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ABSTRACT

Groundwater plays a fundamental rolenater resource sustainability in Virginia
(USA), but overpumpig has causesignificant 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 Tamorrow (SWIFT)project is an aquifer lonterm replenishment (ALTR)
project that uses continuous recharge into the fraylered confinedaquifer system to
restore the potentiometric surface over space and time and increase storagesietie sy
The SWIFT Research Ceat (SWIFTRC) is a 1 million gallon per day (MGD)
demonstration facility in Suffolk, Virginia that recharges the PAS through a-sauden

well.

Addressingesearch questions about the impact of continuous, sustained recharge
on aquifer syems is cruciato the longterm sustainability of an ALTR project
Quantifying how flow moves through the mdliyered system is necessary to
communicate travel times and water quality impacts on the aquifer system. This work
uses injecta as an intrins tracer, anin-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 tifigpically, flow distribution in mult
screa wells is esthatedonly onae over the length of a project and assumed to remain
constant for modeling purposdsy measuring flow distribution using multiple methods

over the course of the project, this work shows tloat distribution is not constantn



future ALTR projects, devieping a consistent and robust monitoring plan toingetate
as an indicator of movement through the aquifer syspaimed with other methods to
monitor changes in flow distributiomvill be a critical part of effectivelyaluating how

flow moves thragh the groundwater system.
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GENERAL AUDIENCE ABSTRACT

Groundwater plays a fundamental role in water resource sabtky in Virginia
(USA), but overpumping has lethe Potomac Auifer System (PAS) depleted. With
water levés falling, communities are at risk of wells running dry, adverse water quality
changes, and even changes to the land surface due to subseitfarge he Sustainable
Water Initiative for Tomorrow (SWIFT) project is an aquifer lelegm replenishment
(ALTR) project that uses continuous recharge into the deep aquifer system to restore
water levels and increastorage in the system. The SWIFT Bash Cente(SWIFT-
RC) is a 1 million gallon per day (MGD) demonstration facility in Suffolk, Virginia that

recharges the PAS through a midtreen well.

Addressingesearch questions about the impact of continuous, sustained recharge
on aquifer systemss crucial b the longterm sustainability of an ALTR project
Quantifying how flow moves through the mtltiyered system is necessary to
communicate travel times and water quality impacts on the aquifer system. This work
uses multiple methods ®valuae how flow isdistributed through the eleven screens in
the recharge well anid assesfiow flow distribution tianges over timelypically, flow
distribution in multiscreen wells is estimatemhly once over the length of a project and
is assumed to remaioonstant formodeling purposesby measuring flow distribution
using multiple methods over the course of the project, this work showsfldkat
distribution is not constanin future ALTR projects, developing a consistent and robust

monitoring plan to us recharge war itself as an indator of movement through the



aquifer systempaired with other methods to monitor changes in fitistribution will be

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

With 41% of the ppulation ¢ the UnitedStatesdepending o groundwater as itsfqamary
source of dnking water, groundwaer is a vitally important resource for a sificant fraction @
the county (NGWA 2020).Moreover, groundwateplays afundamental role in non-drinking
water ugs like agrialtural productionand groundwater utization and stewardsp transcend
directuse to impact those who do noteug directlyas a drinking war source in the area of food
security.According toUnited Stées Geologicaburvey(USGS estimdesin 2015 groundwater
madeup approximately 29.3%f the totalfreshwater supply(gallons per day) for the United
States, an 8% increase groundwater whdrawals since 2010. Nationally, fresh and sali
groundwater us as a fractin o totd water usehas increagkfrom 18.5% in 1950 to 26.3% in

20151 a 42.2% incease

In the state of \fginia, approximaely 298 million gallons per dafMGD) are withdraw
from the stateds gr odwatdrwm VYirgima isrpansaoyudraerefom Gr o u |
domesticwells (125 M5D), public supply wells 8 MGD), and nhdustrial wéls (66 MGD)
(Dieter et al. 2018)In 1992, the Geneal Assemblyof Virginia authorizd the State \after
Control Board to form theEastern Wginia Groundwate Management AredEVGWMA)
(Figure 1-1. Groundwater managemerareas (GWMAs) are designated where an area is
experiencing ddming groundwvater levels oris at risk of groundwater pollution; as a result,
GWMASs are subject tostringent withdrawal peritting to addresggroundwater management
concerns(Rubin 2017). Inthe EVGNMA, groundwater is derived from the Yginia Coastal
Plan Aquifer Sysem; apprximately 746 of groundvater wihdrawals from this system come
from the Potoma Aquifer System(PAS) (McFarland and Brue 2006). Hewood and Pope

employed numerical modmg of the EVGNMA to demonstratesubstantialgroundwater level



declines in tk PASas aresult ofindustrial goundwater use @r the last century, vith puts the
area atrisk for saltwateintrusion(Heywoal and Pope 2009As groundwatr becomes a more
important water source, considerations musttdlken to implemen effective goundwader
monitoring systems to msure sustainable use for the lelegm viability of the resaurce

(Dennehyet al 2015).
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Figure 1-1. Eastern Virginia Groundwater Management Area(EVGWMA) and Eastern
Shore Groundwater ManagementArea asof August 2017 (Rubin 2017).

1.1 Managed Aquifer Bcharge

Managel aquifer rechage (MAR) is an importantcomponent of safguarding
groundwater resourseand is well estdished, with more than1,200 projects documesd
globally in over fifty counties Pyne 2004 Stefan and Ansems 2018; IGRAC 201P MAR
serves as an umella term to dscrile all methods of @rficial rechargeof groundwater

resources.The term i managweidf eaq rechargeo was dtich ned
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hydrogeologistaind foundingco-char of the Intenational Assciation of Hydrogeologists (IAH)
Commission a1 Managed Aquifer RechargéDillon et al. 2019). Wiile the term was adopted
within the last two dexdes the concept of artificially increasingatearge rates hasxisted for
centuries(Maliva 2015 Dillon et d. 2019. MAR takes ndar @i fsitebygalf umred
adding an aspect ahtentionality ard considering the impacts notly of quantity @ recharge,
but also ofquality (NRMMC, EPHC, ad NHMRC 2009). Eamples of MARinclude, but are
not limited to, inducedriverbankfiltration, spreadingnethods (suchs infltration basins, xcess
irrigation, or flooding) in-channel modication (such aslams and channel spreadinghd well,
shaft, ad borehole rechige (Ringlebet al. 2016, Stefan ard Ansems 208; Dillon et al. 2019;
IGRAC 2019. The approachmplemented at a site dependsndhe goal of theproject and the
available fotprint for operatbn (i.e., a large footprint could sustain splieg methods whd

smaller fooprintswould necesséte well rebarge).

The use of injection wells forqaifer storageand recovery (ASR) or aqgtier storage,
transfer, and recovery (ASTR) hagcome more commobecause of the maturing of recharge
technologes, the reducedhnd footprintrequired for implementation relaive to land surface
strategies like spading methoddhe dimination of depedence on surfaceharacteristics, and
the abilty to recharge it deep, confined aquifers. ASR involves injegtpotablewaterinto a
storageaquife during perials of low denand and recovering it from the same waliring
periods of high demandKigure :2). The goal ofASR isindirect potable reuse in the near term
with an emphasis on thecovery asps of the project (Pyie 2005)ASTR is a recharge method
that builds ontie concept of SR inwhich water is injeted at one welland recovered at one or
more rearby wells Figure 13); this methodincludes the addional asgect of groudwater

tramnsportas a method ofoil aquifer treatrant (SAT) (Harmaz andB e a r l196kietaMi ot | i ¢



2014). SAT is the process of contaminant remofraim source water for an MAR projeby
straining, #enuation via adsorption, omhemical or biological degradationduring advective

transport through amgaifer system [delovitch and Michail 198; Grinshpan et al. 2021)

ASR/ASTR projects are currently implemented on every continent except Antarctica,
with the majority of projects tated n the United $ates, Europ, Australia,and China $tefan
and Ansens 2018 IGRAC 2019. Influent sources foASR projects vary basl on available
water sources, regulations, and project purpose. In the United, Statstsprojects use either
treatedgroundvater or surfae water (l&e or river water) as an influent sourt®wever, this is
often region dependentiue to source water availabilitystatesincluding California, Arizona,
Texas, Florida, and Virginia have ingohented ASRand ASTR projects ging relaimed
wastevater facility effluent as an influent source to mienxze natural storag@revent saltwater

intrusion, or Imit nutrient discharge into local watbodies (IGRAC 2019).
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Figure 1-2. Conceptual diagram ofaquifer storage and recoery (ASR) operations.
Recharge water is injected duing periods of low denand and removed at he same well for
use during high demand period. During the injection cycle, a mixing zone is created,
which essentially creates a buffer betveen reoverable wate and native groundwater.
Upon pumping, the buffer zone is usually left inplace {.e., the recovered volume is similar
but slightly lower than the injected volume).
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Figure 1-3. Conceptual diagram ofaquifer storagetransfer and recovery (ASTR)
operations.During operations, water is injected at one vell and removed atone or more
nearby wells. ASTR includes the concept of soil aquifer treatment (SAT), which
contaminants are removed during advective tranport.

Because sourcevater for reclarge projects is injected directly inthe aquifer insteadf o
entering the agter via infiltration methods, questions of source water quality and geochemical
compatbility are paramount tdhe feasibility of any projecflTo prevent injectian well cloggirg,
injectate should be from a sourdeesady compatible witlthe aquifer or préreated to meet the
geochemical characteristics of the aquifer. Hydrogeological cobiggtihas been a signdant
area of ASR/ASTResearh (Mirecki et al. 198; Herczeg etl. 2004;Lowry and Anderson
2006; Vanderzalm et al. 2030Guo et al. 2015. Cas studieshighlight the importance of
maintainijpafi r e c h ar gte impravé fedowy efficiency (e.g., Vachr et al.2006) and
studiessuggestthat ASR recwery efficiency can be influenced by multiple fac$o including
aquifer reterogeneity, dengitdifferences between injectate and native groundwater, and the

length of the storageeriad (Missimer et al. 202; Fram et al. 2003Pyne 205; 2005; Vacheret
6



al. 2006;Maliva, et al.2006;Reese and AlvareZaiikian 2007. In the fuuure, however, rechge
technology will also be implementeid achieveother goalsbeyond storage and reay,

including aquifer rplenishment and rehabilitation

Continuous artifigal rechargeto deep aquifers usinigjection wellsconceptually aligns
with MAR. Unlike ASR o ASTR, the goal ofa third MAR strategy aquifer longterm
replenishment (ALTR),is to replenish andrehabiliate confined aquifer systems here
groundwater stasige has beedepletedand the potentiometric suriatias declined over spa
and time ALTR is becomingincreasinglynecessary where local or regional groundwater usage
exceeds natural recharge rates, ltegy in groundwater depletioand reduction of avalable
groundvaterstorage(Wada et al. 2010Vadaet al. 2012 Konikow 2013; Dennehyet al.2015;
Hartmann et al. 2031 ™oeck et al. 2020)Aquifer Recharge (AR) is theonventionalterm to
describe the mactice of recharging an ader without the goal 6 recovery ofthe recharged
water, but this term isimplistic and can coplicate the discussn since it could refer to
multiple methods ofechargg(e.g., injection wells, paleochaels) or recharge gaalincreasing
long term stoage, cewakring to preent subsidere in deep excavatioprojects) §heng2005;
Bouri and Dhia 200; Hernandez et aR011; Samaddeet al.2011;Zhang et al. 20157hanget
al. 2014, 2017h. A review of the literature suggests h e t e r meehabiltatiqgno i foe r
fiaquifer res o r a t ioleerra@moving or treating groundwatesntaminants (Lehr andielsen
1982; Josemn 1983; Chen et al. 2019). In the present discussion, ALTd® dot refer to
remediation of contaminants, batherrehabilitation of dpletedaqufersby increasing storag
and rasing the potentiometric sudaspecifically throughthe use of injectio wells (Figure 14).
ALTR is conceptually focused aronfined aquifes since longerm injection io anunconfined

aqufer could reslt in water levels increasing abovieetland surface. In aonfined aquifer,



ALTR is more likely to have regional effeatempared t@an unconfined aquifer. ALTR injects
geochemically compdiie water ino an aquifer witithe god of increasng storage ahreturning
the aquifer to pre&evelopment conditions. Morear, land subsidencad saltwater intrusion are
both issues that threaten aquifers. By injecting freshwater into an aquifer sgsienater

intrusion can be prvental, and the effets of increaed land subsidence can be slowedatteld.

Qqut << Qyp
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Figure 1-4. Conceptual diagram ofaquifer long term replenishment(ALTR) operations
While pumping does occur at the reharge well,pumping is primarily for well maintenance
and not for recovery, leading the recharge volme to steadily increasever time.

While theimplementation of ALTR is similar to ASRNdASTR, the goals are different.
On the one hand, ASR is like pafy money into a sangs accant; youdeposit exta money
whenyou can and withdraw it when you arenning low on funds. AER is like putting noney
into a fAcertificate of deposito; you invest
additiona treatment). Bothihancial nranagemenapproachesre shordtemm soldions, and it is
important thaimanagers keep the assétuid and easilyavailable. ALTR, on the other hand, is

like placing your money in a trustwhile there is not an expectatidmat the assets wible used



immediatey or even wihin a reasoride timeframe the goal is to achievagnificant longterm
benefits over generabns. ALTR presents similar research questions to ASR and ASTR,
including the extentfoSAT through the confing aquiferover the course ohe rechege period

ard the impact®of aquifer heterogeneity on transpdtiowever,because thavater management
gods are different, ALTRalso increases the scale of letegm transport angbrovides new

avenues for researchegtions not previously consicl.

1.2 Research Quwstion Develoment

Addressingresearh questios abait the impact of contimous, sustained reafye on
aquifer systems is crucial to the loetegm sustainability of an ALTR projecthe literature
review dscusses existing research nelijag physiochemicaltransport dung MAR operations in
unconfinedaquifer systems and fractuerock aquifers dung ASR/ASTR however,questions
remain about recharge behavior in deep, confined #ayired aquifers. If thgoal is to inject
large volunes (~10-15 MGD at a #e) continuausly, thespatial and @mporaldistribution of
recharge flonover multiple screenor aquifers becomes a critical question in relation to solute
transport and potential water quality impact$nderstanding what controls tea quaity
outcomesn the subsuace depends on the s@ss of mdeling solute transport refed to flow

distribution, recharge operations, and hydrogeological processes.

To effectively investigate the issues surrounding tmpact of MAR on an aquifer
system ha is multi-layered and milti-screened, the exiag relevant Iterature is discussed

detail inChapter2 based on its applicability to the following questions:

1. How is flow distributed in a higleapacity, multiscreen recharge well in a confithe

multi-layered aquiér? Quantifyng the flow distributia within amulti-screen recharge



well may significantly inpact aquifer replenishmentand solute transport through an

aquifer systemespecially if distribution is nenonstant.

2. What transport mechams cotrol solute tansport andwater quality at the sde
assocated wth ALTR operations? Mnitoring the impactof ALTR on an aquifer system
and identifying relevant transport mechanisane keypart of understanding fi and

transport, as well as watquaity impacts orthe aquifersystem.

3. How can ALTR hrough a ralti-layered aquifer be mobgl to interpret esting data?
Creating a model othemical constituents relevant &am ALTR project supports the
identification d known transport mechanisms darprovides guidance a to where
understanding is lacking in terms of dabing solute traspat andwhereunconsilered
processes may be affecting water quality. A calibrated model leadsaiysis of
breakthrough data at ady monitoring wellsand an improved understanding of

transporicoupled to attenuation mechanismshat ALTR scale

4. What ae theeffeds of reharge operations on aquifer parameters, flow distribution, and
recharge breakthrough? Though the goal is thamye continuously, stoppagada
bacKlush (pumping are ineviable on a londerm project. Identifyig the impacts of
stoppage am pumpng on bregkthrough behavior at monitoring wells is an important step

to understand mechanisms that impact water gqualithe aquifer system.

Multiple metlods are usedn this dissdation to characterize flow behaviar a multi-
screen, muitaquier wdl and aldress the research questions posed aliowapter 3 provides an
overview of the research location and projg¢dampton Roads Sanitation Distc t HRSD) (

Sustainhle Water Iitiative for Tomorrow (SWIFT) Projecti a largescale aquifer
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replenishmenprojed using injection wells in the Tidewater area of Virginia, USA. Chapters 4
and 6describethe use of injectat (SWIFT Water) as an intrinsicacerto characterie flow at
nearby monitoring wells at the SWIFT Resén Center, a 1 milbn gdlon per day MGD)
demonstration facility in Suffolk, VA, USA. Chapter 4 primarily focuses on the use of injectate
to characatrize flow distribution based direakhrough at a narby (50 fmt) monitoring well in
2018 and the inial development of aanalytical model tode<ribe transport under nezonstant
recharge flow condition€Chapter 5 describes the use of assitn flowmeter to measure flow
distribution duing recharge ogrations uder a range of flow conditions. Chaptrbuilds on
Chapterst-5 by analyzing trasent chemical concentration datarmiiltiple intrinsic tracers and
previously estimated flow distributions tdescribe breakthrough at a dist (310 feet)
monitaring well an site. Chapter 6 further develops thedal created in Chagt4 to account for
variable influent concentration and mymic flow distribution. Chapter 7 explores the use of
sodium bromide sation as an artificial tracer tmeasue flow distribution at tke nearby (50
foot) monitoring well,addessesmodel updatesfrom Chapter 6 to caider the dualdomain
natue of the aquifer, androvides acomparson of the efficacy of intrinsic to artifi@l tracers at

the SWIFT ReseardBente.
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2. Literature Review

While each upcoming chapter includes a review of the literaturelevant to the
experiment or moddhat is the chapter focuthis chapteraims tobroadlyaddress the research
guestions posed in Chapter 1 Qwing a generaloverview More specifically, this chapter
reviewsthe currently availablexperimentatools usedto describeflow andtransport in aquifer
systemsdescrileshow results of those methods have been used to model asystems both
analytically and computationally; andliscusssinvestigations doa intothe effects of recharge
operations on aquifer paraters, flow distribution, and recharge breakthrouglalso aims to
identify gaps in the literature where further work is needed t@ibatiderstand flow through

complex groundwater systems duriaggescale aquifer recharge projects.

2.1. Flow Behavig and Transporin a High-Capacity Recharge Well

Geophysical logging is an oftersedas aninitial methodto predict or measureell flow
distribution boththrough the well screen during pumpingrectarge or vertical flow within the
well under static @nditions Depending a the tool usedporeholelogging can delineate
hydrogeologic units, measure groundwater quality, and assess well can@itiesommonly
used type of geophysical loggingtle flowmeter, which usea range of methods to measure
flow within the boreholeWhile initially used to measureorizontalflow, borehole flowmeters
have also been used to investigate vertical flow within the borehdliehvean affect water

guality withinthewell (Collarand Mock 1997; Mayo 201 ®asirico et al. 2016

Initial work by Molz etal. (1989 at the Mobiletestsite defined hydraulic conductivitgs
a function of depthK(z) by demonstrating a directly pwortional relationship between
transmisivity andflow measured along the depth of a pumpwgll. Others hae since built on

thiswork by:
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1 Comparing the Molz method to other direct and indireethods (Rehfeldét al.
1992;Zlotnik and Zurbuchen 2003ki et al. 2008

1 Evaluating conductivityand permealbty distributions with newer, more precise
flowmeter tods like the electromatgtic borehole flowmetgfYounget al. 1998;
Zlotnik and Zurbuchen 2003b)

1 Tesing key assumptions ofthe approach oMolz et al. including that of a
perfectly strafied aquife and a steady flow regime (Riva, Ackerer, and
GuadagninR012; Bianchi 2017)

1 Using Molz et al. method to émonstra¢ the existence of preferential flow
pathways, which develop when flow through higénsmissivity zones is
preferential to lowtransmisavity zores (Young 1995;Le Borgne et al. 2006.-e
Borgne etl. 2007; Alazard et al. 2®)

1 Improving flowmeter loging and datanterpretation techniqug®©berlander and

Russell 2006A.H. Parker et al. 2030

More recent papers suggest that flowenedata ca alsobe impacted by the following

factors, which must baccounted for in datanalsis:

1 Head loss inducing neaniform flow behavior across the flowmet@uudet al. 1999;

Zlotnik and Zurbuchen 2003b)

1 Skin effect, or the effect of the difiemce in paneabilty in the gravel pack immediately
surrounding a wé&l which can cause flow veations across the weicreen Ruud and

Kabala 1997Chen and Chang 2006henet al.2012;Rivaet al.2012;Cheng 201p
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1 Nature of testingi whether static odynamic tasts (F. Paillet 2004; Oberlander and

Russell 2006)

The useof flowmeters to investiga recharge behavior during MAR is often only a
supplemental part of any expesnt, though flow distribution is of critical importance. Alazard
et al. (2016) also used breholelogging (heat pulse flowmeter and conductivity logp to
examine rechargedW paths and the implications for MAR; however, their study examined
rechar gercolatiomtan®® fiyhe ch i s essent i athatipfitrateswat er
through thebase to recharge the underlying aquifeaillet (1998) mentions that some tss
included injection wells to measure hydraulic conductivity by logging flow at measured intervals

within awell.

Few experiments measumgell flow rate distribution during the operations of an
ASR/ASTR projectMukhopadhyay etl. (1995) mention theuse a flowmetein conjuncion
with a tracer tesio measure flow distribution inlanestoneaquifer during a feasibility studpr
artificial recharge in Kuwajtout data fom thet expeiment are not included in the pageryond
the identification of the most transmissible deptiavelic et al.(2006) employed an
electromagneticEM) flowmeter to measure flow in monitoring wells around an ASR recharge
well to chaacterize herogeneity in an aquifer but did not measure flow in tieeharge well
itself. Following the method of Molz &ll. (F.J. Molzet al. 1994), flows were measured at set

intervals, and dynamic testing did not occur

Izbicki et al. (2010) describethe use ofthe tacer pulse method to determine flow
distribution ina singlescreen ASR well using chlorinated municipal drinking watarpled with

EM flowmeter measurements at nearby monitovimijs. However flow logs were not collected
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from the ASR vell duringthe njection phase of the project, and flow measuremartse ASR
well were incremental due to the nature of the tracesepaiethod, which essentialiyvolves
injecting a rhodamine dye at known depths and recording time taken to reactrfde s
discharge (Izbicki et al. 201Q) Using this method during pwing, average flowrate was
calculated at specific depth intervalscteate a profile of borehole flow within the recipawell

(Izbicki et al. 1999)

Much remains unknown about variabjlbetweernpumping and recharge in an ASR well
as well as variabilit within the well during fullscale operatianAn impeller flowmeterwas a
supplemental part ofn evaluation of arsenic mobilization during recharge via deep well
injection in a multiscreen aquifein the Orange County Groundwater BagFakhreddine etla
2020). While the study primarily focused on the development of a@ehto assess arsenic
mobilization, the receiving aquifer consistedf eleven distinct units separated by low
conductvity silt and cly layers, and the injection volume fraction wasimeated using a
downhole impeller flowmeter surve§rakhreddine et ak020) While the results of the survey
were not published in the paper, they are availablikhe Groundwater Replenisnent Systa
(GWRS) 2018 Annual Reponpublished by Orange County \éa District (Burris 2018).The
spinner log tests were completed ungl@mping and recharge conditioasd results are listed in
Table2-1. Results indicat¢hatthere is a difference in flow distribution betweescharge and
pumping conditions. However, the choice of distributioeds i n Fakhreddi neds
flow model is unclear. Additionallyno further research has been done to evaluate whether flow
distribution at the site changed over time or how a dywdioiv distribution may have impacted

the model results.
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Table 2-1. Injection Well MBI -1 Spinner Log TestResults (Burris 2018) GPM indicates
gallons per minute. BGS irdicates béow ground surface.

MBI -1 MBI -1 Flow contribution from each screened interval (%}
MBI -1  Screened Screen Backwash Pre-Backwash PostBackwash

Screen Interval Length  Pumping Injection Injection Static?
No. (ft bgs) (ft) 3,000 gpm 1,000 gpm 1,100 gpm 0 gom
1 530540 10 20 6 11 71
2 595605 10 6 -6 -4 29
3 660710 50 20 52 24 -29
4 770780 10 13 16 17 -14
5 800-83C° 30 0 0 0 0
6 970980 10 7 16 18 -14
7 990-1,000 10 9 6 14 -14
8 1,1001,120 20 14 3 17 -14
9 1,1751,190 15 11 7 3 -14

Totals: 165 100 100 100 0

1 Spinne log tests conducted on August 4, 2015.

2 For the static case, a néiga sign indicates flow out of the well screen; for thigtion
case, anegative sign indicates flow into the el

3 Liner installed in 2012 due to excessive sand production dusmigiavelopment.

The use ofboreholeflowmeters allows for direct @nacterization of flow distribution
within a well or alonga well screenas well as the extrapolation of hydraulmnductivity using
the relationship developed by Molz &t (1989). Havever, flow logging does not allow for the
characterization of aquifggarameters suchs porosity or longitudinal dispersivitynor des it
allow for the determination of contrally transport mechanisms within the aquifer systéime
use of flowmeters irconjunction with tracer tests allows for a more robust charactenzafi
advectivedispersive transport through an aquifestegn. Tracer tests are @mmonly used tool
for measung groundwater velocity, hydrogeologic parameters (such as hydraulicicionty,
porosity, and dispersivity), and travel time in aquifer sys.Because an ideal tracer does not
exist, Davis et al(198) posit that tracer selection should be well congdemd account for
multiple factors,ncluding ease of detection, ima&ction potential with the aquifer, conservative

nature of the tracewithin the specific aquifer system, and native groundweberateristics
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(i.e., the tracer should bsignificantly higher or lower than the native groundwatek)wide
range of both naral and artificial tracers is availableincluding temperature, ionsdyes,
dissolved gasestable isotopes, and radionuckdandthe choice of tracer depends on the goal

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

The scop of this literature review wilprimarily cover the use of tracerstioduced to a
system viaan injection well, although trace canalso be introduced through an aboveground
source lke an infiltration pondgespecially when the goal ofd@hexperiment igo characterize
groundwater/surface water interactions or groundwhaéravior in unconfined aquifer..,
Moeck et al. 2017)In a confined aquifer, tracers are often introduced wurfdeced gradient
tracer test (FGTT) conditions (FredMolz et al. B88). FGTTs can use either one or two wells
and a combination of rechgr and pumping to create a forced hydraulic gradienteeetire
tracerintroducing well and nearby monitoring weliGuven et al. 198%jlolz et al. 1985Given
et al. 1986 Moilz et al.1986. Monitoring wellsnearby are also used to evaluate changestiarwa

level and water quality for the duration of the expent.

