Applicationof Slug Testd¢o DetectReduced Aquifer Permeabilijue to
Byproducts oBioremediation of Groundwater Contarants at the Naval Air
Warfare Center, West Trenton, Mdersey

Alex R. Fiore

Capstone Paper

Master ofScience in Geological ScienceBnvironmental Geosciens®ption
Department of Earth and Planetary Sciences, Rutgers University.



Abstract

Sevenwells previouslyused ina biostimulation injection to enhance thietic dechlorination of
trichloroethylene irafractured sedimentary rock aquifgere slug tested to identify possible
transmissivity decrease&quifer permeability may reduce poducts ofenhancedbacterial
activity such as bionss and mineral precipitatdevelopin a welland accumulatin fractures
Such guifer cloggingcancau® atransmissivitydecreas¢hatmay be observable with slug tests.
Comparisons to prbiostimulaton slug tests dive of thesewellsindicate a transmissivity
deaease of at least two ordevémagnitudeat oneminimally fractured welbnd negligible or no
transmissivity change at the other wellke large decrease dfcoincideswith increasedulfate
reducinggroundwaterconditionsin thatwell following biostimulation, which may indicate
possilbe upsurgeof sulfatereducing bacteriactivity.

Introduction

The former Naval Air Warfare Center (NAWC) in West TrentoeywNJersey, was a U.S.
Navy jet engine testing facility in operation from the 1950s to thel880s, and is presently a
field site for U.S. Geological Survey (USGS) Toxic Substances Hydrology Program research on
groundwater contamination in fractured seelmary rock. Trichloroethylene (TCE), which is
toxic to humans at concentrations greater than 0.005 mg/I (EPA), was leaked into the subsurface
during industrial operations at NAWC and has been identified at concentrations @@ /|
in thefracturedNewark Basirmudstones and shales that underlie the(Bgel, 2) (Lacombe,
20000A series of Dbiostimulation injections perfc¢
2005 and 2008deFlaun et al., 2006; deFlaumpublished) tilizedemulsified vegetble oil
(EVO) as an electron donor to stimulate biotic dechlorination of TCE and daughter products cis
1,2 dichloroethylee (DCE) and vinyl chloridg(VC).

Thetwo biostimulation injections may have induced biofouling in wedlsdduring the
study.Biofouling, as it relates to groundwater hydroloipa change ophysical and/ochemical
characteristisof an aquiferdueto growth ofmicroorganismgCullimore, 1999) Sucheffecs are
commonly observed in contaminated aquifers undergousgurbioremediation. Nutriesrich
biostimulants such as EVO are injected into the subsurfamhncéacterial activity, which
can causéiofoulingwhenbiomassggrowthandor precipitation of mineal byproducts
accumulaten the aquifeandreducehydraulic properties such &ansmissivityBarnes and
Clarke, 196; Walter, 1997; MacDonald et al., 19909ss et al., 200 Houben, 2003; Lutes et
al., 2003 Castegnier et al., 200Bloelen et al., 2006; Seifert and Engemga2007; Larroque
and Franceschi, 201Page et al., 201B5mith and Roychoudhury, 2013n fractured rock
aquiers, biofouling and subsequedgcreasesf T will occur within the fracturethemselves
which act agheprimary conduits of groundwateiofl through the aquifeFractured rock
aquifers are notoriously heterogenedts, Newark Basin being no exceptidviqfin et al., 1997;
Lacombe, 2000Fan et al., 207, Herman, 2010; Michalski, 2016jore, in presk sothe extent
of biofouling due to irgction of biostimulants is likely localized to the volume of aquifer
immediately surroundinthewell. Slug tests, a common method of estimating hydraulic
properties, arenost effective in estimating in the immediatevicinity of awell, solocalized T
decreases associated with biofouling shoul@dbsgervablevith slug testsThe groundvater
releasedluring slug testwvill predominantly originate from fractures intersecting the well
(Barker and Black, 1983). Clogging will decrease the esessional areaf the conduit, and the



slug test will take longer to recover to static water levels, underestimatdegrfeases of
hydraulic properties such agdlie to buildupof biofouling materials in fractures have been
observed in biostimulated fractured sedimgntack (Page et al., 2011) as well as limestone
aquifers(Ross et al., 2001;d3tegnier et al., 2008)ut no studies have used slug testing to
detectsuch decrease$hereforetheobjective for this projeatvas toimplementslug testdo
determingf biofouling hasalteredthe T atwells involved inbiostimulationinjections at NAWC
in 2005 and 2008ndto posepossible explanations for any indications of biofouling.

