018 and April 2019. A tracer test using sodium bromide was performed in late 2020, and 

preliminary results show reduced flow to the UPA and MPA screens and increasing flow to the 

LPA in the latter part of the 38-month period of performance. Dynamic flow distribution at the 

recharge well was attributed to: (1) step changes due to well rehabilitation or adjustments to 

treatment process and (2) gradual, continuous changes during recharge operations.  
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Figure 3-3. Variability of f low distribution over time at multiscreen recharge well TW-1 

based on three different measurement methods. 

While step changes in distribution are simpler to quantify by conducting flow distribution 

tests following major well rehabilitation events, gradual changes due to operational conditions 

and well clogging are a focus of future research at the SWIFT-RC. Changes in drawdown during 

extended pumping or recharge conditions at the conventional wells are a potential source for 

measuring response of the individual aquifer systems over time. Comparing drawdown under 
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similar conditions over time (e.g., drawdown after thirty minutes of pumping for pumping 

scenarios after SWIFT has been shut down for at least 24 hours) indicates shifts in response 

between aquifer layers; as the UPA becomes less responsive, both the MPA and LPA become 

more responsive. This can most likely be attributed to gradual clogging in the upper screens and 

the shift of flow distribution to the lower screens. 

3.4.4 Benefits of a Demonstration Facility 

The experience gained since 2018 at the SWIFT-RC has been valuable in confirming the 

appropriate regulatory targets for full -scale permitting and for optimizing treatment design and 

operation at full-scale facilities. HRSD also utilizes the SWIFT-RC as a training ground for 

operators assigned to future full-scale facilities, providing the opportunity for staff to learn the 

advanced treatment process at a smaller scale. Additionally, the SWIFT-RC was purpose-built 

with education and outreach in mind with the objective of actively engaging with the public, 

regulators, and other interested parties to highlight the multiple challenges facing our local 

waterways, the implications of depleting our groundwater supplies, and how the SWIFT program 

can provide benefits to address these key issues. The facility is designed so that visitors can 

connect visually with the treatment process and are offered an opportunity to taste the final 

treated product (following additional free chlorine disinfection), SWIFT Water. This has proven 

to be a successful approach to achieving local support and buy-in of the SWIFT program. 

3.5 Future Prospects 

At full scale, this $2B infrastructure project will replenish the PAS at 378,000 m3/d (100 

MGD) with wastewater treated to drinking water standards using a system of multiscreen 

recharge wells. Ultimately, HRSD plans to treat the secondary clarifier effluent from seven of 
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nine major HRSD wastewater treatment plants to drinking water standards and use recharge 

wells to replenish the PAS across the EVGWMA at five full-scale SWIFT treatment plants. This 

will significantly reduce nutrient loads to the Chesapeake Bay as well as rehabilitating the 

aquifer system. Two sites (Boat Harbor Treatment Plant and Army Base Treatment Plant) will 

not have SWIFT plants, but wastewater will be routed to a SWIFT treatment plant for treatment 

and recharge. The first of five full -scale SWIFT facilities will be constructed at the HRSD James 

River Treatment Plant, and that project is in the detailed design phase. 
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Abstract 

The Sustainable Water Initiative for Tomorrow (SWIFT) program is an initiative to 

replenish the Potomac Aquifer System (PAS) using Managed Aquifer Recharge (MAR). The 

SWIFT Research Center is a 1 MGD advanced water treatment facility producing reuse water 

suitable for MAR. In order to characterize flow distribution through a multiscreen recharge well 

and solute travel time, we analyzed tracer breakthrough curves using solute transport models 

modified using the method of superposition. Distinct breakthrough was observed in the Upper 

and Middle Potomac Aquifers with travel time varying from approximately 2-37 days over a 50-

ft radial distance. Approximately 73% of the recharge was delivered to 3 of the 11 well screens.  

Recharge flow to the Lower Potomac Aquifer was negligible as indicated by relatively slow 

breakthrough. Breakthrough curves were affected by recharge stoppages during the initial 

evaluation period with some screening locations exhibiting abrupt changes in specific 

conductivity during stoppages. Results of the initial groundwater recharge efforts are presented, 

including implications for full-scale implementation of SWIFT. 

https://ascelibrary.org/doi/10.1061/9780784482346.011
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4.1 Introduction 

The Potomac Aquifer System (PAS) extends from New Jersey to South Carolina and is 

the primary source of groundwater in Eastern Virginia. Sustained groundwater withdrawals by 

municipal and industrial entities since 1970 has resulted in declining potentiometric surface in 

the region. Due to nature of interbedded confining units, natural recharge of the PAS is 

insufficient to balance use of groundwater from the PAS. Groundwater withdrawals in Eastern 

Virginia have resulted in aquifer compaction and land subsidence (Eggleston et al. 2013). 

Increased withdrawal rates also increase the potential for saltwater intrusion, which could 

contaminate drinking water wells near coastlines. Furthermore, in 2010, the USEPA finalized the 

Chesapeake Bay Total Maximum Daily Load (TMDL), a restoration plan which established 

numerical limitations for nutrients entering the Chesapeake Bay, one of Virginiaôs prized 

landmarks. This TMDL includes accountability measures to ensure that the bay achieves the 

water quality standards intended to restore and protect aquatic life and habitat. As a result, 

reducing nutrient loads to the bay is also one of Hampton Roads Sanitation Districtôs (HRSDôs) 

top priorities.  

The Sustainable Water Initiative for Tomorrow (SWIFT) project is an initiative of HRSD 

to address the aforementioned environmental challenges facing southeast Virginia. HRSD serves 

1.7 mill ion people across the eighteen cities and counties of southeast Virginia through 16 

wastewater treatment plants which have a combined capacity of approximately 250 million 

gallons per day (MGD). At full-scale, HRSD intends to produce approximately 100 MGD of 

SWIFT Water to replenish the PAS through a program of Managed Aquifer Recharge (MAR). In 

May 2018 HRSD implemented MAR at the SWIFT Research Center (SWIFT-RC) located at the 

Nansemond Treatment Plant (NTP) in Suffolk, VA.  
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The SWIFT-RC operates an approximately 1 MGD advanced treatment facility to further 

treat secondary effluent from NTP to meet federal and state drinking water standards suitable for 

augmentation of a potable aquifer. The treatment train includes coagulation/flocculation/ 

sedimentation, ozonation, biological filtration, granular activated carbon, and ultraviolet 

disinfection. Following advanced treatment, this ñSWIFT Waterò is then used to recharge the 

PAS at a rate of up to 1 MGD. The implementation of MAR with a recharge well fully screened 

at multiple intervals of a deep aquifer system is a novel approach and requires us to characterize 

flow distribution into the PAS. 

Flow is distributed unevenly between 11 discrete screens in the Upper, Middle, and 

Lower Potomac Aquifer. Identifying breakthrough characteristics of recharge water at each 

screen level is a critical part of the implementation plan and design decision making process as 

the project progresses. Our objective was to analyze flow distribution through the multiscreen 

recharge well at the SWIFT-RC and determine solute travel times. To determine breakthrough 

characteristics, groundwater samples were collected from each discrete screen at an adjacent 

monitoring well and evaluated for conservative tracer transport. The observed concentrations of 

tracer were compared to two computational breakthrough models, where parameters were 

adjusted to fit the observed breakthrough. Using the adjusted parameters, breakthrough time for 

an ideal recharging situation was estimated. 

4.2 Data Collection and Analysis 

4.2.1 Monitoring System and Sample Collection 

Recharge flow is distributed through 11 screens in a 1410-ft deep 12-in-diameter carbon 

steel casing test injection well (TW-1) into the upper, middle, and lower zones of the PAS (Table 
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4-1). This injection well is screened at eleven different levels of the PAS (Figure 4-1). All 

aquifer layers are confined. A monitoring well (MW-SAT) located at a radial distance of 50 ft 

from TW-1 enables collection of discrete samples from each of the 11 screens levels using a 

Flexible Liner Underground Technology (FLUTe) sampling system. Three conventional 

monitoring wells located 400-500 feet away are also screened in the Upper Potomac Aquifer 

(UPA), Middle Potomac Aquifer (MPA), and Lower Potomac Aquifer (LPA) for recharge 

monitoring. 

Table 4-1. Well Screen Depth and Length of Screen in TW -1 and MW -SAT. 

Aquifer Zone 
Starting Depth 

(fbg) 

Ending Depth 

(fbg) 

Length of 

Screen (ft) 

Upper Potomac Aquifer (UPA)    

 

Screen 1 505 530 25 

Screen 2 550 595 45 

Screen 3 665 680 15 

Screen 4 720 755 35 

Middle Potomac Aquifer (MPA)    

 

Screen 5 820 835 15 

Screen 6 860 890 30 

Screen 7 905 920 15 

Screen 8 965 990 25 

Screen 9 1050 1090 40 

Lower Potomac Aquifer (LPA)    

 
Screen 10 1230 1335 105 

Screen 11 1370 1400 30 

(fbg) ï feet below grade 
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Figure 4-1. Schematic of the recharge well (TW-1) showing the distribution of f low through 

11 well screens in the Upper, Middle, and Lower Potomac Aquifer and position of 

monitoring well MW -SAT.  

Samples were collected from the monitoring well MW-SAT using the existing FLUTe 

system, which allows discrete samples to be taken from each of the 11 sample screens. The 

FLUTe system is comprised of a flexible liner with screen lengths and depths identical to the 

recharge well screens. The FLUTe liner seals the borehole from flow except for through sample 

tubes in each interval; this prevents contamination by allowing samples to flow directly from the 

aquifer without being mixed within the well borehole. More information about the operation of 

the FLUTe system can be found at https://www.flut.com/water-flute. 

To take a sample, the sample tubes are flushed with nitrogen gas to remove standing 

water and allowed to refill for thirty minutes. Following a 30-minute wait period, gas pressure is 

applied through a pump tube at a pressure greater than the head of the formation. This pressure 
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pushes water through the sampling tube and allows for the collection of water samples from each 

interval from a sample tube that runs to sampling taps in the SWIFT Research Center (Figure 4-

2).  

 

Figure 4-2. Sampling taps for FLUTe screens 1-11. Taps 1-4 are screened in the Upper 

Potomac Aquifer , taps 5-9 are screened in the Middle Potomac Aquifer, and taps 10-11 are 

screened in the Lower Potomac Aquifer . Each tap is connected to the respective FLUTe 

sample tube. 

4.2.2 Tracer Selection 

During soil column testing performed by HRSD and Virginia Tech, we developed a 

strong, reproducible correlation between chloride concentrations and specific conductivity 

measurements in site groundwater (Figure 4-3). Triplicate samples were collected at each screen 

and were analyzed for both conductivity and chloride. On average, chloride accounted for 29% 
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of conductivity within the 11 screens, although this varied within each screen and generally 

increased according to screen depth. A similar correlation has also been noted by other 

researchers (Hem, 1985). Because specific conductivity involves other ions that will react with 

constituents in the aquifer, it does not qualify as an acceptable tracer. Specific conductivity can, 

however, be used as a screening indicator of chloride concentrations based on the correlation 

between the two measurements. 

 

Figure 4-3. Correlation developed between specific conductivity and chloride 

concentrations in groundwater samples collected at MW-SAT. 

 Samples were collected and analyzed for specific conductivity approximately every four 

hours (~ six times per day) from the start of recharge (May 15, 2018) until December 2018. 

Because the specific conductivity of screen 1 was similar to the native groundwater conductivity, 
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the samples from screen 1 were measured for both specific conductivity and fluoride. Specific 

conductivity (µS/cm) was measured using a portable parallel analyzer (PPA) with a conductivity 

probe (Hach SL1000). Fluoride was tested using the SPADNS method using AccuVac® 

Ampules (Hach Method 8029). Conductivity of the SWIFT Water was measured using an online 

probe upstream of the recharge well with data extracted from the plant SCADA system as 15-

minute average values. The PPA and online conductivity probe were calibrated to ensure that 

there was no bias between measurements. All  measurements were recorded in a spreadsheet 

(EXCEL), and data were analyzed therein.  

4.2.3 Analysis of Breakthrough Curves  

 Initial breakthrough sampling of a comprehensive suite of analytes was triggered when 

the conductivity of the native groundwater went below a threshold of 90% of the background 

conductivity. For example, if the background conductivity was 10,000 µS/cm, initial 

breakthrough sampling would be triggered when the conductivity was consistently below 9,000 

µS/cm. Using 10% ensured that initial breakthrough was caused by conductivity values below 

three times the standard deviation of the background concentration values. Total breakthrough 

was determined in a specific screen when the conductivity of the screen was consistently within 

25% of the SWIFT Water conductivity. Because the conductivity of SWIFT Water was variable, 

this threshold was determined by calculating the moving average of conductivity for 72 hours. 

 A breakthrough curve was created using relative concentration vs. time. Relative 

concentration is calculated using observed concentration ( , background concentration of the 

native groundwater in the screen ( ), and an average SWIFT Water (injection) concentration 

( ):  
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(1) 

The relative concentration at each well screen ( ) was compared to a continuous flow model 

ï an approximate solution of relative concentration based on the estimated flow to each screen at 

TW-1, the estimated porosity, vertical thickness of the screened interval, and the estimated 

longitudinal dispersivity at each screened interval at MW-SAT (Charbeneau, 2000).  

 

 

(2) 

 

 

(3) 

where  is the radial distance from the injection well (ft),  is the time since the start of injection 

(days),  is the recharge flow rate to the individual well screen (ft3d-1),  is the longitudinal 

dispersivity (ft),  is the effective porosity, and  is the screen length (ft).  With this approach, 

we assume that the flow rate specified at each well screen at the recharge well coincides with the 

rate of transport at each well screen in the monitoring well. 

 To refine the initial calibration using the continuous flow model (Equations 2 and 3), a 

more advanced incremental flow model was developed that calculated breakthrough 

incrementally based on measured flow into the aquifer. Use of the superposition method enabled 

us to account for stoppage time (if the plant went off-spec and water was not used for recharge) 

and for well  backflush (in which water was pumped out of the well in order to ensure that well 

injectivity was maintained). Backflush was considered a negative flow (flow out of the well) and 
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caused a decrease in the incremental volume calculation. Relative concentration was calculated 

in 15-minute intervals since the start of recharge using data for recharge flow in gallons per 

minute (gpm) from the SWIFT-RC SCADA system. Total flow was imported from SCADA, and 

the flow distribution (%) was estimated for each well screen based on the estimated flow 

distribution from the continuous flow model. At each time step, the flow to each screen was a 

fraction of the total flow into the recharge well (TW-1) at that time.  

An incremental volume, , was calculated for each well screen is a function of the time 

and flow distribution: 

  (4) 

where  (ft3d-1) is the flow to the individual screen at a given time and  (d) is the time 

interval between measured  values. Then, an incremental R value, , was calculated for each 

screen based on Equation (4): 

 

 

(5) 

This  value is substituted into the Equation (2) with the incremental value replacing the 

original R value in Equation (3): 

 

 

(6) 

 The mean travel time at each well screen ( ) was calculated for the incremental flow 

model using the following equation: 
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(7) 

where  and converts the flow from gpm to cubic feet per day (cfd). In this calculation, 

the value of  (gpm) is the fraction of the full recharge flow (700 gpm) allocated to the specific 

screen. Other variables are previously defined. This calculation of travel time is an approximate 

calculation, which assumes that the recharge rate is a constant 700 gpm and does not account for 

any periods of short-term backflush (pumping) or stoppages at TW-1. 

4.3 Results and Discussion 

 Recharge into the PAS started May 15, 2018 at approximately 200 gpm and was 

increased incrementally by 100 gpm over time until a recharge rate of 700 gpm (1 MGD) was 

reached June 20, 2018. Backflushing occurred at rates between 1000-1200 gpm (1.4-1.7 MGD) 

every few days for approximately 15-45 minutes to maintain well injectivity. The recharge well 

was backflushed for a period of 18 days in August 2018 that removed approximately 21 million 

gallons of water from the aquifer following a period of high nitrite levels observed in the 

monitoring well, largely due to partial denitrification of SWIFT Water nitrate to nitrite in the 

PAS. Recharge was also stopped after November 21, 2018 in order to complete several warranty 

related repairs on the treatment equipment. Backflushing continued daily during the SWIFT-RC 

shutdown for approximately 15-30 minutes per day. Recharge trends are displayed in Figure 4-4.  
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Figure 4-4. Recharge flow rate at recharge well TW-1 (gpm). Extended backflushing period 

is noted in August 2018. No recharge is observed from late November 2018 onward. 

 Model calibration was achieved by manually adjusting input parameters for porosity, 

flow rate, and longitudinal dispersivity to create breakthrough curves that best fit the observed 

data at each well screen (Table 4-2). For the initial calibration of input parameters using the 

continuous flow model, an estimated flow rate was used in Equation (3) to match conductivity 

measurements at MW-SAT. This estimated flow rate at each well screen was then calculated as a 

percent of the total recharge flow rate. Using these percentages as a starting point for the final 

calibration based on the incremental flow model, the estimated flow rates at each well screen 

were adjusted slightly to fit the observed data at MW-SAT. Consistent values of longitudinal 

dispersivity and porosity were employed for the two calibration steps and are only reported once 
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in Table 4-2. The final calibration flow rates were used to calculate the travel time in each 

screen.  

Table 4-2. Calibrated model input parameter values and travel time results. 

Screen 

Initial Calibration ï 

Continuous Flow Model 

Final Calibration ï 

Incremental Flow Model 

Qi 

(gpm) 
Flow (%) ni  

(ft) 
Flow (%) 

Travel Time 

(days) 

1 30 18% 0.20 5 18% 1.6 

2 39 24% 0.25 10 24% 2.7 

3 11.5 7.0% 0.27 10 6.0% 3.9 

4 15 9.2% 0.35 20 9.0% 7.9 

5 6.6 4.0% 0.25 8 4.0% 5.5 

6 6.0 3.7% 0.30 20 3.5% 15 

7 2.3 1.4% 0.28 30 1.2% 20 

8 1.4 0.9% 0.32 10 0.8% 37 

9 47 29% 0.23 10 31% 1.7 

10 4.0 2.4% 0.25 10 2.0% 77 

11 0.90 0.5% 0.27 10 0.4% 120 

 

Average travel times in the UPA, MPA, and LPA were 4.1 days, 16 days, and 97 days, 

respectively. The lowest travel times were observed in screens 1 through 3 (UPA) and screen 9 

(MPA), for an average travel time of 2.5 days. Effective porosity ranged from 0.20-0.35 with a 

mean value of 0.27. No correlation was found between calibrated effective porosity and mean 

travel time at the well screens. Consistent with the continuous and incremental flow models, a 

strong negative correlation was found between final calibrated flow rates and mean travel time at 

the well screens. 