Artificial tracersare added toinjectate to diffeentiate between native groundwater and
the marement of the rechargeoht. lonized substancesparticularly saltbased tracers like
chloride (NaCl) and bromide (NaBrare commonly used as consetive tracers (Ptaket al.
2004; Zakhem and Hafez 2012; Mioaf et al. 2018; Gerenday et al. 2020). While chloride and
bromide ae themost popular, other ions may bsed depending on the situation, including, Li
NOs, and S@ (Davis et al. 1980; Mostliaet d. 2018). Flwrescent dyes (e.g., fluorescein,
sulforhodamine Brhodamine B, and rhodamine WT) have also been usediifisial tracers
(Smart and Laidlaw 197Kasnaviaet al. 1999; Hadi et al. 2016; Mosthaf et al. 2018). Dyes
were originally thoght to be particularly useful in karsaquifers (Smart andlaidlaw 1977),
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though they have also been implemented in other sgsierronjunction with additional tracers
to characterize travel timeg.¢, Hadi et al 2016; Moeck et al. 2017)Dissolved gass (eg.,
sulfur hexafluoride [S§f, noblegase} allow large volumes ofvater to be tagged (Moran et al.
2007; Mayer et al. 20% Moeck et al. 2017; Gerenday et al.2@Q) and areoften used in
conjunction with other conservative tracers. Gerenday denatatstrhe use of SFE in
conjunction with bromide in a MARnfiltration basin to evaluate aquifer heteroggne
subsurface resigee time, and porous media saturatiances Sk exsolves from groundwater

when it encounters trappeidt (Gerenday et al. 2020)

While artificial tracers are added to injectate to addnarease the concentration of the
tracer constituenintrinsic tracersare tracergshatare native to the syem or injectatelntrinsic
tracers have bearsed to infegroundwater ages and residetimes anchave been reviewed in
depth (Geyh 1957; Ptamer 2005; Newman et al. 2010; Haexgzand Leaney 2011; Turnadge
and 3$nerdon 2014) Isotopes are commoimtrinsic tracers, especially in aquifers where
groundwater age is significantly older tharcenat recharge (Mayer et al. 2014; Moeck et al.
2017) andthey have even been used to directly estimate the rate of saltwaisioin in a deep,
confined aquifer insrael (Yechieli et al. 2019). Temperature has also been used as an intrinsic
tracer (Bekeretal. 2013; Irvine et al. 2016; Moeck et al. 2017gdReret al.(2013)used fiber
optic temperature sensing to assesshamge basin performance over seasoveiations
Anthropogenic tracers also fall under wegegory of intrinsic tracer@nd ca include persistent

organic and chemicglollutants (Hilebrand et al. 2015; Urredfistala et al. 2015)

Intrinsic traersare especially valuable in the cemt of an ALTR project, where large
scale site characterization is a primary goal. In rechesgks where the injectate has a water
guality with constitients that arsignificantly different than the native groumater, irdicators
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within the injectate can be used the primarymarkerof breakthrough at nearby monitoring
wells. The use of injectatas anintrinsic tracer can be a more ceftective way ¢ characterize

a site; as site scale increases, the volumartificial tracer necessary to be above detecibn
distant wells increases concomitantly and can beprostibitive. Williams(2000)demonsrated

the effectiveness of ASR injectate as animsic tracer over the course of over a year with
multiple ASR cycles ccurring Pavelic (2006) also employed AR injectate asa longterm
tracer, using both chloride breakthrough and thermal prgfilat to characterize recovery
efficiency in a heterog&ous receiving aquifer over the course of multhp&R cycles Izbicki

et al. (2010)also demonstrated theeausf chloride in ASR injectate as a conservative tracer to
evaluate transport during ASBperatons determine fate and transport of poonservatre
disinfection byproducts (DBPs), and assess recovery efficiencyhgteaogeneous aquifer in
Rosevile, California. Zakhem et al(2012) also used chloride, nitrate, and conductivity to

evaluateecovey efficiency for an ASR project in Syria

To increae confidence in aquifer parameters and identify potential watertyguali
mechanisms in an aquifer systemultiatracer tests can use a combinationirgdfinsic and
artificial tracers over the coursef an entire project tocharacterize aquifer propertiesnca
evaluate flow between aquifer systerBanford et al. found that img multiple tracers (CFC
113, Sk, °H, and He) in a fracturedock aquifer tocalculate groundwater age was useful to
identify and onstrain transport parametears a site modelas wdl as evaluate the effect of the
dualporosity nature of the syste(Banford et al. 2017). Hebrand et al(2015) also employed
multiple reference tracers (uraei, acesulfame, and carbamazepia®] reactive compounds
(including caffeine, ibuprofen, angaracetamol) to monitor contaminant transport between a

sinkhole anda karst spring in southwes&iermany Multiple tracers have also bearsed to
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characterize interand intraaquifer connectivityfor example, Hadi et al(2016) performed a
FGTT using mliiple tracers(rhodamineWT, fluorescein, and sodium bromide) at rnpl#
injection wells. Using multiple intrinsic tracerswithin the injectatehas the potential to be
particularly valuable in a niti-aquifer system where water quality characteristics/\ay depth;
a tracer that is suitable in one layer may be too sintvldahe water quality of another layer to

show significant breakthrough,qeiring multiple tracers for complete characterizatio

While the use of tracer tesis a timeproven and usef tool to characterize groundwater
flow and chemical transpotfirough an aquifer system, tracer tests can also be cost prohibitive,
especially as the scale of thettegpands. Depending on theder,a high volume of solute may
be needed for detectiat distant monitoring wells. Furthermore, in an aquifer that spaagea |
range of depths, native groundwater characteristics maydinte uncertainty regarding how
tracers interact with the naégroundwater in a range olvater quality characteristidhat vary
by screerdepth In conventional wells where there is onenuintake ancbither a long screen or
multiple sample screens,amitoring wells may not fully capte a representative samplerfr
theentire depth, which could lead to an underestinmatibflow through the systeliReilly et al.

1989; Poulsen et al. 2019)

2.2. Modeling of ASR/ASTR Projects

Model development of an ALH site to simulate physical transport is a tool for
interpretingexising data andgrovidesone stepoward understandinthe fate and transport of
non-conservative constituents of interestldrow they interact with the aquifer system. Ringleb
et al. (2016) have previously discussed the breadth and importance ofdyvater modeling of
MAR projects in their relew of the sufect. In their review, the authorsategorize ASR
modeling studies bybjective, with the most common objectives being geochemical processes
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(i.,e., clogging ad water quality upon recovery), recoyeefficiency, and groundwater
management (Ringlelet al. 2016). Analytical models are useful to describe geochemical
processes;alculate breakthrough of recharge water, and estimate water quality characteristics of
recovered water. Herczeg et @004)use andytical models to quantgfthe extent of interaction
between recharge and native groundwater and the impact on wat¢y godliaquiferstability.

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

their workto chaacterize a heterogeneous aquifer during ASR, beit thiork is screened over a
single 60 m (164 feet) open borehole ihimestone formation and would not reflect aquifer

conditions in a different geologicadting

Analytical solutions for trangpt in a radially divergent flow fielchave been developed
to describe advectivdispersive transport under pumping or rechargeditions, though most
solutions assume oetant operatingonditions (Hoopes and Hantean 1967; D.H. Tang and
Babu 1979; C.SChen B85; Hsieh 1986; Moench 1989; Goltz and Oxley 198byakowski
1992; Moench 1995; J. Chen et al. 2012; Lai et al. 20A8suming constant operating
conditions simplifies the approach by assuming that the tlfseld is not a temporal function
andthatinfluent concentration at the recharge well is canstChen et a{2012)present a semi
analytical approach that accaisnfor multrstep pumping and a variable influent concentration.
To account for multiplepumping rates, the solution transforrtiee time domain into the
cumulative injected flow domajmwhich transforms the temporally varyinglacity field into a
steady tte flow problem uses Laplace transforms to solve, and then maps the solution back
into the time domainCh e n 6 s s oeh teded withn synthstic tesh cases and compared to
numerc a | solutions f rsolver GhénEtLah B6H23. C ODrES 8on also | u

assumes a single screen with known transient flow to the sthetrcan be dribed by
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discretized functiondt does not account for a well with multiple screens wherartsent flow to
the well can be quantified bdistribution to a singlecseen $ unknown and could also change
overtime;i t i s uncl ear wlhkald beeused G meersdydetesnanenflotb a o n

single screen.

Beyond the use of analytical mhels numerical modeling is widely used to ansviiee
research question®aut ASR projectdiscussed earlier in this sectizODFLOW (McDonald
and Harbaugh 1988has been used in conjunction with ath®eols to estimate recovery
efficiency on ASR projects anquarnify hydrogeologicparameters on a project sit8heng
2005; Lowry and Anderson 2008/Vang et al. 201.2Forghani and Peralta 20171.owry and
Anderson(2006) use MODFLOW in conjunction with MDPATH and MT3DMS to simulate
the mixing of native groundwar and recharge water. They also show that solute transport
modelingis more effective than using particle tracking models to pradimovery rates when
mixing is a factor (i.e., when water chetnys beéween native groundwater and injectate is
significartly differenf) (Lowry and Anderson 2006). Modeling is also usefuldssessing system
performance anevaluating how injection has impacted local water key8heng 200b To
describe variable density sitesdapreferential flow in dualporosity conditions, SEAWAT,
which is a combination of MODFLOW and MT3DMS, has been wsféetctively (Guo et al.

2015; Malivaet al.2006).

In additional to physical transport, modelingshalso been used to describe contaniinan
transport, including interactionswith the aquifer durig transport. PHREEQC/PHREEGKC
(Parkhurst and Appelo 1999) has beeitized to identify and simulate geochemical reactions
that impact water quality with thgoal of optimizingrecovered water qu&y ard efficiency
(Mirecki 2006 Vanderzalm et al. 20)0Gaus et al(2002)use PHREEQ& and SWIFT (a 3D
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dual porosity tranggt model) to model fluoride concentrations affected by dual porosity
behavior and fluate dissolution near an injection wellrihg an ASR project PHREEQC can
also be used to optimizASR operatioa based on injectate water quality by identifying
hydrogeochemical processes that contribute to water quality degradation (An&irahi2013;

2015)

Regardless of the toolsmployel for modeling, using models that simulate interaction
betveen rechargena nativegroundwater is important to reflect dispersia the aquifer system
(Lowry and Anderson 2006). Koniko(2011)notes that because namerical method works for
all conditiors, solte transport models should be incorporated intoetwdalibrated with other
data and should be used for interpretingsémg datarather than predictive modelinghough
most injection wells in existing stigé are comprised of a single long sore® an open
borehole, ASR modeling studies discussing sitgn variations in native groundwater
characteristics over longeers are uncommon (Waet al.2007; 2008)These variations could
contribute to prefererdl flow pathways or affect flow distriltion dong a screen in an injection

well.

2.3. OpeaationalEffects on Aquifer Behavior and Breakthrough

Water quality of the rdwarge injectateat the wellheadand groundwatemt nearby
monitoring wells are typically assessedn a regular basido comply wth regulatory
requirements antb monitor recharge operans. Aquifer geochemistry and well clogging are
common issuesvith aquifer replenishment projects, amtcompatibility between injectate and
the native groundwater causelegging and often lead® tossof specific capacity athe well
and ultimately tcfailure of the projectyne 2005Bloetscher et al. 20)4Jeong etla(2018)
outlined clogging mechanisms and catézgr them into physicallogging caused by suspended
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solids, fine particles, quifer sediment perturbationpr dissolved gasediological clogging,
which can aggravate clogging already triggered by phlyprogesses via biofilm formation and
biomass accumulatiomnd chemical cloggingwhich results from precipitation of mineralge

to changing redox conditits and change in pH betwe@fectate and nativgroundwater

In an aquifer recharge project clogging over time can change the permeability
coefficient which can impact transport and water leaealyses (Dwet al. 2013;Li et al 2019;
Ye et al. 2019;Tang et al. 2020)Rinck-Pfaffer et al. (2000) demonstrated thaphysical,
biological, and chema clogging processes occurred in tandem in laboratory column
experiments that preceded field trials of an ASR project in SAustrdia. Suspended solids
caused physical clogging, dasprelatively low levels (31 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 specifi©Okubo andMatsunoto 1983; P. Pavelic etl. 1998 Rinck-Pfeiffer et
al. 2000. Clogging can also give rise to preferential flow throughaguifer system In the
context of a multiscreen well, preferential cloggirmgn happen not only within a scrdaut also
acros well screens andvould likely contribute to flow distribtion being dynamicas some
screens clog, flow to that screen willcdease while flow to othie less clogged screens will

increase with time

In addition tothe impacts of clogging on flow behaviof a recharge well, redrge
operations (i.e., changea bperating conditions between recharge, pumping, anddsht
condiions) can also impaawater qualitymeasured by breakthroughdicators(Bullard et al.
2019) Together withthe advective transport impacts occurring in a systeperiencing both
recharge (flow moving in an outward radial direction) and pumping (flow moving in an inward
radial direction)condtions, kack diffusion, or diffusive interaction beteen high and low
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porosity domains in a heterogeneous aquifer systeranother potential cause of changes in
water quality at a monitoring well. Multiple studies have attempted to numericallyifgutduns

type of aquifetheterogeneityyan Genuchten arM/ierenga 1976Bi bby 198 1 ; Magos z:«
Zuber 1985; Gerke and vaBenuchten 1993; Haggerty and Gorelick 19€%han and Tyner
2011 Knorr et al. 201k In the context of an ASR project, backfdgionwould occur when
recharge water flushes native groundwater from hipgrmeability media while native
groundwater remaing low-permeability media around the screen. When advective transport
stops, diffusion occurs between the two domains, and sanfjgm a monitoring well show
traces of native groundwater after breasittygh of recharge water has taken place. Aquifer
heter@eneity is known to impact system performance and recovery efficiency inpAgétts
(Guo et al.2015). While this is certainlg cortern when recoverysi a major projet goal, the
impact of back diffgion should be considered when modeling an aquif@esy$o reconcile
differences in breakthrough characteristics estimatednbitiple tracer tests (Sanford et al.
2017). This persstene of native groundwi@r must be understood befom@pacts to water

guality can be fully quantified.

In the existing liteature, back diffusion is often used to describe plume persistence in an
aquifer system even after rehabilitation of a contarethagon (Chapmaret al.2007 Parkeret
al. 2008; Rasa et al. 201$eyalabbasi et al. 2012Rarker and Kim 2015Adamson et la2016;
Wanneret al.2018. While back diffusion has been employed to describe pollutant behaver, les
research exists regangj the relationship betwen groundwater recharge, native groundwater,
and back diffusion. The implementation of a daimain omponent to model breakthrough
concentrations affected by badifusion near an injection well has been documented by Gaus et

al. (2002). Levy et al.(2016) conclude that in a peat bog, back diffusioto recharge water from
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a peat matrix can alter theegchemical characteristics of discharge into adjaceqgt dites
Libera et al.(2017) show that pumping schedule can influencalute concentrations at a
pumping well in a heterogeneous aquifer, bus tieisearch is theoretical in nature. They examine
a cataminant remediation condition tlwvia known mass of contaminant, whereas the ratio of
native groundwater to rechargater betveen arecharge well and matoring well one screen of

a multiscreen wellis not easily determined (Libert al. 2017). Previos research does not
cover a large depth variation Wit range of water quality characteristics at different screens, nor
does i delve into whether a retsoonship between periods of no flow (i.e., sfgrantly low

advective transport) and changes in raead concentrations exists.
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Abstract

The Sustainable Watenitiative for Tomorrow (SWIFT) is a 378,000 #day (100
MGD) managed aqter recharge (MAR) program designed by the Hampton Roads Sanitation
District (HRSD) to rehabilitate the Potomac Aquifer System (PAS) & @oastalPlain of
Eagern Virginia. Groundwier is aprimary watersource in Eastern Virginia with over 93% of
repored use derived from the PAS. Starting in May 2018, HRSD has operated a 3/689 m
(1.0 MGD) MAR demonstration facility at the SWIFT Raseh Cente(SWIFT-RC)in Suffolk,
Virginia. The primary aim of the SWIFT-RC is to demonstrate, at a meaningful scébe,
feasibility of MAR using deep well recharge into confined PW&rostratigaphic unit. The
SWIFT-RC employs advanced water treatmethnologyto bring seondary effluent from ra
HRSD westewater trement plant to drinking water standards. Lessomsnédl include the
evaluation and selection of a multiple barrier carbased teatment system to ensure water
guality and maintain geochrecal compatibility between MAR water and niae groundwater,
and be evaluation and selection of aluminum chlorohtelréor stabilizing aquifer clays
immediately around the well to accept the lfisrecharge water. The distribution of flow in the

SWIFT-RC multisceen rechargevell and associated Wanjectivity were vaiable with time
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resulting from changing conditionsn the well. Dynamic recharge well performance was
guantified through the conried analysis of intrinsic and artificial tracer transpamtsitu
flowmeter teing, and water levelralysis.Monitoring wel nests and a depttiiscrete sampling
system suppted a robust sampling plan to analyze chemical transport and attenuation in

SWIFT-RC groundwater.

3.1 Introduction

Groundwater withdrawa from tre Potomac Aquifer System (PAS) imet Coasdl Plain
of Virginia (USA) over decades has resulted ideclineof the potentiometric surfadey nearly
71 m (232 feet)nearcenters oflarge, regulatedisage(Heywood and Pope 20Q9)f the total
groundwater withdrawals ithe statereportedin 2019 (527,1®@ m?day), approximately 47%
was withdrawm from wells in the Virginia Coastal Plain Aquifer Syste(DEQ 2020)locatedin
the Eastern Virginia Ground Water Management Area (EVGWMR)e primary useof
groundwater inthe EVGWMA is publicwatersupply and idustrial use, 85,090m%day (22.48
MGD) and 132,600 m®/day (35.02 MGD), respectively(Lovelace et al. 2020)Estimatesof
unreportedself-supplied @mestic groundwater us@ the EVGWMA rangdrom 92,00 m®/day
(24 MGD) in Lovelace et al. (2020 150,00 m*day (40 MGD) in Virginia Department of
Environmental Qualitf{VDEQ) (2018).The majority ofgroundwatemwithdrawals (74%) in the
EVGWMA arederivedfrom thePAS (McFarland and Bruce 2008)ith 94% ofpermitted usen

2017attributed to the PAS (VDEQ 2018)

The Sustainake Water Intiative for Tomorrow (SWKT) is amanaged aquiferecharge
(MAR) program designelly the Hampton Roads Sanitation District (HRS@D)rehabilitate the

PAS at a regional scaleA critical programdriver was theVirginia Chesapake Bay @doration
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effort andHR S D6 s  gedusel nutienb disharge to theChesapeake Bay by 98 through
advanced water treatment HRSD wastewateeffluent. With highly treatedwateravailable at
multiple HRSD fadities, the SWIFT programhas the potentidb reversegroundwateideclines
through direcrechargeof the PAS. Unlike other indirect potable reu$dAR projects including
aquifer storage and recove®.g., Pyne 200585WIFT is designed for caimuous rebargewith
no intentionakreuse or recoveryOther potertial benefis of the SWIFT Projecinclude redicing
pumpinginduced land subsidencen the southeastern region of Virgin{gggleston and Pope

2013)and inhibiting saltwater intrusion in tRAS (Nylen 2021).

The SWIFT Research CenteBWIFT-RC) is a 3,780 m¥day (1.0 MGD) MAR
demonstratiorfacility located at le HRSD Nansemond TreatmiePlantin Suffolk, Virginia
(Figure 3-1). The primary role of th&WIFT-RC is to demostrate, at a meaningful scatbge
feasibility of MAR via deep well recharge wiin the Castal PlainSWIFT-RC operational and
monitoring findings are used to support requests for the necessaie sind federalegulatory
approvalsand support of otherdy stakeholderfor full-scaleimplementation The SWIFT-RC
also serves as a pfferm to conduct reseach for advancedwater treatmentprocesses and
chemcal transport and attenuatiom groundwate At full scale, design capacity will increase to

378000m%/day (100 MGD) distributed afive HRSD tratment failities (Figure3-1).
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Yr Future Full Scale SWIFT Locations
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Figure 3-1. Location of the HRSD service aea (blue), future full-scale SWIFT locations
and the SWIFT demonstration facility site (SWIFT-RC) in southeastVirginia, USA.

3.2SWIFT ResearciCenter SWIFT-RC) Overview

3.2.1Project Satus

Recharge athe SWIFFRC was initiatd in May 2018 and has beeontinuous with
several stoppages or withdral events of various durations. One extended withdrawal event
occurred in August 2018 dnlasted appyximatdy 18 days. Two major stoppas eablal
recharge wl rehabilitation resulhg from declining injectiity from November 2018 to April
2019 and fromDecember 2020 to April 2021. Two shorter shutdowns of approximately one
month occurreddr treatmentprocessmaintenance during Januagnd Jly 2020. Duringthe
first three years obperation, recharge to theAS was supplied at the SWIFRCT design

capadaty.
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3.2.25ource Water

Source water for the SWIFT Project is derived from secondaryeetflfrom HRSD
wastewagr treatment plas, which alleadyperform ful nitrification and denitfication, as well
as phgphorus removal. Prior to recharge at the SWHJ, multiple pretreatment steps are
required to treat secondary effluent from the Newsed Treatmet Plant todrinking water
standard. Folowing treatmentSWIFT-RC e f f | W T WMat @8 0 thesPASuppl i

through a 3&m diameter multscreerrecharge well located on site.

3.2.3Requlatory Considerations for the SWIFT Project

As a potable wagr supply,native groundwater withi the PAS generally mets The
Environmental Praction Agencgs (EPA) Primary Safe Dinking Water Standards. Some
exceptions include fluoride for certain ldices within the upper zone of the PAS and
radionucides for tle deeper zones of the PASowever,total disolved solié (TDS) in the PAS
is at or above the secondary nmaxim contamant level (MCL) of 500 mg/L, varying from 210
mg/L inland to 487,000 mb/in wells adjacent to the coast (McFarland 201 sustainald
withdrawals from the PASave redced groudwatr levek within the confinecaquifer at rates
from 0.4 t00.6 m/yr ove decades (Heywood and Pope 2009), reversing the natural gradient and
making it susceptible to saltwater intrusion from brgbkand sahe portions of the aquife
(Smith1999; McFaland 2010;2015). At full scale lte primary goal of the SWIFprogram is ¢
reverse PAS groundwater level declines and increase available groendweaage. Although
not a primary goal, the replemment of he aquifer is anticipateb createa pressw barier to
prevent the lateral igration of saltwater onto &éfreshwaterwellfields and reduce subsequent

contamination of the potable aquifeipglies.
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SWIFT Water and, subsequently, groundwatempgles cokcted in SWIFIRC
monitoring wells,have conistently metU.S. drinking water gality standards, including ®Ls
as idetified by the Safe Drinking Water Act. SWIFRC operations are permitted oule,
aut hori zed by EPA Re g bugh Virgind sdoesUoC have rpantany a m.
enforcemen authoriy for the UIC program, a state ox@ght structure, the Potomaiquifer
Recharge Oversight Committee, was enabled through legislation to providewass that the
SWIFT program, including its effeain the PAS,is monitored independegtl The Pdomac
Aquifer RechargeMonitoring Laboratory jointly led by Old DominionUniversity and Virginia

Tech, provides the technical expertise necessary to acabntipis objective.

Pilot-scale column studies packa&vith aqufer sediment indicated than-situ treatment
ocairs in he PAS and that chenadt and biological contaminast both regulated and
unregulated, are removed during transport through the groueidespgtem (Dziura 2020). 4n
situ attenuation providean additnal positreatment barrieagainstcontaminats of concen

and may inform théevel of prerecharge treatnmt required in future MAR projects.

3.2.4Project Costs

The SWIFT program has beenatvated as part of an Integrated Plan designedl|f he
communites prioritize capital ingstmentsin a manne that provdes the maximum
environmental and public health befits. A cog evaluation wagerformed to evaluate various
advanced treatment methogisor to MAR. This work suggested thaicarbonbasd advanced
treatment scheme is apgnmately 25% and 5@ less expesgve on a capital andperational cost
basis, respgively, as compared to a memanebased approach that utilizes ultrafiltration,

revase osmosisultraviolet UV) advanced oxidation, m@neralizaion, andreverse osmosis
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(RO) brine treatment{CH2M 2015) Full-scale buildout oSWIFT is estimated at a pidal cost
of approximately $2.0B at five HFD facilities wih a final combined capacity of 378,000
m3/day (100 MGD).The capital and opating coss of the SWIFTRC demonstration féity at
1% full capatty do not translate tthe full-scale SWIFT as tfse costs are inflated due to the

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

3.3Prgect Infrastructure

3.3.1Advarced Treatment Process

The activatedcarbonbased treatmentrain was determinedot hold two significant
advantages in comparison with membrane treatméoiver capital and annual operating and
maintenance costs and the abilib produce wateranpatible vith the geochemistry fathe
aquifer (CH2M 201). The carbn-based train follows sastateof-the-art nutrient renoval
wastewater treatment facility andclodes coagulation, flocculation, sedimentation, ozonation,
biofiltration, granular activatedarbon, UV disinfection, and pHadjustment blere SWIFT
Water is reharged to the PAS. SWIFWater generated from thiseatment approach has been
shown to be prective of public health over the 38onth period of operation from the
standpoint of organg conventinal and emerging caminants, anghathogendy meetingthe
SWIFT-RC regulatoryand monitoring limits and WIFT-RC nonregulatory performance

indicatoss established as part of its Underground Injection Control rule auttaniza

3.3.2Multiscreen, MultiAquifer Recharge Well arshmplingSystem

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

sands and claysegregatednito three hydrostratigraphic units nearly 360in total thickness
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(Bullard 2019) Recharge mters the RS throughll screens in rechargeell TW-1 (Figure3-2).

To assessaquiferscale tansportwith depth seveal multiple-screenmonitoring wellswere
constructed at varying depths in the PAS beneat!S¥W&-T-RC. A monitoring well (MW-SAT)
locaked at a raidl distance of 15.2 nfrom TW-1 ard with 11 screensat depths consistent with
TW-1 enabled evaluation ofteenspecifc transportand travel timesSanpleswere collected
from each screen using a Flexible Liner Undergrounchielogy (FLUTe) gstem, whit has
been documented previousily multiple groundwatermonitoring projects(e.g, Keller 2017;
Mosthaf et al. 2018; Ren et al2018) This system uses nitrogen purging to collect screen

specific samples from the aquifer formation.

Threenestedmultiple-screenmonitoring wells were installedin the Uppe, Middle, aad
Lower PAS (MWUPA, MW-MPA, and MWLPA, respectively)to evaluate groundwater
guality impacts at a larger transport scdleethreeconventional wells are located betwekin
m and 134 mfrom TW-1 and are spaced5.2 mapartalong a radial ransect Eath well is
screenedn the most transmsive layers of the PASvithin the threemajor units.Dedicated
pumpsin each of the conventional wellan continuouslyfor groundwater sapiing. Unlike the
FLUTe liner at MW-SAT which produces discrete reples eachmonitoring well produces a

composite gsundwateisamplefrom multiple well screens.
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Figure 3-2. Well locations at theSWIFT-RC.

e

ire adapiedfromn (BUIIard et al. 2019).

SWIFT Water is of higher overall quality compared to thealiy of the native
groundwaterof the PAS. With the rception of total organic carbon (TOC), concentrations of
constituents of interésn SWIFT Waterare lower than in theative groundwaterRepregntative
values of water quality characteristics of SWI pretreatment SWIFT Wate, and of PAS
background concentratiorse provided inTable 3-1 anddemonstrate the variability within the

PAS and the differencd®tween SWIFT Water and the receiving aquifer
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Table 3-1. Time-averaged oncentration of SWIFT -RC influent before treatment (NTP 2),
after treatment (SWIFT), and time-averagedbackground concentratiorsin the Upper,
Middle, and Lower Potomac Aquifer (UPA, MPA, and LPA, respectivey).

Sample Standard Number
: Mean o of
Location Deviation

Samples

NTP 2° 220 16.27 3
SWIFT 186 40.71 34

(Cnr]'g;[')de UPA 124 11.46 8
MPA 1137 41.26 15
LPA 4221 39385 9
NTP2° 1080 2.36 256
SWIFT 274 1.13 403
(TmOS?L) UPA 0.36 0.31 23
MPA 024 0.05 84
LPA 0.92 051 86
NTP2° 644 0O 1
Tbgr  SWIFT 668  79.29 36
(mgl)  UPA 714 3157 8
MPA 2500 127.98 9
LPA 7437 78215 9
NTP2° 1.03 0.11 34
uorige  SWIFT 089 013 687
o) UPA 420 0.18 213
MPA 061 0.09 129
LPA NDA ND 122

* Total Dissolved Solids
ADetectdbn Limit = 0.50 mg/L

3.4Lessons Learned

3.4.1 Aquifer Compatibility

Sands of the PAS in Southé&a&rginia contain a low percentage (2886) of interstitial
smetite clays, dominated by montmorillonite. The native ujrdwater at the SWIFRC is
generallybrackish, with TDS ranging from 738 mg/L to 7,437 mg/L. Flooding relatively fresh

recharge wateran order of magnitude or lower ionic esigth than the nativergundwater,
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reduces the surface charge on interstitiay chinerals residing in the sand nvawf the aquifer.
Inter-particle attachments weaken due to the change in surface charge andhdadinesive
charges between individudby layers causing clayo disperse. The fragmented clays collect in
aquifer pwe spaces, dramatically reducing dguipermeability. Clogging due to migrating clay
fragments is a special type of formation damage tlan be catastrophic to recharge ofjpema

(Civan 2007).

Brown and Silvey (1977) described catastrophic loss in ipezapacity and injectivity
during pilot aquifer storage and recovery (ASR) test cycles in the PAS at a location 20 km from
the SWIFFRC. Fresh rechar ge Bradges Watef TreatmerRlamtein Mo or e
Norfolk, Virginia, exhibiting an ionic strenigtof 0.1 mM, was recharged into asttevell
screening the upper and middle portions of the PAS, where the ionic strength of the native
groundwater was 10 mM. The specific capaof the test well deined by nearly 80 percent
over three ASR test cyclededtively ending the viability of #afacility. The loss in permeability
was attributed to destabilization of the interstitial claysedpts were made to recover the

capacityhowever injectivity ad injection capacity losses proved irreversible.