Site Hydrogeology

Detailed hydrogeologic descriptions of NAWC are found in Laco(2b80) and
Lacombe and Burton (2010). NAWC is situated on the Lockatong Formation and Stockton
Formation of the Newark Bas{ffig. 2). A thrust fault separates the two formatighgs. 2, 3),
whichis believed to act as a barrier to groundwater flow. Mostindwater contamination
occurred in the Lockatongormation which underlies a larger gan of the site, whilehte
Stockton Formatiofs largely uncontaminatgdig. 1). The Lockatongat NAWC is primarily
fractured mudstone and shale and the Stodktpnmarily fractured sandstoriig. 2).
Preferential groundwater floywaths are through fractures, rather than the primary porosity of the
rocks.General groundwater flow direction is along the strike of the beds toward the southwest
and downdip towardthe northwestas evidenced by migration of the TCE plume relative to the
daughter DCE plume (fig. )acombe, 2000Lewis-Brown and Rice, 2002). The
biostimulation injection occurred tgirike and ugip from the primary contaminant plume.
Since the 198s, a pumgandtreat system has been in use for groundwater remediation and to
prevent TCE fronenteringthe nearbyGold Runstream that discharges to the Delaware River
(Lacombe, 2000; LewaBrown and Rice, 2002Y.he pumpandtreat system has been only
dightly successful in removing TCE and daughter products (Lacombe, 2011), so alternative
remediation methods such thgsebiostimulationinjections were necessary to facilitfi€E
removal.

Materials and Methods

In 2012, fug tests were performed @rwells used inthe biostimulation injection®
obtain T estimatesvell namesl6BR, 17BR, BBR, 38BR, 41BR, 74BR, and BRF(fig. 3).
Wells 47BR and68BR werealso used in thbiostimulation(fig. 3), butare not included in this
report. 47BR is open to aonfined regolithwith a differing flow scheme (Lacombe, 2000;
Tiedeman et al., 201068BRwas unavailable to b&lugtested at the time. The testptieyed
mechanical slugs that raise the water level when rapidgrteddownawell( is | ug andn o t es
lower the water level when rapidly removed frawell ( i s | u g (bgudl). Bressuees t )
transducerplaceddown the borehol€ig. 4) recorded watelevel data at 0.260 second (sec)
intervals. Wells with faster watéevel recovery used shorter intals, and wells with slower
recovery used longer intervals. Water levels were also manually sounded widéttaicM -
scope to calibrate transducer data and convert from millivolts (mV) to-leatdrdepth in
meters (m).
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Figure 1. (a) Map of TCE concentrations at the Naval Air Warfare Center site. (b) Map of DCE concentrations.
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Slug removaldatawere analyzedverslug insertiordatabecause slug removehuses
less splashinthan slugnsetion and provides &cleaneo initial waterlevel displacemenihe
waterlevel displacement from slug tests and the recovery time to static levels can provide a
measure of groundwater flow through the aquifer (fa). Bhe solution ofCooperBredehoetft
PapadopulogCooper et al., 1967r slug tests o€onfined, noAeaky aquifers was the
analytical method of choice for these te$tse nonleaky condition issalid because
groundwater released during slug removal ertemnprimarily from fractureand thee is
negligible leakage between bedrock porosity and fractlugeg slug testsThe Cooper et al.
(1967) solutiorassumes. homogeneous, isotropic, and isopachous aquifer, which is likely
applicableover the very small volume of aquifer affected by skgis.The solution also
assumesull well penetration of the aquifer. Singeoundwater flow occurs iffactures, a
confiningunit of competent bedrodk likely positioned at the top and bottomeaich well
screemand this assumption is applicab¥elditional Cooper et al. (1967) assumptions (horizontal
potentiometric surface, unsteady flow, instantaneous release from storage, etsg are a
considered valid. flese conditions amarely if everencountered by any real aquifemature
but provide reastable approximations d¢fydraulic propertiesf fractured rock Shapiro and
Hsieh, 1998).The Cooper et al. (1967) analysis requpkxting normalized watelevel
displacement over timenatching the graphed sltest data to a type curve (figb, 6). The
shape of the type curve is controlled by a spec#tedage coefficientas well as radii of the
casing and well scredfig. 5b). Type curves were generated and T estimates were calculated
using the software AQTESOLYV (Duffield, 2000).

Estimates ohydraulic conductivity K) are available from slug tests of NAWC wells
performedn 1997 (LewisBrown and Rice, 2002prior to any biostimulation everftor
consistency, K estimates from 1997 were converted tormiplying by the saturated
thickness (bspecified in LewisBrown and Rice (2002). T was preferred over K to avoil a
possible inaccuracies of bofh studies utilized the Cooper et al. (1967) solution for data
analysis, which provides T estimate without requirirggspecified bComparison bT estimates
from 1997 and 2012 may indicate clogging of the fractures due to biofouling if 2012 estimates
are less than 1997 estimates.
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Tablel. Comparison of 199@nd 2012ransmissivity (T)estimatest
biostimulation wellsData reported tone significant figure*Transmissivity too

low to measure with slug tests, value is less than lowest medsestiinate

Well Name 1997 T 2012 T
(m%/day) (m?/day)
16ER 4] 3
17ER 50 40
30BR 0.6 <0.007*
38BR =0.009* =0.007*
41EBR 40 9
T4BE -— 2
ERP-1 40 40