Estimations of flow rates using the incremental flow model was consistent with observed 

condition by accounting for periods when flow into the well is zero or negative (backflush 

conditions). At any point during the period represented in Figure 4-4, the exact total flow rate at 

TW-1 was incorporated into the calculations. Although the initial calibration flow and the final 
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calibration flow are quite similar based on percent of flow to each screen, the initial calibration 

of breakthrough curves using the continuous flow model resulted in a total combined rate of flow 

of approximately 160 gpm or 80% of the starting recharge flow rate. This discrepancy reflects 

the relatively slow breakthrough of conductivity at screens 4, 6-8, and 10-11, in which 17% of 

the flow rate was distributed.  However, the distribution of flow rate to the well screens was 

consistent between the initial and final calibration, indicating the utility of the initial calibration 

in quantifying the magnitude of recharge flow into the aquifer at the maximum rate (700 gpm).  

Based on our analysis, a substantial percentage of the recharge flow into the PAS passed 

through screens 1, 2, and 9, comprising an estimated 60-73% of recharge flow distribution. The 

range in this result was dependent on the constituent (fluoride ï 60% or specific conductivity ï 

73%) used to determine the flow rate at screen 1. The breakthrough curves for screen 1 based on 

conductivity and fluoride are compared in Figure 4-5. Based on analysis of the conductivity-

based breakthrough curve and the stoppage method, 57% of the total recharge flow was 

delivered to the UPA through the uppermost four well screens. Screens 1 through 4 comprise 120 

ft of 380 ft of total well screen at TW-1 (only 32% of the total screened intervals).  The MPA 

and the LPA received 40% and less than 3% of the total recharge flow, respectively.  

Approximately 72% of recharge to the MPA and LPA combined was delivered to the deepest 

well screen in the MPA (Screen 9), comprising 31% of the total recharge flow. 

The model fit for the fluoride breakthrough curve was more sensitive to stoppages and 

backflush periods than the fit for conductivity, although the model results for conductivity 

yielded more accurate final calibration flow estimate sum totals than the estimated flow based on 

fluoride (100% vs. 87%, respectively). Because the difference between fluoride levels in screen 1 

native groundwater and SWIFT Water were more statistically significant than the difference in 
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conductivity, fluoride is potentially a more accurate tracer to reflect the arrival of SWIFT Water 

in screen 1. 

In some screens, the incremental flow model produced a more accurate representation of 

the observed data compared to the continuous flow model. The impact of flow stoppages on the 

breakthrough curve and improved model fit is notably observed in screens 4, 6, and 7. As shown 

in Figure 4-6, incremental flow model (final calibration) shows a better overall fit  to the 

complete period of observed data at screen 7 compared to the continuous flow model (initial 

calibration) including the period of decreased relative concentration due to backflush. 
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Figure 4-5. Comparison of fi t between screen 1 breakthrough curves from f luoride relative 

concentrations (upper) and relative conductivity data (lower). 
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Figure 4-6. Screen 7 shows the improvement between the init ial and stoppage 

breakthrough curves at predicting relative concentrat ion based on incremental flow. 

  While the incremental flow model produced more accurate results on some well screens, 

the model failed to capture major downward spikes in the relative conductivity at other screens. 

This is most noticeable in screens 2, 3, 5, and 9. These observed drops reflect an increase in 

conductivity (Eq. 1) and may be due to the effects of back diffusion, where native groundwater 

(with high conductivity) remains in low permeability media around the more permeable aquifer 

materials. It is most often evident during periods of low to no flow when diffusion, not 

advection, is the primary transport mechanism. The increase in groundwater conductivity was 

particularly apparent during times of extended backflush at well screens (Figure 4-7).   
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Figure 4-7. While the stoppage breakthrough curve is more accurate than the initial 

breakthrough curve for screen 5, it  fails to explain the major spike that occurred between 

days 80-100. This period was during the 18-day backflush. 

Flow in the LPA (screens 10-11) and in screen 8 was approximately 1% of the total 

recharge flow rate at TW-1.  Screen 11 received the least percentage of the total recharge flow 

(0.4%) compared to the other ten well screens. As shown in Figure 4-8, conductivity 

breakthrough at screen 11 was gradual and did not reach a level consistent with SWIFT Water 

delivered through TW-1 (i.e., injection concentration, ), resulting in a maximum observed 

relative concentration less than 1.  The 18-day backflush starting at day 80 is not evident in the 

data.  Some unexplained upward spikes in conductivity, which correspond with decreases in 

conductivity measurements from the native groundwater, were observed at screen 11 starting at 

day 100 and continuing through the period of observation. 
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Figure 4-8. Breakthrough in the LPA has not yet occurred. 

4.4 Conclusion and Implications 

 Use of the conventional breakthrough curve development method (continuous flow 

model) resulted in an approximate estimation of the distribution of flow in the multi-screen 

recharge well, but by not accounting for changes in recharge flow to the PAS during the MAR 

testing period, the match to the observed breakthrough curves was poor at some well screens. 

While the method was useful to estimate flow rate distribution and aquifer parameters 

(longitudinal dispersivity, and porosity), it was not suitable for predicting changes in tracer 

concentrations and travel times influenced by no flow or backflush flow conditions. The use of 

an incremental flow model developed using the method of superposition to simulate 
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breakthrough curves produced improved calibration to observed tracer concentrations and more 

accurate travel times. This approach was helpful for explaining downward spikes in relative 

conductivity during recharge operations restringing from prolonged backflush operations. This 

incremental flow model also aided in identifying unexplained decreases in relative conductivity 

that were not explained by changes in the recharge flow rate but potentially by another 

mechanism, including back diffusion. 

Understanding the distribution of recharge flow at TW-1 will aid HRSD decision makers 

as they plan to scale up the SWIFT operation for full -scale implementation at up to five HRSD 

wastewater treatment facilities between now and 2030. The results of this study demonstrated 

that 73% of the recharge was delivered to 3 of the 11 well screens and that 57% was delivered to 

the UPA. While this finding has significance in the planning for new recharge wells (for 

example, limiting wells screens to the UPA and MPA), site specific conditions will govern well 

design. Future work on this topic will involve including effects of back diffusion into the 

computational model for breakthrough curves. This could be accomplished via the application of 

dual domain flow, where multiple porosities are used to simulate preferential pathways and 

pathways of low flow and storage.  
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Supplemental Information 

Additional information and complete results from all screens can be found in Appendix B. 

References 

Charbeneau, R.J. (2000) Groundwater Hydraulics and Pollutant Transport. Upper Saddle River, 

Prentice-Hall, Inc. 

Eggleston, J., and J. Pope. (2013) ñLand subsidence and relative sea-level rise in the southern 

Chesapeake Bay regionò U.S. Geological Survey Circular 1392, 30 p. 

Hem, J.D. (1985) "Study and Interpretation of the Chemical Characteristics of Natural Water." 

U.S. Geological Survey Water-Supply Paper 2254 3, 225-249. 

 



83 

5. Evaluating Flow Distribution in a Multiaquifer Recharge Well Using an In-Situ 

Flowmeter 

Title 

Evaluating flow distribution in a multiaquifer recharge well using an in-situ flowmeter 

Abstract 

The distribution of flow is relevant to multiple-screen injection wells used in managed 

aquifer recharge (MAR) operations. To understand flow and transport behavior through a multi-

layered aquifer, the distribution of flow to each screen within the recharge well  must be 

quantitatively determined. In this study, an impeller flowmeter was deployed to measure flow 

rate distribution in a multiple-screen MAR well under both recharge and pumping conditions 

screened in multiple-strata of the Virginia Coastal Plain aquifer system. Flow distribution within 

the well moves preferentially through the uppermost screens during recharge while flow 

distribution is more distributed along all screens under pumping conditions. Analysis of flow 

along single screens also indicates preferential flow to the upper part of the screen during 

pumping and flow distribution distributed along the screen during pumping. Comparison of 

flowmeter results to previous site-specific measurements of flow distribution and transmissivity 

under both recharge and pumping conditions shows that flow distribution is dynamic and should 

be monitored over the course of an MAR project. These results have implications for transport 

modeling since flow distribution is typically considered to be largely constant over time and 

constant under a range of operational conditions. 
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5.1 Introduction 

High-capacity pumping wells are routinely constructed with multiple screens to 

efficiently produce groundwater from the most permeable water-bearing strata of an aquifer 

(Konikow et al. 2009). Multiple-screen production wells are often constructed for groundwater 

withdrawals from two or more hydrostratigraphic units including openbore, multiaquifer wells in 

consolidated sediments (Neville and Tonkin 2004). Multiaquifer wells are a common feature in 

the layered semiconsolidated sediments of the Virginia Coastal Plain aquifer system (e.g., 

McFarland and Bruce 2006; Heywood and Pope 2009) and in similar hydrogeologic settings. 

Typically, the distribution of the pumping flow rate among multiple screens is never 

directly measured, particularly once the production well is completed and put into operation. One 

common estimation technique is to apportion flow rates as a fraction of the total pumping rate 

where rates at individual screens are proportional to the ratio of the local transmissivity to the 

total transmissivity of all hydrostratigraphic units from which the well draws groundwater 

(Hanson et al. 2003). Here, local transmissivity is defined as the product of the individual well 

screen length and local hydraulic conductivity of the permeable strata adjacent to the well screen 

(Molz et al. 1994). This estimation technique applies to both pumping and injection wells and 

has been employed to assign flow to multiple-screen wells in multi-layer numerical groundwater 

flow models (Halford and Hanson 2002; Neville and Tonkin 2004). 

The distribution of flow is particularly relevant to multiple-screen injection wells used in 

managed aquifer recharge (MAR) operations. MAR injection wells are used in aquifer storage 

and recovery (ASR) and aquifer storage transfer and recovery (ASTR) projects and for the 

replenishment of depleted groundwater systems (Pyne, 2006; Ringleb et al. 2016; Dillon et al. 

2019; Martinez et al. 2022). Although the injection flow rate distribution was not directly 
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measured during the recharge phase of an ASR project, Izbicki et al. (2010) attributed 

differential flow and preferential transport of solutes in a single-screen well to aquifer 

heterogeneity with depth in alluvial deposits of the Sacramento Valley groundwater basin, 

California. Bullard et al. (2019) utilized intrinsic tracer concentration data to infer variable flow 

distribution in a multiple-screen MAR injection well penetrating multiple confined strata of the 

Potomac Aquifer System in eastern Virginia. Fakhreddine et al. (2020) observed variable flow 

distribution in an MAR injection well screened in four confined hydrostratigraphic units of the 

Orange County groundwater basin (California), resulting in depth-dependent solute travel times 

and differing geochemical concentration trends at an adjacent multiple-screen monitoring well. 

These studies indicate that quantifying the distribution of flow within the recharge well to each 

screen provides an improved understanding of flow and transport behavior through a multi-

layered aquifer system. 

Down-hole flowmeters provide for direct measurement of the flow distribution in 

pumping wells by obtaining a continuous profile of the cumulative inflow during pumping along 

the entire screened length of single-screened wells (Gossell et al. 1999; Newhouse et al. 2005) 

and multiple-screen wells (Hanson et al. 2003). Datel et al. (2009) describe geophysical logging 

as a useful practice to (1) identify crossflow and vertical flow in boreholes; (2) quantify 

permeability along an interval; and (3) identify leakage in test wells. Based on the study 

objective and flow sensitivity requirements, different types of borehole flowmeters are available 

for commercial use and research application, including impeller or spinner flowmeters, 

electromagnetic flowmeters, heat pulse flowmeters, acoustic Doppler flowmeters, and scanning 

colloidal borescope flowmeters (Hearst and Nelson 1985; Molz et al. 1994; Guerin 2005).  
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Spinner flowmeters, which work by measuring impeller rotation due to groundwater flow 

in a borehole, have been used since the 1950s to measure borehole flow (Newman et al. 1956; 

Rumble et al. 1959; Bryant 1960; Bullard et al. 1964). Impeller rotation is converted to velocity 

or flow measurements following calibration at known flow rates. Spinner flowmeters are ideal 

tools for situations with large ranges of flow magnitude while other flowmeters measurements 

are often limited to low-flow or ambient-flow applications (Boman et al. 1997; Young et al. 

1998).  

A number of researchers have employed borehole flowmeters to extrapolate depth-

dependent hydraulic conductivity and permeability variations in a range of aquifer conditions 

(e.g., Molz et al. 1989; Rehfeldt et al. 1992; Hanson and Nishikawa 1996; Ruud et al. 1999; 

Zlotnik and Zurbuchen 2003; Basiricò et al. 2015; Ren et al. 2018). The theoretical relationships 

developed by Molz et al. (1989) which assumes that the transmissivity of the vertical interval of 

measurement is directly proportional to net flow entering the screen segment between flowmeter 

readings, Q(z), have proven useful to quantify hydraulic conductivity independent of the type of 

flowmeter. Investigations of this nature typically employ low-flow, high-accuracy instruments to 

delineate Q(z) at defined vertical intervals (Molz et al, 1989). However, more recent studies 

suggest that errors can be introduced into estimates of hydraulic conductivity based on 

measurements of Q(z) following the Molz et al. (1989) method when head losses are not 

considered or the aquifer system does not reflect guiding assumptions, such as that of a perfectly 

stratified aquifer system (Xiang 1995; Ruud et al. 1999; Riva et al. 2012; Bianchi 2017). 

Few studies have investigated flow distribution in high-capacity, multi-screen pumping 

or recharge wells because direct measurement using an impeller flowmeter requires access to the 

entire well column and an ability to pump or inject water at rates matching the well design. 
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Direct measurements often require removal of the pump column and installation of a 

supplemental pump, which may operate at a rate lower than the normal pumping rate. 

Alternatively, flow distribution may be inferred from data at nearby observation wells but with 

less certainty. In addition, little is known about differences in flow distribution behavior in MAR 

injection wells during sustained recharge operations as compared to backflush operations (i.e., 

short-term pumping for well maintenance). Orange County Water District tested a multi-screen 

well for fl ow distribution using an impeller flowmeter and the reported data revealed differences 

in the flow distribution under pumping conditions compared to recharge operations (Burris 

2018). Quantifying variations in flow distribution in a multi-screen well during regular 

operations and quantifying changes over time has the potential to provide valuable data to 

improve assessment of MAR design objectives and to reduce uncertainty on impacts to 

groundwater quality.  

In this study, an impeller flowmeter was deployed to measure flow rate distribution in a 

multiple-screen MAR well under both recharge and pumping conditions. The primary objective 

seeks to quantify flow rates through well screens ranging in length from 15 to 105 ft (4.6 to 32 

m) in an MAR well screened in eleven strata of the Virginia Coastal Plain aquifer system. A 

secondary objective seeks to compare percent flow distribution across single screens under both 

pumping and recharge flow conditions. To the best of our knowledge, previous investigations 

using flowmeters in well-capacity wells have not evaluated differences in the flow distribution 

between recharge and pumping conditions. Alternative lines of evidence include tracer data 

breakthrough data at a nearly multiple-screen depth discrete monitoring well and water level 

analysis at observation wells screened in the primary confined hydrostratigraphic units of the 

local aquifer. 
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5.2 Study Area and Methods 

5.2.1 Project Background 

Hampton Roads Sanitation District (HRSD) is a wastewater authority in eastern Virginia 

(USA) with a combined treatment capacity of 249 million gallons per day (942,000 m3/d) that 

serves 1.7 million people over an extensive service area (Figure 5-1). In 2018, HRSD initiated a 

large-scale MAR project known as SWIFT (Sustainable Water Initiative for Tomorrow) 

designed to recharge and increase storage in the Potomac Aquifer System (PAS) and reduce 

nutrient discharge to the Chesapeake Bay, with secondary goals to address coastal land 

subsidence and saltwater intrusion. SWIFT will utilize wastewater effluent treated to drinking 

water standards to recharge the PAS through injection wells at five HRSD water reclamation 

facilities. The study site is the HRSD SWIFT Research Center (SWIFT-RC), a 1.0-MGD (3,800 

m3/d) aquifer recharge and advanced water treatment demonstration facility located in Suffolk, 

Virginia (Martinez et al. 2022).  
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Figure 5-1. HRSD Service Area in eastern Virginia, USA. The existing demonstration 

facili ty (SWIFT-RC) in Suffolk is the study site, while future full-scale sites are marked by 

blue stars (Martinez et al. 2022). 

5.2.2 Site Description 

Flowmeter tests were conducted in a multiple-screen well (TW-1) designed for delivering 

1.0 MGD (3,800 m3/d) of recharge to the PAS and for pumping at 1.4 MGD (5,300 m3/d) during 

backflushing operations. Regionally, the PAS is a heterogeneous semiconsolidated confined 

aquifer system that stretches from New Jersey to the coast of South Carolina and is the thickest 

aquifer in the Vi rginia Coastal Plain aquifer system (Trapp and Horn 1997). USGS reports 

describe the PAS as primarily fluvial-deltaic coarse-grained sands and gravels with interbedded 

clays of varying thicknesses (McFarland and Bruce 2006; Heywood and Pope 2009, McFarland 

2013). The majority of groundwater withdrawals from the Virginia Coastal Plain aquifer system 

is derived from the PAS (McFarland and Bruce 2006). Because of the nature of the interbedded 

clays, confining units within the PAS function as local barriers but are not homogeneous and are 

often discontinuous across the extent of the PAS (Heywood and Pope 2009). Based on local PAS 



90 

hydrostratigraphy, TW-1 was constructed using 11 screens (Table 5-1) totaling 380 ft (115.8 m) 

screened across three distinct units of the PAS referred to as the Upper, Middle, and Lower 

Potomac Aquifer (UPA, MPA, LPA). Local hydrostratigraphy of the PAS based on well 

completion reports at TW-1 and MW-SAT is included in Appendix C (Figure C-1).  

Table 5-1. Well screen depth and length of screen in recharge well TW-1. 