Selection of the advanced water treatmeadhinology for SWIFT was driven in part by
aquifer compatibility. Geochemical modeling of the expee#ident from the two piletested
treament trains resultedhiunacceptably low effluent concentrations of TDS for iembrane
based RO system and canfed the incompatibility with the brackish native groundwater. The
carbonbased pilot effluent maintaed a TDS of approximately 673 mg/L,oping much more

compatble with receiving aquifer.
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Even with the carbcebased reatment process, SWIFT Water ntains a TDS with an
ionic strength one order of magnitude less than the native groundwater dependeqiioin the
PAS, which can result iirreversible losses iaquifer permeability. To ensure viability of the
rechargeoperation, HRSD decided to pcendition the target recharge zones of the aquifer with

an Aluminum salt (Alsalt).

Treating interstitib clay minerals in the aquifer surroundi the MAR well involve
introducing an Adsalt solution to encourage exchangk tbe native sodium (Na+) ions,
maintaining a +1 charge, with aluminum ions (Al+) ions that maintain a +3 charge. The stronger
chargeppt ect s t he c | ay éhd adsetemce to tthe déprlframewotk giinsi t y

when more dilute recharge wateremstthe formation (Khilar and Fley 1981).

HRSD conducted a pilot aquifer peenditioning, treating th&WIFT-RC monitoring
well with the hghest TDS and then recharging with gmé&awater from theCity of Suffolk,
having lower TDS than SWIFT Water. The welas recharged for 124 hours with rgns of
clay destabilization. Capacity testing results betweertrpeging, postreatment applidéon and
post injection testing revealat significant chagesin specific capacity (Jacobs Engineering

Group, 2021).

Based on the pilot testing, HRSD appl smilar preconditioning to theSWIFT-RC
recharge well prior to starp. The hydroxyAlCls proved dfficult to mix in the field and
producel a very turhd solution, therefore AIG was used. A conservative phased siart
approach was employed to avoid rsfggant capacity losses if signs of clay dispersion were
observed. Recharge started at 0.49mim (130 gpm) and was stepped up to thgetrate of

2.65 m?/min (700 gpm) over a momtlong period, with specific capagiranging from 35 to 25
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gpml/ft, resectivdy. The aquifer preconditioning proved successful and clay destabilization was
not observedThe SWIFT-RC has been operating since May180 with only a singlepre-
conditioning aquifer treatment, and continues to simawobservable signs of clogging dtee

clay dispersion. Subsequent laboratory and field studies using test wells have proven aluminum
chlorohydrate (ACH) to be very effect, m&ining a +6 charge ehsity that adheres to the

surface and the interlayerstbie smectite clays (Jacobs EnginegrGraip, 2021).

3.4.2Monitoring Network

Multiple monitoring wells and a robust sampling plan wessential to assessing
chemical transp and atenuation in 8VIFT-RC PAS groundwater. The proximity of MABAT
to TW-1 and the depth discrete FLUTe samplisygstem allowed characterizatiof the flow
distribution and solute transport through individuafrpeable units and provided valuableadat

for predictive modelng of breakthrough at the nested monitoring wells.

Before the initiation of recharge, multpbackground samples were eclied from each
of the screens in MYSAT and the monitoring well netd characterize the native groundwater
at varios depths and a&ch zone of the PAS. Initial breakthrough was measurddVatSAT
using specific conductivity sa an indicator of SWIFT WatemDifferences in the specific
conductivity of SWIFT Water and nativeayndwater enabled the use of specibaductivty as
a costeffective intrinsic tracer during this initial period. Whespecific conductivity
measurementsrossed an initial thresholdlécrease of 10% of background concentration) at
specific screens at YWI-SAT, sample frequency increased to tca@ bre&through of oher
constituents of interest. The use of scrspacific sampling of specific conductivity prented

oversampling at screenwhere breakthrough of SWIFT Water had not been observed.
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Breakthroutp at MW-SAT varied by screen, with travémes anging from tliee days to one
month in screens associated with the Uit MPA. Breakthrough in the LPA (®ems 10 and
11) was delayed #thlongest and was not observed until after the first well rehaioititending

in April 2019.

Because of th variability of operaing conditions at the SWIFRC (long periods of
shutdownand occasional extended backflushiges), a simple radial transg model could not
fully capture breakthrough at MMBAT. A new modelwas developed to account for changing
flow conditons using ineemental volume by layer instead of assuming constant(Bullard et
al. 2019). This modehiproved the ability to predid¢ransport, but also indicated other transport

mechanisms that impaftbw through the PAS, including backflision.

Breakthrough \&s observed at well MVWJPA in April 2019 following the iitial 5-month
well rehabilitation. Mitiple intrinsic tracers asgiated with SWIFT Water were used to
determine breakthrough at MWPA, including sulfate, chloride, TOC, fluiole, 1,4dioxane,
and N-NitrosodimethylamindNDMA). Multiple tracer concentration data combined withwflo
distribution estimates at MYBAT were useful in interpreting seilts at MWUPA. Breakthrough
concentrations showed that groundwatemplias reflecteda weighed average flov from
Screens 1 and 2 instead of a weighted combination of all four screens{dRANThis is most
likely a result ofthe low flow from the sampilg pump, which abstracted 7.6 L/min (2 gpm)

from the well.

3.4.3Dynanc Well Perfornance

Thedistribution d flow and associated injectiviiy the multiscreen recharge wéll\Ww-

1) exhibited transient behaviaturing the coums of operationsinjectivity declined from 23 to 12
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gpm/ft in the preceding period starting in Ma&018. This redwtion was consistent wth
decreasing injectivity with timeobservedat an ASR facility in the PAS (Pyne 2@5).
Rehabilitationinvolved wire brushing, air lifting of debris from the wellhemical treatment
with acid and dispersant, chloringsidifection, ad aggresve pumping 6 the well. These
rehabilitation processes varied by well screen, which would iextila shift in flow distribution
from Screen 9 to Screen 2. Similar processe® weed for the second well rehabilitation, and
changesin flow distribution were also obseed Postrehabilitation camera surveys were
completed and used in the second rdhation work to evaluate the degreto which well
screens were clean and to &trgcreens for additional cleanirgpllowing completon of well

rehabilitation, a flow meerwas installednside TW-1.

Quantifying dynamic well performance was achieveagisntrinsic and artificial tracers
coupled with insitu flowmeter testing and wexr level analysigFigure 3-3). SWIFT Water was
used asan intrinsic tracer to monitor breakthrough at MBXT and determinenitial flow
distributionat TW-1 (M. Bullardet al. 2019)An in-situ flowmeter tesperformedin May 2019
confirmed the dynamic nature of flogvstribution wthin theaquifer.Signficant changes in flow
distribution were observed after the first well rehalitita, which occurred between Novber
2018 and April 2019A tracer test using sodium bromide was performed in late 2020, and
preliminaryresults showeduced fow to the UPAand MPAscreens andcreasingflow to the
LPA in the latter part of the 3Bonthperiod of performancedynamicflow distributionat the
recharge wellwas attributed to(1) step changes due to well rehabilitationadjustments to

treatmemprocessand(2) gradual, continuous changes during recharge operations.
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Figure 3-3. Variability of f low distribution over time at multiscreen recharge wellTW-1
based on three different measuremennethods.

While stepchangesn distribution are simpler to quantify by conducting flow distribution
tests following major weltehabilitationevents, graduathanges due to operational conditions
and well clogging are a focu$ future research at tH&WIFT-RC. Changes in dawdown duing
extendedpumping or recharge conditions at the conventional wells are a potential source for

measuring response of the indivd aquifer systems over time. Comparing drawdown under
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similar conditions over timee(g., drawdown ater thirty minutes of pumping for pumping
scenarios after SWIFT has been shut down for at least 24 hours) indicates shifts in response
between aquifer {grs; as the UPA becomes less responsive, both the MPA and LPA become
more responsive. This can moselly be attrbuted to gradual cloggig in the upper screens and

the shift of flow distribution to the lower screens.

3.44 Benefits of a Demonstration Eiéity

The experience gained since 2018 at the S\WAREThas been valuable in confirming the
appropriateregulatory argds for full-scale grmitting and for optimizig treatment design and
operation at fulscale facilities. HRSD also utilizes the SWHRIC as a training ground for
operators assigned to future fattale facilities, providing the opportunitgr staff tolearn the
advanced trament process at a smalkrale. Additionally, the SWIFRC was purposéuilt
with education and outreach in mindtlvthe objective of actively engaging with the public,
regulators, and other interested parties tchlight the mitiple chellenges facig our local
waterways, thémplications of depleting our groundwater supplies, and how the SWIFT program
can providebenefits to address these key issues. The facility is designed so that visitors can
connect visually wth the treatrant process and are offred an opportunity to tastthe final
treated product (following additional free chlorine disinfection), SWIFT Wateis has proven

to be a successful approach to achieving local support anch lmiyhe SWIFT progna.

3.5 FuturePraospecs

At full scale, this $2B infrastructure project will replenithe PAS at 378,000 %d (100
MGD) with wastewater treated to drimg water standards using a system of multiscreen

recharge wells. Ultimately, HRSD plans to treat theosdary clafier effluent from seve of
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nine major HRSD wastewater treatment platatsdrinking water standards and use recharge
wells to replenish th®AS across the EVGWMA at five fuicale SWIFT treatment plants. This

will significantly reduce nutrienloads to tie Chesapeke Bay as weélas rehabilitating the
aquifer system. Two sise(Boat Harbor Treatment Plant and Army Base Treatment Plant) will
nat have SWIFT plants, but wastewater will be routed to a SWIFT treatment plant for treatment
and recharg. The firstof five full-scale SWIF facilities will be constructed at the HRSD Jzsn

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

The Sugainable Water Initiatie for Tomorrow (SWIFT) program is an initiative to
replenish the Potomac Aquifer System (PAS)ng ManagedAquifer Recharge MAR). The
SWIFT Research Center &1 MGD advanced water treatment facility producing reuse water
suitable for MAR. In order tacharacterize flow distribution through a multiscreen recharge well
and solute travel time, wanalyzed tracebreathrough cures using solute transport models
modified using the method of superposition. Distinct breakthrongk observed in the Upper
andMiddle Potomac Aquifers with travel time varying from approximateB72days over a 50
ft radal distance. Aproximatly 73% d the recharge was delivered toBthe 11 well screens.
Recharge flow to the Lower Potomac Acprifvas negligible as indicatedby relatively slow
breakthrough. Breakthrough curves were affected by recharge stoppageg theriinitial
evaluation period with some screening locations ebhing abrupt changes in specific
conductivity during stoppageResllts of the initial groundwater recharge efforts are presented,

including implications for fulscale implementation ofV8IFT.
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4.1 Introdudion

The Potoma Aquifer System (PAS) extends fmoNew Jersey to Sdh Carolina and is
the primary source of grodwaer in Eastern Virginia. Sstained groundwater withdrawals by
municipal and industrial entities since 1970 has resulted dhindey poeniometric surfae in
the region. Due to nature ohterbedded confing units, natural recharge of the PAS is
insufficientto balance use of gradwater from the PAS. Groundwater withdrawals in Eastern
Virginia have resulted in aquifer compiact and lan subsidence (Eggéston et al.2013).
Increased whdrawal rates alsancrease the potential for saltwater intrusiavhich could
contaminate drinkig water wells near coastlines. Furthermore, in 2010, the USEPA finalized the
Chesapeake Bay Talt Maximum Daily Load (TMDL), a restoration plan which estalbiesl
numerical limtations for nutrients entering the Chesapeaky, Rae o f Virginiads
landmarks. This TMDL includes accountability measures to ensure that the bay achieves the
water quéity standads interded to retore and protect aquatic life arf@bitat. As a radt,
reducing nutrient loads to the bay is ats® of Hampton Roads Sanitatio Di st ri ct 6s ( H

top priorities.

The Sustainable Water Initiative for Tomorrow (SWIFT) pajis anmitiative of HRSD
to address the aforementioned @onmental challengs facing southeast Virginia. HRSD serves
1.7 milion people across the eiglee cities and counties of southeast Virginia through 16
wastewater treatment plants which haveombined cpacty of approximaely 250 million
gallons per dafyMGD). At full-scde, HRSD intends to produce approximately 100 DGf
SWIFT Water to replenisthe PAS through a program of Managed Aquifer Recharge (MAR). In
May 2018 HRSD implemented MAR tte SWIFT Rseach Center (SWFT-RC) located at the
Nansemond Tgament Plant (NTPin Suffolk, VA.
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The SWIFFRC operates an appximately 1 MGD advanced trément facility to further
treat secondary effluent from NTP to meet federal and state drinking statelardsuitable for
augmentation of a potable aquifer. Theeatment train ricludes coagulation/flocculation/
sedimentatin, azonation, biological filtation, granular activated carbon, and ultraviolet
disinfection. Following advanced treatment, thiS WI F T r &/thén @eised o recharge the
PAS at a rate of um 1 MGD. The impémentation of MAR with a recharge well fullgreened
at multiple intervalof a deep aquifer system is a novel approach and requires us to characterize

flow distribution intothe PAS.

Flow is distributed unevenly between 11 discrete s in the UpperMiddle, and
Lower Potomac Aquifer. ldentifyindreakthrough characteristicef recharge water at each
screen level is a critical part of the implementation plan and desiggiatemakirg processas
the project progresses. Our objectivasto analyze flowdistribution through the multiscreen
rechargewell at the SWIFFRC and detenine solute travel times. To determine breakthrough
characteristics, groundwater samples were ctate from ech discrete sceen at an adjacent
monitoring well ad evaluated for anservative tracer transport. The observeuceatations of
tracer were cmpared to two computational breakthrough models, where parameters were
adjusted to fit the observdateakthroud. Using the adysted parameters, breakthrough tifoe

an ideal recha@ing situation was estimated.

4.2 Data Colletion and Analysis

4.2.1Monitoring System an8ample Collection

Recharge flow is distributethrough 11 screenin a 1416t dee 12in-diameter carbon

steé casing test injection well (TW1) into the upper, middle, and lower zones of the PR&ble
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4-1). This injection well is screened at eleven different levels of the PR§ure 4-1). All
aquifer layers ae confined. A monitoring well MW-SAT) located at aadial distanceof 50 ft
from TW-1 enable collection of discrete samples frormach of the 11 screens levels gsen
Flexible Liner Underground Téoology (FLUTe) smpling system. Thee corvertional
monitoring wells located 40600 feet away are also screened in the Upper Potomac Aquifer
(UPA), Middle Rotoma Aquifer (MPA), and Lowe Potomac Aquifer (LPA) for recharge

monitoring.

Table 4-1. Well Screen Depthand L ength of Screenin TW -1 and MW -SAT.

. Starting Depth EndingDepth Length of
Aquifer Zone (fk?g) i (ft?g) P Screger(ft)
Upper Rtomac Aquifer (UPA)
Screen 1 505 530 25
Screen 2 550 595 45
Screen 3 665 680 15
Screerd 720 755 35
Middle Potomac Auifer (MPA)
Scee 5 820 835 15
Screen 6 860 890 30
Screen 7 905 920 15
Screen 8 965 990 25
Screerd 1050 1090 40
Lower Potomac Aquiferl(PA)
Screen 10 1230 1335 105
Screen 11 1370 1400 30
(fbg) 1 feetbelow grade
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MAR Well TW-1

Figure 4-1. Schematc of the recharge well(TW-1) showing thedistribution of f low through
11 well screensin the Upper, Middle, and Lower Potomac Aquifer and position of
monitoring well MW -SAT.

Samples were colleetd from the monitong well MW-SAT using the existing FLUTe
sydgem which allows dscrete samples to be taken from eachthd 11 sample sreens. fe
FLUTe system is comprised a flexible liner with screen lengths and depths identical to the
recharge welscreens. The FLUe linersealsthe borehole from flow exceptor through sample
tubes in each intervalhis prevents contamination bifaaving samples to flow directly from he
aquifer without being mixed within the well boreholdore information abouthe operation of

the FLUTesysem can be foundat https://www.flut.com/wateiflute.

To take a sample, the sample tubes are flushed with nitrogeriogemove standing
water anl allowed to refill for thirtyminutes. Followig a 30minute waitperiod, gaspressure is

applied through a pmp tube & a pressure geater than the head of thermaiton. This pressure
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pushes water through the sampling tabe &lows for the collectiomf water samples from each
interval from a sampl tube tlat runs tosampling taps in the SWIF Research CentéFigure4-

2).

Figure 4-2. Sampling taps for FLUTe screens 111. Taps 14 arescreened in theUpper
PotomacAquifer, taps 59 are screened in theMiddle PotomacAquifer, and taps 1011 are
screenedin the Lower PotomacAquifer. Each tap s connected to the respedve FLUTe
sampletube.

4.2.2Tracer Setction

During soil column testg performedby HRSD and Virginia Tech we developed a
strong, reprodubie corelation betveen chloride concetrations and sgcific conductivity
measurements site groundvater(Figure 4-3). Triplicate amples wee collected akach screen

and were analyzed for both conductivity afdocide. On averag chlorde accourdd for 29%
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of corductivity within the 11 screens,though this varied within each screen and gdhera
increased awrding to screen depth. A sitar correlation has also been noted by other
researchers (Hem, 198@ecausespecific corductivity involvesother ions that will react with
constituents in thequifer, it does not qualify as an acceptabkcar. Specific andudivity can,
however, be sed as a screening indicator of chloride concentrations based on thlatworr

between th twomeasurements
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Figure 4-3. Correlation developed between specific conductivity and chiae
concentrations in groundwater samples cdected at MW -SAT.

Samples were collected aadalyzedfor specific condativity approximaely everyfour
hours (~ six times pe day) flom thestart of recharge(May 15, 2018)until December 2018.

Because thepecific conductiity of screen 1 was similaptthe native groundwater conductivity,
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the sample from screen 1were meaured for both sprfic conductivity and fluoride. Speific
corductivity (uS/cm) was mesared using a prtable parallel analyzer (PPA)tW a conductiviy
probe (Hach SL1000). Fluoriel was tested using the SPADNS method using AccuVac®
Ampules (Hach Metho8029).Conductiviy of the SVIFT Wate was measuredusng an otine
probe upstream of érecharge wellwith data extracted from the plaSCADA system @15
minute average value$he PPA andonline conductivity probe were calibrated to ensure that
therewas no bias betweemeasuremnts. All measurements wee recordd in a spreadsheet

(EXCEL), and datavereanalyzed therein.

4.2.3Analysis oBreakthroudn Cunes

Initial breakthrougp sampling of a comprehensive suite of analytes triggeredwhen
the conductiity of the nativegroundwate went bdow a threshold of 90% ofthe background
conductivity. For example, if the background conductivityvas 10,000 uS/cm initial
breakthroughsamplingwould be triggered when the conductivity was consistently below 9,000
puS/cm. Using 10% engred thatinitial breakthrough was caused bgonductivity valueselow
threetimes the standard deviation of the backmd conentraton values.Total lreakhrough
was determined in a specific screen when the conductivity of the scesecowsistently whin
25% d the SWIFT Water conductivity. Be@use the conductityi of SWIFT Water was variable,

this threshold was detmined bycalcdating the moving averagof conductivity for 72 hours.

A Dbreakthrough curvewas created using relativeeoncentration vstime. Relative
concentrationis calculated sing observed conogation (C,,s), background concentratiai the

native groundvater in the scree(C,), and an average SWIFT Water (injection) concentration

(Cinj):
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Cb - Cobs

Crol = 2——2bs

The relative corcentation at each well screen (,; ;) was conpared to acontinuous flow model
T an approximate sohion of relative concentration based dhe estimated flow to each scregn
TW-1, the estimated porosityertical thikness of the screed interal, and the estimated

longitudinaldispersivityat eat saeeredintervalat MW-SAT (Charbeneau, 2000).

1 . r — Ri
Crei(r,t) = 5 *erfc T )
3 aL,i Ri
-t
R(t) = |- 3
mn;b;

where r is theradial distance from the injection wéft), t is the time sincehe start of injectin
(days, Q; is therecharge flowrate to the indivdual well screen (fid?), «, ; is the longitidinal
dispersivty (ft), n; is theeffectiveporosity, and; is the screetength(ft). With this approach,
we assume tat theflow rate spedfied at eachwell screen at theecharge well coincides with the

rate of transport aachwell screenn the monitoring well.

To refine theinitial calibration using theontinuous flowmodel (Equations2 and 3) a
more adanced incremental flow model was developed hat calculated bréghrough
incrementally based on measured flow intodhefer. Use ofthe superposition metdenabled
us toaccount for stoppage time (if the plant wentggec and watavas not used forecharge)
and for well badflush (in which waer was pumped outf ahe well in order to ensure that well

injectivity was mantained). Backflush was considerea negative flow (flow out of the well) and
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caused a decrease in the incrementéime calculationRelativeconcentration was cdculated
in 15-minute intervals isce the start of recharge using data for recharge filo gallons per
minute(gpm) from the 8VIFT-RC SCADA systemTotal flow was imported fronsCADA, and
the flow distributon (%) was estimad for eabh well saeen based on the estimaw flow
distributionfrom the continuous flow modeAt each time step, éhflow to each sreen was a

fraction ofthe total flow into theechargevell (TW-1) at that time.

An incremental volme, V;", was calcuhted for eech well saeenis a fungion of the time

ard flow distribution

Vi"(@) = [Q:(DAL] + V;"(t — At) (4)

where Q; (t) (ft3d?) is the flow to the individual screeat a given time andt (d) is the time
interval between measure@ values.Then, anncremenial R value, R;, was calculated foeach

screerbased on Equatiod);

V() )

mn;b;

Ri (1) =

This R; value B substituted into théequation 2) with the incremental value replacing the

original R valuan Equaton (3}

Creri (1,1) = —eztc rR® (6)

ﬂ ap;R;(t)

The meanravel time at each well screen(t,,, ;) was calclated for theincremental flow
modelusing the follomng equatn:
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mr’n;b;
L

whereA = 192.5 and converts the flow from gpm to cubic feet per day (d¢fddhis calculaibn,
the value ofQ; (gpm) is thefraction of the full recharge flow(700 gpm) allocated to thepecific
screenOther variablesre prewusly defined. This calculatn of travel timas anapproximate
calculation, whichassumes that the rechamg¢e is a constam00 gpmand does ot account for

any periodof shorttermbacklush (pumping)or stoppagest TW-1.

4.3 Resultsand Discussio

Recharge into the PAS stat May 15, 2018 at approximite200 gpm and was
increased incrementally by 100 gpwer time untila recharge ate of 700 gopm (1 MGD) was
readed June 20, 2018Badflushing occurred atatesbetween 100200 gpm 1.4-1.7 MGD)
evely few days for approximtely 1545 minutes to maintain well injectivity. The recharge well
was backflushefbr a period of 1&lays in Aigust 2018 thatremoved apmximatdy 21 million
gdlons of water from the aquifer following a period bigh nitrite levels observed in the
moritoring well, largely due to partial denitrification of SWIFT Water nitrate toiteitin the
PAS. Redarge waslso stoped afer NovembeR1,2018 in order to canplete severalwarranty
relatedrepairs on the treatemt equipment. Bakflushing continued dby during the SWIFIRC

shutdownfor approximately 180 minutegper day Rechargerends are displayad Figure 4-4.
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Figure 4-4. Recharge flowrate at recharge wdl TW-1 (gpm). Extendedbackflushing period
is notedin August 2018. No recharge is observed from late November 2018 onward.

Model calibration was adieved by manally adusting input parameters for porosity,
flow rate and longitudinal dispersiyitto create breakthroughcurves that best fit th@bserved
dataat each well scree(iTable 4-2). For the initial calibration of input paraneters usig the
continuous flow modelan estimated flowrate was usedn Equation (3) to match conductivty
measurementst MW-SAT. This estim#ed flowrate at each well screevas then calculated as a
percentof thetotal rechage flow rate Using thesepercentage asa starting point forthe final
calibration based on the incnentalflow mocel, the estimaed flow rates at each well screen
were adjusted slightly to fithe observed data at MAYAT. Consistentvalues & longitudnal

dispersivity ad porosty wereenployed for the twocalibration stepsandareonly reported once
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in Table 4-2. The final calibration flowrates wereused to calculate ¢éhtravel time in each

screen.

Table 4-2. Calibrated modelinput parameter valuesand travel time results

Initial Calibration i Final Calibratiori
Sereen Cortinuous FlowModel Incremental Flow Model
Q Flow (%) n @Li | Elow (o) | 1TaVvel Time

(gpm) (ft) (day$
1 30 18% 0.20 5 18% 1.6
2 39 24% 0.25 10 24% 2.7
3 115 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% 55
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 0.9 0.5% 0.27 10 0.4% 120

Average traveltimes in the UPA, MPA, and LPA werel days, 16 dys, ad 97 days,
respectively The lowesttravel times wer@bservedn screens through3 (UPA) andscreend
(MPA), for anaveragdravel ime of 2.5 days Effective prosity rangedrom 020-0.35 with a
mean valueof 0.27. No correlation was found befencalibrated efective porosty and mean
travel time at the well screengonsistent with theontinuousand incremental flow mods| a
strong negativecorrelation was fand betweeriinal cali brated flow ratesandmean taveltime at

the well screens

Egimations of flow ratesusingthe incremental flommodelwas consistent with observed
condition by accouning for periods when flow it the vell is zeroor negative (backflush
conditiong. At any point during the period represented in Figurd,4he exattotal flow rate &

TW-1 wasincorporated into the calculation&lthough theinitial calibrationflow and thefinal
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calibrationflow are quie similar based on percent of flow to eacstreenthe initial calibration
of breakthrouglturves usingthe conthuous fow modelresulted in dotal combined rate dfow

of approximately 160 gpror 80% of thestarting recharge flow rat@his discepang reflects
the relatively slow breakthrougbf conduwctivity at saeens 4, @, and 1611, in which 17% of
the flow rate wasdistributed. Howeve the distribution of flowrate to the well screens was
consistenbetween thenitial and final calibratn, indicating the utility of the initial calibrdion

in guartifying the magnitude of recharge flow into the aquétthe maimum rate(700 gpm)

Based on our analysia, substantial percentagéthe rechargélow into the PASpassed
through screens 2, and 9, comprisng an estimated 603% of reclarge flov distribution. The
rangein this resultwasdepenénton theconstiuert (fluoride i 60% or specific conductivityi
73%) used to determinthe flow rate atscreen 1The breakthrough curves for sae 1based on
conductivity and fluoride are compad in Figure 4-5. Based on malysis of the conductivity
based beakthrough curve and the stoppage method, 57% of the total recharge flow was
delivered b the UPA throughhe uppermostour well screensScreens 1 through 4mprise 120
ft of 380 ft of total well screerat TW-1 (only 32% ofthe total screened inteals). The MPA
and the LPA received 40% and less than 3% of the total recharge flow, nesdpect
Approximaely 72% of reharge to the MPA r@d LPA combinedwas dévered to the aepest

well screen in the MPA (Screen,@ompriang 31% of the total recargeflow.

The modelfit for the fluoride breakthrough curvevas more sensitive to stoppages and
backflush perids than the it for conductivity although themodel ealts for canductivity
yielded more accurate final calibian flow estimate sum totaldhan he estimated flow based on
fluoride (100% vs. 87%, respectively). Because the difference between flleetteih screnl
native groundwter and SWIFT Water e more statstically significant than the difference in
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conductivity, fluoride ispotentally a more accurate tracer to reflect the arrival of SWIFT Water

in screen 1.

In some screens, thiecrementaflow model poduced amore accurateepresentation of
the observed data copared b the continuous flow moel. The impad of flow stoppags onthe
breakhrough curveand improved moddit is notablyobserved in screens @, and7. As shown
in Figure 4-6, incrementalflow model (final calibraion) shows abeter overal fit to the
compete period of obseed dataat screen/ compaed to thecontinuous flow modelifitial

calibration)includingthe perod of decreasdrelative ®ncentration due to backflush.
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Figure 4-5. Comparison offit betweenscreen 1 breakthrough curvesfrom fluoride relative
concentrations (upper)and relative conductivity data (lower).
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Figure 4-6. Screen7 shows the improvenent between thenitial and stoppage
breakthrough curves at predicting relative concentation based on incremetal flow.

While theincrementaflow model producednore accurateesultson somewell screens,
the modelfailed to captue major downward Sges in therelatve cwnductivity at other screens
This is mos noticeable in screens2, 3, 5, and 9 Theseobsrved dropgeflect anincrease in
conductivity (Eq. 1) andmay be due to the effects of back diffusion, whel@ive groundvater
(with high comuctivity) remainsin low permeability media arountthe more pemeable aguifer
maerials It is most often evid® during periods oflow to no flow when diffusion, not
advection, is the primary transport mechanidine incr@as in groundvater conductivitywas

particularly apparert during times of extenddoacKlush atwell screeng(Figure4-7).
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Figure 4-7. While the stoppage breakthrough curve is more accuate than the initial
breakthrough curve for screen §it fails to exgdain the major spike that occurred between
days 80-100. This period was during the 18day backflush.

Flow in the LPA (screens 141) and in screen 8 waspproximately 1% of the total
recharge flow rate at TW-1. Screen 11 received the &@ercentage othe total recharge flow
(0.4%) conpared to tre other ten well screens.As slown in Figure 4-8, conductivity
breakthroughat screen 1ivas gradual rd did not reach a level consistent with SWIFIVater
delivered throug TW-1 (i.e., injedion concentrationC;,;), resultng in amaxmum obrved
relative concentration less than The 18day backflush starting at day 80 is not evident in the
data. Some unexplained upwardspikes in conductivitywhich correspod with decreasesm
conductivity measuremenfsom the native groundwater, were doservedat screen 11 starting at

day 100 and continog through the period of observation
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Figure 4-8. Breakthrough in the LPA has nd yet occurred.

4.4 Conclusion and Implications

Use of the conveniona breakthough cure developmentmehod (continuous flow
mode) resulted inan appoximate estimaion of the distribution of flow m the multi-screen
recharge wejlbut by notaccouning for changes in retarge flow tothe PAS during the MAR
teding peiod, the matb to theobserved breakrough curves was poor at some well screens
While the methodwas usdul to estimate flowrate distribution and aquifer parameters
(longitudinal dispersity, and porosity, it was not sutable for predicting caAnges m tracer
concetrationsand travel tmesinfluenced byno flow or backflush flonwcondtions. The use of

an incremental flow model devedped using tle method of superpositiorto simulate
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breaktimough curves produced improved aibration to observettacer oncentrationsand more
accurate travetimes This approach wa helpful for explainingdownward spikes in relative
conductivity duringrecharge opeations restringing from prolonged backflusip@ations This
incremental flowmodel also aied in identifying unexplaineddecreasem relative onductivity
that wee not explained by changes the rechargeflow rate but potentially by anothe

mechanismjncludingback diffusion.

Understandinghe distribution of rechargelow at TW-1 will aid HRSD decifon makers
as they pn to scke up the SWIHR operaion for full-scaleimplementatiorat up tofive HRSD
wastewater treatment facilitidsetwesn now and 2@0. The results of this study demonstrated
that 73% of the reharge was delared to 3 of the 11 welscrees and that 57%was delvered to
the UPA. While this finding has significancenithe planning for newrechargewells (for
example, limiing wells seceens tothe UPA and MPA\ site specific conitions will goven well
design Future work on this tom will involve includng effeds of back difusion into the
computational model for breakthimgli curves. This could be accomplished via thali agtion of
dual domain flow, where multiple porositieseaused to simuwdte preferentiapahways and

pathways blow flow and storag.
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Supplemental Information

Additional information and complete resulteoim dl screens can be found Appendx B.
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5. Evaluating Flow Distribution in a Multiaquifer Recharge Well Using an In-Situ
Flowmeter

Title
Evaluating flow distribution in a multiaquifer recharge well using asitun flowmeter
Abstract

The distribution of flow is relevant to multiplescreen injection wells used in managed
aquifer recharge (MAR) operations. To understand flow and transport behaviagtttaonult
layered aquifer, the distribution of flow to each screen within the rechartjenwust be
quariitatively determined. In this study, an impeller flowmeter was deployed to measure flow
rate distribution in a multiplscreen MAR well under both c¢karge and pumping conditions
screened in multiplstrata of the Virginia Coastal Plain aign system. Fdw distribution within
the well moves preferentially through the uppermost screens during recharge while flow
distribution is more distributed alongdl acreens under pumping conditions. Analysis of flow
along single screens also indicategf@rential flov to the upper part of the screen during
pumping and flow distribution distributed along the screen during pumping. Comparison of
flowmeter results tgrevious sitespecific measurements of flow distribution and transmissivity
under both regarge and pumpig conditions shows that flow distribution is dynamic and should
be monitored over the course of an MAR project. These results have implicatiorengpott
modeling since flow distribution is typically considered to be largely constaettone and

corstant 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 groushwater from the most permeable wabearing 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 wella a@mmon featte in
the layeredsemconsolidated sediments of the Virginia Coastal Plain aquifer system (e.g.,

McFarland and Bruce 2006; Heywood and Pope 2009) and in similar hydrgigessttings.

Typically, the distribution of the pumping flow rate amgomultiple scre@s 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 fractidre dbtal pumping rate
where rates at individual screease proportionalto 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 transmigiis defined as the product of the individual well
saea length anddcal 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 beeremployed to assign flow to multipkecreen wells in muklayer numericagroundwater

flow models (Halford and Hanson 2002; Neville and Tonkin 2004).

The distribution of flow is particularly relevant to multipdereen injection wells used in
managed aqter recharge (MAR) operations. MAR injection wells aredisn aquifer stoage
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; tCallon e
2019; Martinez et al2022. Although the injectionflow rate dstribution 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 shksgleen well to aquifer
heterogeneity with depth in alluvialepodts of the Sacramento Valley groundwater basin,
California. Bullard et al. (2019) utilized intrinsic tracer concentration data to infer variable flow
distribution in a multiplescreen MAR ifection well penetrating multiple confined strata of the
Potamac 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 Conty groundwater basin (California), resulting in degépen@nt solute travel times

and differing geochemical concentration trends at an adjacent migitigden monitoring well.
These studies indicate that quantifying the distribution of flow withirréicearge well to each
screen provides an improved understagdif flow and transport behavior through a muilti

layered aquifer system.

Down-hole flowmeters provide for direct measurement of the flow distribution in
pumping wells by obtaining a continuopofile of the cumulative inflow during pumping along
the entie saeened éngth of singlescreened wells (Gossell et al. 1999; Newhouse et al. 2005)
and multiplescreen wells (Hanson et al. 2003). Datel et al. (2009) describe geophysical logging
as a usefl practice to (1) identify crossflow and vertical flow in Hooles; (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 flowsnateravailable
for commercial use and research applicatiomluiding impdler or spinner flowmeters,
electromagnetic flowmeters, heat pulse flowmeters, acoustic Doppler flowmeters, and scanning

colloidal borescope flowmeters (Hearst and Nelson 1985; Btat 1994; Guerin 2005).
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Spinner flowmeters, which work bpweasuring 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 etE64). Impeller rotation is converted to velocity
or flow measwemens 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 tdow-flow or ambientflow applications (Boman et al. 1997; Yayet al.

1999.

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 Nishek#986; Ruud ¢ al. 1999;
Zlotnik and Zurbuchen 2003; Basirico et al. 2015; Ren et al. 2018). The theoretical relationships
developed by Molz et al. (1989) which assumes that the transmigsithg vertical interval of
measurement is directly proportaro 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 thisature typically employ lowilow, 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
measurement®f Q(z) following the Molz et al. (1989) method when head dosse not
corsidered 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; BROILH).

Few studies have investigated flow distribution in hoglpaaty, 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 atsrat@tching the well design.
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Direct measurements often requiremoxal of the pmp 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 datansarby observation wells but with

less certainty. In additionitlle is knownabout differences in flow distribution behavior in MAR
injection wells during sustained recharge operations as compared to backflush operations (i.e.,
shortterm pumping for wélmaintenance). Orange County Water District tested a +secién

well for flow 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 medtreen 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 octsinipa

groundwater quality.

In this study, an impeller flowmetavasdeployedto 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 sare rangingn lengthfrom 15 to 105 ft (4.6 to 32
m) in an MAR wvell screeed in eleven gata of the Virginia Coastal Plain aquifer system. A
secondary objective seeks to compare percent flow distribution across single screens under both
pumping and recharge flowonditions. To the best of our knowledge, previous itigadons
using flowmete's in wellcapacity wells have not evaluated differences in the flow distribution
between recharge and pumping conditions. Alternative lines of evidence include tracer data
bre&through data at a nearly multipdereen depth disceetmonitoring wedl and waer level
analysis at observation wells screened in the primary confined hydrostratigraphic units of the

local aquifer.

87



5.2 Study Areaand Methods

5.2.1 Project Background

Hampton Roads Sanitatidistrict (HRSD) is a wastewater &ofity in easernVirginia
(USA) with a combined treatment capacity of 249 million gallons per (842000 m%d) that
senesl1.7 million peopleover an extensiveervice areaHigure5-1). In 2018 HRSDinitiateda
largescale MAR project known as SWIFT (Sustainable Water Initiativdor Tomorrow)
designed to recharge amucrea® storage in the Potomac Aquifer System (PA&S) redue
nutrient discharge to the Chesapeake Baith secondary goals to address coadsaid
subsidence rad saltwder intrusion. SWIFT will utilize wastewater effluentreaed to drinking
water standardso rechar@ the PAS through injection wells at &WHRSD water reclamation
facilities. The study site is the HRSBWIFT Research CenteB\(\VIFT-RC), a 10-MGD (3,800
m3/d) aquifer rechage andadvancedvatertreatmentdemonstratiorfacility located in Suffolk,

Virginia (Martinez et al2022.
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Figure 5-1. HRSD Service Areain easternVirginia, USA. The existing demonstration
facility (SWIFT-RC) in Suffolk is the study site, while future fullscale sites are marked by
blue stars (Martinez et al.2022.

5.2.2 Site Description

Flowmeter tests were conducted in a multgpdeeen well (TWL) designed for delivering
1.0 MGD (3,800 m%d) of rechargeto thePAS and for pumping at 1.4 MG(3,300 ni/d) during
backflushing operations. RegionallyhetPAS is a heterogeneousemiconsolidatedonfined
aquifer system that stretches from New Jersey to the coast of South Carolina and is tkte thicke
aquifer inthe Virginia Coastal Plain aquifesystem (Trapp and Horn 1997). US®G&ports
describethe PAS as prinarily fluvial-deltaic coarsgrained sands and gravels with interbedded
clays of varying thicknesséMcFarland and Bruce 2006; Heywood dPmpe 2009 McFarland
2013).The majority of groundwater withdrawals from teginia Coastal Plain aquifer system
is derived from the PA@VIcFarland and Bruce 2006) eBause of the nature of the interbedded
clays, confining units within the PAS functior lacal barries butare not homogeneous and are

often discontinuous across the extent of the BA&/wood and Pop2009).Based on locadPAS
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hydrostratigraphy TW-1 was constructedising 11 screengTable5-1) totaling 380 ft (1158 m)
screenedacros three distinct uts of the PAS referred to abe Upper, Middle, and Lower
Potomac Aquifer (UPA, MPA, LPA)Local hydrostratigraphy of the PA®%ased on well

completion reports at TY¥ and MW SAT isincluded inAppendix C(FigureC-1).

Table 5-1. Well screen depth and length of screen irecharge well TW-1.

Starting Ending Length
Depth  Depth of Screen

(fbg)  (fbg) (ft)

Aquifer
Zone

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
Screen9 1050 1090 40

Lower Potomac AquifeflL PA)

Screenl0 1230 1335 105
Screen 11 1370 1400 30

(fbg) i feet below grade

5.2.3. Irstrument and Data Collection

Previous investigation at the SWIFT-RC determined flow distribution based on
breakthrough of SWIFT Water at a nearby degistretemonitoring wdl (MW-SAT) located 50
feet (15.2 m) from T\AL with screens matching the depths at-TViBullard et al. 2019)n May
2019, following a period of eghded shutdown for well rehabilitatiomet installation of an in
situ Mount Sopris QL4GFM Spinner Flowméer allowedfor direct collection of data during

operations taeduce uncertainty in flow distribution estimatiorhe flowmeterhas a spinner
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rangeof 0-3,000 rotations per minute (rpm) and an accuracy of better than MWasialso

equippedvith a centrizer to minimize the potential for error.

An impeller flowmeter was chosen faonultiple reasonsfirst beingthe large range of
flow conditions bydepth during operations, ranging from 0 to 1,8@flons per minut€0 to 75
L/s). Second, bewse the pumpcolumn woutl be installed after the flowmet@nstallation
rendering the flowmeter inaccessible during operations for any maintenance, a flowmeter
equipped without flow diverters (e.g., inflatable packevay chosen toninimize complexities
and toreducethe poterial of operational issue®inwiddie et al(1999)have also shown that the
use of a flow diverter in a well with a gravel pack can leathypass flow through the gravel
pack instead of through the flowmeter, which could introdercer into the measurenms
Finally, consideringgeochemical characteristics of the aquifer, which vary by depth and include
high levels of total dissolved solids thabuld likely cause corrosion and a short lifespan of an
in-situ test,the costeffectiveness of anmpeller flovmeter was a deciding famt 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 effectivenesof an impdler flowmeter.

The flowneter was calibrate80 feet (9.1 mjbove the uppermost scredaring both
recharge andpumping conditions before data collectiorwith depth and was recalibrated
following extended stoppage periods betwéssts. Details on the cabration process and the
calibration curvegan be found iAppendix C(FigureC-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 comnonly used in water and wstewater apjtations.
Instantaneous flow rates were recorded usihg 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 intial flowmeter calibraion, static testing was completed during recharge
operations. Static testing involved moving the flowmeter to the defptiee top and bottom of
each screefiTable 1) After allowing for flow stabilization around thedivmeter (averge time
of 4.33 minute} the flowmeter reading wasoggedfor one minute and thaverage reading
(counts per second) was recordemim the oneminute dataThe calibration data were used to
convert the averageading to flow in gallons peninute (gpm)Raw resultdor statictesting are

discussed iMppendix C(TableC-1).

Dynamic testing was completed during both rechargepamapingoperationgTable 5-
2). During the testing period, static and dynamic testing wemgpleted uder normal perating
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 pressing, and éss influentflow rate variation was observed due to a
shorter test period-lowmeter speed was monitored during testand was within 0.5 ftfin
(0.15 mmin) of the target speed over the range of the testing period. Flow measurements were
cdllected at annterval 0f0.25 feet (7.6 cm). Data from the experiment runs were processed, and
noise was removed usirgy log acquition and processing softwar&VellCAD E , Advanced
Logic Technology. To process the dynamic test dabmckground impelleratation couns
caused byhe speed of the flowmeter were remoweded on the averagetationsmeasuredn
thelowermost regiorof the well(Screenll), where a previous tracer study had established little

to noflow (Bullard et al. 2019).
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Flow distributon for the static testwas calculated based on the difference between the
flow measuredat two locations: 1)above the screen oftarestimmediately below the adjacent
screenand 2) at the bottom of the screen of intere§or tests conductednder dynang
conditions, total flow to each screen was measured by taking the difference between the flow
measured20 feet above the top of screen and flow measured at the bottom of.s€heen
location of flow measurements above the screen was based on the otrsesiatnstabé
readings mmediately at the top of each screkre toflow in the wellcasing Further discussion
of this reasoning is included #ppendix C(FiguresC-5 to C-10). Flow distributionwithin the
well was calculated by dividing the total flotl@ eachscreenby the tota flow to the aquifer
under recharge conditions or the total pumping.r&ta both conditions, the total flow was
determined by readingmeasured20 feet above Screenl and verified using theSCADA
readings Flow distribution wascompared to pviously esimated flow and transmissivity

distributions in the PA8uring operations at tr@WIFT-RC.
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Table 5-2. Flowmeter test conditions

Average Elowmeter Flowmeter
Test Flow Rate Directior* Speed
(gpmy* (ft/min)
Static Tesitg
S1 684 N/A N/A
PumpingTesting
Bl 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

" Flowmeterdirectionindicates whetar theflowmeter
was moving with the direction of flo\.e., up the well
during pumping and vice versa during recharge)
against the direction of flo\{i.e., down the well during
pumping and vice versa during recharge)

5.3Results

5.3.1Flow Distribution Within the Vel

Under static testing conditionthe timeaveragel influent flow ratewas 6% gpm (519
L/s) with slight variationgn the recharge ratguring the 158ninute test(standard deviation of
1.2 gallons per minute [0.09 L)s]Comparison ofthe dynamicted resultsin TW-1 under both
rechargeandpumpingconditionswith the timeaveragedSCADA flow rates show the flowmeter
wasable to account fot00% of the flow° 1.5% (Table5-3). The flowrate variaibn over depth
during Test R2 § shown inFigure5-2. Similar flowmeter results for the other dynamic tests can
be found inAppendix C(FiguresC-11to C-15). Saeens 1, 2, and 9 were consistently the most
productive zones under pying conditiors, accounting fo 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.
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Table 5-3. Flow distribution (%) results of static, dynamicrecharge (tests dended by R-),
and dynamic pumping (tests denoted by B) flowmeter testing.

Screen S_;:gf DynamicRecharge Tests DynamicPumpingTests
S1 R1 R2 R3 R4 Mean Bl 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
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Figure 5-2. Flowmeter profile during Test R2in well TW-1. Results are shownwith 1-foot
precision. Screen depthgelative to land surfaceare shown on the right.

Mean flow distribution under recharge apdmpingconditions is shown ifrigure 5-3.
The averagéifference betwen recharge andumpingflow distributionrelative to the respective

test flow ratess 1.7%for dynamic testingwith a 6.2% maximum difference at Screen 2 and a
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minimum Q2% dfference at Screen 4. Recharge distribution is higher pliaming distribution

at five of tre six uppermost screens of TW(Screens lthrough4 and § while pumping
distribution exceeds recharge distributionthe lowermost screen§d¢reens 5, Throuch 10).
This suggests preferential recharge flow to filigér uppemost screensconnected to théJPA
(74%) compared to pumping (64%)ow derived fromthe MPA and LPA byumpingwas30%
and 4%, respectively, reflectingnaore uniformlydistributedover theentire aquiferrelative to
recharge operationsThis could alsobe a function of the differene in the meanflow rate
magnitude between recharge and pump{f§4 and 1126 gpm, respectively). Operational
constraints of th&WIFT-RC limited recharge to a maximum of 700 gpmhich prevented a
direct comparison dflow distribution in TW-1 uncer identical pmping conditions at the same

flow rate.
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Figure 5-3. Mean flow distribution to eachwell screen (%) under rechargeand pumping
testing conditionsin well TW-1.
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5.3.2. How Distribution at WdlScreens

Flow at Screers 2 and 9 ws analyzed at-foot (0.3 m) intervals to determine trends in
recharge angumpingbehavior within the screen. Screens 2 and 9 were chosen because of their
comparable screen lengths (45 feet and 40 feet [13.7 and 12c@spgctively)and tre screen
flow rates werdarge enough to show significant differen@esoss each screen (i.e., differential
flow rate between the bottonand topof the screes). Flow rates werenormalizedfor each
operational condition by subtracgthe flow rateat thebottom of thescreen and divided ke
total screerflow rateateachscreenResults are plotted as a functionnoirmalizedscreen length

to allow comparison between scre¢frgure5-4).

During rechargeflow moved preerentially through he upper seatn of each screen
relative toobservations duringumpingin which flow rates weranoreevenlydistributed along
the entire screex(Figure5-4). Results in bth Screens 2 and 9 sbwed that the bottonl0% of
screenproduced minimal contribution to flowuring pumping andhearly 100% of flow was
transmitted to the aquifer is the upper 90% of the well screens reuharge condition®uring
rechargeat Screen2 and 9,50% of the flov occus in theupper23% and 35% of the screen,
respectively and 80% of recharge is delivered to the upper 50% of each sbremg pumping
atScrees 2 and 9, 50% of the flow occurs in tingper40% and 53%f the sceen respectively
ard 80% of flowwas deived from theupper 6466% of each screemormalized values from
Screen9 are more variable because of the lower absolute values of measuredetéow
readings which resulted in larger absolute differences betwewasurements, bilbe data

reflect thesame generaldhavior asScreer?.
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Figure 5-4. Flow distribution across(a) Screen2 and (b) Screen9 during recharge and
pumping. Normalized screen length indicates bottom of screen at Oahd top of screenat
1.0.For rechargeconditions (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 reache®©0% at BOS. During pumping
conditions (dosed markers) flow enters the screen starting at BOS and reaches 100% at
TOS.

5.3.3. Hydraulic Condugctivity Distribution

Hydraulic conductivity was calculated at eaalell screenassociated witithe UPA
(Screes 1-4) and at each weél screen assoated wih the MPA (Saeers 59) based on an

adaptionof the method used by Molz et §1989, which can be simplified to

T _ 0

or (1)

3

where T; is thetransmissivityin the strataof interest,T; is the transmissivity @er thetotal

aquifer strata@; is theflow rate atthe well screenof interest, and?; is the total flowrate
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entering or leaving the welln a multiscreen, multaquifer well with known transragvity for

eat aquikr, Equation Tan be modified to find thecreerspecific hydraulic conductivity

Tg @
K, =P+t 2

whereT, is theaquifertransmissivy of either the UPA or MPAL_ is the screereigth, @, is the
flow rate measured ahe screen of intergsand @, is thesum of flow rates at wellscrees
hydraulically connected with either the UPA or the MMean hydraulic conductivityn the

UPA and MPA(K,) werealsocalculatel usingEquation 3.

i -
K, = ‘1?5:' EJ:'L“ K;L; (3)

where N is the number of well screens associated with each PAS Matiynowski (2020)
utilized the Theiurve matchingand Co@erJacobs methods to estimatguifer parameters at
the SWIFT Researchetter usingon drawdown data at theonventional wells (MWWUPA, MW-
MPA, and MWLPA) during extendedoumping eventsn May 2018 immediately prior to the
start of recharge at TW. These unispecific transmissivitieswere used to calculatecreen

specifichydraulic condutvity using Equatior2.

Results for the nine uppermost for both pumping and recharge condased on the
mean flow distributions from the flowmeter teate shown inFigure5-5. Becausgumpingtest
analysis showed that the LPA vas not responsive during the duration of the test period
(Matynowski 2020) hydradic conductivity estimatesvere not calculated fdscreenslO and 11.
Under pumping conditionshydraulic conductivity ranged fror81.8 to 149.8 feet/day(9.7 ©

45.7 meterslay) for UPA (Screen 14) and45.3to 297.0 feet/day (13.8 to 90.5 meters/dfyy)

100



the MPA(Screens 8). In general, the vertical distribution of stregeale hydraulic conductivity

determined from the recharge testswailar.
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Figure 5-5. Hydraulic conductivity (ft/day) at each screenn the Upper Potomac Aquifer
(Screens 14) and in the Middle Potomac Aquifer (Screens-B).

A comparison of results to previously estimated hydraulic condties in the RS can

be found inTable5-4. Smith (1999) derived hydraulic conductivifgr the UPA, MPA, and LPA
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from transmissivity data from aquifer tests conducted by the City of Newport iel@95 for

their brackish groundater developnent (BGD) proje¢c. Heywood and Pope (2009)
acknowledge that the PAS is heterogeneous and that estimates of hydraulic conductivity based
on aquiferperformance test resuléeross the regiorange from 15 to 337 feet/day (4.6 to 102.7
meters/dg). Their mocael of groundwate flow in the coastal plain of Virginia simulates
hydraulic conductivity across the region based on pilot points placed within the mioe¢hree

well sites closest to the SWIFT Research Center in Suffolk had conductiviatest of 175t/d

(53.3 m/d) 59 ft/d (18.0 m/d), and 88 337 ft/d (25.3to 102.7 m/d), demonstrating the
variability of conductivity in the PAS (Heywood and Pope 2009). For the purpose of the
groundwater flow model, ydraulic conductivities at pilot pots were paameterized and
estimated during model calibration, and conductivities between pilot points were spatially
interpolate¢l conductivity at the SWIFT Research Center location was interpolated tas585

ft/d (10.7to 15.2 m/d) though site specéd conductivty may be signitantly higher(Heywood

and Pope 2009).

Table 5-4. Comparison of hydraulic conductivity estimates. All estimates are in ft/day.

Heywood and Pap2009

Aquifer Unit Smith1999 Model PAS Pumping Fl.?:ggr?ter
Simulation Tests 9
UPA 74.1 59-175 94
MPA 40.0 35-50 83-337 133
LPA 6.9 -- --

Hydraulic conductivity distributioracross individuakcreens was also calculated using

the following modification of Equatio4:

K. =Te.% (4

; ;
Zj 0
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where T, is the screespecific transmissivity,@. is the screeispecific flow ratg @, is the
change in flowrate over thevertical interval of measurementandz, is thevertical interval of
measuremeniScreen 2 waagain chosen sa representi&e sectionUnder 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 sifeka,
decreamg with depth(Figure5-6). 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 (475 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 Flowithin the Well

Flowmeter readings stabilized to an equilibrium value in well casing above each screen
typically at adistance of 20t above thdop of each screeifhe source of instability was thought
to result from turbulent flow in the well casinghe Reynolds numbeR§ inside TW1 ranged

from 23,000 to 183,000 during recharge and 50,000 to 300,000gdpumpingindicating
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turbulent flow wa prevalent (i.e.Re > 2,000) aboveScreen 10 9ee TableC-3 and G4 of
Appendix Clists depthdependingRe using mean flow rates)lhis range and maximum are
consistent with previous studies utilizing ielier flowmeters in lgh-capacity pmping wells in
which maximumRevalues varied from 420,000 to 650,000singlescreened well§Gossell et
al. 1999 andNewhouse et al. 200%espectively andfrom 440,000 to 610,000 imultiple-screen
wells (Hanson eal. 2003and Fakhredde et al. 2020 respectively. Head loss due to divergent
flow before reachingeach screenduring rechargecould potentially introduce error into the

reading at the top of the screen (Houben 2015; van Lopik et al. 2021).

Under pumping conditions, flowrgs in the wellcasing convege over the length of the
well screen and in the casing above the screen creating a conddiemnturbulent flow in which
the velocity profile is not fully developed. Empirical expressions for the required digtagge
for development offully -developd pipe flowwith an upstream entrance conditiosglependent

on the Reynolds number and diaereiCengel and CimbaR017)

L,.,= 1.359DR" (5)

whereD is the well pipe diameteAlthough the experimental entrance conditassociated wih
Equation 5 $ not identical to the pattern of flombovea well screenduring pumping the
expression provides aoverestimate ofthe length of well casever which a stable velocity
profile is formed. Wing the mean pumping rates in TI(Table 2) Lqe varied from 21 ft above
Screen9 to 32 ft above Screen 1. This result provides one reasonable explanatimomfor
uniform flowmeter readingsbove well screens during pumping. This suggests additional
research is needed to evaluate theaahpf divergen and converget flow in high-capacity

wells under recharge and pumping conditions, respectively.
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5.4Discussion

Recharge at th8 WIFT-RC began in May 2018 and has been relatively continwatrs
the exception of severgberiods of extendegumping or discontinuation of rebarge for
maintenancef the water treatment system or TAWFrom 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 @rosion produts into TW-1 via recharg. Well rehabilitationinvolved
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 disinfeEtamameterinstallation
was conpleted inApril 2019 immediately following wé# rehabilitation and flowmetetesting
took placein May 2019 Therefore, multiple lines of evidenaollected wereemployed to
further evaluate the resulésd were modified as necessary toaaat for differences irthe well
condtion at TW1 over time

Flow distribution measuredsingthe impeller flowmeter was compared to previous site
specific measurements of flow distribution and transmissiuitger rechargeand pumping
conditions(Table5-5). The flow rate distribution shown for flowmeter testing represents the sum
of mean values for ScreensA1(UPA) and Screens-% (MPA). Bullard et al.(2019) estimated
flow distribution during the initial recharge operations May 2018 bymodeling caductivity
breakthrough of SWIFT Water at MVBAT at each of the 11 screenAlthough the results
compare favorablyTable5-5), changes in flow rate distribution between recharge operations in

2018 and postrehabilitationin 2019are apparent

106



Table 5-5. Percent flow distribution (Qi/ total Q) during recharge and pumping conditions
and percenttransmissivity (Ti/ total T).

Recharge Pumping
(QV total Q x 100% (Tifora T) X
SWIFT Water Flowmeter Flowmeter Water Level
Aquifer Breakthrough Testing Testing Analysis (2018)
Modeling (2018)*  (Rechargg (Pumping

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 deiwed from conduetivity breakthrough dat
AMatynowski (2020); Transmissivity derived from analysis of drawdown data

Pre-rehabilitationtransmissivity estimateBased on analysis of pumping test datxe
used to estimate flowatedistributionto the UPAand MPA based a Equationl and compaik
to meanflowmeterderived flow rate distribution pumping Table5-3. For both recharge and
pumping conditionsthe flowmeter testing produced flow rate distributions thanbsiderably
vary from thetransnissivity ratios. The irpact of well rehabilitatioronductedrom November
2018 to April 2019, which rehabilitated clogged screens likadly createdpreferential flow
paths opening to the UPAndoubted contributeto differences between dllow distribuions
detemined using pe-rehabilitation data (2018and the flow meter resultddowever, these
results suggest aquifer transmissivity is not a clear indicator of predictedlistributionin a
multi-screen, multiaquifer well under eith@mping or rebarge coniions.