Aquifer 

Zone 

Starting 

Depth 

(fbg) 

Ending 

Depth 

(fbg) 

Length 

of Screen 

(ft) 

Upper Potomac Aquifer (UPA) 

 

Screen 1   505   530   25 

Screen 2   550   595   45 

Screen 3   665   680   15 

Screen 4   720   755   35 

Middle Potomac Aquifer (MPA) 

 

Screen 5   820   835   15 

Screen 6   860   890   30 

Screen 7   905   920   15 

Screen 8   965   990   25 

Screen 9 1050 1090   40 

Lower Potomac Aquifer (LPA) 

 
Screen 10 1230 1335 105 

Screen 11 1370 1400   30 

(fbg) ï feet below grade 

 

5.2.3. Instrument and Data Collection 

Previous investigation at the SWIFT-RC determined flow distribution based on 

breakthrough of SWIFT Water at a nearby depth-discrete monitoring well (MW-SAT) located 50 

feet (15.2 m) from TW-1 with screens matching the depths at TW-1 (Bullard et al. 2019). In May 

2019, following a period of extended shutdown for well rehabilitation, the installation of an in-

situ Mount Sopris QL40-SFM Spinner Flowmeter allowed for direct collection of data during 

operations to reduce uncertainty in flow distribution estimation. The flowmeter has a spinner 
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range of 0-3,000 rotations per minute (rpm) and an accuracy of better than 1%; it was also 

equipped with a centralizer to minimize the potential for error. 

An impeller flowmeter was chosen for multiple reasons, first being the large range of 

flow conditions by depth during operations, ranging from 0 to 1,200 gallons per minute (0 to 75 

L/s). Second, because the pump column would be installed after the flowmeter installation, 

rendering the flowmeter inaccessible during operations for any maintenance, a flowmeter 

equipped without flow diverters (e.g., inflatable packers) was chosen to minimize complexities 

and to reduce the potential of operational issues. Dinwiddie et al. (1999) have also shown that the 

use of a flow diverter in a well with a gravel pack can lead to bypass flow through the gravel 

pack instead of through the flowmeter, which could introduce error into the measurements. 

Finally, considering geochemical characteristics of the aquifer, which vary by depth and include 

high levels of total dissolved solids that would likely cause corrosion and a short lifespan of an 

in-situ test, the cost-effectiveness of an impeller flowmeter was a deciding factor. Because the 

tests were completed immediately following well rehabilitation, the potential of mechanical 

interference due to debris in the well was low and not considered something that would impact 

the effectiveness of an impeller flowmeter. 

The flowmeter was calibrated 30 feet (9.1 m) above the uppermost screen during both 

recharge and pumping conditions before data collection with depth and was recalibrated 

following extended stoppage periods between tests. Details on the calibration process and the 

calibration curves can be found in Appendix C (Figure C-2 to C-4). During recharge operations, 

flow of SWIFT Water to the aquifer was measured with a Rosemount 8750W Magnetic 

Flowmeter System, which is commonly used in water and wastewater applications. 

Instantaneous flow rates were recorded using the SWIFT supervisory control and data 
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acquisition (SCADA) system. One-minute increment flows were accessed and averaged over the 

period of each recorded test. 

Following the initial flowmeter calibration, static testing was completed during recharge 

operations. Static testing involved moving the flowmeter to the depth of the top and bottom of 

each screen (Table 1). After allowing for flow stabilization around the flowmeter (average time 

of 4.33 minutes), the flowmeter reading was logged for one minute and the average reading 

(counts per second) was recorded from the one-minute data. The calibration data were used to 

convert the average reading to flow in gallons per minute (gpm). Raw results for static testing are 

discussed in Appendix C (Table C-1). 

Dynamic testing was completed during both recharge and pumping operations (Table 5-

2). During the testing period, static and dynamic testing were completed under normal operating 

conditions to best reflect actual flow distribution. Comparison of results with varied flowmeter 

speeds (5 ft/min vs. 20 ft/min) showed that operating the dynamic tests at 20 ft/min produced 

similar results after data processing, and less influent flow rate variation was observed due to a 

shorter test period. Flowmeter speed was monitored during testing and was within 0.5 ft/min 

(0.15 m/min) of the target speed over the range of the testing period. Flow measurements were 

collected at an interval of 0.25 feet (7.6 cm). Data from the experiment runs were processed, and 

noise was removed using a log acquisition and processing software (WellCADÊ, Advanced 

Logic Technology). To process the dynamic test data, background impeller rotation counts 

caused by the speed of the flowmeter were removed based on the average rotations measured in 

the lowermost region of the well (Screen 11), where a previous tracer study had established little 

to no flow (Bullard et al. 2019). 
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Flow distribution for the static test was calculated based on the difference between the 

flow measured at two locations: 1) above the screen of interest immediately below the adjacent 

screen and 2) at the bottom of the screen of interest. For tests conducted under dynamic 

conditions, total flow to each screen was measured by taking the difference between the flow 

measured 20 feet above the top of screen and flow measured at the bottom of screen. The 

location of flow measurements above the screen was based on the observation of unstable 

readings immediately at the top of each screen due to flow in the well casing. Further discussion 

of this reasoning is included in Appendix C (Figures C-5 to C-10). Flow distribution within the 

well was calculated by dividing the total flow to each screen by the total flow to the aquifer 

under recharge conditions or the total pumping rate. For both conditions, the total flow was 

determined by readings measured 20 feet above Screen 1 and verified using the SCADA 

readings. Flow distribution was compared to previously estimated flow and transmissivity 

distributions in the PAS during operations at the SWIFT-RC. 
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Table 5-2. Flowmeter test conditions. 

Test 

Average 

Flow Rate 

(gpm)*  

Flowmeter 

Direction** 

Flowmeter 

Speed 

(ft/min) 

Static Testing 

 S1  684 N/A N/A 

Pumping Testing 

 B1 1122 Against 20 

 B2 1129 With 20 

Recharge Testing 

 R1  684 Against  5 

 R2  687 Against 20 

 R3  684 Against 20 

 R4  682 Against 20 
*  Time-averaged rates during test run 
**  Flowmeter direction indicates whether the flowmeter 

was moving with the direction of flow (i.e., up the well 

during pumping and vice versa during recharge) or 

against the direction of flow (i.e., down the well during 

pumping and vice versa during recharge) 

 

5.3 Results 

5.3.1 Flow Distribution Within the Well 

Under static testing conditions, the time-averaged influent flow rate was 685 gpm (51.9 

L/s) with slight variations in the recharge rate during the 158-minute test (standard deviation of 

1.2 gallons per minute [0.09 L/s]). Comparison of the dynamic test results in TW-1 under both 

recharge and pumping conditions with the time-averaged SCADA flow rates show the flowmeter 

was able to account for 100% of the flow °1.5% (Table 5-3). The flow rate variation over depth 

during Test R2 is shown in Figure 5-2. Similar flowmeter results for the other dynamic tests can 

be found in Appendix C (Figures C-11 to C-15). Screens 1, 2, and 9 were consistently the most 

productive zones under pumping conditions, accounting for 70% of the flow through 29% of the 

380 ft of well screen. During recharge tests, the same three screens accepted 76% of SWIFT 

water. 

 



95 

Table 5-3. Flow distribution (%) results of static, dynamic recharge (tests denoted by R-), 

and dynamic pumping (tests denoted by B-) flowmeter testing.  

Screen 

Static 

Test 
Dynamic Recharge Tests Dynamic Pumping Tests 

S1 R1 R2 R3 R4 Mean B1 B2 Mean 

1   19 17 22   15   22 19 17 17 17 

2   52 49 44   48   41 46 38 41 39 

3     1   2   1     0     5   2   1   2   1 

4     8   8   9     9     4   7   7   7   7 

5     6   6   5     8     6   6   8   8   8 

6     3   3   2     2     4   3   2   3   2 

7     2   2   1     3     3   2   5   3   4 

8     2   2   3     1     2   2   2   2   2 

9     8   9 11   13   12 11 16 13 14 

10     0   1   0     2     1   1   5   4   4 

11     0   0   0     0     0   0   0   0   0 

SUM 100 99 98 101 100 99 99 98 99 

 



96 

 
Figure 5-2. Flowmeter profile  during Test R2 in well TW-1. Results are shown with 1-foot 

precision. Screen depths relative to land surface are shown on the right. 

 

Mean flow distribution under recharge and pumping conditions is shown in Figure 5-3. 

The average difference between recharge and pumping flow distribution relative to the respective 

test flow rates is 1.7% for dynamic testing, with a 6.2% maximum difference at Screen 2 and a 
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minimum 0.2% difference at Screen 4. Recharge distribution is higher than pumping distribution 

at five of the six uppermost screens of TW-1 (Screens 1 through 4 and 6) while pumping 

distribution exceeds recharge distribution in the lowermost screens (Screens 5, 7 through 10). 

This suggests preferential recharge flow to the four uppermost screens connected to the UPA 

(74%) compared to pumping (64%). Flow derived from the MPA and LPA by pumping was 30% 

and 4%, respectively, reflecting a more uniformly distributed over the entire aquifer relative to 

recharge operations. This could also be a function of the difference in the mean flow rate 

magnitude between recharge and pumping (684 and 1126 gpm, respectively). Operational 

constraints of the SWIFT-RC limited recharge to a maximum of 700 gpm, which prevented a 

direct comparison of flow distribution in TW-1 under identical pumping conditions at the same 

flow rate. 

 

 

Figure 5-3. Mean flow distribution to each well screen (%) under recharge and pumping 

testing conditions in well TW-1. 
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5.3.2. Flow Distribution at Well Screens 

Flow at Screens 2 and 9 was analyzed at 1-foot (0.3 m) intervals to determine trends in 

recharge and pumping behavior within the screen. Screens 2 and 9 were chosen because of their 

comparable screen lengths (45 feet and 40 feet [13.7 and 12.2 m], respectively) and the screen 

flow rates were large enough to show significant differences across each screen (i.e., differential 

flow rate between the bottom and top of the screens). Flow rates were normalized for each 

operational condition by subtracting the flow rate at the bottom of the screen and divided by the 

total screen flow rate at each screen. Results are plotted as a function of normalized screen length 

to allow comparison between screens (Figure 5-4).  

During recharge, flow moved preferentially through the upper section of each screen 

relative to observations during pumping in which flow rates were more evenly distributed along 

the entire screens (Figure 5-4). Results in both Screens 2 and 9 showed that the bottom 10% of 

screen produced minimal contribution to flow during pumping and nearly 100% of flow was 

transmitted to the aquifer is the upper 90% of the well screens under recharge conditions. During 

recharge at Screen 2 and 9, 50% of the flow occurs in the upper 23% and 35% of the screen, 

respectively, and 80% of recharge is delivered to the upper 50% of each screen. During pumping 

at Screens 2 and 9, 50% of the flow occurs in the upper 40% and 53% of the screen, respectively, 

and 80% of flow was derived from the upper 64-66% of each screen. Normalized values from 

Screen 9 are more variable because of the lower absolute values of measured flowmeter 

readings, which resulted in larger absolute differences between measurements, but the data 

reflect the same general behavior as Screen 2. 
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Figure 5-4. Flow distribution across (a) Screen 2 and (b) Screen 9 during recharge and 

pumping. Normalized screen length indicates bottom of screen at 0.0 and top of screen at 

1.0. For recharge conditions (open markers), flow is normalized based on the difference 

between flow between the top of screen (TOS) and bottom of screen (BOS); because flow 

starts entering the screen at TOS, normalized flow reaches 100% at BOS. During pumping 

conditions (closed markers), flow enters the screen starting at BOS and reaches 100% at 

TOS. 

5.3.3. Hydraulic Conductivity Distribution 

Hydraulic conductivity was calculated at each well screen associated with the UPA 

(Screens 1-4) and at each well screen associated with the MPA (Screens 5-9) based on an 

adaption of the method used by Molz et al. (1989), which can be simplified to: 

    (1) 

where  is the transmissivity in the strata of interest,  is the transmissivity over the total 

aquifer strata,  is the flow rate at the well screen of interest, and  is the total flow rate 
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entering or leaving the well. In a multi-screen, multi-aquifer well with known transmissivity for 

each aquifer, Equation 1 can be modified to find the screen-specific hydraulic conductivity: 

   (2) 

where  is the aquifer transmissivity of either the UPA or MPA,  is the screen length,  is the 

flow rate measured at the screen of interest, and  is the sum of flow rates at well screens 

hydraulically connected with either the UPA or the MPA. Mean hydraulic conductivity in the 

UPA and MPA ( ) were also calculated using Equation 3. 

   (3) 

where N is the number of well screens associated with each PAS unit. Matynowski (2020) 

utilized the Theis curve matching and Cooper-Jacobs methods to estimate aquifer parameters at 

the SWIFT Research Center using on drawdown data at the conventional wells (MW-UPA, MW-

MPA, and MW-LPA) during extended pumping events in May 2018 immediately prior to the 

start of recharge at TW-1. These unit-specific transmissivities were used to calculate screen-

specific hydraulic conductivity  using Equation 2.  

Results for the nine uppermost for both pumping and recharge conditions based on the 

mean flow distributions from the flowmeter tests are shown in Figure 5-5. Because pumping test 

analysis showed that the LPA was not responsive during the duration of the test period 

(Matynowski 2020), hydraulic conductivity estimates were not calculated for Screens 10 and 11. 

Under pumping conditions, hydraulic conductivity ranged from 31.8 to 149.8 feet/day (9.7 to 

45.7 meters/day) for UPA (Screen 1-4) and 45.3 to 297.0 feet/day (13.8 to 90.5 meters/day) for 
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the MPA (Screens 5-9). In general, the vertical distribution of strata-scale hydraulic conductivity 

determined from the recharge tests was similar. 

 

Figure 5-5. Hydraulic conductivity (ft/day) at each screen in the Upper Potomac Aquifer 

(Screens 1-4) and in the Middle Potomac Aquifer (Screens 5-9). 

 

A comparison of results to previously estimated hydraulic conductivities in the PAS can 

be found in Table 5-4. Smith (1999) derived hydraulic conductivity for the UPA, MPA, and LPA 
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from transmissivity data from aquifer tests conducted by the City of Newport News in 1995 for 

their brackish groundwater development (BGD) project. Heywood and Pope (2009) 

acknowledge that the PAS is heterogeneous and that estimates of hydraulic conductivity based 

on aquifer-performance test results across the region range from 15 to 337 feet/day (4.6 to 102.7 

meters/day). Their model of groundwater flow in the coastal plain of Virginia simulates 

hydraulic conductivity across the region based on pilot points placed within the model. The three 

well sites closest to the SWIFT Research Center in Suffolk had conductivity estimates of 175 ft/d 

(53.3 m/d), 59 ft/d (18.0 m/d), and 83 to 337 ft/d (25.3 to 102.7 m/d), demonstrating the 

variability of conductivity in the PAS (Heywood and Pope 2009). For the purpose of the 

groundwater flow model, hydraulic conductivities at pilot points were parameterized and 

estimated during model calibration, and conductivities between pilot points were spatially 

interpolated; conductivity at the SWIFT Research Center location was interpolated as 35 to 50 

ft/d (10.7 to 15.2 m/d), though site specific conductivity may be significantly higher (Heywood 

and Pope 2009). 

Table 5-4. Comparison of hydraulic conductivity estimates. All estimates are in ft/day. 

Aquifer Unit Smith 1999 

Heywood and Pope 2009 
Flowmeter 

Testing 
Model 

Simulation 

PAS Pumping 

Tests 

UPA 74.1 

35 - 50 

59 - 175 94 

MPA 40.0 83 - 337 133 

LPA 6.9 -- -- 

 

Hydraulic conductivity distribution across individual screens was also calculated using 

the following modification of Equation 4: 

   (4) 
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where  is the screen-specific transmissivity,  is the screen-specific flow rate,  is the 

change in flow rate over the vertical interval of measurement, and  is the vertical interval of 

measurement. Screen 2 was again chosen as a representative section. Under recharge conditions, 

hydraulic conductivity at screen 2 is an average of 155.3 ft/day (47.3 m/day) varies from 46 to 

327 ft/day (14 to 99.7 m/day) with the highest conductivities in the upper section of the screen, 

decreasing with depth (Figure 5-6). Conductivity estimates during pumping are more distributed 

across the screen and range from 3 to 213 ft/day (0.9 to 64.9 m/day) with an average of 156 

ft/day (47.5 m/day).  
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Figure 5-6. Conductivity distribution measured over five-foot intervals in screen 2.  

5.3.4. Consideration of Turbulence Flow Within the Well 

Flowmeter readings stabilized to an equilibrium value in well casing above each screen 

typically at a distance of 20 ft above the top of each screen. The source of instability was thought 

to result from turbulent flow in the well casing. The Reynolds number (Re) inside TW-1 ranged 

from 23,000 to 183,000 during recharge and 50,000 to 300,000 during pumping indicating 
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turbulent flow was prevalent (i.e., Re > 2,000) above Screen 10 (see Table C-3 and C-4 of 

Appendix C lists depth-depending Re using mean flow rates). This range and maximum are 

consistent with previous studies utilizing impeller flowmeters in high-capacity pumping wells in 

which maximum Re values varied from 420,000 to 650,000 in single-screened wells (Gossell et 

al. 1999 and Newhouse et al. 2005, respectively) and from 440,000 to 610,000 in multiple-screen 

wells (Hanson et al. 2003 and Fakhreddine et al. 2020, respectively). Head loss due to divergent 

flow before reaching each screen during recharge could potentially introduce error into the 

reading at the top of the screen (Houben 2015; van Lopik et al. 2021).  

Under pumping conditions, flow lines in the well casing converge over the length of the 

well screen and in the casing above the screen creating a condition under turbulent flow in which 

the velocity profile is not fully developed. Empirical expressions for the required distance (Ldev) 

for development of fully -developed pipe flow with an upstream entrance conditions is dependent 

on the Reynolds number and diameter (Cengel and Cimbala 2017).   

   (5) 

where D is the well pipe diameter. Although the experimental entrance condition associated with 

Equation 5 is not identical to the pattern of flow above a well screen during pumping, the 

expression provides an over-estimate of the length of well case over which a stable velocity 

profile is formed. Using the mean pumping rates in TW-1 (Table 2), Ldev varied from 21 ft above 

Screen 9 to 32 ft above Screen 1. This result provides one reasonable explanation for non-

uniform flowmeter readings above well screens during pumping. This suggests additional 

research is needed to evaluate the impact of divergent and convergent flow in high-capacity 

wells under recharge and pumping conditions, respectively.  
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5.4 Discussion 

Recharge at the SWIFT-RC began in May 2018 and has been relatively continuous with 

the exception of several periods of extended pumping or discontinuation of recharge for 

maintenance of the water treatment system or TW-1. From November 2018 to late April 2019, 

the SWIFT-RC was offline for treatment process repair and subsequent well rehabilitation due to 

the introduction of iron corrosion products into TW-1 via recharge. Well rehabilitation involved 

the removal of the pump column, wire brushing of the screens, air lifting from the bottom of the 

well, mechanical swabbing, chemical treatment, and chlorine disinfection. Flowmeter installation 

was completed in April 2019 immediately following well rehabilitation and flowmeter testing 

took place in May 2019.  Therefore, multiple lines of evidence collected were employed to 

further evaluate the results and were modified as necessary to account for differences in the well 

condition at TW-1 over time.  