Similar behavior was observed by Orange
Groundwater Replenishment System, a 100 MGD (378,0%0) radvanced treatment project,
which injects part of the product (approximately 1.5 M{&578 n¥/d]) into thelocal aquier
system. Tk system is stratified similarly to the PAS with interbedded sands and clays in a

semiconsolidated confined aquifer system in CaliforniEsA (Fakhreddine et al. 2020)

107



According to Burris(2018) a2015 spinner flometr testat the siteconductedoefore, during

and after a backwash pumping pergitbwed a difference in flow distribution between pumping
and recharge condition¥he test also demonstrated a change in flow distribution as a result of
the backwash punipg, althaugh the pumpig rates dring the twoinjection tests were not
constantso some difference may be attributed to the different flow rates used for the two

injectiontests (Burris 2018).

5.5 Conclsiors

This investigationprovidesan evaluation offlow rate distribution in a muli-screen,
multiaquifer recharge wellluring MAR operations and a sispecific comparison to previous
estimates of flow and transmissivity distributions. Based on the results of this study, the
following flowmeteroperationsbased corclusions carbe drawn.Dynamic testsvith 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 (rolling up the well dumg rechage andtrolling 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 distributiors unde rechargeand pumpingconditionswere not iderical. Well
screens witha larger magnitude of flowended to have a larger absolute difference between
recharge angumpingflow distributions. Recharge inthe multi-screen well tended to awe
preferentiallythrough the uppemost screens andhrough theupper halfof eachwell screen,
while flow distribution underpumping conditionswas moreevenly distributedin the multi

screen welland specific screens. Moreovehis study provided aomparison offlow rate
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distributions over time suggesing flow distribution in multi-screen wellss dynamic and should
be monitored over the course of BIAR project. These results have implications for transport
modeling given flow distribution is typicaly considered to béargely caistant overitne and
does not varyunder a range of operational conditiof&irther research into the dynamic nature
of flow distribution during MAR operations would provide insight into h@ehargeoperations

may impacigrourdwaterflow and transport during MAR projects
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6. Multiple Tracers to Evaluate Flow Through a Multi-Layered Aquifer Using a Nowel
Transport A pproximation

Title

Multiple Tracers to Evaluate Flow Through a Mtltayered Aquifer Using a Novel Transport
Approximation

Abstrac¢

Aquifer longterm repleniement (ALTR) is a waterreuse sustainability stegy that
recharges water via irggon well todepleted aquifer systems in order to increase storage and
raise the potentiometric surface over space and time. One ingiic#tlargescale continuous
rechageis a large radialmpact and the need to quidyttransport in radially extense strata
The use of an artificial tracer can be c@sbhibitive as the radial front moves further from the
injection well To this endthe injectate serves as a valuatdel for characterizig distribution
of flow in a multi-screen ALTR well and travéime within each receiving stratum. This work
employs a novel approximation for quantifying tracer breakthrough under transient flow,
dynamic flow distribution, and variddé influent concentratin conditions. Six constients --
sulfate, TOC, chloride,ldoride, 1,4dioxane and Mhitrosodimethylamine (NDMA)-- were
chosen to evaluate conservative transport and -gealitatively assess aftuation of nomn
conservative congtients relative to a awservative tracefResultsindicate that sulfate acted as
the most effectie tracer for characterization of transport and travel times. Behavior of the
remaining constituents is discussed, and tjaalpf an effective intrinsic tracfor future ALTR
projects are identifiedVioving forward a robust monitoring ptawith multiple intrinsic tracers
will be an important part of ensuring the longevity of the project as well as understanding flow

throughlarge, complex aquifer systems.
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6.1 Introduction

The gldoal use of injection welldor water reuse strategies likeusfer storageand
recovery (ASR) or aquifer storage transfer and recovery (ASTR) has been extensively described
(Pyne 2006; ihgleb et al 2016; Dillon et al. 2019). Howevemore recently, thepplication of
injection wels has been expanded beyond tlalgf shoriterm storage and recovery to the
implementation of aquifer lonagerm replenishment (ALTR). ALTR involves contins
rechargeof confined aquifer systems to retuaquifers to prelevdopment conditions by
incressing storage and raising the potiometric stface over space and time. For ALTR to be
successful, it requires a recharge well field with large pumping \egu{®015 milion gallons
per day (MGD) [3.78x@* i 5.68x10 m®d™] per site), likely over multipe sites. Injection into a
confined aquifer syem would be expected to involve multiple well screens and long screen
lengths over multiple aquifer layers, rmugh well @sign would largely depend on thées
specific hydrostragraphy. Because ALTR woullikely be implemented in a comgt aquifer
sydem, understanding flow distribution and transport through the aquifer system is of both

engineering and regutaty importarce.

Traditionally, tracer tests haveen implemented tobserve groundwater velocjtiravel
time, and hydrogeologiparameters imn aquifer system. Tracer selection depends on multiple
considerations, and tracers are often chosen based on the natindvgrier characteristics at
the prged site, the conserti@e nature of the tracemnithe aquifer, detection methodsw
aquifer nteraction potential (i.e., the potential is low for the tracer to change the aquifer
hydrogeologic properties), and the tefectiveness of the tracer. Dawt al. (1985) outlineand
discuss commonly usedrtificial and intrinsic tracers,including tenperature, ions, dyes,

dissolved gases, stable isotopes, and radionuclides.
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In addition to serving as an alternative datdemibn strategy for flow distribubn in a
multi-screen wll, tracer tests allow fahe characterization of adveatidispersive iansport and
for the measurement of water quality impacts. High confidence is needed when communicating
travel times to redatay agencies and to the publibat the transport of echarge water

through an agjfer system during an ALTR proge

The expemental implementation of a tracer test depends on the goal. For an ALTR
project, the nature of the project inherently ceeabnditions suitable for a forcegtadient tracer
test FGTT). FGTTs have been usedtensively in the past to chatarize aquife properties
(Molz et al. 1988). These tests can use one well or two wells. For a-gialjlexperiment,
tracer is injecteé@ndrecovered through the same el a puskpull experment. Work has been
done athe Mobile Test Site in Alabanta interpret s1gle well tracer tests in stratified aquifers,
but these experiments use a single shallow screen well with multilevelesammph nearby
observation well tabserve and model traport (Given et al. 1985; dik et al. 1985). Using
two wellsfor a tracertest, a separate injection well and pumping well operating at similar flow
rates create a forced gradient where tracefjéc®d in one well and monitoredé@ered in the
other (Molz et al. 1986). An ALTR mject would mimic a singlavell tracer test ware injectate
is recharged at one well and occasional pumping occurs from the same well. Separate monitoring

wells are usetb measure breakthrough and aquitearacteristics.

Multi-tracer tests have also Imeesed to characterize aquiferoperties as wkeas flow
between aquifer systems (Reimus et al. 2003; Goderniaux et al. 2010; Hillebrand et al. 2015;
Hadi et al. 2016). Bli et al. (2016) used a FGTT withodamineWT, fluorescén, and sodium
bromide at ree separate injection wells the Kuwait aquder system to quantify interand
intracaquifer connectivity to determine aquifer characteristics and travel time. Ore was
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injected into three separasepifers (Lower Kuwait Upper Dammam, and LoweraBimam),

and water from monitoringvells in eachrespective aquifer was analyzed for each of the three
tracers (Hadi et al. 2016). Hillebrand et al. (2015) also employdtipteureference tracers
(uranine,acesulfame, and carbarpepine) with reactive compads to monitor mass transport
ard attenuationin a karst aquifer system in southwest Germany. Multiple tracers have the
potential to be useful in increasing confidenceaqufer parameters and identifyingotential
water qualiy mechanisms in the aquifeystem. Sanford et al. (2017)ufed that incgporating
multiple tracer concentrations into an advectramsport model was useful to identify the
existence of a duglorosity system and constrain transpparameters. Gerendagt al. (2020)
showed that e use of multiple tracers (sutfthexafluorideand potassium bromide) was
effective to assess hydrologic conditions such as porous media saturation in unconfined aquifers
at managed aquifer recharge (MABiJes where the primamnethod of recharge was iltfation

basins supported by egtion wells.

In the context of an ALTR project, artificial tracers like bromide or carbamazepine can be
used as valuable means to det@eraquifer characteristics, but amitial and longterm \aluable
tracer tool is thenjectate itself. Multiple studgesuggest thahe water used for recharge in an
ASR project is sufficient to be used for a lagle tracer test (Williams 2000; Pacedi al.
2006). Chlorideand other intrinsic characteristis of recharge water likepacific conductance
have been empyed as traceron ASR projects (Mirecki et al. 1998; Pavelic et al. 2006).
Provided that the recharge characteristics are significamffigreht from native groundwater
chamcteristics, using echarge injectate eliminaethe potential high cost assoadt with

injecting large amounts of artificial tracer to characterize a whole site, since the recharge itself
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becomes an intrinsic tracdysing an intrinsic tracer is a merosteffective methodor large

scale rechargerpjects, especially with increagjnnjection tme and distance.

One promising avenue of research is the use of multiple indicators within injectate for
largescale site ciraderization. In recharge wellghere native groundwatecharacteristics vary
by screen depth, identifying multiplentrinsic traers to quantify breakthrough at all screens is
important to understand transport fully. Furthermore, the use of an intiiasér to quantify
flow through asingle multiscreen reharge well is a novel propal, since most studies of muilti
layer or multiaquifer systems implement either multiple injection wells (Young and Benton
1990; Hadi et al. 2016), borehole dilution (Wasd Odling 2007), or pumping tedrawdown

analysis (Hat 1986; Székely 1992; Wu al. 2015) to characterize theuafgr system.

Multiple solutions for constituent transport have been developed to describe advective
dispersive axisymmetric transport ihe case of pumping or rechargerzitions (Chen 1985;
Hsieh 1986; Moench 1989; Gpland Oxley 1991; Novakowski 199®loench 1995 ai et al.
2016). Of the axisymmetric analytical models that exist, most assume constant operating
conditions (i.e., assuméa the velocity field is not aenporal function) andconstant influent
concentrdons. Chen et al. (2012) consideadial solutetransport under variable flow and
concentration conditions and provide semtanalytical solution to evaluate the relative
corcentration by transforming thhiene domain to the cuntative flow domain within aecharge
or pumping well. Chente a | . dnsassamed austngle screen well with synthetic test cases
(Chen et al. 2012). There is no known approximation for variale fand variable
concentration contions that does notwolve Laplace transformatmo Furthermore, the existing

analtical solutims assume a single screen; in a well with multiple screens and dynamic flow
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distributions that change over time, determiniitmw distribution through multiplesaeens

would be comptationally intensive.

This study examines flow behavior thugh a multisaceen well over a distance of 340
feet and a timespanf @.5 years.Since thebeginningof recharge in May 201&perational
conditions have varied at theleven-screen recharge welland included multiple exteled
shutdowns, regular pumpinp maintain injetivity, and one extended pumping evemhe
objective of this study was tase multiple tracers to characterize distribution of flow and
delivery of injectatdo a complex aquér system and to evaluate trdwéme within each strata
using anovel approxination for quantifying tracer breakthmgiu under transient flow, dynamic
flow distribution, and variable influent concentration conditidhagrthermore, the gtly aims to
descrile atenuation of noftonservéive constituents relative to a cesrvative traer (e.g.,
sorption, biodegradation, mobile/immobile mass transfdentify qualifying characteristics for
effective tracers; and evaleghe reliability ofthe novel approximationThis stuly is unique in

that it allows for comparison to krgescale feld experiment to aid in model validation.

6.2 Methods

6.2.1 Site and Pre@jct Desciption

In 2018 Hampton Roads Sanitation District (HRSD) initiated rechairtiee Sustainable
Wate Initiative for Tomorrow SWIFT) Research Center in Sufkpl Virginia. The SWIFT
Project is a largscale managed aquifer recharge project thatdreffluent frorHRSD6s wat er
reclamation facilities (WRFs) to drinking water startttaand then rechargethe Potomac
Aquifer System(PAS) through injection wells lcated on siteThe project background and
location have been previoudllyscussedy Marinezet al (2022. As of June2021, the SWIFT

Research CentdSWIFT-RC) has one rdtaige well (TW1), a depth discrete monitoringell
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(MW-SAT), and three convéonal wells sreened in the Upper, Middle, and Lower Potomac
Aquifer (MW-UPA, MW-MPA, ard MW-LPA, respectively) (Figure-4). TW-1 has 11 discrete
screens located in the UPA, MiPand LPA (Table 61). MW-SAT is located 50eet (15.2m)
from TW-1 and is screened at identical depths. NWRA, MW-MPA, and MW.LPA are located
340 feet (104m), 390 feet (119mand 440 feet (134m) from TV, respectively. The
conventional wells were scneed based on coreasples taken during drillpnand therefore do
not match screen depths at TMexactly, but they still reflect the most transmissive depths of

the PAS (Table @).

Figure 6-1. Site map of the SWIFT ResearctCenter. TW-1 is the injection well location
MW-SAT is the depth discrete sampling system, and MWPA, MW -MPA, and MW -LPA
are the Upper, Middle, and Lower Potomac conventional wks, respectively.
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Table 6-1. Well Screen Depthand Length of Screen in TW-1 and MW-SAT.

Aquifer Zone Starting Depth Ending Depth Length of

(fbg) (fbg) Screen (ft)

Upper Potomac Aquifer (UPA)

Screen 1 505 530 25

Screen2 550 595 45

Screen 3 665 680 15

Screerd 720 755 35
Middle Potomac Auifer (MPA)

Screen 5 820 835 15

Screen6 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) i feetbelow grade

Table 6-2. Well Screen Depth and Lenth of Screen in the Conventional Wells

Aquifer Zone Starting Depth  Ending Depth Length of

(fbg) (fbg) Screen (ft)

MW-UPA (distancerom TW-1 =340 0 )

Screen 1 515 565 50

Screa 2 585 605 20

Screen 3 660 675 15

Screen 4 710 740 30
MW-MPA (distane from TW-1 =390 0 )

Screen 1 860 920 60

Screen 2 975 990 15

Screen 3 1030 1090 60
MW-LPA (distance from T\WL =440 0 )

Screen 1 1260 1320 60

Screen 2 1350 1410 60

(fbg) 1 feet below grade

The PAS iscomprised up of primarily fluvial-deltaic coars-grained sands and gravels
with interbedded clays of varying thicknesses (E. Randolph et al. 2006). Because of the nature of
the interbeddedclays, confining units witm the PAS funiton as local barriers budre not

homogeneasiand are often discontinumacross the extent of the PAB. (Randolph et al. 2006;
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Heywood and Pope 2009). For the purpose of this study, transport isrdcsitespecific, and
the Upper, Midte, and LowePotomac (UPA, MPA, and LPAespectively), a& considered to
be separataquifers. Because of long travéines in the MPA and LPA, this study focuses on
transport in the UPA only, though the discussiod aonclsions will be extrapolated tthe
MPA and LPA. Preliminary data fronMW-MPA will also beshared.A simplified figure of
screen depths and hydrosigaaphy in the UPA is included iappendix D (FigureD-1).

A key input to model and analysis is tbperatirg conditions at the rechargeell. This
hasbeen separated into nimpdases, describechidetail inTable 6-3. Recharge and pumping
volumes for each test are listed ihable 6-4, and total duratiofmn each perating condition per
phasds provided inTable6-5.

Table 6-3. General description of operating conditions foreach phase of the SWIFT Project
to date.

Phase General Description of Operating Condtions

Normal operations with stegdecharge anahtermittent backflushAn initial rampup

process was completedfbee recharge steadied at 700 gpmMGD).

2 Extende backflush for removal of injectate with high nitrite concentrations.

3 Normal ogerations \vith steady recharge and int@ttent backfush.

Well shutdown fo rehabilitation de to clogging caused lilie preence of iron

corrosion products imjectate.

5 Postrehabilitation extended backflush.

Normal operations with steady recgarand ingrmittent backflush. Two exteled
6 shutdowngeach ~ 1 month) occuwaddue to issues ithe treatment procesisathad

to be addressed before the SWART could return to recharge

7 Well shutdown for rehabilitation to increase injectivity.

8 Pog-rehabiltation extended backflush.

9 Normal operabns with steady rechaegand intermittentbackflush.
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Table 6-4. Recharge andoumping volumes during the length of the tracer test. All volumes
are given in gallons. Parenthesesdicate negative flow or pumping from the well.

. . Lengh Total TOt"’.‘I Net Recharge
Phag Start Time End Time Recharge Pumping
(days) Volume Volume 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 17:0C 08/21/18 14:45 18.91 - (26,445,142) (26,445,142)
3 08/211814:45 11/21/18 @:15 91.44 58,811,894  (1,04Q690) 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 08:0C 04/29/19 G:00 2.96 5261  (4,511,581) (4,506,320)
6 04/291907:00 12/25/2017:15 606.43 326,362,036 (33,715,618) 292,646,418
7 12/25/20 17:15 04/09/21 13:15 104.83 580,969 - 580,969
8 04/0921 13:15 04/14/21 12:00 4.95 151890 (6,596367) (6,444,477)
9 04/14/21 12:00 11/02/21 02:15 201.59 101,314,833 (14,112,802) 87,201,832

Table 6-5. Time split during each phase of the bromide tracer test. All nits are in days.

Phase  Start Time End Time Total Lengh Recharge Shutdown Pumping
1 05/15/18 #:15 08/02/18 17:0C 79.11 54.06 24.34 0.71
2 08/02/18 17:0C 08/21/18 14:4~ 18.91 - 2.01 16.90
3 08/21/18 #:45 11/21A8 01:15 91.44 58.79 31.98 0.67
4 11/21/1801:15 04/26/1908:00 156.28 0.17 155.59 0.52
5 04/26/19 08:0C 04/29/19 07:0C 2.96 0.01 0.07 2.87
6 04/29/19 07:0C 12/25/20 17:1F 606.43  338.79 246.91 20.5%
7 12/25/2017:15 04/09/21 13:1E 10483 0.77 104.06 -
8 04/09/21 13:15 04/14/21 12:0C 4.95 0.18 0.89 3.86
9 04/14/21 12:0C 11/02/21 02:1F 201.59 133.19 60.22 8.04

6.2.2TracerSelection

Bre&through at MWSAT was identified using SWFT Water as an intrinei tracer
(Bullard et al. 2019). Specific conductivity was used as an indicator of chloride in SWIFT Water
due to the ability to measuat high frejuencies and the availabilitf a costeffective handheld
conducivity probe.While specific conductivity s&’ed as a acceptable indicator at MAGAT,
the use of multiple tracers was suggested for M®RA due to the high variation in native
grondwater cheacteristicsbetween Screens-4. Specfic conductivity at MWUPA was not

significanty different thanSWIFT Wate spesific conductivity (1247 £ 184&S/cm). Though
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conductivity may not be an acceptable indicator atMRA, it will likely indicate preliminary
breakthrough at MMMPA and MW-LPA.

Consequentlya review of he sampled constiemts was undertaken to identifgher
potential conservative @emiconservative tracer@f 88 potential constituentaonitored by the
Central Environmental ab (CEL) at HRSD, candidates were narrowed by sample frequency
detection othe constituent ab@ the detection limit in eitheWIFT Water or the conventional
well, and the nature of the constituent. Chloride, fluoride, sulfate, -digkane, N-
nitrosodimethylamine (NDMA), and TOC were identified as potential constituents of ester
Chloride, flugide, and sulfate were chosen aese of their potential to aets conservative
tracers.Previous work on soil columns at this siteicated that TOC degradédsiring transprt
and 1,4dioxane and NDMA may degrade during transport (Czi@020), providingan
opportunity to compare a comsative transportmodel to obsevations at MWUPA and senti
guantitatively assess the nature of the constituents within thdeadyistem Background
concentrations athe choseronstituents at MMASAT (Screens 111) and te conventional wells

are listedm Table6-6.
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Table 6-6. Pre-recharge native groundwaterconcentrations of identified constituents of
interest. Individual screens in MW-SAT are noted with S-[screen numbei (e.g., MW-SAT
S 1for Screen 1).1,4-Dioxane andNDMA are not included becausdoth were below
detection(0.06eg/L and 2 ng/L, respectively)n every screen inMW -SAT and the
conventional wells.For the detected constituents, one standard deviation is listed in
parenthesesMeasured TOC in MW-SAT is likely higher than actual native graundwater
concentrations due b interference during installation.

Constituents of Interest

Conductivity Chloride Fluoride Sulfate
Location (¢S/cm) (mg/L) (mg/L) (mg/L) TOC (mg/L)

MW-SAT S1 1,463(x 6) 162(x 5) 440(x0.2) 23(x 1) 1.09(% 0.03)
MW-SAT S2 3696(x 137 1450(+ 161) 2.76(x0.2) 89 (x15) 1.08(x+ 0.16)
MW-SAT S3 7,690(x 101 2,030(x 89 1.74(x0.1) 122(+11) 1.05(+ 0.21)
MW-SAT S4 7,790(x 106 1,900( 446 1.52(x0.2) 129(+10) 1.05(+ 0.13)
MW-SAT S5 9,873(x 99 3,716(x 90) ND* 235 (= 13) 0.99(+ 0.33)
MW-SAT S6 12,548(x 73 3,227 (£ 993 ND* 203 (£ 13) 1.16(%+ 0.38)
MW-SAT S7 12,088(x 148 3593(x 39 ND* 154 (£ 23) 4.88(+ 0.38)
MW-SAT S8 5,806(x 190 2,070(x 13)) ND* 149(+ 29) 1.63(x 0.26)
MW-SAT S9 5768(x 44 1,947 (+ 154 ND* 93 (+12) 2.30(x 0.11)
MW-SAT S10 13,551(x 44) 3,800(x 649 ND* 248(x 14) 2.76(x 1.03)
MW-SAT S11 16,763(x 109 5,290(x+ 1595 0.43(x0.0) 279 (x45) 5.02(% 1.05)
MW-UPA 1,133(x 223 117 2) 4.07(x0.09) 23 (0.3 0.31 (+ 0.04)
MW-MPA 4743(x 210 1,133(x 31) 0.67(x0.03 92(x 4) NDA

MW-LPA 13623(x+ 1,669 4,313 (+ 2595 ND* 226 (x 13 0.20(x 0.0)

* Detection Limit = 0.9 mg/L
ADetection Limit = 0.20 mg/L

6.2.3 Tracer Monitoring

Fluoride, sulfate, and chloride samplesre collectedand analyzed for SWIFT Water
and at MWUPA using EPAMethod 300.0.SWIFT Water samples for these three constituents
were collected appraxately once per day when the SWHRIC was recharging water to the
PAS. Because fluoride was the originally selected cuesti to monitor breakthrough based on
its behavior at MWSAT, samples were taken at MWPA daily. Sulfate and chloride samples
weretaken approximately @e per week, though frequency did vary over time and with recharge
status at TWL. Because of cosffectiveness of sampling, fluoride, sulfate, and chloride were
the most frequently sampled constituents in this anal§s#sDioxane samples were collected

and analyzed using EPMethod522. NDMA samples were collected and analyzed using EPA
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Method521. QCsamples were used to evaluate the quality of data according to each analyzation
method. TOC data &ecollected and analyzed usiisgandard Methods 5310HExact numbers

for the datapoints included in the breakthrough madsihcluded inTable6-7.

Table 6-7. Number of SWIFT Water influent and MW -UPA samples included inthe
breakthrough model.

Constituent SWIFT Water MW -UPA
Influent
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 SWIFRC are transienand include periods of recharge, backflush,
and shutdown (no flow at the well)f operations were consistent with only short periods of

pumping and no flow, the assption that flow is constant would be relativelgcarate, and the

following equation cold be used to descriltbe relative concentratior§; (1) during radial

flow at each screenexdterval (modified from Charbeneau 2000):

—R
Cs[l‘", I':] = CB,E + erfc 'r:3 (1)
|4
H'EQL,SRS
Ii
t

R(t) = |- 2)

w|m?,j,b3

where Css is the background concentration within the screen of intefests the influent

concentration! is the radial distance from the injection wélljs the time since the start of
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injection, @z is the screenspecificlongitudinal dispersivity &= is the mean displacement thie
front, @s is the recharge flow rate to the individwall screen(which variesbased on changes in
flow distributior), ™ is thescreenspedfic effective porosity, and is the thicknessf the screen
of interest This model was used initiallyotdescriberansportassuming only minor stoppages
and pumping event@ullard d al. 2019). An approximation based daquations 1 and %vas
developed to account fdransientconditions where the mean displacement of thetfisn
calculated using the method debed in Bullard et al. 2019

Rei(8) = || —
'ﬁq L L

3)

whereVe: (£) = [Qu: (8 — t._1)] + V251 (8) andt: is the actual timeSign conventions fc? are

positive during recharge and negative during pumpliogcalculate the concentrationeasured

at the monitoring welat a given time Cs.: (1) duringtransientilow conditions, Equation 1 can

be adapted to produce:

C .
Cs,i(r!t] = CB,:? + EF*" exfc |:“ (4)

While the approximate model developed by Bullard et(2019)is a promising step
forward in accounting fotransientflow conditions, it assumes thatetlinfluent concentration at
TW-1 is constantinfluent caxcentrations of SWIFT Water at TA/can vary significantly, and
assuming a constant influent concentration is unlikely to account for variation in manitaiin
samples Figure 6-2). Because influent variability played a part in model effectiveness, more

detail is provided regarding the variability of influent characteristidsaine6-8.
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Sulfate was consistently mgaed in SWIFT Water and was significantly different (> 3
standard deviations) from background concentrations of sulfate illUNW. TOC has the most
predictably variable influent concentration due to the use afiigar ativated carbon (GAC)
during advaned 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
20182019 well rehabilitation process, whielfiso induded atreatment process shut dowthe
carbon in the two GAC contactors was replaced, and TOC concentrations dropped and increased
again as treatment restarted. Once TOC concentrationedzachg/L, flow wassplit between

two carbon contactot® maintin a TOC concentration between 3ahd 4.0 mg/L.

The average chloride concentration used for Model 2 was 202.86 mg/L. Influent chloride
data showd an initial period (day 0 to 110) with an average concentration of 226 ,mg/L
followed by a secondepiod (dg 110 to 203) with average influenthloride 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 md#luoride was measured daily at the SWAFT
RC, and concetrations were consistent and nweariable. Concentrations were significantly
different from fluorideconcentrations in M\ASAT Screens 1 through 4 and MMPA. 1,4
Dioxane ad NDMA were measured at lower frequencies than the previous four nensdidue

to the ost of analysis.
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Figure 6-2. SWIFT Water concentrations of the constituents of interest.
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Table 6-8. SWIFT Water characteristics for tracer constituents.

. Number of Number of Average Standard Minimum  Maximum
Constituent

Measuremerts  Detections Value Deviation Value 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 0.00" 8.34

* Concentration values are measured in gg/

# Concentration values are measured in ng/L
"Indicates nordetect

To account for changing influent concentrations, Equation 4 can be modified to calculate

each measured influent concentration

t; <t Cij(rt)=0
R;,i(tj =0
(5)
F;,i(tj =0
t; = t; .
C.;;(rt)= * erfe| ——=—
|4' 3
-\I'E“L,sﬂs,i
— 6)
: (
R:,(t) = Vei®
. '\ll mn b,

V.i(t) = [Os,i[t!'_ ti—i]:l + Vo1 (F)
wheret: is the actual timeli is the time that the influent concentration was measured, and

ACr =Cr; ~ Cri-1 where/ denotes a measured influent concentratirt,. For the first

iteration § = 1), 4Cr = Cr; — C5 whereCs is the background concentration measured prior to
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the start of rechargéit any time,t:, the concentration at a monitoring wettreenwould be

given as:

i
Cur=Ca+ ) €0 (00 ™)
=1
For a well with multiple screens, the tbtoncentration cdd be calculated using a

length or flow-weighted average f=:(7.1) for the relevant screen@revious results at the
SWIFT-RC reveal that flow distribution within the recharge well is awrc. Flow of SWIFT

Water to the aquifer as quantified witha Rosemount 8750W Magnetic Flowmeter System

immediately prior to entering TVY. Because the recharge rate entering each scéris(
calculated based on a percentage of the total flow mehsuatering the recharge well, dyss
is required @ (a) determine the flow distribution to each screen and (b) determimartagon in

flow distribution over time.

Following the observation of breakthrough at MYPA, model development began with
an assessment of sample bias at domventional monitong well. Obtaining representative
water qualitysamples can be a challenge; sampling bias in wells with long screens is well
documented in the literature (Reilly et al. 198®nikow and Hornberger 20Q0@”oulsen et al.
2019) and becase the conventionahonitoring wells lack deptldiscrete sampling mechanisms,
the initial step required is evaluating where samples originate based on observed breakthrough
Furthermore, low flow ratesdm the sampling pumps at the conventional wellsglfogs per

minute .6 L/min)) are likelyto 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 ofsamples, and had a clear breakthrough), it was tese@ettermine whersamples were
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collected at MWUPA. First, a transport model for sulfate was calculated for each individual

screen based on Equationg 5These models assume that the UPA is solely umiegsfrom the

screen of interest (only using the emnlength and auifer characteristicsn(and &) from that

screen, as determined fromlaslt diagrams and the original breakthrough work done in 2018).