Flow distribution measured using the impeller flowmeter was compared to previous site-

specific measurements of flow distribution and transmissivity under recharge and pumping 

conditions (Table 5-5). The flow rate distribution shown for flowmeter testing represents the sum 

of mean values for Screens 1-4 (UPA) and Screens 5-9 (MPA). Bullard et al. (2019) estimated 

flow distribution during the initial recharge operations in May 2018 by modeling conductivity 

breakthrough of SWIFT Water at MW-SAT at each of the 11 screens. Although the results 

compare favorably (Table 5-5), changes in flow rate distribution between recharge operations in 

2018 and post-rehabilitation in 2019 are apparent.   
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Table 5-5. Percent flow distribution (Qi/ total Q) during recharge and pumping conditions 

and percent transmissivity (Ti/ total T). 

 Recharge Pumping 

 (Qi/ total Q) x 100% 
(Ti/ total T) x 

100% 

Aquifer 

SWIFT Water 

Breakthrough 

Modeling (2018)* 

Flowmeter 

Testing 

(Recharge) 

Flowmeter 

Testing 

(Pumping) 

Water Level 

Analysis (2018)À 

UPA 57 74°2   64°2 43 

MPA 41 24°2   30°2 57 

LPA      2.3  1.2 4 -- 

*Bullard et al. (2019); Flow distribution derived from conductivity breakthrough data 
ÀMatynowski (2020); Transmissivity derived from analysis of drawdown data 

 

Pre-rehabilitation transmissivity estimates based on analysis of pumping test data were 

used to estimate flow rate distribution to the UPA and MPA based on Equation 1 and compared 

to mean flowmeter-derived flow rate distribution pumping in Table 5-3. For both recharge and 

pumping conditions, the flowmeter testing produced flow rate distributions that considerably 

vary from the transmissivity ratios. The impact of well rehabilitation conducted from November 

2018 to April 2019, which rehabilitated clogged screens and likely created preferential flow 

paths opening to the UPA undoubted contributed to differences between the flow distributions 

determined using pre-rehabilitation data (2018) and the flow meter results. However, these 

results suggest aquifer transmissivity is not a clear indicator of predicted flow distribution in a 

multi-screen, multiaquifer well under either pumping or recharge conditions. 

Similar behavior was observed by Orange County Water Districtôs (OCWD) 

Groundwater Replenishment System, a 100 MGD (378,000 m3/d) advanced treatment project, 

which injects part of the product (approximately 1.5 MGD [5,678 m3/d]) into the local aquifer 

system. The system is stratified similarly to the PAS with interbedded sands and clays in a 

semiconsolidated confined aquifer system in California, USA (Fakhreddine et al. 2020). 
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According to Burris  (2018), a 2015 spinner flowmeter test at the site conducted before, during, 

and after a backwash pumping period showed a difference in flow distribution between pumping 

and recharge conditions. The test also demonstrated a change in flow distribution as a result of 

the backwash pumping, although the pumping rates during the two injection tests were not 

constant so some difference may be attributed to the different flow rates used for the two 

injection tests (Burris 2018). 

 

5.5 Conclusions 

This investigation provides an evaluation of flow rate distribution in a multi-screen, 

multiaquifer recharge well during MAR operations and a site-specific comparison to previous 

estimates of flow and transmissivity distributions. Based on the results of this study, the 

following flowmeter operations-based conclusions can be drawn. Dynamic tests with a higher 

flowmeter speed had less variation of average influent flow and therefore were more 

representative as the flowmeter moved along the wellbore. Dynamic tests moving against the 

direction of flow (trolling up the well during recharge and trolling down the well during 

pumping) were more accurate, since there was not a period where the flowmeter was moving at 

the same speed as the water and therefore flow was not captured.  

Flow rate distributions under recharge and pumping conditions were not identical. Well 

screens with a larger magnitude of flow tended to have a larger absolute difference between 

recharge and pumping flow distributions. Recharge in the multi-screen well tended to move 

preferentially through the uppermost screens and through the upper half of each well screen, 

while flow distribution under pumping conditions was more evenly distributed in the multi-

screen well and specific screens. Moreover, this study provided a comparison of flow rate 
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distributions over time suggesting flow distribution in multi-screen wells is dynamic and should 

be monitored over the course of an MAR project. These results have implications for transport 

modeling given flow distribution is typically considered to be largely constant over time and 

does not vary under a range of operational conditions. Further research into the dynamic nature 

of flow distribution during MAR operations would provide insight into how recharge operations 

may impact groundwater flow and transport during MAR projects. 
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6. Multiple Tracers to Evaluate Flow Through a Multi -Layered Aquifer Using a Novel 

Transport Approximation  

Title 

Multiple Tracers to Evaluate Flow Through a Multi-Layered Aquifer Using a Novel Transport 

Approximation  

Abstract 

Aquifer long-term replenishment (ALTR) is a water reuse sustainability strategy that 

recharges water via injection well to depleted aquifer systems in order to increase storage and 

raise the potentiometric surface over space and time. One implication of large-scale continuous 

recharge is a large radial impact and the need to quantify transport in radially extensive strata. 

The use of an artificial tracer can be cost-prohibitive as the radial front moves further from the 

injection well. To this end, the injectate serves as a valuable tool for characterizing distribution 

of flow in a multi-screen ALTR well and travel time within each receiving stratum. This work 

employs a novel approximation for quantifying tracer breakthrough under transient flow, 

dynamic flow distribution, and variable influent concentration conditions. Six constituents -- 

sulfate, TOC, chloride, fluoride, 1,4-dioxane and N-nitrosodimethylamine (NDMA) -- were 

chosen to evaluate conservative transport and semi-qualitatively assess attenuation of non-

conservative constituents relative to a conservative tracer. Results indicate that sulfate acted as 

the most effective tracer for characterization of transport and travel times. Behavior of the 

remaining constituents is discussed, and qualities of an effective intrinsic tracer for future ALTR 

projects are identified. Moving forward, a robust monitoring plan with multiple intrinsic tracers 

will be an important part of ensuring the longevity of the project as well as understanding flow 

through large, complex aquifer systems. 
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6.1 Introduction 

The global use of injection wells for water reuse strategies like aquifer storage and 

recovery (ASR) or aquifer storage transfer and recovery (ASTR) has been extensively described 

(Pyne 2006; Ringleb et al. 2016; Dillon et al. 2019). However, more recently, the application of 

injection wells has been expanded beyond the goal of short-term storage and recovery to the 

implementation of aquifer long-term replenishment (ALTR). ALTR involves continuous 

recharge of confined aquifer systems to return aquifers to pre-development conditions by 

increasing storage and raising the potentiometric surface over space and time. For ALTR to be 

successful, it requires a recharge well field with large pumping volumes (10-15 million gallons 

per day (MGD) [3.78x104 ï 5.68x104 m3d-1] per site), likely over multiple sites. Injection into a 

confined aquifer system would be expected to involve multiple well screens and long screen 

lengths over multiple aquifer layers, although well design would largely depend on the site-

specific hydrostratigraphy. Because ALTR would likely be implemented in a complex aquifer 

system, understanding flow distribution and transport through the aquifer system is of both 

engineering and regulatory importance. 

Traditionally, tracer tests have been implemented to observe groundwater velocity, travel 

time, and hydrogeologic parameters in an aquifer system. Tracer selection depends on multiple 

considerations, and tracers are often chosen based on the native groundwater characteristics at 

the project site, the conservative nature of the tracer in the aquifer, detection methods, low 

aquifer interaction potential (i.e., the potential is low for the tracer to change the aquifer 

hydrogeologic properties), and the cost-effectiveness of the tracer. Davis et al. (1985) outline and 

discuss commonly used artificial and intrinsic tracers, including temperature, ions, dyes, 

dissolved gases, stable isotopes, and radionuclides. 
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In addition to serving as an alternative data collection strategy for flow distribution in a 

multi-screen well, tracer tests allow for the characterization of advective-dispersive transport and 

for the measurement of water quality impacts. High confidence is needed when communicating 

travel times to regulatory agencies and to the public about the transport of recharge water 

through an aquifer system during an ALTR project.  

The experimental implementation of a tracer test depends on the goal. For an ALTR 

project, the nature of the project inherently creates conditions suitable for a forced gradient tracer 

test (FGTT). FGTTs have been used extensively in the past to characterize aquifer properties 

(Molz et al. 1988). These tests can use one well or two wells. For a single-well experiment, 

tracer is injected and recovered through the same well in a push-pull experiment. Work has been 

done at the Mobile Test Site in Alabama to interpret single well tracer tests in stratified aquifers, 

but these experiments use a single shallow screen well with multilevel samplers in a nearby 

observation well to observe and model transport (Güven et al. 1985; Molz et al. 1985). Using 

two wells for a tracer test, a separate injection well and pumping well operating at similar flow 

rates create a forced gradient where tracer is injected in one well and monitored/recovered in the 

other (Molz et al. 1986). An ALTR project would mimic a single-well tracer test where injectate 

is recharged at one well and occasional pumping occurs from the same well. Separate monitoring 

wells are used to measure breakthrough and aquifer characteristics. 

Multi -tracer tests have also been used to characterize aquifer properties as well as flow 

between aquifer systems (Reimus et al. 2003; Goderniaux et al. 2010; Hillebrand et al. 2015; 

Hadi et al. 2016). Hadi et al. (2016) used a FGTT with rhodamine-WT, fluorescein, and sodium 

bromide at three separate injection wells in the Kuwait aquifer system to quantify inter- and 

intra-aquifer connectivity to determine aquifer characteristics and travel time. One tracer was 



118 

injected into three separate aquifers (Lower Kuwait, Upper Dammam, and Lower Dammam), 

and water from monitoring wells in each respective aquifer was analyzed for each of the three 

tracers (Hadi et al. 2016). Hillebrand et al. (2015) also employed multiple reference tracers 

(uranine, acesulfame, and carbamazepine) with reactive compounds to monitor mass transport 

and attenuation in a karst aquifer system in southwest Germany. Multiple tracers have the 

potential to be useful in increasing confidence in aquifer parameters and identifying potential 

water quality mechanisms in the aquifer system. Sanford et al. (2017) found that incorporating 

multiple tracer concentrations into an advective-transport model was useful to identify the 

existence of a dual-porosity system and constrain transport parameters. Gerenday et al. (2020) 

showed that the use of multiple tracers (sulfur hexafluoride and potassium bromide) was 

effective to assess hydrologic conditions such as porous media saturation in unconfined aquifers 

at managed aquifer recharge (MAR) sites where the primary method of recharge was infiltration 

basins supported by injection wells. 

In the context of an ALTR project, artificial tracers like bromide or carbamazepine can be 

used as valuable means to determine aquifer characteristics, but an initial and long-term valuable 

tracer tool is the injectate itself. Multiple studies suggest that the water used for recharge in an 

ASR project is sufficient to be used for a large-scale tracer test (Williams 2000; Pavelic et al. 

2006). Chloride and other intrinsic characteristics of recharge water like specific conductance 

have been employed as tracers on ASR projects (Mirecki et al. 1998; Pavelic et al. 2006). 

Provided that the recharge characteristics are significantly different from native groundwater 

characteristics, using recharge injectate eliminates the potential high cost associated with 

injecting large amounts of artificial tracer to characterize a whole site, since the recharge itself 
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becomes an intrinsic tracer. Using an intrinsic tracer is a more cost-effective method for large-

scale recharge projects, especially with increasing injection time and distance. 

One promising avenue of research is the use of multiple indicators within injectate for 

large-scale site characterization. In recharge wells where native groundwater characteristics vary 

by screen depth, identifying multiple intrinsic tracers to quantify breakthrough at all screens is 

important to understand transport fully. Furthermore, the use of an intrinsic tracer to quantify 

flow through a single multi-screen recharge well is a novel proposal, since most studies of multi-

layer or multi-aquifer systems implement either multiple injection wells (Young and Benton 

1990; Hadi et al. 2016), borehole dilution (West and Odling 2007), or pumping test drawdown 

analysis (Hunt 1986; Székely 1992; Wu et al. 2015) to characterize the aquifer system.  

Multiple solutions for constituent transport have been developed to describe advective-

dispersive axisymmetric transport in the case of pumping or recharge conditions (Chen 1985; 

Hsieh 1986; Moench 1989; Goltz and Oxley 1991; Novakowski 1992; Moench 1995; Lai et al. 

2016). Of the axisymmetric analytical models that exist, most assume constant operating 

conditions (i.e., assume that the velocity field is not a temporal function) and constant influent 

concentrations. Chen et al. (2012) consider radial solute transport under variable flow and 

concentration conditions and provide a semi-analytical solution to evaluate the relative 

concentration by transforming the time domain to the cumulative flow domain within a recharge 

or pumping well. Chen et al.ôs solution assumes a single screen well with synthetic test cases 

(Chen et al. 2012). There is no known approximation for variable flow and variable 

concentration conditions that does not involve Laplace transformation. Furthermore, the existing 

analytical solutions assume a single screen; in a well with multiple screens and dynamic flow 
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distributions that change over time, determining flow distribution through multiple screens 

would be computationally intensive. 

This study examines flow behavior through a multi-screen well over a distance of 340 

feet and a timespan of 3.5 years. Since the beginning of recharge in May 2018, operational 

conditions have varied at the eleven-screen recharge well and included multiple extended 

shutdowns, regular pumping to maintain injectivity, and one extended pumping event. The 

objective of this study was to use multiple tracers to characterize distribution of flow and 

delivery of injectate to a complex aquifer system and to evaluate travel time within each strata 

using a novel approximation for quantifying tracer breakthrough under transient flow, dynamic 

flow distribution, and variable influent concentration conditions. Furthermore, the study aims to 

describe attenuation of non-conservative constituents relative to a conservative tracer (e.g., 

sorption, biodegradation, mobile/immobile mass transfer); identify qualifying characteristics for 

effective tracers; and evaluate the reliability of the novel approximation. This study is unique in 

that it allows for comparison to a large-scale field experiment to aid in model validation. 

6.2 Methods 

6.2.1 Site and Project Description 

In 2018 Hampton Roads Sanitation District (HRSD) initiated recharge at the Sustainable 

Water Initiative for Tomorrow (SWIFT) Research Center in Suffolk, Virginia. The SWIFT 

Project is a large-scale managed aquifer recharge project that treats effluent from HRSDôs water 

reclamation facilities (WRFs) to drinking water standards and then recharges the Potomac 

Aquifer System (PAS) through injection wells located on site. The project background and 

location have been previously discussed by Martinez et al. (2022). As of June 2021, the SWIFT 

Research Center (SWIFT-RC) has one recharge well (TW-1), a depth discrete monitoring well 
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(MW-SAT), and three conventional wells screened in the Upper, Middle, and Lower Potomac 

Aquifer (MW-UPA, MW-MPA, and MW-LPA, respectively) (Figure 6-1). TW-1 has 11 discrete 

screens located in the UPA, MPA, and LPA (Table 6-1). MW-SAT is located 50 feet (15.2m) 

from TW-1 and is screened at identical depths. MW-UPA, MW-MPA, and MW-LPA are located 

340 feet (104m), 390 feet (119m), and 440 feet (134m) from TW-1, respectively. The 

conventional wells were screened based on core samples taken during drilling and therefore do 

not match screen depths at TW-1 exactly, but they still reflect the most transmissive depths of 

the PAS (Table 6-2). 

 

Figure 6-1. Site map of the SWIFT Research Center. TW-1 is the injection well location, 

MW-SAT is the depth discrete sampling system, and MW-UPA, MW-MPA, and MW -LPA 

are the Upper, Middle, and Lower Potomac conventional wells, respectively. 
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Table 6-1. Well Screen Depth and Length of Screen in TW-1 and MW-SAT. 

Aquifer Zone 
Starting Depth  

(fbg) 

Ending Depth  

(fbg) 

Length of 

Screen (ft) 

Upper Potomac Aquifer (UPA)    

 

Screen 1 505 530 25 

Screen 2 550 595 45 

Screen 3 665 680 15 

Screen 4 720 755 35 

Middle Potomac Aquifer (MPA)    

 

Screen 5 820 835 15 

Screen 6 860 890 30 

Screen 7 905 920 15 

Screen 8 965 990 25 

Screen 9 1050 1090 40 

Lower Potomac Aquifer (LPA)    

 
Screen 10 1230 1335 105 

Screen 11 1370 1400 30 

(fbg) ï feet below grade 

 

Table 6-2. Well Screen Depth and Length of Screen in the Conventional Wells 

Aquifer Zone 
Starting Depth  

(fbg) 

Ending Depth  

(fbg) 

Length of 

Screen (ft) 

MW-UPA (distance from TW-1 = 340ô) 

 

Screen 1 515 565 50 

Screen 2 585 605 20 

Screen 3 660 675 15 

Screen 4 710 740 30 

MW-MPA (distance from TW-1 = 390ô) 

 

Screen 1 860 920 60 

Screen 2 975 990 15 

Screen 3 1030 1090 60 

MW-LPA (distance from TW-1 = 440ô) 

 
Screen 1 1260 1320 60 

Screen 2 1350 1410 60 

(fbg) ï feet below grade 

 

The PAS is comprised up of primarily fluvial-deltaic coarse-grained sands and gravels 

with interbedded clays of varying thicknesses (E. Randolph et al. 2006). Because of the nature of 

the interbedded clays, confining units within the PAS function as local barriers but are not 

homogeneous and are often discontinuous across the extent of the PAS (E. Randolph et al. 2006; 
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Heywood and Pope 2009). For the purpose of this study, transport is local and site specific, and 

the Upper, Middle, and Lower Potomac (UPA, MPA, and LPA, respectively), are considered to 

be separate aquifers. Because of long travel times in the MPA and LPA, this study focuses on 

transport in the UPA only, though the discussion and conclusions will be extrapolated to the 

MPA and LPA. Preliminary data from MW-MPA will also be shared. A simplified figure of 

screen depths and hydrostratigraphy in the UPA is included in Appendix D (Figure D-1). 