Next, length and flow-weighted averages weialculated using the transport models
deweloped for each seen. Two separate floweighted averages were calculated, one based on
pre-rehabilitation flow measured during initial conductivity breakthrough (Bullard et al. 2019),
the other based on pesthabilitation flow distribution measured dng in-situ flowmeer testing
in May 2019 (Chapter 5). Details regarding-pard postehab flow distributiorare documented
in Table6-9. Length and flow weighted distributiomgere appliedusing all screens andsing
Screens 1 ah?2 only, sinceit was suspected that the upper screens were contributing more.
Using Screens 1 and 2 proved to be the most effective in all caseserFdethiland full

comparisons armcluded inAppendix D

Table 6-9. Pre- and postrehab flow distributions and aquifer characteristics for MW-UPA.

PreRehab Flow Distribution Pos_t Reha_lb Elow . angituo_linal
(Conductivity Breakthrough) Dl_strlbutlon Porosity Dispersivity
(In-Situ Flowmeter) (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 Resllts
Four separate conditions are compared in this analysis: (1) constant concentration and

constant flow, as derived by Charbeneau in Egqoalio(2) constant carentration,transient
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flow, and variable flow distribution, as derived by Bullard et(2019)in Equaton 3 and 4; (3)
variable concentratiortransientflow, and constant flow distribution as derived in EquatioiTs 5

and (4) variale concentrationtransientflow, and variable flow distribution

Condition (3) assuntkethat flow distribution is constant bed on the preehab value
measured during initial conductivityeakthrough (Bullard et al. 2019). Fmomparison, variable
flow distribution was used in Coittbns (2) and (4) because flow distribution has been shown to
be dynamic at the SWIFRC site. Two flow distributionsvere used, one based on the
aforementioned preehabilitation flow and the other based on pes$tabilitation flow
distribution measureduting in-situ flowmeter testing in May 2019. Conditions (2) and (4)
assumd that flow distribution before t = 344 days (right before the restart of recharge after
rehabilitation) is equal to the prehab flow distribution. Emt = 344 days until t = 445ays,
flow distribution is equal to the pesthab flow distribution. After 445 days,wasassumd that
flow distribution returns to the original prehab flow distribution. Additionadliscussion of the

process for determiing the switchback timeis availabé in Appendix D

Model 1, while geviously usedat the SWIFT-RC to describ breakthrough, fad as a
model on a larger spatial and time scdlee assumption that flow and concentration are constan
was flawed based o the reality of operations at an ALT$tte Model 2was similar toModels 3
and 4 with regat to predicting initial breakthrough, but becausassumd a constant influeh
concentration it was unable to account for variations in concentration followingial
breakthrough at MMUPA. Model 4 povided the best fit for sulfate, which was determined to be
the tracer that best described travel time ahémicaltransport Figure 6-3). Coefficients of
determination foModel 4 are mcluded inFigure 6-4 and support sulfate as the most effective
tracer Model 2 and Model 4which account for dynamic flow distributionyere both able to
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capture thgeak ofbreakthrough after the stdown sincethe flow distribution incresed in the

UPA following well rehabilitation.Model 4 also establishedhe breakthrough time for TOC
accurately but failed to account for decay within the aquifer system during traridpdel 2
originally seened to be a fit for chloride transport while Mael 4 €ll short in predicting the
original breakthrough. Fluoride concentrations in the UPA remained at background levels long
after observed breakthrough at MMWPA. Models 3 and 4 generally captured -tljdxane
concentrationsfollowing breakthrough.Concentrations ofl,4-dioxane and NDMA were not
measuredintil 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 constittent concentrations.Four models are compared: (1Model 1,
which assumes a constant flow and constant concentratip(2) Model 2, which assumes a
constant influent concentration buttransient flow and variable flow distribution ; (3) Model
3, which varies influent concentration andtransient 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 ofdetermination for each constituentunder Condition (4) i variable
concentration, variable flow, and variable flow distribution conditions

6.4 Discus$on

The effectiveness of each of the potential tracers sitg aoange, fran very effective to
compleely ineffectiveat characterizing delivery of injectate to the UPA and evaluating travel

time. Eachconstituentill be discussed in the following subsections.
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6.4.1. Subte

Sulfate was the most effective traceith regad to capturing breakthrough artdavel
time. Multiple factors contribute to the efficacy of sulfate as a tracer in-WIWA: (1) average
sulfate concentrations in SWIFT Water are significantly different (> 3 standard deviations) than
native groundwte concetraions, which allows for alean breakthrough of SWIFT Water
sulfate concentrationg2) with a few exceptions, influent sulfate concentrations have low
variability; and (3) high frequency of sulfate sampling allowed for more precise chaaacer

of influent sulfate concentratioasd 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 inftoeoéntration however, the
model did not account for decay of the constituent during transpbDdparture from the
conservative modelvas expected since TOC is a rmonservativeconstituent The observed
TOC concentrations revedegradation but nasorgion of the comstituent within the system
which is common in direct injection conditions where the organic fraaifotihe soil is low
(Patterson et al. 2011). Future work will aim to modify the approximation to include other

mechanism#cludingdegradabn, retardatio, andother aquifer intergtion mechanisms

6.4.3. Chloride

Chloride, whileunable to capture initial briedarough was still shown to be somewhat
effective in describing posbreakthrough conditions and travel tim&imilar to what was
obsrved at Screerl during initial breakthragh at MWSAT, chloride concentrations were
higher than expected based on SWNWHBter concentrationg={gure 6-5). Before the start of

recharge, the PAS was conditioned waluminum chloohydrate (ACH) to stabilize the
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interstitial clays within the aquifer and maintaequifer 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 chlorde concentrations thaxpectedin the initid breakthrough are a result

of the remnants of thiakCH treatmenthatwas not fully recovered from Screen 1.
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Figure 6-5. Chloride concentrations in SWIFT Water and MW-SAT Screen 1. h 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 concerations (within two standard deviationg also a factorcontributing tothe
lower effectiveness of the modafter breakthrough was observéa addition to the ACH, the
two-phase concentration data before the shutdown for well rehabilitation couldlkaydayed
arole in decreasing the efficy of Models 3 and 4. The second period of concentration that was

lower than average retarded the mlodnd led to an inaccurate estimation of breakthrough.
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Because background chloride concentration in the URAK ifig/L) was aleady 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
groundvate chloride ©ncentrations are signifindly higher in in MWMPA and MWLPA,
chloride is expected to be a masdiabletracerfor the remaining conventional monitoring wells
Preliminary chloride data from MWIPA shows breakthrough of chloride thatlso predicted
by applyingthe existing moel to a different aquifer layefFigure 6-6). Breakthrough at MW

LPA has not yet been observed at the SWIRKT.
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Figure 6-6. Preliminary chloride breakthrough at MW-MPA.
This breakthrough is based on ModeH.

6.4.4. Fluoride

While fluoride wasinitially expected to be a reliablnd conservativéracer,observed

concentrations at MWJPA as well as previously observed breakthrough concentrations at MW
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SAT (Screen 1)ndicateaquife interaction that resulteh fluoride mobilization (Bullard et al.
2019). Fluoride mobilization during MAR projects has been attributed to multiple causes,
including mineral dissolution (Gaus et al. 20@hafer et al. 2018) and interact with low
pemeability sediments withithe aquifer system (Gaus et al. 20DRlcuit et al. 2014). Schafer

et al. (2018) hypothesized that fluoride release during MAR experiments was a result of the
dissolution of carbonatech fluorapatite due to th@jection of irjectate with low ionic stregth

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 injecta (Gaus et al. 2002) Malcuit et al.(2014) observed fluoride concentrations
from low permeability units contributing to elevated fluoride concentrations in a sagened,

multi-layer aquifer around the city of Bordeaux, France

Elevatal fluoride concentitions havebeenobserved in the UPAFigure6-7) and in the
groundwater of theCity of Suffolk (E.R. McFarland 2010). At the SWIFRC, the highest
concentrations are located at screens 1 and 2, from 500 to 7qA52db 215 metedsbelow
land surface, wigh is consistent with previous observations across the Virginia Coastal Plain
Aquifer System. Since the UPA is a fluvid¢ltaic sednent system, it lacks the fluorapatite and
other phosphatic material common inamme systems, whh are a common contrikart to
fluoride mobilization. McFarlan@2010) hypothesizes that the high fluoride belt located in the
UPA is a result of higffluoride groundwater flowing from the overlying marine sediments into
the PAS and adsbing to oxyhydroxides whin the PAS sediments. Asea level rises, the
location of the saltwater transition zone shifts and causes fluoride to desorb due to adsorption of
other anims in the saltwater zondeading to elevated concentrations within théwsster

transition zonetahe observed locatioms Figure6-7 (McFarland 200).
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Though SWIFT Water fluoride concentrations are low, fluoride continues to show

elevated values at MMIPA, even following observed éakhrough based on oth@onstituents.

We hypothsize this is due to the continued desorption of fluoride from oxyixydes in the

UPA due to increasing pH as SWIFT Water is transported through the aquifer (LaFayette et al.

2020). Because the mass ofdtide n the UPA is notncreasing with time othéghan with the

addition of SWIFT Water, we expect that once the filerin the native groundwater is

desorbed, fluoride concentrations will decrease to SWIFT Water levels. Because fifivhide

is nota reliable tracer for tis project but may be eliable tracer for other ALTR projects,

depending on the local hydregchemistry and the difference between native fluoadd pH

and recharge fluoridend pH
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Figure 6-7. Generaized fluoride distributi on in the Virginia Coastd Plain (McFarland

2010)
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6.4.5. 1.4Dioxane and NDMA

The efficacy of 1,4lioxane and NDMA as tracemsas limited by the frequency of
influent sampling as well ahe number bdeecions. Because onl16% of NDMA samples
were above the 2ng/L detection limit, it is probable that the remaining 84% afetents ranged
from 0-2 ng/L and that tracer mass was not accounted for in the model. Because-of cost
effectiveness, sampleefjuency was lower for 1,4ioxane and NDMA, and gges or large
variations in influent concentrations may not have been detected in the limited number of
samples available. While previous work suggested thatlibyane and NDMA may degrade
during transpdr (Dziura 2020), resultsSrom MW-UPA indicate thatthe 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 largehdnoug
degade the constitents may not exist withithe aquifer at the current time. Other studies have
also indicated the need for a long acclimation period before degradation is observed @rewes

al. 2006; Nalinakumaret al.2010; Suzuki et al. 2015;rUs<ll et al. 2018)

6.5 Conclusios

The appliation of multipleintrinsic tracers to determine breakthrough in a radjuifer
system at theSWIFT-RC demonstrates the significance of both a robust sampling plan and
depthdiscrete samples in mearbymulti-screen well for aquifer charactéation 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 theacer 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 camonfirm travel time with higher confehe, povide
insight into aquifernteraction, andjuide monitoringdecisionswhile scaling up ALTR projects
In a multtaquifer system like the PAS, tracer efficacy may vary by aquifer layer, and several
background amples are beneficial to fully charadze te rative groundwater befonecharge
begins. Furthermore, the use of a novel approximation that accounts for variable flow conditions,
time-varying flow distribution, and variable influent concentration impcbtree fit of the sulfate
transport modl. Future model developments shlnl address attenuation,hich was not included
in this initial model though attenuation was obsedvin the TOCobservational datéExisting
radial models that include firstrder deay do not account for transient coimlis in influent
concentration anddw. In future ALTR projectswhere the use of an artificial tracer can be-cost
prohibitive the further from the injection well being monitoritntificationand monitoringof
multiple, reliable intrinsictracerswill be an mportant part of ensuring thiengevity d the

project as well as understanding flthvough 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, Matjuifer Recharge Well
Abstract

Hampton Rods Santation District (HRSD)mplementeda largescale aquifer longerm
replenishmen{ALTR) project, the Sustainable Wateritiative for Tomorrow (SWIFT).The
primary aimof the project is toraise the depleted regional potentiometric surface over space and
time through deep well recharge to the Potomac Aquifer t8ys PAS), a deep, confined
hydrostratigraphic unitvith three distinct aquifer layers and eleven screens within the recharge
well. Previous work has demonstrated the effectiveness of irgeesatinintrinsic tracerto
characterize flow behavior in thmulti-screen well and transport in the PABut after the
recharge front passes a monitoring well, injectate is no longer a useful tracer unless an artificial
tracer is added. This unique stueyndoys 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, demonstratéhe dficacy of a
Two-Zone model within the PAS compared to a Singbme model. Results aeontrastedo
previously estimated flow distribution and sugga dynamic flow distribution, whicbhanges

over time as a result of preferential clogging within trehaege well.
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7.1Introduction

Managed aquifer recharge (MAR) is timentional increase of recharge rates for banking
and/or treatment in an aquifsystem (Dillon 2005; Maliva 2015). AR senes as an umbrella
term for a variety of recharge strategiesdéep, confined aquifer systems, the most commonly
used MAR approaches are aquifer storage and recovery (ASR) and aquifge stansfer and
recovery (ASTR). ASR involves the injectiarf potable water into an aquifer for storage and
recovery from theane 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 transpd (Dillon 2005; Pyne 2006). Both tfiese strategies are primarilpsagebased,

with the end goal of recovering water for reuse.

With groundwater usage outpacing the natural rate of rechatge ned for
comprehensive strategies to increasepibtentometric surface over space and time is necessary
to maintain a susimable groundwater source (Wada et al. 2010; AeschHadig and Gleeson
2012). Aquifer longterm replenishment (ALTR which rehabilitates depleted aquifers via the
injection of geochemally compatible water to confined aquifer systems, is one apprmach
increasing storage in confined aquifers to combat overuse of groundwater resources (Martinez et
al. 2022. While theimplementation is similar to ASR, shdgrm recovery is not a priany god
of an ALTR project. Because of this, the extent of goharge front over the course of an ALTR
project is significantlyfarther reaching than an ASRroject. Quantifying the loation of the
recharge front and travel times off site is an impdrg@nt of communicating the impact @n

ALTR project on a region

Historically, tracer tests have been usedmeasure groundwater flownd velocity
estimate hydrogeologic parametersg approximate travel time in an aquifer syst@avis et
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al. 1985).In MAR projects, tracers can be introduced via multiple metieds, infiltration
basins, injection wellsdepending on the type of projethe use of aatural gradient tracer test
(NGTT), wheretracer is addedver an aquifer thicknessd moves witlthe pre-existingflow of
groundwaterbased on the established drgulic gradient is commonly used to evaluate
groundwater flonunder natural flow condition$n an ALTR projecthoweverwhich reclarges
directly into confined aquifers, tracers are tyflicadded to the system via injection well under
forced gradientracer test (FGTT) conditionsvhich use either one or two wells to create a
forced hydraulic gradient between the injection well (vghide tracer is introduced) and nearby

monitoring wells(Glvenetal. 1985; Molz et al. 198 0lz et al.1986; QGiven et & 1986).

Previous work has showinjectateconstituents servas effective intrinsic tracerin a
multi-aquifer recharge facility locateat the HRSDSWIFT Research CemtéSWIFT-RC) site
(Chapters 4 and 6). Injectate has also been used to charactetizer ASR sites (Williams 2000;
Pavelic, Dillon, and Simmons 2006; Izbicki et al. 2010). However, followhegpassage of the
recharge front past a monitoring well, the injectate itself calomger be usdé as a tracer unless
the injectatewater quality significantly changesFurther characterization of the aquifer system
once the injecette front has passed a monitoring welhde accomplished with the use of an

artificial tracer.

Artificial tracers are added to Iinjectate to differentiate between background
conentrations and the recharge front. Tracer selection shoutéedully considered based on
the project purpose, scale, cost, site hydrogeology, and nature ohdbe ([Davis et all985).
Saltbased tracers like chloride (NaCl) and bromide (NaBr) ararsonly used as nereactive,
or conservative, tracers (Ptat al. 2004; Zakhem and Hafez 2012; Mosthaf et al. 2018;
Gerenday et al. 2020). Few RSrojects use artificial tracers thasacterize ges, likely because
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of the scale of the test and long ®atimes. Visser et al. (2014) conducted -dag artificial
tracer tes at an ASR site using xenamriched water to characterize transport in Woodland,
CA4). The recharge well was afgximately 600feet deep (85 feetdf screened interval) and was

designedor a recharge rate of 2,000 gallons per minute (gpnty @iWoodland 2013)

In heterogeneoumedia, the incorporation of multiple transport domains within a system
can improve praictions of sdute transport and tailing behavior observed at monitovetjs
(Becker and Shapiro 2000; Liu, Zheng, and Gorelick 2087Qualporosity model, where
multiple porosity domainsexist, accounts for preferential flow paths (PFPs) during trarisp
Analyticd solutions for duaporosity transport have been a topfaesearch fosome time (van
Genuchte and Wi erenga 1976, Bi bby 1981; Magosze
Genuchten 1993; Haggerty and Gorelick 1995; Cihan and Tyner 2011, &redr 2016) While
this paradigm is commonly applied to fracturedkraad karst terrains, it can also bepkgd to
alternating layers of sands and clays (Sanford et al. 2017; Saxehal994). Saxena et al.
(1994) implement a chlorine isotop&l) tracer in conjunction with tritium3d) as tritiated
water (HTO) to evaluate dugbrosity flow through lysineters using a model developed by
Jarvis et al. which accounts for transport under-steady flow (Jarvis et al. 1981Jarviset al.

1991).

Few studieexamine the potential impaot duatporosity flow during MAR projects in
deep, confined aquifers. Gaet al. (2002) identified dugbrosity flow as a key contributor to
fluoride release during an ASR project. The authors calibrated two models, a geochemical mass
transport model (RREEQC) and a physical model (SWIFT/486), using chloride as an intrinsic
tracer over eight cycles of ASR and confirmed the impact of-pluasity effects on fluoride
release (Williams 2000; Gaus et al. 2002). Guo et al. (2015) investigated the impaet-of d
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porosity conditions and aquifer heterogeneity on ASR recovery eiftigcieHowever, this
research is theoretical in nature and uses the Eclipse model in conjunction with manufactured

input parameters to characterize simulated ASR performanceet@l@015).

This study is unique in its conception and coexily. The objetive of this study was to
implement a forced gradient tracer test using sodium bromide to characterize transport in a
multiscreen, multaquifer well during ALTR opet@ans. No known artificialtracer tests have
been conducted in a mukireen well situad in multiple hydrostratigraphic units duringng-
term recharge operationghe recharge well at this site contains 11 screens situated in 3
hydrostratigraphic unitsFurthermore, the study aims tiemonstrate the efficacy of a dual
porosty approximatio to describe bromide transport through a mlalyiered aquiferlIt also
compare resultsto 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. Sie Desgription

The Suginable Water Initiative for Tomorrow (SWIFT) Research Ce(®YIFT-RC)
is a largescale MAR demonstration facility located Nansemond Treatment Plant in Suffolk,
Virginia, USA The SVIFT-RC treats approximately 1 million gallons peryd@GD) (3,780
m3/d) of effluentfrom Hampton RoadB a ni t at i o(lHRSD) ivater reciaratiodfacilities
(WRFs)to drinking water standards using advanced treatment mefhRigise 7-1) (Martinez et
al. in pres3. Following trat ment , I[tFhTi s WaltSeW o I S recharge
hydrostatigraphic units othe Potomac Aquifer SystefPAS) using a multiscreen recharge
well (TW-1) thatcontains eleven screens ranging from 500 to 1400 feet below land sititiece

study will focuson resultsobsevedat 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 -TWSamples are collected from
each screen using a flexible liner underground technology (FLUTe) system, a multilevel

sanpling systenthatuses a well liner to eliminate mixing in the monitoring well.

Y Future Full Scale SWIFT Locations

HRSD Service Area Mathews

N J?;Tt;s Gloucester

N Yorky,

Surry N:l\gPOI't
w!

Hampton

stle 3f
ight
& *

SWIFT RC

Virginia
Beach

20 kilometers Suffolk Chesapeake

10 miles

Figure 7-1. HRSD Service Area in eastern Virginia, USA. The existing demonstration
facility (SWIFT -RC) in Suffolk is the study site, while futire full -scale #es are marked by
blue stars (Martinez et al.2022).

The PAS § a confined aquifer thadtretches in extent from New Jersey to the South
Carolinacoast (Trapp and Horn 199KicFarland and Bruce 2006leywood and Pope 2009
U.S. Geologeal Survey USG9 reports identify the Potomac aquifer as prityafluvial -deltaic
coarsegrained sands and gravels with interbedded clays of varying thicknesses (McFarland and
Bruce 2006). The nature of the interbedded clays within the PAS leads toirmgpninits
functioning as local barriers without those configianits encompassing the extent of the PAS
(McFarland and Bruce 2006; Heywood and Pope 20083%ple three distinct aquifers having
been recognized in past regional moddle three aquifersare interconnected McFarland

mentionsthatstudies of the Virginia Coastal Plain between the 19480s designated the PAS
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as a single aquifer; however, in the 1980s, investigations of the hydrogeologic framework
differentiated betweerhé Upper, Middleard Lower Potomaaquifers(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 combinehie three into one Romac Aquifer while they may differentiate between the

three locally (McFarland and Bruce 2006).

7.2.2. Experimentalé@up and Field Sampling Predures

Sodium bromide was selected as an artificial tracer be@dutse conservatig belavior
(i.e., low aqufer-interaction potential) and relatively low background concentratferage
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 1.886amgcreen 10 and aveage
SWIFT Water concentration (0.09 mg/cbmpared to the target injection concentratién
concentratedsodium bromidesolution was added to the recharge stream immediately before
entering TWL1 via the use of a peristaltic pumpnéiguredto only add bronde under recharge
conditions Rechargeat TW-1 during the injection phase occurratia rate 0679 gpmwith a
target recharge time of2 hours flow at the recharge well was recorded using the SWIFT
supervisory control and dataquistion (SCADA) systemThe rate of mixing between SWIFT
Water and the concentrated sodium bromide solwias designed to achievetargetinjection
concentration of approximately 200 mg/L of bromidiée concentration of bromide added was
calculated incrmenglly using the dawdown infive 1000 L sodiumbromide totegmeasured
approximately every hourand confirmed with samples collected once per day during the

injection phaseMeasured concentration within the totes was 435,000 mg/L deofollowing
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the bromide injectionphase rechargecontinuedat TW-1 using SWIFT Water with no bromide

addition.

In the week precedinthe tracer test, samples were taken once per day from SWIFT
Water, MW-SAT, and the conventional wells at a consistenmtetito establishbackground
bromide oncentrations at each sample port and prevent interference of daily fluctuations.
Samples were collected 250 mL high density polyethylen@HDPE) containers and refrigerated
before analysis was completeBromide samples were analyzdsy the HRSD Central
Environmental LabQEL) using Reference Method EPA 300Fallowing the start of the tracer

test, bromide levelat MW-SAT weremonitoredmultiple times per day.

Sampling atfrequentincrements (up to 4imes perday) was importantespecally for
screes where preliminary data indicated travel time < 7 days so that breakthrough would be
monitored with a significant sample size. For screens with longer expected travebdiseeson
initial breakthrough at M\ASAT or where thepreviousy observed beakthraigh was more
gradual (Bullard et al. 20193amples were collected at a lower frequeficto 2 times per day)
until significant breakthrougfat least three times the background concentration observed at the
screen)was observed Once thos sceens pasedthe sample threshold, sampling frequency
increasedo 2 to 4 times per daysampling frequencies were decreased @nsereen @ssed the
threshold for the second time (i.e., after breakthraugbobserved). In MWSAT, following the
returnto 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 frequenveyttadd norméa

monitoring levelsMore information on sampling frequencydsscribed irAppendix E.
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7.2.3. Modeling

A simplified analytical mode(Model 1) based on the assumptions of variable influent
concentration andonstant flowas used to descrilibe breakthrouglof bromide at MWSAT
and estimate flow distribution in the recharge weHriable influent concentration was required
to account for the bromide tracer puldeoperations were consistent with only short periods of
pumping and no flowhie asumption tht flow is constant would be relatively accurdesults
of this initial model are available lppendix E (Table B, Figures E2 to E12). The following
equation could be used to describe tiservedconcentration,;(r,t), during radal flow at

each screenddterval (modified from Charbeneau 2000):

—R
C.(r.t) = Cg, +— *eifc —'r—g (1)
[4
H'EQL,SRS
—
t

R(t) = |- 2)

whntj,bs

where C; . is the background concentration within the screen of intedsis the influent
concentrationy is the radial distancedm the injectionwell, t is the time since the start of
injection, r; . is thescreenspecificlongitudinal dispersivityR, is the mean displacement of the
front, @, is the recharge flow rate to the individwedil screen(whichvaries based on changes in
flow distribution), n is thescreemrspecificeffective porosity, and is the thicknessf the screen
of interest To account for variable influent concentration, the model is modifiedielswith the

following boundaryconditions
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t; <t C..;(rt)=0

R;,i(r) =0 (3)
V() =10
t. =t
’ A r—R,
Cppjlrit) = * etfc| ———

[4
w'ial,s'ﬁs (4)

oo @1

str) -
| mwn.b

wheret; is the total elapsed timg, is the time that the influent concentration was measured, and
ACy = Cg,— Cz;_, Wherej denotes a measured infldeconcentrationat t,. For the first
iteration § = 1), AC, = Cz ; — Cz, WhereCy is the background concentration measured prior to

the start of rechargéit any time,t,, the concentration at a monitoring well screeould be

given &:

i
Cs,i(r’ I‘j = CE' + Z Cs;i;_;" (I‘,I’]
=1 (5)

Though the initial estimates were based on constant flow, recharge during-ackamge
ALTR project is not continuouand included frequent pumping to maintain injectivity and shut

down due to treatment process adjustments altrahabilitaton. A MATLAB model(Model
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2) was used to account for variable influent concentrationtia@mgientflow conditions which
have been showim Chapter 4 and Chapter t6 represent transport in changing operating
conditions Model 2 has been sedto analyze beakthrough of SWIFT Water as an intrinsic

tracer ands discussed in depth by Martinez and Widdowson in prewiark (Chapter

t; <t C..;(rt)=0
R;,i(r) =0
(6)
V;,i(fj =0
=
=t c r— R’
Cs,i,j (T‘,I’] = * erfe |:”
[4
Qiaup‘;e
V(1) (7)
3 | &0
Rs,i[t] = | b
14 13 5

V;,i(tj = [Qs,i[ri - rz‘—l)] + V;,i—i(r)

whereR;; is the mean displacement of the frbiased orv;,(t), the increnental volumewhich
is calculated fromthe flow to the screerg,_;(t;). At any time,t;, the concentration at a

monitoring well screen would be given as:
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i
Cs,i[rrrj =Cp + Z Cs,z',_;l' (r,t) (7)
i=1

The estimates of flow distribution frorwlodel 1 were usedas a darting estnate to
cdibrate the initial breakthrough of bromige MW-SAT under Model 2consideringtransient
flow and variable influent concentratioho increasehelikelihood of convergence, the flow and

porosity parameters were combined, anmdwae of estimatéd porosies was used to determine

the range of possible flow rates to each scréam parameters were use{qf—,] anda,, where
1

=} isthe row/porosit term ana, is the longitudinal dispersivitWIAI LABOGSs Emot)l i mi
( y 1 g
(L

was used to vary the twzarameters to minimize the residual sum of squares (RSS)

n
RS5S = E [cﬂbs,i,s_csim,i,s)
=1

wherecopsis the observed concentration amghis the simulated concentration at a given time,
for a given screens. Full results from the 8gle-Zone optimiation model are included in

Appendix E(Table E5).

To furtherinvestigate breakthrough behavidretmodel wagxtendedo incorporate two
zones, a highpermeabilityflow zone and a low permeabilityflow zone. This involved
delineating the thickness for ach zoneas a model variablecalculating the concentration
breakthrough over time in each zamgngModel 2 andusing a lengtiweighted concentration
to calculate the total concentration value over time

(Cs[:r)l ® [bl ® bmr]j + (Cstrjf = [£1 - bl} ® bror])
bh':-?'