A key input to model and analysis is the operating conditions at the recharge well. This 

has been separated into nine phases, described in detail in Table 6-3. Recharge and pumping 

volumes for each test are listed in Table 6-4, and total duration in each operating condition per 

phase is provided in Table 6-5. 

Table 6-3. General description of operating conditions for each phase of the SWIFT Project 

to date. 

Phase General Description of Operating Conditions 

1 
Normal operations with steady recharge and intermittent backflush. An initial ramp-up 

process was completed before recharge steadied at 700 gpm (1 MGD). 

2 Extended backflush for removal of injectate with high nitrite concentrations. 

3 Normal operations with steady recharge and intermittent backflush. 

4 
Well shutdown for rehabilitation due to clogging caused by the presence of iron 

corrosion products in injectate. 

5 Post-rehabilitation extended backflush. 

6 

Normal operations with steady recharge and intermittent backflush. Two extended 

shutdowns (each ~ 1 month) occurred due to issues in the treatment process that had 

to be addressed before the SWIFT-RC could return to recharge 

7 Well shutdown for rehabilitation to increase injectivity. 

8 Post-rehabilitation extended backflush. 

9 Normal operations with steady recharge and intermittent backflush. 
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Table 6-4. Recharge and pumping volumes during the length of the tracer test. All volumes 

are given in gallons. Parentheses indicate negative flow or pumping from the well. 

Phase Start Time End Time 
Length 

(days) 

Total 

Recharge 

Volume 

Total 

Pumping 

Volume 

Net Recharge 

Volume 

1 05/15/18 14:15 08/02/18 17:00 79.11   41,211,468    (1,179,749)    40,031,719  

2 08/02/18 17:00 08/21/18 14:45 18.91                    -    (26,445,142) (26,445,142) 

3 08/21/18 14:45 11/21/18 01:15 91.44  58,811,894     (1,040,690)     57,771,204  

4 11/21/18 01:15 04/26/19 08:00 156.28        108,184        (756,285)       (648,101) 

5 04/26/19 08:00 04/29/19 07:00 2.96            5,261     (4,511,581)    (4,506,320) 

6 04/29/19 07:00 12/25/20 17:15 606.43 326,362,036   (33,715,618)  292,646,418  

7 12/25/20 17:15 04/09/21 13:15 104.83        580,969                     -            580,969  

8 04/09/21 13:15 04/14/21 12:00 4.95        151,890     (6,596,367)    (6,444,477) 

9 04/14/21 12:00 11/02/21 02:15 201.59 101,314,633   (14,112,802)    87,201,832  

 

Table 6-5. Time split during each phase of the bromide tracer test. All units are in days. 

Phase Start Time End Time Total Length Recharge Shutdown Pumping 

1 05/15/18 14:15 08/02/18 17:00 79.11       54.06        24.34         0.71  

2 08/02/18 17:00 08/21/18 14:45 18.91             -            2.01       16.90  

3 08/21/18 14:45 11/21/18 01:15 91.44       58.79        31.98         0.67  

4 11/21/18 01:15 04/26/19 08:00 156.28         0.17      155.59         0.52  

5 04/26/19 08:00 04/29/19 07:00 2.96         0.01          0.07         2.87  

6 04/29/19 07:00 12/25/20 17:15 606.43     338.79      246.91       20.56  

7 12/25/20 17:15 04/09/21 13:15 104.83         0.77      104.06            -    

8 04/09/21 13:15 04/14/21 12:00 4.95         0.18          0.89         3.86  

9 04/14/21 12:00 11/02/21 02:15 201.59     133.19        60.22         8.04  

 

6.2.2 Tracer Selection 

Breakthrough at MW-SAT was identified using SWIFT Water as an intrinsic tracer 

(Bullard et al. 2019). Specific conductivity was used as an indicator of chloride in SWIFT Water 

due to the ability to measure at high frequencies and the availability of a cost-effective handheld 

conductivi ty probe. While specific conductivity served as an acceptable indicator at MW-SAT, 

the use of multiple tracers was suggested for MW-UPA due to the high variation in native 

groundwater characteristics between Screens 1-4. Specific conductivity at MW-UPA was not 

significantly different than SWIFT Water specific conductivity (1247 ± 184 ɛS/cm). Though 
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conductivity may not be an acceptable indicator at MW-UPA, it will likely indicate preliminary 

breakthrough at MW-MPA and MW-LPA.  

Consequently, a review of the sampled constituents was undertaken to identify other 

potential conservative or semi-conservative tracers. Of 88 potential constituents monitored by the 

Central Environmental Lab (CEL) at HRSD, candidates were narrowed by sample frequency, 

detection of the constituent above the detection limit in either SWIFT Water or the conventional 

well, and the nature of the constituent. Chloride, fluoride, sulfate, 1,4-dioxane, N-

nitrosodimethylamine (NDMA), and TOC were identified as potential constituents of interest. 

Chloride, fluoride, and sulfate were chosen because of their potential to act as conservative 

tracers. Previous work on soil columns at this site indicated that TOC degrades during transport 

and 1,4-dioxane and NDMA may degrade during transport (Dziura 2020), providing an 

opportunity to compare a conservative transport model to observations at MW-UPA and semi-

quantitatively assess the nature of the constituents within the aquifer system. Background 

concentrations of the chosen constituents at MW-SAT (Screens 1-11) and the conventional wells 

are listed in Table 6-6. 
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Table 6-6. Pre-recharge native groundwater concentrations of identified constituents of 

interest. Individual screens in MW-SAT are noted with S-[screen number] (e.g., MW-SAT 

S 1 for Screen 1). 1,4-Dioxane and NDMA are not included because both were below 

detection (0.06 ɛg/L and 2 ng/L, respectively) in every screen in MW -SAT and the 

conventional wells. For the detected constituents, one standard deviation is listed in 

parentheses. Measured TOC in MW-SAT is likely higher than actual native groundwater 

concentrations due to interference during installation.  

Location 

Constituents of Interest 

Conductivity 

(ɛS/cm) 

Chloride 

(mg/L) 

Fluoride 

(mg/L) 

Sulfate 

(mg/L) 
TOC (mg/L) 

MW-SAT S-1 1,463 (±        6)    162 (±     5) 4.40 (± 0.2)   23 (±   1)   1.09 (± 0.03) 

MW-SAT S-2 3,696 (±    137) 1,450 (± 161) 2.76 (± 0.2)   89 (± 15)   1.08 (± 0.16) 

MW-SAT S-3 7,690 (±    101) 2,030 (±   89) 1.74 (± 0.1) 122 (± 11)   1.05 (± 0.21) 

MW-SAT S-4 7,790 (±    106) 1,900 (± 446) 1.52 (± 0.2) 129 (± 10)   1.05 (± 0.13) 

MW-SAT S-5 9,873 (±      94) 3,716 (±   90) ND* 235 (± 13)   0.99 (± 0.33) 

MW-SAT S-6 12,548 (±      73) 3,227 (± 993) ND* 203 (± 13)   1.16 (± 0.38) 

MW-SAT S-7 12,088 (±    148) 3,593 (±   39) ND* 154 (± 23)   4.88 (± 0.38) 

MW-SAT S-8 5,806 (±    190) 2,070 (± 131) ND* 149 (± 29)   1.63 (± 0.26) 

MW-SAT S-9 5,768 (±      44) 1,947 (± 154) ND*   93 (± 12)   2.30 (± 0.11) 

MW-SAT S-10 13,551 (±      44) 3,800 (± 649) ND* 248 (± 14)   2.76 (± 1.03) 

MW-SAT S-11 16,763 (±    104) 5,290 (± 155) 0.43 (± 0.1) 279 (± 45)   5.02 (± 1.05) 

MW-UPA 1,133 (±    223)    117 (±     2) 4.07 (± 0.04)  23 (±0.3)   0.31 (± 0.04) 

MW-MPA 4,743 (±    210) 1,133 (±   31) 0.67 (± 0.03)   92 (±   4) NDÀ 

MW-LPA 13,623 (± 1,669) 4,313 (± 255) ND* 226 (± 13)  0.20 (± 0.01) 

* Detection Limit = 0.50 mg/L 
À Detection Limit = 0.20 mg/L 

 

6.2.3. Tracer Monitoring 

Fluoride, sulfate, and chloride samples were collected and analyzed for SWIFT Water 

and at MW-UPA using EPA Method 300.0. SWIFT Water samples for these three constituents 

were collected approximately once per day when the SWIFT-RC was recharging water to the 

PAS. Because fluoride was the originally selected constituent to monitor breakthrough based on 

its behavior at MW-SAT, samples were taken at MW-UPA daily. Sulfate and chloride samples 

were taken approximately once per week, though frequency did vary over time and with recharge 

status at TW-1. Because of cost-effectiveness of sampling, fluoride, sulfate, and chloride were 

the most frequently sampled constituents in this analysis. 1,4-Dioxane samples were collected 

and analyzed using EPA Method 522. NDMA samples were collected and analyzed using EPA 
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Method 521. QC samples were used to evaluate the quality of data according to each analyzation 

method. TOC data were collected and analyzed using Standard Methods 5310B. Exact numbers 

for the datapoints included in the breakthrough model are included in Table 6-7.  

Table 6-7. Number of SWIFT Water influent and MW -UPA samples included in the 

breakthrough model. 

Constituent 
SWIFT Water 

Influent  
MW -UPA 

Sulfate 455 264 

TOC 357 128 

Chloride 456 147 

Fluoride 594 874 

1,4-Dioxane   97   71 

NDMA 101   71 

 

6.2.4. Radial Breakthrough Model Development 

Operations at the SWIFT-RC are transient and include periods of recharge, backflush, 

and shutdown (no flow at the well). If operations were consistent with only short periods of 

pumping and no flow, the assumption that flow is constant would be relatively accurate, and the 

following equation could be used to describe the relative concentration, , during radial 

flow at each screened interval (modified from Charbeneau 2000):  

 

 

(1) 

 

 

(2) 

where  is the background concentration within the screen of interest,  is the influent 

concentration,  is the radial distance from the injection well,  is the time since the start of 



128 

injection,  is the screen-specific longitudinal dispersivity,  is the mean displacement of the 

front,  is the recharge flow rate to the individual well screen (which varies based on changes in 

flow distribution),  is the screen-specific effective porosity, and  is the thickness of the screen 

of interest. This model was used initially to describe transport assuming only minor stoppages 

and pumping events (Bullard et al. 2019). An approximation based on Equations 1 and 2 was 

developed to account for transient conditions where the mean displacement of the front is 

calculated using the method described in Bullard et al. 2019: 

 

 

(3) 

where  and  is the actual time. Sign conventions for  are 

positive during recharge and negative during pumping. To calculate the concentration measured 

at the monitoring well at a given time, , during transient flow conditions, Equation 1 can 

be adapted to produce: 

 

 

(4) 

While the approximate model developed by Bullard et al. (2019) is a promising step 

forward in accounting for transient flow conditions, it assumes that the influent concentration at 

TW-1 is constant. Influent concentrations of SWIFT Water at TW-1 can vary significantly, and 

assuming a constant influent concentration is unlikely to account for variation in monitoring well 

samples (Figure 6-2). Because influent variability played a part in model effectiveness, more 

detail is provided regarding the variability of influent characteristics in Table 6-8.  
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Sulfate was consistently measured in SWIFT Water and was significantly different (> 3 

standard deviations) from background concentrations of sulfate in MW-UPA. TOC has the most 

predictably variable influent concentration due to the use of granular activated carbon (GAC) 

during advanced treatment. Fresh GAC had high rates of TOC removal during the treatment 

process, but as the carbon was exhausted, TOC concentrations increased over time. During the 

2018-2019 well rehabilitation process, which also included a treatment process shut down, the 

carbon in the two GAC contactors was replaced, and TOC concentrations dropped and increased 

again as treatment restarted. Once TOC concentrations reached 4 mg/L, flow was split between 

two carbon contactors to maintain a TOC concentration between 3.5 and 4.0 mg/L.  

The average chloride concentration used for Model 2 was 202.86 mg/L. Influent chloride 

data showed an initial period (day 0 to 110) with an average concentration of 226 mg/L, 

followed by a second period (day 110 to 203) with average influent chloride concentration 

measuring 168.5 mg/L. Chloride concentrations after the well rehabilitation was an average of 

206.6 mg/L with a standard deviation of 55.3 mg/L. Fluoride was measured daily at the SWIFT-

RC, and concentrations were consistent and non-variable. Concentrations were significantly 

different from fluoride concentrations in MW-SAT Screens 1 through 4 and MW-UPA. 1,4-

Dioxane and NDMA were measured at lower frequencies than the previous four constituents due 

to the cost of analysis.  
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Figure 6-2. SWIFT Water concentrations of the constituents of interest. 



131 

Table 6-8. SWIFT Water characteristics for tracer constituents. 

Constituent 
Number of 

Measurements 

Number of 

Detections 

Average 

Value 

Standard 

Deviation 

Minimum 

Value 

Maximum 

Value 

Sulfate 455 455   75.23 12.89   30.80 180.30 

TOC 357 357     2.73   1.12     0.13     4.23 

Chloride 456 456 202.86 50.38 123.64 545.47 

Fluoride 594 594     0.89   0.14    0.05     1.94 

1,4-Dioxane*   97   97     0.39   0.10    0.17     0.67 

NDMA # 101   16     3.96   1.76     0.00À     8.34 

* Concentration values are measured in ɛg/L 
# Concentration values are measured in ng/L 
À Indicates non-detect 

 

To account for changing influent concentrations, Equation 4 can be modified to calculate 

each measured influent concentration: 

  

 

 

 

(5) 

 

 

 

 

(6) 

where  is the actual time,  is the time that the influent concentration was measured, and 

 where  denotes a measured influent concentration at . For the first 

iteration ( , , where  is the background concentration measured prior to 
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the start of recharge. At any time, , the concentration at a monitoring well screen would be 

given as: 

 
 

(7) 

For a well with multiple screens, the total concentration could be calculated using a 

length- or flow-weighted average of  for the relevant screens. Previous results at the 

SWIFT-RC reveal that flow distribution within the recharge well is dynamic. Flow of SWIFT 

Water to the aquifer was quantified with a Rosemount 8750W Magnetic Flowmeter System 

immediately prior to entering TW-1. Because the recharge rate entering each screen () is 

calculated based on a percentage of the total flow measured entering the recharge well, analysis 

is required to (a) determine the flow distribution to each screen and (b) determine the variation in 

flow distribution over time.  

 Following the observation of breakthrough at MW-UPA, model development began with 

an assessment of sample bias at the conventional monitoring well. Obtaining representative 

water quality samples can be a challenge; sampling bias in wells with long screens is well 

documented in the literature (Reilly et al. 1989; Konikow and Hornberger 2006; Poulsen et al. 

2019), and because the conventional monitoring wells lack depth-discrete sampling mechanisms, 

the initial step required is evaluating where samples originate based on observed breakthrough. 

Furthermore, low flow rates from the sampling pumps at the conventional wells (2 gallons per 

minute (7.6 L/min)) are likely to introduce bias in a well with multiple deep screens.  

Because sulfate was the most reliable of the six tracers (i.e., low influent variability, high 

number of samples, and had a clear breakthrough), it was used to determine where samples were 
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collected at MW-UPA. First, a transport model for sulfate was calculated for each individual 

screen based on Equations 5-7. These models assume that the UPA is solely measuring from the 

screen of interest (only using the screen length and aquifer characteristics (n and ) from that 

screen, as determined from as-built diagrams and the original breakthrough work done in 2018). 

Next, length- and flow-weighted averages were calculated using the transport models 

developed for each screen. Two separate flow-weighted averages were calculated, one based on 

pre-rehabilitation flow measured during initial conductivity breakthrough (Bullard et al. 2019), 

the other based on post-rehabilitation flow distribution measured during in-situ flowmeter testing 

in May 2019 (Chapter 5). Details regarding pre- and post-rehab flow distribution are documented 

in Table 6-9. Length and flow weighted distributions were applied using all screens and using 

Screens 1 and 2 only, since it was suspected that the upper screens were contributing more. 

Using Screens 1 and 2 proved to be the most effective in all cases. Further detail and full 

comparisons are included in Appendix D. 

Table 6-9. Pre- and post-rehab flow distributions and aquifer characteristics for MW-UPA. 

 
Pre-Rehab Flow Distribution* 

(Conductivity Breakthrough) 

Post Rehab Flow 

Distribution** 

(In-Situ Flowmeter) 

Porosity 

Longitudinal 

Dispersivity 

(ft) 

Screen 1 18% 19% 0.20 5 

Screen 2 24% 46% 0.25 10 

Screen 3 6% 2% 0.27 10 

Screen 4 9% 7% 0.35 20 
* Chapter 4 
**  Chapter 5 

 

6.3 Results 

Four separate conditions are compared in this analysis: (1) constant concentration and 

constant flow, as derived by Charbeneau in Equation 1; (2) constant concentration, transient 
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flow, and variable flow distribution, as derived by Bullard et al. (2019) in Equation 3 and 4; (3) 

variable concentration, transient flow, and constant flow distribution as derived in Equations 5-7; 

and (4) variable concentration, transient flow, and variable flow distribution.  

Condition (3) assumed that flow distribution is constant based on the pre-rehab value 

measured during initial conductivity breakthrough (Bullard et al. 2019). For comparison, variable 

flow distribution was used in Conditions (2) and (4) because flow distribution has been shown to 

be dynamic at the SWIFT-RC site. Two flow distributions were used, one based on the 

aforementioned pre-rehabilitation flow and the other based on post-rehabilitation flow 

distribution measured during in-situ flowmeter testing in May 2019. Conditions (2) and (4) 

assumed that flow distribution before t = 344 days (right before the restart of recharge after 

rehabilitation) is equal to the pre-rehab flow distribution. From t = 344 days until t = 445 days, 

flow distribution is equal to the post-rehab flow distribution. After 445 days, it was assumed that 

flow distribution returns to the original pre-rehab flow distribution. Additional discussion of the 

process for determining the switch-back time is available in Appendix D.  