C.(t) =

161



where the parametdy, is the percent thickness ofZone 1lrelative tothe total thickness of the
hydrostratigraphic uni{b,_.), andc_(t), and C.(t), are the timedependent concentratiolas
the screen of intestbased on Model ih Zone 1 and Zone 2espectively. Zone 1 is considered

to be the high permeability/flow zopand Zone 2 is the low permeability/flow zornEhe

MATLAB Optimize tool was usedo solve forfive parametersh,, (2} . ay, (2) , and a.
n 1 -

n

Upper andower boundaries for each temwere initially estimatedased on the minimum and
maximum values previously observed at the site (Bullard et al. ZU&8)e 7-1). The results of
the single zone estimate were usedrdial estimdesin the twezone modelThe results of two
models were compared to determine the best fit: (1) Sibghe, Transient Bw and (2) Twe

Zone, Transient Flow.

Table 7-1. Upper and lower parameter estimats forthe two-zone mocl. The same
boundaries for (9) and a, are applied to the singlezone model.
nsy

Term LowerBoundary UpperBoundary

b, 0.1 0.99
(E) 0.001 1

nsq

2, 0.5 50
(E) 0.001 1

S -

£, 0.5 50

7.3.Resultsand Discussion

7.3.1. Tracer TestOperational Conditions

Phases of the tracer test were (1) bromide injection phase, which lasted approximately 3.5

days; (2)steady rechargeperations with intermittent backflush; (3) shutdowh recharge
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operationsfor well rehabilitation;(4) postrehabiltation pumping;and (5) normal operations

with steady recharge and intermittent backflush. Recharge and pumping sdarmneach test

are listed inTable7-2, and length in ach operating conditioperphasds provided inTable7-3.

The nonconstant state of recharge confirms the need for Model 2 to account for transient flo
conditions.Sinceall screen breakthroughs occurred before shutdown and because previous work
suggetedchanges inhe flow ratedistributionat TW-1 following Phase IChapter 5)the focus

of thedataanalysis is the first 100 days of the tracer test.

Table 7-2. Recharge and pumping volumeduring the length of the tracer test.All volumes
are given in gallons. Parentheses indicate negative flow or pumping from the well.

. : Length Total Tota_l Net Recharge
Phase  Start Time End Time Recharge Pumping
(days) Volume Volume volume

1 09/29/2009:25 10/02/20 20:45 3.47 3,153,322 (236,863 2,916,459
2 10/02/20 20:45 12/25/20 17:0C 83.84 63,069,435 (9,923,412 53,146,023
3 12/25/20 17:0C 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 (13,192,73% (12,841,108)
5 04/14/21 12:00 10/26/21 16:45 195.20 99,276534 (13,693403 85,583,131

Table 7-3. Time split during each phase of the bromide tracer test. Allinits are in days.

Phase  Start Time End Time TotalLength Recharg Shutdown Pumping
1 09/29/2009:25 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.% 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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7.32.SingleZone andTwo-Zone Models

Background concentration of bromide and peak observed concentration duringehe trac
test are proded inTable 74. The highest concentration observadMW-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 s@a dffered fromprevious 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, ater level response wasvaluated,and relevant flow
contibutions wee identifiedfrom each of the hydrostratigraphic units, in trast to water level

analyses completed in 2018, which indicated little to no response from the LPA.

Table 7-4. Background concentration, peak observedhromide concentration, and travel
time measured at each screen.

Screen Background Bromide Peak Observed Bromide Travel Time

Concentration (mg/L) Concentration (mg/L) (days)

1 0.295 90.8 8.7

2 0.236 72.1 7.6

4 0.319 36.3 17.9

6 1.614 13.8 44.8

8 0.314 48.1 15.6

9 0.212 1600 59

10 1.856 37.0 13.7

11 1.211 47.6 11.7

Following the parameter estimation process, the singhe models underestimated the
observed peakrbakhrough at ach screen and did not account for tailing behavior observed
after peak breakthrough at some scre@usnparisons of model fit between t8engleZone and
Two-Zone model are provided for Screeraidd 2 (Figure 7-2), 3 and 4 (Figure #3), 5and6

(Figure 7#4), 7 and8 (Figure #5), and 10and11 (Figure #6). The TwoZone model improved
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the fit for all screens except ®@en9, wherethe SingleZone model was able to capture the peak

breakthrough and travéime (Figure #7).
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Figure 7-2. Bromide transport in Screen 1[(a) and (b)] and Screen J(c) and d)] for the
Single-Zone model [(a) and(c)] and the TweZone model [(b) and (d)]. The TweZone
model increases the capability to fit both the initial peak and thsteep 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

SingleZone model [(a) and(c)] and the TweZone model [(b) and (d)]. The TweZone
model increases the capability to fit both tle steep initial peak and the tailing effect after
initial 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
SingleZone model [(a) and(c)] and the TweZone model [(b) and(d)]. The Two-Zone
model increases the capability tdit 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.
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Figure 7-5. Bromide transport in Screen 7 [(a) and (b)jand Screen 8 [(¢ and (d)] for the
SingleZone model [(a) and(c)] and the TweZone model [(b) and (d)]. The TweZone

model is able to accurately capture the entire breakthrough in Screen 7 and captureseth
narrow initial breakthrough and the tailing effect in Screen 8 folowing breakthrough.
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Parameter estimates and a range of estimated flow distribution for each aoeeen
provided inTable7-5. SingleZone results are located in Appendix E (Tabig)Eand the results
from Screen 9 are included Table 7-5. Using the TweZone model for eachcreen, with the
exception ofthe SingleZone model results fascreen 9, the model captures betwddér®s to
99.1% of total flow through the PAS. It is likely that the actual flostrdiution to eah screen is
between these two boundary values since these values are estimated based on the minimum and
maximum porosity and assume constant porosity over ttiee etepth of the screerarger
figuresof individual screen resulareincludedin AppendixE (Figures E-13 to E34).

Table 7-5. Two-Zone solution parameters and total flow estimates. The variabl®s
indicates the percentage athe total thickness that makes ughe high permeability/flow

zone,Zone1l. Screen 9is a singlezone solution, denoted by = 100%_ For the total flow
estimate, the bw estimate assumes porosity in both zones is 0.20, and the high estimate
assumes poosity in both zones is 0.45.

Zone 1 Zone 2 Total Flow (%)
Screen  bi(%) 205  4,(f)  2(%) @ (®) LowEst HighEst

1 41 0.115 01 0052 185 33 75
2 75 0225 146  0.119 0.3 6.9 15.5
3 14 0.014 16 0008  40.0 0.4 1.0
4 89 0.081 148 0034 0.2 2.3 5.2
5 47 0.056 24 0015 159 1.4 3.2
6 40 0.031 21 0008 124 0.8 1.8
7 63 0.029 21 0003 125 0.6 1.4
8 62 0.047 05  0.009 5.3 1.1 25
9 100 0.797 3.0 - - 15.9 34.3
10 47 0.341 27 0107 3.3 8.9 201
11 45 0.112 36 0038 133 3.0 6.7
44.8 99.1

A comparison of2 /n values over time indicasghat flow distribution is dynamicT@able
7-6). Themost noticeablehange is the transitn from little to no flow in the LPA in the original

breakthrough analysis to a significant portion of the flow going to the, Li##ich overall
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expeienced a 675% increase @/n between the initial estimate and the TFéone model
estimate This is canpensated foby a decrease ithe @/n estimate to the UPA and MPA of
69% and 41%, respectivel. comparison of longitudinal dispersivity values owene reveals

that while some screens change significantly (e.g., 10 ft to 34.6 ft in sByearost of the
length-averaged values are within the same order of magnitude as the origibbd #7). The
change in dispersivity is a result of the variability of groundwater velocity within each screen
layerover time.

Table 7-6. Comparison of @/7 values between original estimatén 2018(Bullard et al.

2019), extrapolated values from an irsitu flowmeter testin 2019(Chapter 5), andSingle-

Zone andTwo-Zone results Flowmete values are extrapolated based on the esated
porosity from the original work.

Single Two-Zone Model Percent

Screen Original  Flowmeter '\?83; Zonel  Zone 2 sum C?(;)r)lge
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 0.0(8 0.014 0.02 -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 betwen the original estimate (Bullard et
al. 2019 and the bromide tracer analysis The thicknessaveraged value of longitudinal
dispersivity in the Two-Zone model is also included with the individual zone values.

Single Two-Zone Malel
Screen Original Zone Length
) Model zone 1l Zone 2 Averagged
1 5 2.8 18.5 10.3 10.9
2 10 6.4 0.3 339 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 2.1 181 8.3
7 30 4.8 12.5 95 5.9
8 2 1.0 5.3 154 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 13.3 135 8.9

Using thebest fitresults fromTable7-5, bromidemassdischargevasestimatedat MW-
SAT (Table 7-8). During the tracer test, theverage brome concentratio at TW1 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 estimatefor mass discharge at MABAT were made based on ti%g'n value: (1) flow
distribution basedn the aiginal poraities estimated in the 2018 breakthrough study (Bullard et
al. 2019) where58% of the flow isaccounted far(2) a low estimate, assuming porosity at each
screen is 0@ where44.8% of the flow isaccounted for; and (3) a high estimatssuming
porosily at each screen is G4Awhere99.1% of the flowis accounted forBetween the low and
high estimate, recovery efficiency ranges frd®8% to 82.8%. Theactual value is likely
between those two,rsie the two zones likely have two diffatgoorosities, ad these estimates

assume constant porosity over the entire screened depth.
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Table 7-8. Massdischargeat MW -SAT. Original indicates the flow distributi on based on
porositiesestimated by Bullard et al. (2019), Low Btimate assumegorosity in both zones
is 0.2, and High Estimate assumes porosity in both zones is 0.45.

Original Low Estimate High Estimate
. Bromide . Bromide . Bromide
Estimated Estimated Estimated
Recovered Recovered Remverd
Q (%) Q (%) Q (%)
Screen (kg) (kg) (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% 215 3.2% 48.4
6 1.2% 53.0 0.8% 49.7 1.8% 58.0
7 0.9% 109.3 0.6% 1060 1.4% 1163
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 1200.1 10980 1980.5
Recoveredkg)
Recovery Efficiency 53.3% 48.8% 88.0%

Regardless of the estimate, the mass balance indicates only partial recovery of the
bromide tracer at MBAT. This is likely due toissues related teample collection at MW
SAT. Samples collecteddm the FLUTe system are assumed to Ipga®ntative ofthe entire
length of the screen, though the sample collegtimmis small compared to the full length of the
screen. The FLUTe system contains an annular spacer within the identified monitaiagl,int
butit is likely that the samplerpferentially 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 samplectadl may not be representative of

thetotal mass travehg through the screen.
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7.4. Conclusions

This studyexecuted a bromide tracer test in a msdtieen, multaquifer recharge well
during ALTR operations. &sults of Singl&Zone and TweZone moded to explain bromide
transportwere comparedo evaluate theexistence and impaatf a dualporosity transport
paradigm within the aquifer systerfihe study confirmed the existence of a mobile/immobile
zone in most layers of the PAS, indicated by the impr@rgnn model fit using a Twdone
model.A mass balanceampleted on the system showed a low recovery efficiency for bromide
at the depthdiscrete monitoring well, MWSAT, likely due to sampling bias within each screen.
The recovery efficiency also explairthe inability of the Singli&€one or TweZone model to

capture 100% of the total flow distribution.

Model resultswere also compared to preum estimates of flow distribution at the site.
Previous studies at this site established that flow distribuodynamic,thoughthe change
observedwas likely immediae as a result of well rehabilitation (Chapter Fhis study,
however, indicated thaflow distribution changed since the last measurement without a
discerniblesingularprecipitating eventindicatng that flow distributioris also likelyto change
over ime as a result afion-constantvell operationsaand preferential clogging his was futher
supported by a water level analysis at conventional wells screened in the UPA, MPA, and LPA
on site. Convetionally, studies of multlayered aquifes used for MARpurposes measure flow
distribution once and assume for modeling purposes that thedfkivibution is constant over
time. Evaluating changes in flow distribution over time should be a priority réorsport
modeling purposes in mullayeraqufer systemso quantify chemical transport and travel times

in any MAR project.
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8. Conclusions

Chapters 4hrough?7 of this dissertation provide new insights iagsessinghe impacif
long-term recharge opations on the Potomac Aquifer SystéPAS) at the SWIFT Research
Center (SWIFT-RC) on chemical transport through the PA&l travel time The following
sections summarize the major findings of each chapter, synthesize the prsuitte a broader

context and discuss future research dii@ts.

8.1 Obijectives and Findings

Chapter 4.The objectiveof this investigationwas to characterize flow distribution and aquifer
characteristics at MVWBAT (50-ft travel distance fronmulti-screenrecharge well TWL1) based

on initial breakthrough of catuctivity (serving as an indicator of chlorjd®ajor findings wee:

1 An incremental flow modelvas able tamprove fit andcapture changes iconductivity
breakthrough behavidsy incorporatingextended pumping and shotdn periods at the
SWIFT Research énter.

1 Advection is the prevailing transport mechanism inatafer system during operations,
while diffusion from lowpermeability zones occurs during shutdown conditions, causing

measured aacentrations at the moniiag well to change.

Chapter 5.The objectiveof this study was taimplement an impeller flowmeter toeasure flow
rate distribution in a mukscreen well during ALTR operations (recharge and pumping). An
additional objective waso quantify differences inflow behavior across single screseander

recharge and pumpirgpnditions.Major findingsinclude

1 Flowmeter readings stabilized above each screen at approximately 20 feet above the well

screen; the stabilized reading accounfed the full flow, while urstable readings
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underestimated orverestimated the flow to the screenseTsource of instabilityvas
hypothesized to result from turbulent flow in the well casibgve each screen.

1 In a multiscreen well, recharge flow moveseferentially through the ppemostwell
screensand the uppeportion of individual screen&low rates during pumping an@ore
evenly distributed along the waltreensnd individual screens.

1 A comparison of flow distribution measurements with the figdifrom Chapter 4 and
with water level analysis performed blatynowski (Matynowski 2020)sugyestsa
dynamicflow distributionat TW-1 and a single measurementtime cannot be assumed
to be constant over the length of an entire projébts chage in flow distribution is
hypothesized to be a result of thell rehabilitation that took place inediately before
the testingbut transient conditions in the wells screens and gravel paekalso

considered to influence flow distribution

Chapter 6.The objectiveof this phaseof the researclwas toevaluate muiple tracers for
characterizing flow inthe UPA, a multiscreen systemusing a novel approximation for
guantifying breakthrough under variable flow, dynamic flow distributions, and varighlenn
tracer concentratioonditions The work also identi@is characteristics of effective intrinsic
tracers for largescale aquifer characterization. Finally, the efficacyhafnovel approximation

was evaluatedMajor findings were:

1 Multiple factorscontribute to intrinsic treer effectvenessas an indicator faravel time
including significant differencebetween the constituent concentration between native
groundwater and injectate, aquifer interaction potential, and variability of the injectate

constituent concentration nined withfrequency of influentampling.
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1 Tracer efficacy varies by aquifer layer, especially when native groundwater
characteristics vary significantly by depth. Sulfate was the most effective tradéefor
Upper Potomac Aqter (well MW-UPA), but chlaide is estmated to be effectiveof the
Middle and Lower Potomac Aquifer (welldW-MPA and MWLPA, respectively)

1 An approximationto account forthree operational factors at T (1) variable flow
conditions (2) time-varying flow distribution, and(3) variable nfluent concentration

improves the fit of the transport model.

Chapter 7.The objectiveof this study wasto use abromide tracer test tdemonstrate #
efficacy of aTwo-Zone approximationto describe transport thugh a multi-screen, multi-
layered aquiferResults are also ogpared to previous estimates of flow distribution to evaluate

how flow distributionchanges over the coursetbé projectMajor findings were:

1 A comparison between a Singl®ne andTwo-Zone nodel demonstrated that tHBwo-
Zonemodelwas moreeffective a characterizingransport in all screens exceptreen 9
supporting the existence of a mddiimmobile zone within the aquifer

1 Changes in flow distributiomere compared to previous estimastshe ge. Observed
charges in flow distributionindicate hatthe dyamic nature of flow distributiontdhe
site s gradua) likely as a result of preferential clogging soreens which reive high

amounts of flow

8.2. Major Themes and Engineeringg8ificance

The SWIFT Resarch Center is a 1 MGD demonstratifacility for anaquifer longterm
replenishmen{ALTR) project that aims to replenish the overu&a&lS. This work shows that

the use of injectate as an intrinsic tracer is a-efisttive wayto characterize flow in anulti-
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screen, multiaquifer well (Gipter 4, Chaptes). 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 welldVultiple potential tracershould be identified in case uneqwed
interactionhappens within the system, as was the case with fluoride in Screen 1 andP¥W
Furthermore, the use of a deiscrete sampling systerear the recharge wet critical fora
full characterization ofthe aquifer.Characterization athe conventional ells was possible
because ofscreerspecific work from MW-SAT, where a Flexible Liner Underground
Technology (FLUTe) system was installed to collect deliglorete samples. Satap collected

at MW-UPA shaved a sample bias towards the uppereens, which as accounted for in the
model with the individual screen data from MWBAT. Without the individual screen
characterization, the characterization of MY A would have resulted ian underestimation of

flow to the aquifer and skewed estimatésquifer chareteristics.

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 multiscreen wells is
estimated once ovethe length of a project and assumed to remain constant for modeling
purposes (e.g., Fakhreddine et al. 2020). By meastlongdistribution using multiple methods
over he course of the projecthis work shows that imot the case. Flow distribution is
transformed over time in two ways: (1) gradual shifts in flow distribution cabgedormal
recharge and pumping operatipasd (2) rapid changes as a result of well rehabilitation
change in operating conditions The flowmeter testing took place in ApMay 2019
immediately after the extended shutdown for well rehabilitation ir8-2Q1.9. It is likely that the
significant changes in flow distribution that favored the upper screens wereuld o€s

preferential treatnre of those screens during well gddilitation. Bromide tracer testing started
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in October 2020, well after the rehbtiaition. While regular backflushing took place at the well
to maintain injectivity, it is likely that the scree that received the mogow initially after the
2019 well ehabilitation were preferentially clogged, which resulted in flow gradually istito
slower screens. This would explain the high flow to screelisduring the tracer teséspecially

when he LPA had not been initiglresponsive.

Table 8-1. Estimated travel time (days)for individual screensat MW -SAT (50t radial
distance)assuming constantechargeflow (700 gpm)at the recharge well(TW-1). Actual
travel times will be longer, and in eme cases may be significantly oy depending on
operating conditions on site.

Intrinsic Tracer **

Screert (2018) Flowmeter (2019) Bromide Tracer (2020)
1 1.6 2.1 8.7
2 2.7 14 7.6
3 3.9 11.8 39.7
4 7.9 10.2 17.9
5 55 2.7 12.5
6 150 26.2 44.8
7 204 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

* Screes 1-4: UPA; Screens-9: MPA; Screens 1Q1: LPA
** Travel time at Sreens 10 and 11 are diféert thanthoselisted in Chapter 4ue to improved fiti(e.,
breakthrough occurred at these screens aftertthpter wapublished).

8.3.Future Researchirections

Plans for additional flowmeter testing are currently undgrat a new fulscale recarge
well (NP-MAR-01) on site at th SWIFT Research Center. This testing will continue to evaluate
differences between recharge;flmwv, and pumping conditions. Furtimore, additional
investigation into the turbulent behavidrowve the well screens coyptdovide 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. Cdinently,
approximation used to describe transport accountshfmmges in operating conditis, time
varying flow distribution and variable influent concentrations. However, the approximation does
not account for noiconservative constituents. This is disagss Chapter 6, where the
approximation was able to demarmagé the correct breakthrgh time and behavior but not the
correct concentration of TOC due to decay during transport. While the approximation developed
in this dissertation could be modifieddaocount for decay during transport, the difficulty lies in
maintaining decay behavioudng nonrecharge periods. The melccould be enhanced to
account for additional transport behavior during shut down, including natural background flow,

constituent desty, and aquifer interaction (e.g., sorption/desorption,ahiaf behavior).

Finally, the development of a method thatitwbestimate changes in flow distribution
based on water level analysis (Theis 1935; Cooper and Jacob 1946) at the conventional wells
could provide a reaime and coseffective way to monitochanges in flow distributim The use
of injectate as an intisic tracer is very useful, especially on a large scale, but once the recharge
front passes a monitoring well, it can no longer bel @sea tracer unless water quality
characteristics changegsificantly. Flowmeters cabe used to directly measure flow
distribution, and artificial tracer tests can also be used to characterize flow behavior, but both of
these undertakings are expensavel require additional time to collect and analyze datai-Sem
regular pumping tests, wdih would measure drawdown over &nm nearby monitoring wells,
could indicate well clogging or changes in preferential flow within a rsahleen well. These
tests wold be relatively straightforward to perform, and testingl@¢dne done under recharge

and pumping conditions.
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Figure A-1. Screen Deths at TW-1, MW-SAT, and Conventional Wells
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Table A-1. Well Screen Depth and_ength of Screen in TW1 and MW-SAT.

. Starting Depth Ending Depth Length of
Aquifer Zone (fgg) i (fgg)ep Sereen (ft)
Upper Potomaéquifer (UPA)
Screen 1 505 530 25
Saeen 2 550 595 45
Screen 3 665 680 15
Screen 4 720 755 35
Middle Potomac Aquér (MPA)
Screen 5 820 835 15
Screen 6 860 890 30
Screen 7 905 920 15
Saeen 8 965 990 25
Screen 9 1050 1090 40
Lower Potomac Aquiferl(PA)
Screen 10 1230 1335 105
Screen 1 1370 1400 30

(fbg) i feet below gade

Table A-2. Well Screen Depth and Length oScreen in tre Conventional Wells

. Starting Depth | Ending Depth Length of
Aquifer Zone (ft?g) i (fgg) i Soreen ()
MW-UPA (distan@ from TW-1=340 6 )
Screernl 515 565 50
Screen 2 585 605 20
Screen 3 660 675 15
Screen 4 710 740 30
MW-MPA (distance frmm TW-1 =390 Y6
Screen 1 860 920 60
Screer? 975 990 15
Screen 3 1030 1090 60
MW-LPA (distance fom TW-1 =440 6 )
Screenl 1260 1320 60
Screen 2 1350 1410 60

(fbg) 1 feet béow grade
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Figure A-2. TW-1 Well Completion Report. This includeswell location information, screen
depths,well diameter, and sd type with depth. (Includes the next 6 pags)

" Form GW-2 COMMONWEALTH OF VIRGINIA DEQ Wei 3 _161-607

Revised 7172013 UNIFORM WATER WELL COMPLETION REPORT USGS Local # 53033
Page 1 of 4 VIH HDIN #
VDH PWSID #

1. Cant:m Information

Mame Address Phone
HRED 1436 Air Rail dve. Wirginia Beach, VA 23455 TET460-2247
Williarm Hows, ACSM 8321 Cloverleal Drive, Millarsvills, M0 24408 410-541-6710
HRED | 6008 Amstesd Rd. Sufioll, VA 23435 757-538-7363
2. Well Location
Physical Address: 5509 Armstead Rd. | County/City: Suffolk
Subdivision Name: Mansemond YWWATE Section; Block: Lot:
Tax Wlap/GPIN #: 0458-01-5074 Well Desiznation or Number: Injsciion TW #1
Latitude: 35 5339.548 Loogitude: -76.2531 351 W

Datom Source | Horizontal: WG4 E NADES [0 NAD27 | Vertiealr [ NGVD29 [ NAVDER

Lat/Long Source (Cheek One): 1 Map ™ GPS [ PPDGPS L9 Survey [ Irmapery [0 WASS
Location [nformation Collected By : Scott Brucs ]

Fhysical Location Deseription: Tax map 5 Pareel 10
3. Facilitv & Use

T gt _-Twpe of Use (Check ALl That Applyi: : '

M Waterworks D Dn.nkmg’Domesuc Use [0 Food Processing ] Cmi:ng.-‘[—[eatng
Observation/Monioring Well | O Agricultural 00 Manufactiring #  Injection

O Private Weil O Irrigation O Fire Safety O Geotiermal

4. Well Censtruction
Well designation, Name or Nu.l'nl:wr: Injection TW #1
‘| ‘Date Started: 51818 | Date Completed: 223116 | e Rig: 3540 Mud Rotary

Class Well (Check One): [ 1 O i O o O ma O s mc 0 oo & miE O v
Construction Tvpe {Cheek Or Onel: 8 Mew K1 Existing-MMaodifi=d

Well Depth: 1410 fi. | Borehoels Depth: 1420 fi. Depth to Bedrock: N2 .
| Hole Size (Include reamed zomes): 26" inches from 0 10100  fi. |13 Inches from 100  to 1420 f.
i Heizht of Cusing above Land Surface: 2 fi. inches
| Casing Size (LD.) and Materials: (below) ] Total Depth of Casing: i
120  inches from$  to1p0 £ Material Steel Weight per ft. 786 or wall thicknees 375in.
12 inches from g to 508 ft Matzrial Stesl Welzght per foag.s80r wall thicknassz7s in.
12 inches from 530 to S50 ft Material Stesl Weight per fr.48.560r wall thicknsssarsin.,
12 inches frem 535 to885 £ Baterial Steal Weight per ftug ssor wall thickness 37dn.
(12 inches from 680 to 720 fr haterial Steel Weizght per fr.8g 58er wall thickness 375,
Sereen Size J Mesh:
12 inches frem 505 t 530 fi Mesh Size 040 Typedld 835
12 inches from 550 o525 £ Mzsh Size 040 Typedld 55
12 inches from B85 1680 L Mlzsh Size 040 ' Tvpeldd S5
| Water Zones: from 475 1o B30 it from 720 101080 £ from 1230 ¢ 3400 &
Gravel Paclk: from 475 to 7E0 ft. from 800 w1150 fL from 1180 o420 .
Grout Tvpe: from 0 to 108 ft | Grouting Method: Tremie Tvpe of Seal: Cemant
This information was ecollected by Camers Survev: [0 Yes @@ Mo | Date Conducted: !
Addificesl Weéll Constroetion Form Information Atfached: B Ves [0 Mo ]
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Form GW-2 COMMONWEALTH OF VIRGINIA DEQ Wall # 161-507

Revised 77172015 UNIFORM WATER WELL COMPLETION REPORT USGS Local # 5903
Page 2 of 4 VDH HDIN 4
VDH PWEID #

Well designation, Name or Number: injection TW 1

5. Disinfection

{ Well Disinfected: B Yes [] No | Date:8/11/20215

6. Abandonment (*When abandening a well, Sactions 1 thu 6 are reguired to be completedy 0
Date Started: | Date Compieted- | Type Ris:
ft.

Static Water Level (unpumped level measurad):

Casing Size (1.D.) and Materials- | Casing Pulled: O Yes O No [ Uncased Well
Depth of Fill: | Type and Source of Fill:

Groui: From 750 to 800 Type: From 11500 1160 Type:

Method of permanently marking location:

7. Pump Test

Static Water Level (unpumped level measured): 9517 ft. .

Date: 3-3-18 | Method (Check One): [ Water Tape L Alffne 8 Transducer O Other
Stabilized measured pumping water level: 1273 i, N

Date: 5-4-18 | Method (Check One): L Topof Well 8 Top of Casine L[] Snrface Love]
Test Pump Intake Depth: 260 fi | Stabilized Yield: 1100 gpm after 24 hours
Natural Flow: [] Ye: M No Flow Rate gpim

8. Pump Data HiA

| Type: Motor HE:
{ Production Pump Intake Depth: fi | Rated Capacity: gpm at ft TOH
9. Geologic Information  Fotemac
Formaton: Upper, Middle, Lower Type Logs: Elaciric and Gemms
Litholozy: Cuttings; Ditsh
Froviace; uifer Test Performed: Yes 24 hr.

Geolopic Map Usead:

Water Quality Resulrs Attached: Yes [ Mo 4

Comments:
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Form GW-2

Revised 741720105

Fage3of 4

10. Driller’s Leg (Use additional shests if necessary)
Well desismation, Name or Nomber: Injection TW £1

COMMONWEALTH OF VIRGINIA

UNIFORM WATER WELL COMPLETION REFORT

—mem ey o 10 1=087

kg WLl
UEGE Locel
WEH HDN
VD FWSTD =

-
o
™

58 E 3z

a:

sceordance with the applicable
ordinznees end laws.