 Model 1, while previously used at the SWIFT-RC to describe breakthrough, failed as a 

model on a larger spatial and time scale. The assumption that flow and concentration are constant 

was flawed based on the reality of operations at an ALTR site. Model 2 was similar to Models 3 

and 4 with regard to predicting initial breakthrough, but because it assumed a constant influent 

concentration, it was unable to account for variations in concentration following initial 

breakthrough at MW-UPA. Model 4 provided the best fit for sulfate, which was determined to be 

the tracer that best described travel time and chemical transport (Figure 6-3). Coefficients of 

determination for Model 4 are included in Figure 6-4 and support sulfate as the most effective 

tracer. Model 2 and Model 4 (which account for dynamic flow distribution) were both able to 
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capture the peak of breakthrough after the shutdown since the flow distribution increased in the 

UPA following well rehabilitation. Model 4 also established the breakthrough time for TOC 

accurately but failed to account for decay within the aquifer system during transport. Model 2 

originally seemed to be a fit for chloride transport while Model 4 fell short in predicting the 

original breakthrough. Fluoride concentrations in the UPA remained at background levels long 

after observed breakthrough at MW-UPA. Models 3 and 4 generally captured 1,4-dioxane 

concentrations following breakthrough. Concentrations of 1,4-dioxane and NDMA were not 

measured until breakthrough was already identified, and therefore the initial breakthrough is not 

supported by observed measurements at the recharge well.  
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Figure 6-3. Modeled constituent concentrations. Four models are compared: (1) Model 1, 

which assumes a constant flow and constant concentration; (2) Model 2, which assumes a 

constant influent concentration but transient flow and variable flow distribution ; (3) Model 

3, which varies influent concentration and transient flow but maintains a constant flow 

distribution ; and (4) Model 4, which varies influent concentration and flow distribution 

with time and accounts for transient flow. 
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Figure 6-4. Coefficient of determination for each constituent under Condition (4) ï variable 

concentration, variable flow, and variable flow distribution conditions. 

6.4 Discussion 

The effectiveness of each of the potential tracers sits along a range, from very effective to 

completely ineffective at characterizing delivery of injectate to the UPA and evaluating travel 

time. Each constituent will be discussed in the following subsections.  
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6.4.1. Sulfate 

 Sulfate was the most effective tracer with regard to capturing breakthrough and travel 

time. Multiple factors contribute to the efficacy of sulfate as a tracer in MW-UPA: (1) average 

sulfate concentrations in SWIFT Water are significantly different (> 3 standard deviations) than 

native groundwater concentrations, which allows for a clean breakthrough of SWIFT Water 

sulfate concentrations; (2) with a few exceptions, influent sulfate concentrations have low 

variability; and (3) high frequency of sulfate sampling allowed for more precise characterization 

of influent sulfate concentrations and therefore increased the accuracy of the model.  

6.4.2. TOC 

The existing approximation was able to capture TOC breakthrough at the appropriate 

time and with behavior expected related to the changes in influent concentration; however, the 

model did not account for decay of the constituent during transport. Departure from the 

conservative model was expected since TOC is a non-conservative constituent. The observed 

TOC concentrations reveal degradation but not sorption of the constituent within the system, 

which is common in direct injection conditions where the organic fraction of the soil is low 

(Patterson et al. 2011). Future work will aim to modify the approximation to include other 

mechanisms including degradation, retardation, and other aquifer interaction mechanisms. 

6.4.3. Chloride 

Chloride, while unable to capture initial breakthrough, was still shown to be somewhat 

effective in describing post-breakthrough conditions and travel time. Similar to what was 

observed at Screen 1 during initial breakthrough at MW-SAT, chloride concentrations were 

higher than expected based on SWIFT Water concentrations (Figure 6-5). Before the start of 

recharge, the PAS was conditioned with aluminum chlorohydrate (ACH) to stabilize the 
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interstitial clays within the aquifer and maintain aquifer permeability once recharge began. 

Failure to pretreat the aquifer will result in the loss of injectivity (Brown and Silvey 1977). It is 

likely that the higher chloride concentrations than expected in the initial breakthrough are a result 

of the remnants of this ACH treatment that was not fully recovered from Screen 1.  

 

Figure 6-5. Chloride concentrations in SWIFT Water and MW-SAT Screen 1. In the initial 

breakthrough period (June 2018), observed concentrations at Screen 1 were higher than 

influent SWIFT Water concentrations. 

The significant range of chloride concentrations as well as their closeness to native 

groundwater concentrations (within two standard deviations) is also a factor contributing to the 

lower effectiveness of the model after breakthrough was observed. In addition to the ACH, the 

two-phase concentration data before the shutdown for well rehabilitation could have also played 

a role in decreasing the efficacy of Models 3 and 4. The second period of concentration that was 

lower than average retarded the model and led to an inaccurate estimation of breakthrough. 
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Because background chloride concentration in the UPA (117 mg/L) was already close to SWIFT 

chloride, Model 4 was not a good fit.  

Since increased chloride concentrations indicating remaining aluminum chlorohydrate 

were not observed in any other screens during the initial breakthrough and because native 

groundwater chloride concentrations are significantly higher in in MW-MPA and MW-LPA, 

chloride is expected to be a more reliable tracer for the remaining conventional monitoring wells. 

Preliminary chloride data from MW-MPA shows breakthrough of chloride that is also predicted 

by applying the existing model to a different aquifer layer (Figure 6-6). Breakthrough at MW-

LPA has not yet been observed at the SWIFT-RC. 

 

Figure 6-6. Preliminary  chloride breakthrough at MW-MPA.  

This breakthrough is based on Model 4. 

6.4.4. Fluoride 

While fluoride was initially expected to be a reliable and conservative tracer, observed 

concentrations at MW-UPA as well as previously observed breakthrough concentrations at MW-
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SAT (Screen 1) indicate aquifer interaction that resulted in fluoride mobilization (Bullard et al. 

2019). Fluoride mobilization during MAR projects has been attributed to multiple causes, 

including mineral dissolution (Gaus et al. 2002; Schafer et al. 2018) and interaction with low 

permeability sediments within the aquifer system (Gaus et al. 2002; Malcuit et al. 2014). Schafer 

et al. (2018) hypothesized that fluoride release during MAR experiments was a result of the 

dissolution of carbonate-rich fluorapatite due to the injection of injectate with low ionic strength. 

In another ASR project, dual porosity mixing of recharge and native groundwater before 

recovery and slow dissolution of fluorite both contributed to elevated fluoride concentrations in 

recovered injectate (Gaus et al. 2002). Malcuit et al. (2014) observed fluoride concentrations 

from low permeability units contributing to elevated fluoride concentrations in a single-screened, 

multi-layer aquifer around the city of Bordeaux, France. 

Elevated fluoride concentrations have been observed in the UPA (Figure 6-7) and in the 

groundwater of the City of Suffolk (E.R. McFarland 2010). At the SWIFT-RC, the highest 

concentrations are located at screens 1 and 2, from 500 to 700 feet (152 to 215 meters) below 

land surface, which is consistent with previous observations across the Virginia Coastal Plain 

Aquifer System. Since the UPA is a fluvial-deltaic sediment system, it lacks the fluorapatite and 

other phosphatic material common in marine systems, which are a common contributor to 

fluoride mobilization. McFarland (2010) hypothesizes that the high fluoride belt located in the 

UPA is a result of high-fluoride groundwater flowing from the overlying marine sediments into 

the PAS and adsorbing to oxyhydroxides within the PAS sediments. As sea level rises, the 

location of the saltwater transition zone shifts and causes fluoride to desorb due to adsorption of 

other anions in the saltwater zone, leading to elevated concentrations within the saltwater 

transition zone at the observed locations in Figure 6-7 (McFarland 2010).  
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Though SWIFT Water fluoride concentrations are low, fluoride continues to show 

elevated values at MW-UPA, even following observed breakthrough based on other constituents. 

We hypothesize this is due to the continued desorption of fluoride from oxyhydroxides in the 

UPA due to increasing pH as SWIFT Water is transported through the aquifer (LaFayette et al. 

2020). Because the mass of fluoride in the UPA is not increasing with time other than with the 

addition of SWIFT Water, we expect that once the fluoride in the native groundwater is 

desorbed, fluoride concentrations will decrease to SWIFT Water levels. Because of this, fluoride 

is not a reliable tracer for this project but may be a reliable tracer for other ALTR projects, 

depending on the local hydrogeochemistry and the difference between native fluoride and pH 

and recharge fluoride and pH. 

 

Figure 6-7. Generalized fluoride distributi on in the Virginia Coastal Plain (McFarland 

2010). 
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6.4.5. 1,4-Dioxane and NDMA 

 The efficacy of 1,4-dioxane and NDMA as tracers was limited by the frequency of 

influent sampling as well as the number of detections. Because only 16% of NDMA samples 

were above the 2ng/L detection limit, it is probable that the remaining 84% of non-detects ranged 

from 0-2 ng/L and that tracer mass was not accounted for in the model. Because of cost-

effectiveness, sample frequency was lower for 1,4-dioxane and NDMA, and spikes or large 

variations in influent concentrations may not have been detected in the limited number of 

samples available. While previous work suggested that 1,4-dioxane and NDMA may degrade 

during transport (Dziura 2020), results from MW-UPA indicate that the two constituents are 

mostly conservative. This suggests that microbes that biodegrade these constituents may need a 

longer acclimation time with more consistent concentrations, and colonies large enough to 

degrade the constituents may not exist within the aquifer at the current time. Other studies have 

also indicated the need for a long acclimation period before degradation is observed (Drewes et 

al. 2006; Nalinakumari et al. 2010; Suzuki et al. 2015; Trussell et al. 2018).  

6.5 Conclusions 

 The application of multiple intrinsic tracers to determine breakthrough in a multi-aquifer 

system at the SWIFT-RC demonstrates the significance of both a robust sampling plan and 

depth-discrete samples in a nearby multi-screen well for aquifer characterization. Comparing 

multiple tracers also aided in identifying tracer weaknesses and confirmed travel time to MW-

UPA. For an intrinsic tracer, multiple factors contribute to the effectiveness of a constituent, 

including magnitude of difference between the tracer and native groundwater, variability of 

tracer concentrations, high frequency of influent sampling, and hydrogeochemical interaction 

potential.  
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The use of multiple tracers can confirm travel time with higher confidence, provide 

insight into aquifer interaction, and guide monitoring decisions while scaling up ALTR projects. 

In a multi-aquifer system like the PAS, tracer efficacy may vary by aquifer layer, and several 

background samples are beneficial to fully characterize the native groundwater before recharge 

begins. Furthermore, the use of a novel approximation that accounts for variable flow conditions, 

time-varying flow distribution, and variable influent concentration improved the fit of the sulfate 

transport model. Future model developments should address attenuation, which was not included 

in this initial model, though attenuation was observed in the TOC observational data. Existing 

radial models that include first-order decay do not account for transient conditions in influent 

concentration and flow. In future ALTR projects, where the use of an artificial tracer can be cost-

prohibitive the further from the injection well being monitored, identification and monitoring of 

multiple, reliable intrinsic tracers will  be an important part of ensuring the longevity of the 

project as well as understanding flow through large, complex aquifer systems.  
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7. Forced Gradient Tracer Test in a Multiscreen, Multi-Aquifer Recharge Well 

Title 

Forced Gradient Tracer Test in a Multiscreen, Multi-Aquifer Recharge Well 

Abstract 

Hampton Roads Sanitation District (HRSD) implemented a large-scale aquifer long-term 

replenishment (ALTR) project, the Sustainable Water Initiative for Tomorrow (SWIFT). The 

primary aim of the project is to raise the depleted regional potentiometric surface over space and 

time through deep well recharge to the Potomac Aquifer System (PAS), a deep, confined 

hydrostratigraphic unit with three distinct aquifer layers and eleven screens within the recharge 

well. Previous work has demonstrated the effectiveness of injectate as an intrinsic tracer to 

characterize flow behavior in the multi-screen well and transport in the PAS, but after the 

recharge front passes a monitoring well, injectate is no longer a useful tracer unless an artificial 

tracer is added. This unique study employs a forced gradient sodium bromide tracer test in the 

PAS during recharge operations to characterize flow distribution and evaluate chemical 

transport. A comparison of a Single-Zone and Two-Zone model, both accounting for variable 

influent concentration and transient flow over the course of the test, demonstrate the efficacy of a 

Two-Zone model within the PAS compared to a Single-Zone model. Results are contrasted to 

previously estimated flow distribution and suggest a dynamic flow distribution, which changes 

over time as a result of preferential clogging within the recharge well. 
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7.1 Introduction 

Managed aquifer recharge (MAR) is the intentional increase of recharge rates for banking 

and/or treatment in an aquifer system (Dillon 2005; Maliva 2015). MAR serves as an umbrella 

term for a variety of recharge strategies. In deep, confined aquifer systems, the most commonly 

used MAR approaches are aquifer storage and recovery (ASR) and aquifer storage transfer and 

recovery (ASTR). ASR involves the injection of potable water into an aquifer for storage and 

recovery from the same well, while ASTR injects potable water into a well for recovery from a 

different well, usually with the expectation that the potable water receives additional treatment 

during transport (Dil lon 2005; Pyne 2006). Both of these strategies are primarily storage-based, 

with the end goal of recovering water for reuse.  

With groundwater usage outpacing the natural rate of recharge, the need for 

comprehensive strategies to increase the potentiometric surface over space and time is necessary 

to maintain a sustainable groundwater source (Wada et al. 2010; Aeschbach-Hertig and Gleeson 

2012). Aquifer long-term replenishment (ALTR), which rehabilitates depleted aquifers via the 

injection of geochemically compatible water to confined aquifer systems, is one approach to 

increasing storage in confined aquifers to combat overuse of groundwater resources (Martinez et 

al. 2022). While the implementation is similar to ASR, short-term recovery is not a primary goal 

of an ALTR project. Because of this, the extent of the recharge front over the course of an ALTR 

project is significantly farther reaching than an ASR project. Quantifying the location of the 

recharge front and travel times off site is an important part of communicating the impact of an 

ALTR project on a region. 

Historically, tracer tests have been used to measure groundwater flow and velocity, 

estimate hydrogeologic parameters, and approximate travel time in an aquifer system (Davis et 



152 

al. 1985). In MAR projects, tracers can be introduced via multiple methods (e.g., infiltration 

basins, injection wells), depending on the type of project. The use of a natural gradient tracer test 

(NGTT), where tracer is added over an aquifer thickness and moves with the pre-existing flow of 

groundwater based on the established hydraulic gradient, is commonly used to evaluate 

groundwater flow under natural flow conditions. In an ALTR project, however, which recharges 

directly into confined aquifers, tracers are typically  added to the system via injection well under 

forced gradient tracer test (FGTT) conditions, which use either one or two wells to create a 

forced hydraulic gradient between the injection well (where the tracer is introduced) and nearby 

monitoring wells (Güven et al. 1985; Molz et al. 1985; Molz et al.1986; Güven et al. 1986). 

Previous work has shown injectate constituents serve as effective intrinsic tracers in a 

multi-aquifer recharge facility located at the HRSD SWIFT Research Center (SWIFT-RC) site 

(Chapters 4 and 6). Injectate has also been used to characterize other ASR sites (Williams 2000; 

Pavelic, Dillon, and Simmons 2006; Izbicki et al. 2010). However, following the passage of the 

recharge front past a monitoring well, the injectate itself can no longer be used as a tracer unless 

the injectate water quality significantly changes. Further characterization of the aquifer system 

once the injectate front has passed a monitoring well can be accomplished with the use of an 

artificial tracer.  

Artificial  tracers are added to injectate to differentiate between background 

concentrations and the recharge front. Tracer selection should be carefully considered based on 

the project purpose, scale, cost, site hydrogeology, and nature of the tracer (Davis et al. 1985). 

Salt-based tracers like chloride (NaCl) and bromide (NaBr) are commonly used as non-reactive, 

or conservative, tracers (Ptak et al. 2004; Zakhem and Hafez 2012; Mosthaf et al. 2018; 

Gerenday et al. 2020). Few ASR projects use artificial tracers to characterize sites, likely because 
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of the scale of the test and long travel times. Visser et al. (2014) conducted a 7-day artificial 

tracer test at an ASR site using xenon-enriched water to characterize transport in Woodland, 

CA4). The recharge well was approximately 600 feet deep (85 feet of screened interval) and was 

designed for a recharge rate of 2,000 gallons per minute (gpm) (City of Woodland 2013).  

In heterogeneous media, the incorporation of multiple transport domains within a system 

can improve predictions of solute transport and tailing behavior observed at monitoring wells 

(Becker and Shapiro 2000; Liu, Zheng, and Gorelick 2007). A dual-porosity model, where 

multiple porosity domains exist, accounts for preferential flow paths (PFPs) during transport. 

Analytical solutions for dual-porosity transport have been a topic of research for some time (van 

Genuchten and Wierenga 1976; Bibby 1981; Mağoszewski and Zuber 1985; Gerke and van 

Genuchten 1993; Haggerty and Gorelick 1995; Cihan and Tyner 2011; Knorr et al. 2016). While 

this paradigm is commonly applied to fractured rock and karst terrains, it can also be applied to 

alternating layers of sands and clays (Sanford et al. 2017; Saxena et al. 1994). Saxena et al. 

(1994) implement a chlorine isotope (36Cl) tracer in conjunction with tritium (3H) as tritiated 

water (HTO) to evaluate dual-porosity flow through lysimeters using a model developed by 

Jarvis et al. which accounts for transport under non-steady flow (Jarvis et al. 1991a; Jarvis et al. 

1991b).  

Few studies examine the potential impact of dual-porosity flow during MAR projects in 

deep, confined aquifers. Gaus et al. (2002) identified dual-porosity flow as a key contributor to 

fluoride release during an ASR project. The authors calibrated two models, a geochemical mass 

transport model (PHREEQC) and a physical model (SWIFT/486), using chloride as an intrinsic 

tracer over eight cycles of ASR and confirmed the impact of dual-porosity effects on fluoride 

release (Williams 2000; Gaus et al. 2002). Guo et al. (2015) investigated the impact of dual-
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porosity conditions and aquifer heterogeneity on ASR recovery efficiency. However, this 

research is theoretical in nature and uses the Eclipse model in conjunction with manufactured 

input parameters to characterize simulated ASR performance (Guo et al. 2015).  

This study is unique in its conception and complexity. The objective of this study was to 

implement a forced gradient tracer test using sodium bromide to characterize transport in a 

multiscreen, multi-aquifer well during ALTR operations. No known artificial tracer tests have 

been conducted in a multi-screen well situated in multiple hydrostratigraphic units during long-

term recharge operations; the recharge well at this site contains 11 screens situated in 3 

hydrostratigraphic units. Furthermore, the study aims to demonstrate the efficacy of a dual-

porosity approximation to describe bromide transport through a multi-layered aquifer. It also 

compares results to previously measured estimates at the site to examine how flow distribution 

changes over the course of an ALTR project.  