Signaure:

Ll .
s e

24 .
- el E SR

-

Drata:

permilt and further fhat the well compliss with 21l applicadle federal, state and foes] cegulations,

License Number: 2719000822

193

Depth {feet) Type of Rock or Sail Femaris Drilling Diagrem of Well Comsmuction (with
Time dimenzicns!
[Min.)
From Ta [Calar, meterial. fossils, hardnegs, eze ] {Wabe, caving. |
savilies aiz |
i
0 0 Yallow clay and s=nd (Sea Attached) '
30 40 Yallow clay end sand with shelis
A% &0 Rad, sandy clav and shall I
gl B0 Sheils and sand |
80 &0 Cray dlay and shalls
a0 207 | Gray clay with shelle 2nd =5nd §
207 210 Hard layer
210 |38E | Grean clzy with shells
366 | Silty sand
3 400 | Green slgy with shells
400 401 Hzrd layer
401 (406 | Clay ,
406 407 | Hard layer i
407 433 | Sity s2nd and clay
433 4G5 Clay gresn and gray
4858 452 Sand
482|804 | Hard clay with sand stresks
504 515 | Sand with dlay layer
815 337 Sand
537 {546 |Clay
545 817 | Send i
TelT 240 Szn4d
640  |842 | Sand with clay laysrs
B48  |85% | clay and sand
G55 820 | Sand
B20 |83 Herd clay
B9T 0% | Sandy clay with sand
708|710 [Clay
R L Silty clay, send and clay jayvers
(74l | 7B | Sznd
{784 787 | Silly ciay
i TBT 772 Clay mad hard
TTE 1734 (Sand
Tos 785 Soft clay
RS 512 | Haed elay
Deerify that the information contained herein is true and correct and that this wall andior syszom [as been installes and conemiessd |

=



Fomh GW-2

Revised T2015

Fegrdofs

1. Ihri]l':r‘s:'l.-roa {Use additiongl sheew if necessary)

COMMOMNWEALTH OF VIRGINIA

UNWIFORM WATER WELL COMPLETION REPORT

iz 18

g Bt

£-08T

[ 721l desisnation. Nome or Naomber:

i Depth {feer Type of Rockar Seil Bemarks DHliing Dizgram of Well Congiruction (witk |
| T - Timz dimensions] i
IR T : Miin.}
From, | Taei " (Cobes, massrial, foasils, Tardmem, wa.] {Wa:_:q.um&s.
814- | B34 'S areen ey and send
834 BEET Y ‘ClEy with layerof sand
BA5 -1 hBES 1 Sand wilh clay sireaks
885 | BES ' YCipy & sand mik, maore clay
5555- 855 |Harder clay with sand steaks
885 |931 | Softclay with sandlayers {Sae Brbacieo2™
21 |e2§ | ided hard clay ) -
B2E B3 fHard red clzy
§34 |947 | Red 2nd grey clay herd
F47 258 Hars red znd gray clsy
253 238 | Gray and rsd cigy i
223 1873 | Gray clay [
973 o982 "l Eend end gray Cay
288 1020 | Med hard clay i
1020|1025 {Wed hard clay ‘ !
1025 1050 | S2nd gnd sandy clay ]
1050 | 4077 . | Good-sand |
1077|1085 [ Sand with clay layers i i
1022 (1027 - Sand and clay layer 50550 mix i i
TOET | 1133° | Herd red and gray clay i
1113 {1122 {Hand clav with sand keyars : (
1122 111138 | Good send | !
19587 {1141 0 Hand clay I |
141 {1142 | Sand '
1122 [ 1186 | Very hard =y i
1158 | 118+ | Sofer cey i
| 1184 | 1180 . | Sandy clzy and sand
T80 j 1197, |(Herd rad and gray <lay
T8 | 1205 | Za3ady clay end samd
1205 1208 | Sgnd
1208|1231 | Med hard red & grey dlav-wisand
igtrasks
(1231|1238 | Hard clay
V1235|1238 PMed hard elzy :
[1235° |1258 Sang | |

[ certify that Sue information contzined herein.is ttoe 224 cormect and tha chiswell andior svstem has been ingtalisd and

azzordaace with the app icable permitand furter ther g well complizs with all spplicable federai, smie and lozal reznlaiors,
srdinances and fawe,

Signatore:

Lizense Nuu:-b;';—_ AT12000GEE

~

Drare:
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Form GWa2 : ’ COMMONWEALTH OF VIRGINIA DEG well @ 161-597
Revised 7/1/2015 UNIFCRM WATER WELL COMFLETION REFORT USGS Lacel # 5204
Page 3 ofs WD HDIN 2

VOH FWIID 2

10. Briller’s Log (se additional sheets if nacessary)

Well designation. Name or Number:
Depth (feet) Tvpe of Rack or Sail Femarks Drilling | Diagram of Well Constaction (with

Time | dimensiong}
(Min.}

From To {Calor, maieral, fasils, hardress, e ) W ater, chving,

cAvVilies. =ic )
1258 | 12681 | Clay with sand layers [S2e Aftzched)
1281 {1288 | Sand with clay streshs

1208 [1287 | Sand with clay [zyers
1397 1325 | Band with clay layers
1325 (1328 | Clay with s2nd streaks
1322 (1340 | Sand

1340 | 1353 | Hard clay
1393|1326 | Sofer clay with s2nd layers
1358 (1388 | Sand

1368 | 1382 | Band with clay stresks
1388 1388 [ Clay

1389 1398 | Sand

1388 | 149§ | Clay and sand

1418 1420 | Tight, dense clay

[ cerify that the Information contained herein is true and correct and that this well andror gystam has been instailzd ané consooesad i
secordance with the applicable permit and further that the well complies with 28] spplicatle federal, sice and local reguiations,
ardingnces end lews, .

ae A -

. By T, . A =
Signaturs: - T ek Date: i = =

o~

License Mumber: 2719000522
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Form Gw-2
Bavized 1172015
Papgz 4 of 4

COMMONWEALTH OF VIRGINIA
UNIFORM WATER WELL COMPLETION REPORT

DEQ Well = 101-597
USGS Lecal # 5203
WDE HDIN #

VDH FWSID #

Additional Well Construction Data

| 'Well designation, Name or Number: Inisction TV #1

FPhysical Locafion: 5909 Armstead R, Date Startad: 5/5/116 Diate Cempleted: 872348
Hole Sire (Include reamed zones):
inches  from to th, inches  from to ft. inches from i f
imches  from 10 f:. imches  from o 1t inches  from ta ft.
inches  from 1o i, inches  from to ft. inches  from o fi.
Casing Size (113} and Materials:
12 inches  from 755 to 820 fi. | Material Steel Weight per .45 5607 wall thickniess 375in. |
12 inches  from 835 to 880  ft. | Matsrial Steel Weight per ft.2g s5or wall thickness 375
12 inches from 890 1o 805 1. | Material Stesl Weight per fi.49 5e0r wall thickness 275 in.
12 inghes  from 520 to 965  fi | Material Stesl Weight per 1 48.580r wall thickness 375 in
(12 inches from 950 to 1050 fi | Material St=e| Weight per f14%.560r wall thickness 375 in.
|12 inches from 1080  to 1230 1, Material Steal Weiclt per f42.55 or wall thickness. 575 in
112 inches from 1335 to 1370 f. | Materia] Stesl Weight per {45580 wall thickness 375 in
t12 _ inches from 1400 1o 1410 . | Material Stesl Weight per 488207 wall thickness 375 in.
inches  from o ft. | Material Weight per it or wall thicknass  in,
inches  from to ft. | Maderial Weight per . or wall thickness _in.
inches  from [ ft. | Material Welght per &t ot wall thickness it
Screen Size & Mesh:
12 inches from 720 1o 755 fr | Mesh Size 040 Type 304 88
12 _inches from 820 w835 fr. | Mesh Size 040 Type 304 S5
12 inches frem 520 io 8BS0 £ | Mesh Size 040 Tvpe 304 55
12 inches from 905 1o 920 fi. | Mesh Size 0aD Tvpe 304 55
12 inches from 865  to 980  ft. | Mesh Size 040 Type 304 S8
12  inches frem 1050  to 1090 fi. | Mesh Size 040 Tvpe 304 35
12 inches from 1230  to 1335 fr. | Mesh Size gan Twpe 304 55
12 inches from 1370 to 1400 fr | Mesh Size 040 Tvpe 304 S5
inches  from 10 ft. | Mesh Size Type
inches  from to fi. | Mesh Sire Twpe
inches  fram to fr. | Miesh Size Type
Water Tones:
From ti i From tio ft. | Fram to ft. | From o fi.
From o fi. | From 1o . | From to . | From 5! it
From to . | From 1o | From @ ft. | From 5] f
From to fi. | From i ft. | From to it. | From Iq fr
Gravel Pacl:
From 10 fi. From £ ft. | From 1o ti.
From 1o ft. From ta ft. | From =] 1.
From 10 ft. From ja] ft. | From to fT.
Croet: Type: Mesf Camant Slury from 720 to 800 fr.
Grout: Tvpe: Nest Cemert Slurry from 1150 to 1180 ft.
Crourt; Type: Neat cemeant slurry from © ta 475 fr.
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Figure A-3. MW-SAT Well Completion Report. Thisincludeswell location information,
screen depthswell diameter, and soiltype with depth. (Includes the next 6 page}p

Fom GW-2 COMMONWEALTH OF VIRGINIA DEQ Wall# 161-608
Revised 7/1/2015 UNIFORM WATER WELL COMPLETION REPORT USGS Local #
Paze 1of4 VDH HDIN #

VDH PWSID #

1. Cnumt]n.fnrmmm

G d Name _Address Phone |
i HRED . 1438 Air Rail Ave. Virginla Besch, VA 23455 TET4E0-4242
DriflerKeogan Harman, ACSM 8221 Glovariest orivs Milersville, MD 21108 | 4108418740
Eﬁm# HRSD 5508 Armstesd e, Sufclk, VA 22435 757-638-7363

2. Well Location

Physical Address: 5509 Armstead B, | County/City: Suffolk

Subdivision Name: Nanssmaond WWTP Section: Elock: Lat:

Tax Map/GPIN #: 0455-01-5074 Well Designation or Mumber:  \MAD1-SAT

Latitude: 36.53307935 N Longitude: -78 253187452 W
Daturs Seurce WGses [ NADS3 [0 NAD2T | Verncal L[] NGVDI9 01 MAVDEE |
Lat/Long Source (Check Onme): ] Map GP3 FPDEPS B Survey fmagery 1 WASS
Location Information Collected By - Scott Brues '

|_Physical Location Deseription: Tax map & Parcel 10
3. Facility & Use

Type of Facility (ChecloOme) 0 .. < Tipe of se {Cheel Al That Apply): . ST
Watarwarks I'.'.I Drmkmg.-"ﬂ-nmemc Use [ Food Processing W] Cuollngﬁ-[sabng
O Observatdon/Monitoring Well rD Agricuitural O Manufacturing # Injection

O Privats Weil O Lmization O _Fire Safety O Geothermal

£, Well Caastruction
Well designation, Name or Number: MWOT-SAT )
-+ Date Started: S/4/2077 Date Completea; 8172007 - CFT5 Tud Rofary -

Class Well (Cheel: Onej: ] | Ia B 1A Ue O mc O mp 0 oE v
Constraction Type (Check Goe): 8 Mew [ Existine ModiGed

L Well Degth: 1410 ft. | Borehole Depth: 1420 L Depth to Bedrock: M/a ft.
| Hole Size (aclude reamed zones): 20° inghes from 0 1o 108 f 113 Inches from 100 1o 1420 f.
Hedght of Casing ahove Land Surface; 45 g inches
i Casing Size (L) and Materials: (balow) | Total Depth of Casing: ft.
14 daches fromd w108 g Material Sfael Welzht per fieq 57 or wall thickness 375in.
inches  from 0 wENE  fi, Miaterial Stasl Wetght per 1 18,98 or wall thickness 28050,
8§  inches firom 530 tos550 fi Mlaterial Stesl Weight per f1.18 2% ar wall thickness 280in,
LB inches from 528 BG5S £ Material Sten! Welght per f1.15.99 or wall thickness 280in.
| & inches from B8O 1o 7o ft Material Ste=) Weight per fi.12.99 or wall thickness 285,
Sereen Sice & Mesh:
6 _inches from 205 w530  fi Nipah Size 040 Typaild £5
inches  from 550 to595 it Mesh Sizs 040 Type3d 55
inches  from 868  tnB&0 ft. hipsh Size 040 Tvpelis 25
 Water Zones: from478 10880 f | from 720 01080 from 1230 107400 F,
Gravel Peck: from47s o 730 fi. from 800 w1150 from 1180 to 1420
Grout Tvre: Cement from © 10 104 ft | Grouting Method: Tremis Tvpe of Feal: Coment

This information was collected by Camera Survev: L Ves B Mo | Date Conducted:

Additizne! Well Construztion Form ]‘.nﬂ:urm:mo:: Amuhﬁj M Ye: O Mo
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Form GW-2 COMMONWEALTH OF VIRGINIA DEQ Well# 161-606

Revised 7/1/2015 UNIFORM WATER WELL COMPLETION REPORT USGS Local #
Page 2 of4 VDH HDIN #
VDH PWSID #

Well desipnation, Name or Number: MWO1-SAT

5. Disinfection
| Well Disinfected: B Yes L1 Mo | Date: 8/11/20216 f

6. Abandonmment (4 When abandoning a well, Sections 1 thre 6 are

Date Started: Date Completed: Type Rig: 1
Statie ‘Water Level (unpumped level measured): it

| Casing Size (LD.) and Materials- | Casing Pulled: [ Yes [ Mo O Uncased Well

| Dapth of Fill: i Tvpe and Source of Fill:
Grout: From 790 o B0C Tvpe: From 1150 to 1180 Tvpe:

i DMethod of perma oently marking loeation:

7. Fump Test

| Static Water Level (unpum ed [ovel measured): 5517 i,
Tiate: B-3-16 Method {Check One): 3 Water Tape {1 Airdine & Transducer ] Other
fiL

Stabilized measured pumping water Jevel: 1273
Dtz B-4-16 Method (Check One):
Test Pump Intake Depth: 260

O Surfics Level

gom after 24 lours
MNatural Flow: ] Ves B Mo Flowr Rats | gpm
8. Pump Data MR,
Type Maotor HP: _|
Froduction Pump Intake Depth: fi | Bated Capacity: gpm at ft TOH
9. Geologic Information  Potomss
| Formation: Upper, Middle, Lower Type Logs: Electric and Gemma__
Lithology: Cuttings: Ditch
Frovimee: Aguifer Test Perfermed: Yes 24 o,
Genlagic Map Used:

Water Quality Resalts Attached: Yes £] Mo &
_¥Water Qualit 1M

Comments:

Alrlifted the well to test vield.
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Ferm GW-2 COMMONWEALTH OF VIRGINIA DEQ Wel ¢ 191-608

=

Revized 7/1/2015 UNIFORM WATER WELL COMPLETION REFPOET USGS Local 2
Page 3 of 4 VDH HDN #
VDM PWSID &

1B, Driller’s Log {Use additional sheets if necessary) _

ation, Wame o Nomber: MWO1-SAT |

Depth (feet) Tvpe of Rock or Soil Remarks Trrillimg Diagram of Well Canstruction (wil i

Time dimensisne} [

{Min } |

Frem Ta [Sodor, matzriat, famsils, ardnes, e [P ater, caving, i

_SEries ate I

0 30 Yelow clay and sand [S=a Altached) i

30 44 Yellow clzy and sand with shells
44 1] Red, sandy clay and shell

&d &0 Shells and sand

&0 a0 Grey clay and shells

a0 207 | Gray clay with shells snd sard
207 210 Hard layer

214 388 | Green clay with chells

328 am Silty s=nd

371 400 | Green ciay with shells

400 |4 Hard lsyer

4m 405 | Clay

408 1407 | Hard layer

407 433 Zilty s=nd ard slay

433 455 Clzy green =nd gray

455 482 Sand

497 504 | Hard clay with sand stresks
504 515 | Sand with clay laysr

815 537 | Band

g37 S48 | Clay

845 E17 ! Sand o o
G40 G458 Sand with elay leyars
848 855 | clay 2nd sand

B55 B30 Sand

Ba0 £ Herd clay

551 708 | Sandy clay with sand
708 T3 | Clay |
bl 741 Eilty clay, send =nd clay Izyers

Td4 T84 Sand . ° :
TEd TET | Sty clay [
TET TrE Clay med harg |
TVE 794 Sand

ip is tue and camect and that this well and'or systern ias been instellad 2nd tomstmected in
riher that the well complies with alt amslicable faderal, stars ans loca] rezylations.

o 10[0[7011

T T

License Mumber:
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Form GW-2 COMMONWEALTH OF VIRGINLA DEQ Wei 2 161-608
Revissd 7/1/2015 UNIFORM WATER WELL COMPLETION REPORT USGE Loeal #
Page3ofd ©| VIIH HDIN &

VDH PWEID &

1. B:ﬂler’_’s Log (s a.ddiﬁ-:q:gl sheets if neceszary)

Well & dBon. Name or Number:

|

Degch {fee Tupe sf Rackor Soi Ermarks Drilling | Disgrom ef Wil Constuetion (widh |

Co . Time dimensians} f

RS IR : {ifin. i

Fros, | Tat aler, mzeriof, feesily, handess, e} (Waer, eving. 7

N S ovitizs, ez} i

T +7 E 56k graen lay and ssrd

834 Pty with eyer of sand:
£55 “Sang with.cley sirzaks .

885|825 | FCley & sendmix, mors ciay
885° 1888 | Harder clay with sand straaks
835 €21 | Sofclay with szndlizvers { Sae Attoches |
€21 €28 | Blad herd clay 4
28 |53 [|Hard, red clay {
- - | Red-and gray clzy hard 1
847 - | 858, .| Hard red snd gray cley i
S8 .[9BR | Gray and red clay
852 572 | Grey clEy i
573|822 - Send end gray elay

[958 {1020 | Med hard cley

1020 [ 1025 Mad herd elzy

1025 1080 .| Send end sandy clay

WER 07T | Good sand )

OFT |TOEE - | Sand with clay lavers

I0ES FI0ET o Band and clay i@ver SOE0 mi
TCET | 1133 | Mard red and gray tiey

1113 19122 | Hard slay with sand iaysrs
W22 1138 ] Cood sand

AT 14 Hard cley

7141 {1142 Sanet ]
1142 (1158 | Wery hard clay

1158 {9132 | Safier dley

1164 11180 | Sandy clay end sand
1183 [ 118 'Hzrd red and gray cley
11871 (1205 | Sendy clay end'sand i
1205 111205 | Sand i
T208 33 i sed herd red & gray cley wissna . :

] isiresks i
(1231 11235 )\ Herd clay .
112351238 ) Mae hard ciay ‘rl .
{1238 1238 Y Sand . / i ; |

Lizense Numbes

2718001110

owe_10) (201 T

200

=2LECTEE,

and correstand that thiswoll andrer system has been Installed 207 copsTpssed in
srihpz iz well complies withall applicable Redeml, stmte 2nd Joca| reaul



Form GW-2 COMMONWEALTH OF VIRGINLA DEG well 2 161-806
Revised 7/1/2015 UNIFORM WATER WELL COMPLETION REFORT USGS Local #
Page 3 af 4 VDH HDIN &

VDH PWSID &

L8, Drifler’s Los (Use additional sheets if necessany)
Well desionation, Nome or Number:  MWO1-SAT |

Dhepth (feat) Type of Rock ar Sail Bamarks Drilling |  Diagmam of Wall Carerucnen iwith
Time dimersions} |
[} i
Frem | To (Calar. muteriel, fossils, hardness, oo ) Waler, caving. |
cavitie, gle.} :
1258 1281 | Clay with =end leyers ' {See Altzchad)
1261 | 1288 | Sand with clay siregks
1288 |1357 |Sand with clay layers
1287 11325 | Sand with dlay layemm |
1325 11328 | Clay with s2nd efracks i

1328 1340 | Sand

1340 11353 | Hard ciay

1383 11358 | Sofer elzy with s=nd layars
13588 1388 | Send

1368 (1358 | Sand wih clay streaks
1383 11382 |Clay

138% 1328 |Sand

1288 11418 | Clay end send

1416 | 1420 | Tight, dense clay

A _|

1 is gl and correct and thar this well sndior mrstem has bean installed and corsrucsd in
rifier fift the weel! complies with afl applicable federal, stre ard Jocal regulaticne,

= Wp[#0(T

[ certify that the information cantain
ith ths applicable
ordimances angd I3
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Form G2
Revised 7/1/2015
Page 4 of 4

COMMONWEALTH OF VIRGINLA
UNIFORM WATER WELL COMPLETION REPORT

DEQ Well # 161-608
UBGE Local #
VDH HD 4
VDH PWSID #

Additional Well Construction Data

Well d ation, Name or Number:

1-SAT

Physieal Location: £809 Armstaad Rd,

Date Started: 232017

Date Completed: & V0

Hole Size (Tociude reamed zones):

13 inches from 104 1o 1 4201 inches from to fr. inches  from 1 fi.
inches_ from ta f inches  from to f inches from to f.
inches  from 1 ft. inches  from o ft. imches  from o .

Casing Size (LD} and Materlals:

& inches from 755 to 820 £ | Material Stesl Weight per f118.99 or wall thickness-280 i,
inches from 835 to 880 7. | Material Steel Weight per f1.139%6r wall thickness 280 fn,

§ inches from 830 to B05  ft | Matersal Srcl Weight per 189907 wall thicknass 280 in.

G _inches from 920  to 665 F. Mat=rial Steel Weight per ft18.88or wall thickmess 287 in,

B inches fom 580 1o 1050 L Matarial Stea) Weight per ft.1a 55 or wall thickness 2aq .

6 inches from 1080 o 1290 &, Material Stzel Weight per £ 18.98 or wall thickness. 280 |

) inches from 1335  to 1370 f | Marerial Steal Weight per .18 %%0r wall thickness 280 jn

6 _inches from 1400 o 1410 1. | Material Stee! Weight per ft 16.9%or wall thickness280 jp, |
inches  from 1o . | Mazerial Weizht per .15.99 or wall thickness 280 in,
inches  fram o ft. | Materal Weight per f.18.89 or wall thicknese 280 in
inches  from to fr | Material Weight per 1.18-98 ar wall thickness 290 i,

Sereen Sire & Mesh:

§  inches from 720 o 783 fr. | Mesh Size D40 Typs 30455

&  inchas  from 820 w B35 1 | Mesh Size 040 Type 304 55

8 inches from 880 to 890 f. | Mesh Size 040 Type 304 55

-8 inches  from Q05 - to 820 - ft. | Mesh Size 040 Type 304 58

6 inches from 885 to 000 R Mesh Size 040 Tvpe 304 55

€ _inches from 1050 1o 7020 fi. | Bdesh Size 040 Type 304 55

& inches from 1230 to 1335 7. | Mosh Size G4 Typa 304 52

" ©_inches from 1370 to 1400 & | Mesh Siee 040 Type 304 55
inches  from to fi. | Mesh Sizs Tvpe
inches  from W fi. | bMesh Sire Tope
inches  fram [ - ft. | vlesh Size Twvpe

Water Fones:

From i ft. From to ft. | Frem fix f. | From o L.

From to fi. | From tor ft. | From to fi. | From 10 ft,

From to it, From i ft. | From to fi. | From ia] ft.

From 2] ft. | From ta f. | From to fi. | From ] fr.

Gravel Pack:

From o i Fram to ft. | From 1o 1.

From 1) fr From to fr. | From o) fr.

From 1o it. From i ft. | From 10 fi.

Groat: Tvper Nest Cament Siumy from o 475 ft.

| Grout: Type: Benionie from 750 o a00 ft
| Grout: Tvpe: Bertonite from 1,150 o 1,160
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Figure A-4. MW -UPA Well Completion Report. This includeswell location information,
scree depths, well diameter, and soil type with deph. (Includes the next4 pages)

Form GW-2 COMMONWEALTH OF VIRGINTA DEG Well # 151-609
Fevised 8192016 UNIFORM WATER WELL COMPLETION REPORT USGE Logal 452044
Page 1 of 4 YIH HDIM #

VIDH PWSID &

*Indicates required field or section
**Indicates required field or section, if applicable

L. Contact Information®

Contact: Mame Address Phone
Owner Hampton Rds Sanitation Distr| 1434 Air Rall Avenue Virginiz Beach, VA 23485 {757} 460-2401
Diriller A.C. Schulles of Manyiand, Ing 8221 Cloverleaf Drive Millersvilla, M 21108 (410) B41-5710
System Provider |Hampton Ros Sanitation Distr| 1434 Air Rall Avenue Virginia Beach, VA 23455 (TE7) 450-2481
2. Well Location*

Physical Address: 5909 Armstead Road Suffolk, VA 23435 | Countw/City: Suffalk

Subdivision Mame: Nansemond WwTP Section: Block: Lost;

Tax Map/GPIN #: 0439-01-5074

Latitude: 36.5336648 N | Longitude: -76.2533444 W

Datum Source | Horizontal: F WGS84 0O NADS3 O NAD2T

LatLong Sewrce (Check One): O Map [0 GPS O PPDGPS 0O Survey O Imagery B WAAS

Location Information Collected By @ Scoft Bruce

Physical Location Description: Tax map & Parcsl 10

3. Facility & Use*

I'ype of Facility (Check One): Type of Use (Check All That Apply):
O Private O Drinking/Domestic Use O Agricultural O Food Processing
B Waterworks O Manufacturing O Irrigation Injection
O Observation™onitoring Well | O Geothermal (CoolingHeating) O Fire Safaty
E mdﬂ Retumsied 1o Surfsce
[ Beturned ta Aqul&r

4. Well Construction®

Well designation, Name or Number: MW04-UPA

Date Started: 212/2018 | Date Completed: /2512018 | Type Rig: hMud rotary

Class Well (CheckOne: O I O A O 0B O MA O WB O mc 0O mo 0O IoE O v

Construction Type (Check One): Mew [0 Existmp-Modified: 0 wall O Pume: Due

Well Depth: 50 ft. | Total Hole (borehole) Depth: 780 fi. | Depth to Bedrock: fi.

Hole Size (Include reamed zones): 18 inches from 0 1o ft. Inches from o ft.
Height of Casing above Land Surface: 2 ft., inches

Casing Size (1.D.) and Materials: {below) Total Depth of Casing; fi.

12 inches from o to 42 fi. Dinfiled | Material stesl Weight per fi. or wall thickness 3750,
& inches from 0 to 515 fi Oieised | Materjal stesl Weight per ft. or wall thickness 3zdn,
€ inches from 565 fo EB5  fi Dindined | Material stesl Weight per fi. or wall thickness azdn.
Sereen Size & Mesh:

& inches from 515w 585 . Dinfilled | Mesh Size 040 Type 304 stainless

% inches from 585 o 605 fi. Oinfilled | Mesh Size 040 Type 304 stainkess

& inches  from 680 to 675 fi. Omdlled | Mesh Size 040 Type 304 stainlass

Water Zones: from 510 1w 570 fi from 580  to 610 fi | from 655 1o @80 i

Gravel Pack:

Size: #2 Type: | from 495 o 760 ft | Size: Type: from & 05
SIDE oo | 0o 495 g | SromSMeRE | Dpeorsan

0 Bentarite palletichips O Conerete _J Poured through tremimbe pipe [ sandtary seal

7 Meal Cement (6% benisiite] from U © 2 R || Purpet fum batiem upnerd

Camera Survev: O Yes B No ]%ﬁte Conducted:

Additional Well Construction Form Information Attached: [ Yes 0 No
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Form GW-2 COMMONWEALTH OF VIRGINLA DEQ Well # 181609

Revised 8192016 UNIFORM WATER WELL COMPLETION REPORT USGS Local # 59044
Page 2 of 4 VIDH HDIN #
VIDH PWSID #

Well designation, Name or Nomber=; MW04-UPA

5. Disinfection

| Well Disinfected: [ Yes O No | Date: 3152018

§. Abandonment (*When abandoning the well, Sections 1 thru 4 must be completed andfor attach original GW-2} nia

Diate Started: | Date Completed:

Static Water Level (unpumped level measured): i -

Casing Size (LD.) and Materials: | Casing Pulled: O Yes O No O Uncased Well
Depth of Fill: | Type and Source of Fill:

Grout: From L Type: From o Type:

Method of permanently marking location:

7. Pump Test**

Static Water Level (unpumped level measured): 95 fi. -

Date: 3/20:2018 | Method (Check One): & Water Tape ] Airline [ Transducer 0 Other
Stabilized measured pumping water level: nia it -

Date: Method (Cheek Ome): O Topof Well Bl Topof Casing [ Surface Level
Test Pump Intake Depth: fi | Stabilized Yield: 120 gpm after hours
Natural Flow: 0O Ye: [ MNo Flow Rate gpm

Estimated Well Yield: 120 Fpm

8. Pump Data** nia

Type: O submersible O Turbine O Shallow Jet O Deep Jer  [J Other: | Mator HP:
Production Pump Intake Depth: fi | Rated Capacity: Zpm al ft TDH
9. Genlogic Information

Type Logs: Electric and gamma | Aquifer Test Performed: No

Water Quality Resulis Attached: Yes No v

Comments:

Monitaring well for 12" injection well,

Fermation Lithodagy Frivince Ueologic Map Used
Elevatian

For Office Use
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