7.2 Methods 

7.2.1. Site Description 

The Sustainable Water Initiative for Tomorrow (SWIFT) Research Center (SWIFT-RC) 

is a large-scale MAR demonstration facility located at Nansemond Treatment Plant in Suffolk, 

Virginia, USA. The SWIFT-RC treats approximately 1 million gallons per day (MGD) (3,780 

m3/d) of effluent from Hampton Road Sanitation Districtôs (HRSD) water reclamation facilities 

(WRFs) to drinking water standards using advanced treatment methods (Figure 7-1) (Martinez et 

al. in press). Following treatment, this ñSWIFT Waterò is recharged to multiple 

hydrostratigraphic units of the Potomac Aquifer System (PAS) using a multi-screen recharge 

well (TW-1) that contains eleven screens ranging from 500 to 1400 feet below land surface. This 

study will focus on results observed at MW-SAT, a depth discrete monitoring well 50 feet (15.2 
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m) from TW-1. MW-SAT is screened at identical depths to TW-1. Samples are collected from 

each screen using a flexible liner underground technology (FLUTe) system, a multilevel 

sampling system that uses a well liner to eliminate mixing in the monitoring well. 

 

 

Figure 7-1. HRSD Service Area in eastern Virginia, USA. The existing demonstration 

facility (SWIFT -RC) in Suffolk is the study site, while future full -scale sites are marked by 

blue stars (Martinez et al. 2022). 

The PAS is a confined aquifer that stretches in extent from New Jersey to the South 

Carolina coast (Trapp and Horn 1997; McFarland and Bruce 2006; Heywood and Pope 2009). 

U.S. Geological Survey (USGS) reports identify the Potomac aquifer as primarily fluvial -deltaic 

coarse-grained sands and gravels with interbedded clays of varying thicknesses (McFarland and 

Bruce 2006). The nature of the interbedded clays within the PAS leads to confining units 

functioning as local barriers without those confining units encompassing the extent of the PAS 

(McFarland and Bruce 2006; Heywood and Pope 2009). Despite three distinct aquifers having 

been recognized in past regional models, the three aquifers are interconnected. McFarland 

mentions that studies of the Virginia Coastal Plain between the 1940s-1980s designated the PAS 
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as a single aquifer; however, in the 1980s, investigations of the hydrogeologic framework 

differentiated between the Upper, Middle, and Lower Potomac aquifers (UPA, MPA, and LPA, 

respectively) to aid in vertical discretization in modeling projects. Since current modeling 

techniques allow multiple model layers within one aquifer to simulate vertical flow, more recent 

reports combine the three into one Potomac Aquifer while they may differentiate between the 

three locally (McFarland and Bruce 2006). 

7.2.2. Experimental Setup and Field Sampling Procedures 

Sodium bromide was selected as an artificial tracer because of its conservative behavior 

(i.e., low aquifer-interaction potential) and relatively low background concentration. Average 

concentration across all 11 screens was measured as 0.713 mg/L, with minimum and maximum 

concentrations measured as 0.212 mg/L at Screen 9 to 1.856 mg/L at Screen 10, and average 

SWIFT Water concentration (0.09 mg/L) compared to the target injection concentration. A 

concentrated sodium bromide solution was added to the recharge stream immediately before 

entering TW-1 via the use of a peristaltic pump configured to only add bromide under recharge 

conditions. Recharge at TW-1 during the injection phase occurred at a rate of 679 gpm with a 

target recharge time of 72 hours; flow at the recharge well was recorded using the SWIFT 

supervisory control and data acquisition (SCADA) system. The rate of mixing between SWIFT 

Water and the concentrated sodium bromide solution was designed to achieve a target injection 

concentration of approximately 200 mg/L of bromide. The concentration of bromide added was 

calculated incrementally using the drawdown in five 1000 L sodium bromide totes (measured 

approximately every hour) and confirmed with samples collected once per day during the 

injection phase. Measured concentration within the totes was 435,000 mg/L bromide. Following 
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the bromide injection phase, recharge continued at TW-1 using SWIFT Water with no bromide 

addition. 

In the week preceding the tracer test, samples were taken once per day from SWIFT 

Water, MW-SAT, and the conventional wells at a consistent time to establish background 

bromide concentrations at each sample port and prevent interference of daily fluctuations. 

Samples were collected in 250 mL high density polyethylene (HDPE) containers and refrigerated 

before analysis was completed. Bromide samples were analyzed by the HRSD Central 

Environmental Lab (CEL) using Reference Method EPA 300.0. Following the start of the tracer 

test, bromide levels at MW-SAT were monitored multiple times per day.  

Sampling at frequent increments (up to 4 times per day) was important, especially for 

screens where preliminary data indicated travel time < 7 days so that breakthrough would be 

monitored with a significant sample size. For screens with longer expected travel times based on 

initial breakthrough at MW-SAT or where the previously observed breakthrough was more 

gradual (Bullard et al. 2019), samples were collected at a lower frequency (1 to 2 times per day) 

until significant breakthrough (at least three times the background concentration observed at the 

screen) was observed. Once those screens passed the sample threshold, sampling frequency 

increased to 2 to 4 times per day. Sampling frequencies were decreased once a screen passed the 

threshold for the second time (i.e., after breakthrough was observed). In MW-SAT, following the 

return to within 10% of pre-test bromide concentrations, bromide was monitored once per day 

for one week and then once per week for one month to ensure that concentrations remained at the 

same level before ending bromide sampling at that screen at a frequency above the normal 

monitoring levels. More information on sampling frequency is described in Appendix E. 
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7.2.3. Modeling 

A simplified analytical model (Model 1) based on the assumptions of variable influent 

concentration and constant flow was used to describe the breakthrough of bromide at MW-SAT 

and estimate flow distribution in the recharge well. Variable influent concentration was required 

to account for the bromide tracer pulse. If operations were consistent with only short periods of 

pumping and no flow, the assumption that flow is constant would be relatively accurate. Results 

of this initial model are available in Appendix E (Table E-3, Figures E-2 to E-12). The following 

equation could be used to describe the observed concentration, , during radial flow at 

each screened interval (modified from Charbeneau 2000):  

 

 

(1) 

 

 

(2) 

where  is the background concentration within the screen of interest,  is the influent 

concentration,  is the radial distance from the injection well,  is the time since the start of 

injection,  is the screen-specific longitudinal dispersivity,  is the mean displacement of the 

front,  is the recharge flow rate to the individual well screen (which varies based on changes in 

flow distribution),  is the screen-specific effective porosity, and  is the thickness of the screen 

of interest. To account for variable influent concentration, the model is modified as such with the 

following boundary conditions: 
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(3) 

 

 

 

(4) 

 

where  is the total elapsed time,  is the time that the influent concentration was measured, and 

 where  denotes a measured influent concentration at . For the first 

iteration ( , , where  is the background concentration measured prior to 

the start of recharge. At any time, , the concentration at a monitoring well screen would be 

given as: 

   (5) 

Though the initial estimates were based on constant flow, recharge during a large-scale 

ALTR project is not continuous and included frequent pumping to maintain injectivity and shut 

down due to treatment process adjustments and well rehabilitation. A MATLAB model (Model 
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2) was used to account for variable influent concentration and transient flow conditions, which 

have been shown in Chapter 4 and Chapter 6 to represent transport in changing operating 

conditions. Model 2 has been used to analyze breakthrough of SWIFT Water as an intrinsic 

tracer and is discussed in depth by Martinez and Widdowson in previous work (Chapter 6):  

  

 

 

 

 

 

(6) 

 

 

 

 

 

 

 

(7) 

where  is the mean displacement of the front based on , the incremental volume, which 

is calculated from the flow to the screen, . At any time, , the concentration at a 

monitoring well screen would be given as: 
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(7) 

The estimates of flow distribution from Model 1 were used as a starting estimate to 

calibrate the initial breakthrough of bromide at MW-SAT under Model 2, considering transient 

flow and variable influent concentration. To increase the likelihood of convergence, the flow and 

porosity parameters were combined, and a range of estimated porosities was used to determine 

the range of possible flow rates to each screen. Two parameters were used, and , where 

 is the flow/porosity term and  is the longitudinal dispersivity. MATLABôs Optimize tool 

was used to vary the two parameters to minimize the residual sum of squares (RSS) 

 

where cobs is the observed concentration and csim is the simulated concentration at a given time, i 

for a given screen, s. Full results from the Single-Zone optimization model are included in 

Appendix E (Table E-5). 

To further investigate breakthrough behavior, the model was extended to incorporate two 

zones, a high permeability/flow zone and a low permeability/flow zone. This involved 

delineating the thickness for each zone as a model variable, calculating the concentration 

breakthrough over time in each zone using Model 2, and using a length-weighted concentration 

to calculate the total concentration value over time:  
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where the parameter  is the percent thickness of Zone 1 relative to the total thickness of the 

hydrostratigraphic unit , and  and  are the time-dependent concentrations at 

the screen of interest based on Model 2 in Zone 1 and Zone 2, respectively. Zone 1 is considered 

to be the high permeability/flow zone, and Zone 2 is the low permeability/flow zone. The 

MATLAB Optimize tool was used to solve for five parameters: , , , , and . 

Upper and lower boundaries for each term were initially estimated based on the minimum and 

maximum values previously observed at the site (Bullard et al. 2019) (Table 7-1). The results of 

the single zone estimate were used as initial estimates in the two-zone model. The results of two 

models were compared to determine the best fit: (1) Single-Zone, Transient Flow and (2) Two-

Zone, Transient Flow. 

Table 7-1. Upper and lower parameter estimates for the two-zone model. The same 

boundaries for  and  are applied to the single-zone model. 

Term Lower Boundary Upper Boundary 

 0.1        0.99 

 
    0.001   1 

 0.5 50 

 
    0.001   1 

 0.5 50 

 

7.3. Results and Discussion 

7.3.1. Tracer Test Operational Conditions 

Phases of the tracer test were (1) bromide injection phase, which lasted approximately 3.5 

days; (2) steady recharge operations with intermittent backflush; (3) shutdown of recharge 
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operations for well rehabilitation; (4) post-rehabilitation pumping; and (5) normal operations 

with steady recharge and intermittent backflush. Recharge and pumping volumes for each test 

are listed in Table 7-2, and length in each operating condition per phase is provided in Table 7-3. 

The non-constant state of recharge confirms the need for Model 2 to account for transient flow 

conditions. Since all screen breakthroughs occurred before shutdown and because previous work 

suggested changes in the flow rate distribution at TW-1 following Phase 3 (Chapter 5), the focus 

of the data analysis is the first 100 days of the tracer test.  

Table 7-2. Recharge and pumping volumes during the length of the tracer test. All  volumes 

are given in gallons. Parentheses indicate negative flow or pumping from the well. 

Phase Start Time End Time 
Length 

(days) 

Total 

Recharge 

Volume 

Total 

Pumping 

Volume 

Net Recharge 

Volume 

1 09/29/20 09:25 10/02/20 20:45 3.47 3,153,322 (236,863) 2,916,459 

2 10/02/20 20:45 12/25/20 17:00 83.84 63,069,435 (9,923,412) 53,146,023 

3 12/25/20 17:00 04/09/21 13:15 104.84 581,869 - 581,869 

4 04/09/21 13:15 04/14/21 12:00 4.95 351,625 (13,192,734) (12,841,108) 

5 04/14/21 12:00 10/26/21 16:45 195.20 99,276,534 (13,693,403) 85,583,131 

 

Table 7-3. Time split during each phase of the bromide tracer test. All units are in days. 

Phase Start Time End Time Total Length  Recharge Shutdown Pumping 

1 09/29/20 09:25 10/02/20 20:45 3.47           3.23            0.10          0.14   

2 10/02/20 20:45 12/25/20 17:00 83.84         63.20          14.82           5.81   

3 12/25/20 17:00 04/09/21 13:15 104.84           0.83        104.01                -     

4 04/09/21 13:15 04/14/21 12:00 4.95           0.22           0.86          3.86   

5 04/14/21 12:00 10/26/21 16:45 195.20      131.10          56.29          7.80   
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7.3.2. Single-Zone and Two-Zone Models 

Background concentration of bromide and peak observed concentration during the tracer 

test are provided in Table 7-4. The highest concentration observed at MW-SAT was 160.0 mg/L 

at Screen 9, which was the quickest screen to peak, with a travel time of approximately 3 days. 

Travel time at each screen differed from previous data collected at the site (Bullard et al. 2019), 

especially in the LPA, where travel time decreased from over 180 days to approximately 13 

days. Following the tracer testing, water level response was evaluated, and relevant flow 

contributions were identified from each of the hydrostratigraphic units, in contrast to water level 

analyses completed in 2018, which indicated little to no response from the LPA.  

Table 7-4. Background concentration, peak observed bromide concentration, and travel 

time measured at each screen.  

Screen 
Background Bromide 

Concentration (mg/L) 

Peak Observed Bromide 

Concentration (mg/L) 

Travel Time 

(days) 

1 0.295   90.8   8.7 

2 0.236   72.1   7.6 

3 0.647   25.3 39.7 

4 0.319   36.3 17.9 

5 0.710   44.0 12.5 

6 1.614   13.8 44.8 

7 0.430   22.3 27.3 

8 0.314   48.1 15.6 

9 0.212 160.0   2.9 

10 1.856   37.0 13.7 

11 1.211   47.6 11.7 

 

Following the parameter estimation process, the single-zone models underestimated the 

observed peak breakthrough at each screen and did not account for tailing behavior observed 

after peak breakthrough at some screens. Comparisons of model fit between the Single-Zone and 

Two-Zone model are provided for Screen 1 and 2 (Figure 7-2), 3 and 4 (Figure 7-3), 5 and 6 

(Figure 7-4), 7 and 8 (Figure 7-5), and 10 and 11 (Figure 7-6). The Two-Zone model improved 
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the fit for all screens except Screen 9, where the Single-Zone model was able to capture the peak 

breakthrough and travel time (Figure 7-7).  

 

Figure 7-2. Bromide transport in Screen 1 [(a) and (b)] and Screen 2 [(c) and (d)] for the 

Single-Zone model [(a) and(c)] and the Two-Zone model [(b) and (d)]. The Two-Zone 

model increases the capability to fit both the initial peak and the steep drop in 

concentration after initial bre akthrough. 
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Figure 7-3. Bromide transport in Screen 3 [(a) and (b)] and Screen 4 [(c) and (d)] for the 

Single-Zone model [(a) and(c)] and the Two-Zone model [(b) and (d)]. The Two-Zone 

model increases the capability to fit both the steep initial peak and the tailing effect after 

ini tial breakth rough. 
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Figure 7-4. Bromide transport in Screen 5 [(a) and (b)] and Screen 6 [(c) and (d)] for the 

Single-Zone model [(a) and(c)] and the Two-Zone model [(b) and (d)]. The Two-Zone 

model increases the capability to fit  both the initial peak and the steep drop in 

concentration after initial breakthrough at Screen 5 and is able to accurately capture the 

entire breakthrough in Screen 6. 



168 

 

Figure 7-5. Bromide transport in Screen 7 [(a) and (b)] and Screen 8 [(c) and (d)] for the 

Single-Zone model [(a) and(c)] and the Two-Zone model [(b) and (d)]. The Two-Zone 

model is able to accurately capture the entire breakthrough in Screen 7 and captures the 

narrow initial breakthrough and the tailing effect  in Screen 8 following breakthrough. 
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Figure 7-6. Bromide transport in Screen 10 [(a) and (b)] and Screen 11 [(c) and (d)] for the 

Single-Zone model [(a) and(c)] and the Two-Zone model [(b) and (d)]. The Two-Zone 

model increases the capability to fit both the initial peak breakthrough and the tailing 

effect following breakthrough. 

 

Figure 7-7. Bromide transport in Screen 9 for (a) Single-Zone model and (b) Two-Zone 

model. The Single-Zone model better captures peak breakthrough. 
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Parameter estimates and a range of estimated flow distribution for each screen are 

provided in Table 7-5. Single-Zone results are located in Appendix E (Table E-5), and the results 

from Screen 9 are included in Table 7-5. Using the Two-Zone model for each screen, with the 

exception of the Single-Zone model results for screen 9, the model captures between 44.8% to 

99.1% of total flow through the PAS. It is likely that the actual flow distribution to each screen is 

between these two boundary values since these values are estimated based on the minimum and 

maximum porosity and assume constant porosity over the entire depth of the screen. Larger 

figures of individual screen results are included in Appendix E (Figures E-13 to E-34). 

Table 7-5. Two-Zone solution parameters and total flow estimates. The variable  

indicates the percentage of the total thickness that makes up the high permeability/flow 

zone, Zone 1. Screen 9 is a single-zone solution, denoted by . For the total flow 

estimate, the low estimate assumes porosity in both zones is 0.20, and the high estimate 

assumes porosity in both zones is 0.45. 

Screen  

Zone 1 Zone 2 Total Flow (%) 

 (%)  (ft)  (%)  (ft) Low Est. High Est. 

1   41 0.115   0.1 0.052 18.5   3.3   7.5 

2   75 0.225 14.6 0.119   0.3   6.9 15.5 

3   14 0.014   1.6 0.008 40.0   0.4   1.0 

4   89 0.081 14.8 0.034   0.2   2.3   5.2 

5   47 0.056   2.4 0.015 15.9   1.4   3.2 

6   40 0.031   2.1 0.008 12.4   0.8   1.8 

7   63 0.029   2.1 0.003 12.5   0.6   1.4 

8   62 0.047   0.5 0.009   5.3   1.1   2.5 

9 100 0.797   3.0 -- -- 15.9 34.3 

10   47 0.341   2.7 0.107   3.3   8.9 20.1 

11   45 0.112   3.6 0.038 13.3   3.0   6.7 

      44.8 99.1 

 

A comparison of  values over time indicates that flow distribution is dynamic (Table 

7-6). The most noticeable change is the transition from little to no flow in the LPA in the original 

breakthrough analysis to a significant portion of the flow going to the LPA, which overall 



171 

experienced a 675% increase in between the initial estimate and the Two-Zone model 

estimate. This is compensated for by a decrease in the  estimate to the UPA and MPA of 

69% and 41%, respectively. A comparison of longitudinal dispersivity values over time reveals 

that while some screens change significantly (e.g., 10 ft to 34.6 ft in screen 3), most of the 

length-averaged values are within the same order of magnitude as the original (Table 7-7). The 

change in dispersivity is a result of the variability of groundwater velocity within each screen 

layer over time. 

Table 7-6. Comparison of  values between original estimate in 2018 (Bullard et al. 

2019), extrapolated values from an in-situ flowmeter test in 2019 (Chapter 5), and Single-

Zone and Two-Zone results. Flowmeter values are extrapolated based on the estimated 

porosity from the original work. 

Screen Original Flowmeter 

Single 

Zone 

Model 

Two-Zone Model Percent 

Change 

(%) 
Zone 1 Zone 2 Sum 

1 0.667 0.950 0.262 0.052 0.115 0.167    -75 

2 0.960 1.840 0.400 0.119 0.225 0.344    -64 

3 0.222 0.074 0.018 0.008 0.014 0.022    -90 

4 0.257 0.200 0.113 0.034 0.081 0.114    -56 

5 0.160 0.240 0.084 0.056 0.015 0.070    -56 

6 0.117 0.100 0.040 0.031 0.008 0.039    -67 

7 0.043 0.071 0.039 0.003 0.029 0.032    -26 

8 0.023 0.063 0.077 0.009 0.047 0.056   143 

9 1.348 0.478 0.797 0.033 0.538 0.571    -41 

10 0.067 0.040 0.360 0.107 0.341 0.447   567 

11 0.010 0.000 0.152 0.038 0.112 0.150 1400 
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Table 7-7. Longitudinal dispersivity comparison between the original estimate (Bullard et 

al. 2019) and the bromide tracer analysis. The thickness-averaged value of longitudinal 

dispersivity in the Two-Zone model is also included with the individual zone values. 

Screen Original 

Single- 

Zone 

Model 

Two-Zone Model 

Zone 1 Zone 2 
Length 

Averaged 

1   5   2.8 18.5 10.3 10.9 

2 10   6.4   0.3 33.9 11.1 

3 10 40.9 40.0   2.1 34.6 

4 20 16.8   0.2 31.2 13.3 

5 8   9.9   2.4   8.0   9.6 

6 20 12.7   2.1 18.1   8.3 

7 30   4.8 12.5   9.5   5.9 

8   2   1.0   5.3 15.4   2.3 

9 10   3.0 34.0 25.7 12.6 

10        0.05 14.5   3.3 49.3   3.0 

11   3 14.2 13.3 13.5   8.9 

 

Using the best fit results from Table 7-5, bromide mass discharge was estimated at MW-

SAT (Table 7-8). During the tracer test, the average bromide concentration at TW-1 was 203.8 

mg/L, resulting in a total of 2,250.4 kg of bromide was recharged into the aquifer during Phase 1. 

Three estimates for mass discharge at MW-SAT were made based on the  value: (1) flow 

distribution based on the original porosities estimated in the 2018 breakthrough study (Bullard et 

al. 2019), where 58% of the flow is accounted for; (2) a low estimate, assuming porosity at each 

screen is 0.20, where 44.8% of the flow is accounted for; and (3) a high estimate, assuming 

porosity at each screen is 0.45, where 99.1% of the flow is accounted for. Between the low and 

high estimate, recovery efficiency ranges from 48.8% to 82.8%. The actual value is likely 

between those two, since the two zones likely have two different porosities, and these estimates 

assume constant porosity over the entire screened depth. 
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Table 7-8. Mass discharge at MW-SAT. Original indicates the flow distributi on based on 

porosities estimated by Bullard et al. (2019), Low Estimate assumes porosity in both zones 

is 0.20, and High Estimate assumes porosity in both zones is 0.45. 

Screen 

Original Low Estimate High Estimate 

Estimated 

Q (%) 

Bromide 

Recovered 

(kg) 

Estimated 

Q (%) 

Bromide 

Recovered 

(kg) 

Estimated 

Q (%) 

Bromide 

Recovered 

(kg) 

1 3.3% 63.5 3.3% 63.5 7.5%   143.0 

2 8.6% 164.6 6.9% 131.7 15.5%   296.3 

3 0.6% 131.9 0.4% 130.7 1.0%   135.0 

4 4.0% 159.3 2.3% 136.6 5.2%   174.5 

5 1.8% 26.9 1.4% 21.5 3.2%     48.4 

6 1.2% 53.0 0.8% 49.7 1.8%     58.0 

7 0.9% 109.3 0.6% 106.0 1.4%   116.3 

8 1.8% 30.9 1.1% 19.3 2.5%     43.5 

9 13.1% 180.4 15.9% 218.9 34.3%   470.6 

10 11.2% 210.3 8.9% 168.2 20.1%   378.5 

11 4.0% 69.8 3.0% 51.7 6.7%   116.4 

Total Mass 

Recovered (kg)  
1200.1  1098.0      1980.5 

Recovery Efficiency 53.3%  48.8%  88.0% 

 

Regardless of the estimate, the mass balance indicates only partial recovery of the 

bromide tracer at MW-SAT. This is likely due to issues related to sample collection at MW-

SAT. Samples collected from the FLUTe system are assumed to be representative of the entire 

length of the screen, though the sample collection port is small compared to the full length of the 

screen. The FLUTe system contains an annular spacer within the identified monitoring interval, 

but it is likely that the sample preferentially flows from the depth nearest the sample port. In a 

long screen that could be impacted by density driven flow (i.e., the sample water flows 

preferentially through one part of the screen), the sample collected may not be representative of 

the total mass traveling through the screen. 
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7.4. Conclusions 

This study executed a bromide tracer test in a multi-screen, multi-aquifer recharge well 

during ALTR operations. Results of Single-Zone and Two-Zone models to explain bromide 

transport were compared to evaluate the existence and impact of a dual-porosity transport 

paradigm within the aquifer system. The study confirmed the existence of a mobile/immobile 

zone in most layers of the PAS, indicated by the improvement in model fit using a Two-Zone 

model. A mass balance completed on the system showed a low recovery efficiency for bromide 

at the depth-discrete monitoring well, MW-SAT, likely due to sampling bias within each screen. 

The recovery efficiency also explains the inability of the Single-Zone or Two-Zone model to 

capture 100% of the total flow distribution. 

Model results were also compared to previous estimates of flow distribution at the site. 

Previous studies at this site established that flow distribution is dynamic, though the change 

observed was likely immediate as a result of well rehabilitation (Chapter 5). This study, 

however, indicated that flow distribution changed since the last measurement without a 

discernible singular precipitating event, indicating that flow distribution is also likely to change 

over time as a result of non-constant well operations and preferential clogging. This was further 

supported by a water level analysis at conventional wells screened in the UPA, MPA, and LPA 

on site. Conventionally, studies of multi-layered aquifers used for MAR purposes measure flow 

distribution once and assume for modeling purposes that the flow distribution is constant over 

time. Evaluating changes in flow distribution over time should be a priority for transport 

modeling purposes in multi-layer aquifer systems to quantify chemical transport and travel times 

in any MAR project. 
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8. Conclusions 

Chapters 4 through 7 of this dissertation provide new insights into assessing the impact of 

long-term recharge operations on the Potomac Aquifer System (PAS) at the SWIFT Research 

Center (SWIFT-RC) on chemical transport through the PAS and travel time. The following 

sections summarize the major findings of each chapter, synthesize the results, provide a broader 

context, and discuss future research directions. 

8.1. Objectives and Findings 

Chapter 4. The objective of this investigation was to characterize flow distribution and aquifer 

characteristics at MW-SAT (50-ft travel distance from multi-screen recharge well TW-1) based 

on initial breakthrough of conductivity (serving as an indicator of chloride). Major findings were: 

¶ An incremental flow model was able to improve fit and capture changes in conductivity 

breakthrough behavior by incorporating extended pumping and shutdown periods at the 

SWIFT Research Center. 

¶ Advection is the prevailing transport mechanism in the aquifer system during operations, 

while diffusion from low-permeability zones occurs during shutdown conditions, causing 

measured concentrations at the monitoring well to change. 

Chapter 5. The objective of this study was to implement an impeller flowmeter to measure flow 

rate distribution in a multi-screen well during ALTR operations (recharge and pumping). An 

additional objective was to quantify differences in flow behavior across single screens under 

recharge and pumping conditions. Major findings include: 

¶ Flowmeter readings stabilized above each screen at approximately 20 feet above the well 

screen; the stabilized reading accounted for the full flow, while unstable readings 



181 

underestimated or overestimated the flow to the screens. The source of instability was 

hypothesized to result from turbulent flow in the well casing above each screen. 

¶ In a multi-screen well, recharge flow moves preferentially through the uppermost well 

screens and the upper portion of individual screens. Flow rates during pumping are more 

evenly distributed along the well screens and individual screens. 

¶ A comparison of flow distribution measurements with the findings from Chapter 4 and 

with water level analysis performed by Matynowski (Matynowski 2020) suggests a 

dynamic flow distribution at TW-1 and a single measurement in time cannot be assumed 

to be constant over the length of an entire project. This change in flow distribution is 

hypothesized to be a result of the well rehabilitation that took place immediately before 

the testing but transient conditions in the wells screens and gravel pack are also 

considered to influence flow distribution. 

Chapter 6. The objective of this phase of the research was to evaluate multiple tracers for 

characterizing flow in the UPA, a multi-screen system, using a novel approximation for 

quantifying breakthrough under variable flow, dynamic flow distributions, and variable influent 

tracer concentration conditions. The work also identifies characteristics of effective intrinsic 

tracers for large-scale aquifer characterization. Finally, the efficacy of the novel approximation 

was evaluated. Major findings were: 

¶ Multiple factors contribute to intrinsic tracer effectiveness as an indicator of travel time, 

including significant differences between the constituent concentration between native 

groundwater and injectate, aquifer interaction potential, and variability of the injectate 

constituent concentration combined with frequency of influent sampling. 
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¶ Tracer efficacy varies by aquifer layer, especially when native groundwater 

characteristics vary significantly by depth. Sulfate was the most effective tracer for the 

Upper Potomac Aquifer (well MW-UPA), but chloride is estimated to be effective for the 

Middle and Lower Potomac Aquifer (wells MW-MPA and MW-LPA, respectively). 

¶ An approximation to account for three operational factors at TW-1: (1) variable flow 

conditions, (2) time-varying flow distribution, and (3) variable influent concentration 

improves the fit of the transport model.  

Chapter 7. The objective of this study was to use a bromide tracer test to demonstrate the 

efficacy of a Two-Zone approximation to describe transport through a multi -screen, multi-

layered aquifer. Results are also compared to previous estimates of flow distribution to evaluate 

how flow distribution changes over the course of the project. Major findings were: 

¶ A comparison between a Single-Zone and Two-Zone model demonstrated that the Two-

Zone model was more effective at characterizing transport in all screens except Screen 9, 

supporting the existence of a mobile/immobile zone within the aquifer. 

¶ Changes in flow distribution were compared to previous estimates at the site. Observed 

changes in flow distribution indicate that the dynamic nature of flow distribution at the 

site is gradual, likely as a result of preferential clogging in screens which receive high 

amounts of flow. 

8.2. Major Themes and Engineering Significance 

 The SWIFT Research Center is a 1 MGD demonstration facility for an aquifer long-term 

replenishment (ALTR) project that aims to replenish the overused PAS. This work shows that 

the use of injectate as an intrinsic tracer is a cost-effective way to characterize flow in a multi-
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screen, multiaquifer well (Chapter 4, Chapter 6). A consistent and robust monitoring plan should 

be established before the start of recharge, and a water quality background should be verified at 

the nearby monitoring wells. Multiple potential tracers should be identified in case unexpected 

interaction happens within the system, as was the case with fluoride in Screen 1 and MW-UPA. 

Furthermore, the use of a depth-discrete sampling system near the recharge well is critical for a 

full characterization of the aquifer. Characterization at the conventional wells was possible 

because of screen-specific work from MW-SAT, where a Flexible Liner Underground 

Technology (FLUTe) system was installed to collect depth-discrete samples. Samples collected 

at MW-UPA showed a sample bias towards the upper screens, which was accounted for in the 

model with the individual screen data from MW-SAT. Without the individual screen 

characterization, the characterization of MW-UPA would have resulted in an underestimation of 

flow to the aquifer and skewed estimates of aquifer characteristics.  

 Perhaps the most significant finding of this work is the dynamic nature of flow rate 

distribution and travel time (Table 8-1). Typically, flow distribution in multi-screen wells is 

estimated once over the length of a project and assumed to remain constant for modeling 

purposes (e.g., Fakhreddine et al. 2020). By measuring flow distribution using multiple methods 

over the course of the project, this work shows that is not the case. Flow distribution is 

transformed over time in two ways: (1) gradual shifts in flow distribution caused by normal 

recharge and pumping operations, and (2) rapid changes as a result of well rehabilitation or 

change in operating conditions. The flowmeter testing took place in April/May 2019 

immediately after the extended shutdown for well rehabilitation in 2018-2019. It is likely that the 

significant changes in flow distribution that favored the upper screens were a result of 

preferential treatment of those screens during well rehabilitation. Bromide tracer testing started 
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in October 2020, well after the rehabilitation. While regular backflushing took place at the well 

to maintain injectivity, it is likely that the screens that received the most flow initially after the 

2019 well rehabilitation were preferentially clogged, which resulted in flow gradually shifting to 

slower screens. This would explain the high flow to screens 9-11 during the tracer test, especially 

when the LPA had not been initially responsive. 

Table 8-1. Estimated travel time (days) for  individual screens at MW-SAT (50-ft radial 

distance) assuming constant recharge flow (700 gpm) at the recharge well (TW-1). Actual 

travel tim es will be longer, and in some cases may be significantly longer depending on 

operating conditions on site. 

Screen*  
Intrinsic Tracer **  

(2018) 
Flowmeter (2019) Bromide Tracer (2020) 

1     1.6     2.1   8.7 

2     2.7     1.4   7.6 

3     3.9   11.8 39.7 

4     7.9   10.2 17.9 

5     5.5     2.7 12.5 

6   15.0   26.2 44.8 

7   20.4     4.9 27.3 

8   37.3   14.0 15.6 

9     1.7     3.6   2.9 

10   91.8 183.6 13.7 

11 181.6 181.6 11.7 
*  Screens 1-4: UPA; Screens 5-9: MPA; Screens 10-11: LPA 

** Travel time at Screens 10 and 11 are different than those listed in Chapter 4 due to improved fit (i.e., 

breakthrough occurred at these screens after the chapter was published). 

 

8.3. Future Research Directions 

 Plans for additional flowmeter testing are currently underway at a new full-scale recharge 

well (NP-MAR-01) on site at the SWIFT Research Center. This testing will continue to evaluate 

differences between recharge, no-flow, and pumping conditions. Furthermore, additional 

investigation into the turbulent behavior above the well screens could provide new insights into 

flow behavior in turbulent conditions in a recharge well.  
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Further research potential also exists in the area of model enhancement. Currently, the 

approximation used to describe transport accounts for changes in operating conditions, time-

varying flow distribution, and variable influent concentrations. However, the approximation does 

not account for non-conservative constituents. This is discussed in Chapter 6, where the 

approximation was able to demonstrate the correct breakthrough time and behavior but not the 

correct concentration of TOC due to decay during transport. While the approximation developed 

in this dissertation could be modified to account for decay during transport, the difficulty lies in 

maintaining decay behavior during non-recharge periods. The model could be enhanced to 

account for additional transport behavior during shut down, including natural background flow, 

constituent decay, and aquifer interaction (e.g., sorption/desorption, microbial behavior).  

Finally, the development of a method that could estimate changes in flow distribution 

based on water level analysis (Theis 1935; Cooper and Jacob 1946) at the conventional wells 

could provide a real-time and cost-effective way to monitor changes in flow distribution. The use 

of injectate as an intrinsic tracer is very useful, especially on a large scale, but once the recharge 

front passes a monitoring well, it can no longer be used as a tracer unless water quality 

characteristics change significantly. Flowmeters can be used to directly measure flow 

distribution, and artificial tracer tests can also be used to characterize flow behavior, but both of 

these undertakings are expensive and require additional time to collect and analyze data. Semi-

regular pumping tests, which would measure drawdown over time in nearby monitoring wells, 

could indicate well clogging or changes in preferential flow within a multi-screen well. These 

tests would be relatively straightforward to perform, and testing could be done under recharge 

and pumping conditions. 
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Appendix A: SWIFT Research Center Site Description and Initial Aquifer Characterization 
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Figure A-1. Screen Depths at TW-1, MW-SAT, and Conventional Wells 
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Table A-1. Well Screen Depth and Length of Screen in TW-1 and MW-SAT. 

Aquifer  Zone 
Starting Depth  

(fbg) 

Ending Depth  

(fbg) 

Length of 

Screen (ft) 

Upper Potomac Aquifer (UPA)    

 

Screen 1 505 530 25 

Screen 2 550 595 45 

Screen 3 665 680 15 

Screen 4 720 755 35 

Middle Potomac Aquifer (MPA)    

 

Screen 5 820 835 15 

Screen 6 860 890 30 

Screen 7 905 920 15 

Screen 8 965 990 25 

Screen 9 1050 1090 40 

Lower Potomac Aquifer (LPA)    

 
Screen 10 1230 1335 105 

Screen 11 1370 1400 30 

(fbg) ï feet below grade 

 

 

Table A-2. Well Screen Depth and Length of Screen in the Conventional Wells 

Aquifer Zone 
Starting Depth  

(fbg) 

Ending Depth  

(fbg) 

Length of 

Screen (ft) 

MW-UPA (distance from TW-1 = 340ô) 

 

Screen 1 515 565 50 

Screen 2 585 605 20 

Screen 3 660 675 15 

Screen 4 710 740 30 

MW-MPA (distance from TW-1 = 390ô) 

 

Screen 1 860 920 60 

Screen 2 975 990 15 

Screen 3 1030 1090 60 

MW-LPA (distance from TW-1 = 440ô) 

 
Screen 1 1260 1320 60 

Screen 2 1350 1410 60 

(fbg) ï feet below grade 
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Figure A-2. TW-1 Well Completion Report. This includes well location information, screen 

depths, well diameter, and soil type with depth. (Includes the next 6 pages.) 
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Figure A-3. MW-SAT Well Completion Report. This includes well location information, 

screen depths, well diameter, and soil type with depth. (Includes the next 6 pages.) 
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Figure A-4. MW -UPA Well Completion Report. This includes well location information, 

screen depths, well diameter, and soil type with depth. (Includes the next 4 pages.) 
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