Results

Waterlevel displacement datxhibited a reasonable fit to Cooper et al. (1967) type

curves (fig.6). Comparison oflsig test estimates of T from 1997 and 2012 are listed in table 1.
Wells 16BR, 17BR, 30BR, and 41BR eatdtreased in T over the-{®ar time sparwell BRR
lindicatedno T changeWells 38BRand 74BRhadan unknown change of T. Water levels in
38BRshowedno indication of recovery duringsting, which indicates a very slow recovand
thatT is too lowto measuraising slug testsToo-slow wateflevel recovery also @urredduring

the 2012 slug test of 30BRhe smallest measured T estimate from slug testsydiAWC well
is 0.00/ m?/day (Fiore, in pressyo the2012 T at 30BRand 38BRis most likely less than this
estimateThe smallest measured T estimate by LeBriewn and Rice (2002) was 0.06¢/day,

so T at 38BR in 1997 is most likely <0.008/day. Well 74BR did not exist in 1997, so no prior

slug test data is available for that well.
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Discussion

The most significant T decrease occurred at well 30BR. In 1997, &ppaieximately0.6
m?/day at 30BR, while T was ¢dow for measurement in 2012 (table A3suming T was
<0.007m?day T in 2012must have decreased by at least two orders of magritBGBR This
is a considerably larger decrease than 16BR, 17BR, and 41BR, which decreased within one order
of magnituet (table 1). Slug test analysisgsite subjective (Butler1998, so any T change
within one order of magnitude may result from this subjectivity and not represent a true change
of T (DanielJ. Goode, personal communication, 2013). Since the T decatds#BR, 17BR,
and 41BR are each within one order of magnitude (table 1), the changes are likely minor and
negligible. The decrease of T at 41BR is slightly greater than 16BR and 17BR, likely due to the
relatively poor fit of early time data to the typearee (fig.6) resulting from a relatively less
Acleanodo slug removal during testing. The two
signifies the only true change of T, and indicates biofodlgigiced clogging is most likely to
have occurred in 30BR.

Sulfatereducing bacteria (SRB) are frequently identified as culprits of biofouling in
anoxic groundwaters. Cullimore (1999) describes growth of biofilms and precipitation of metal
sulfides as materials associated with SRB biofouling. A frequentlysfdmmetal sulfide is
ferrous iron sulfide (AFeS0), which precipita
subsequently reacts with ferrous iron dissolved in groundwater (Cullimore, H888edy et al.,
2006 ;Gramp et al, 2010), a relatively quick reant(Rickard, 1995; Hansson et al 2006;
Kennedy et al., 2006Y he resulting FeS is typically in the form of amorphous FeS or poorly
crystalline mackinawiteAnderko and Shuler, 1997; Hyun and Hayes, 2009; Gramp et al., 2010).
Groundwater at NAWC is anoxiand sulfateeducing conditions are dominant (Chapelle et al.,
2012), so if biofouling has occurred in 30BR, it likely developed di&RB activity and the
subsequentuld-up of SRB biomass and/or FeStive fractures intersecting the well screen
Biomass cloggindrequently occurst injection wells utilized during bioremediation
(MacDonald et al., 1999; Lutes et al., 2003DBR was as an injection well during the 2008
biostimulation, which renders the fractures more vulnerable to clogging by bidreSksmsalso
been identified in clogginmaterials in groundwater wel{Barnes and Clarke, 196Walter,
1997; Houben, 2003; Hoelen et al., 2006; Smith and Roychoudhury, 203} therefore a
possible clogging material in 30BR as welbwever,the possiblepresence c§RBbiomass and
FeS in these cases does not indicate whether their formations caused any chpthgeiiic
properties, as their presence may have no effectexample, an injection experiment by
Kennedy et al. (2006) produced Fe&mh SRB biostimulation, but observed no change in matrix
permeability as preexistent iron minerals were converted to FeS.

The T estimate at 30BR in 1997 is less than those at all other biostimulation wells in 1997
except for 38BR (table INAWC wells with low T will containfewer aml/or smaller
intersecting fractured.acombe and Burton, 2010; Tiedeman et2010) Possible bgging
from enhanced SRB activityost likely occuredin smaller fractures where a mass of biofouling
material can have more ggnificantimpact on overall hydraulic propertigssmaller conduit is
more likely to be cloggethan a larger conduisothe T decrease will bmore apparenthus,
well 30BRis surely relatively less fractureshd more susceptible tlogging than 16BRL7BR,
41BR and BRP1. Well 38BR idlikely very susceptiblas wel| but since T could not be
measured, thextent ofpossiblebiofouling would beunknown.

Groundwater chemistry datautinely collected bfze o synt ec QGuodiUS@YI t ant s F
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in the biostmulation wells {eFlaun et al., 2006; deFlaumpublishedifurther indicate SRB
biofouling in 30BR Well 30BR was not included in the biostimulation until the 2008 injection.
After the 2008 injection, 30BR concentrations of sulfate decreaseddfignd concentrations
of sulfide(fig. 7b) andDehalococcoidebacteria DHC) increased (fig7c) while dissolved
oxygen DO) remained low (fig7d). The change of sulfate to sulfide in low oxygen
groundwaters ia common sigrof SRB activity. The increase of BIC indicates£VO injection
wassuccessful inttracting bacteria to the well. EVO acts as an electron donor for both DHC
and SRB, so IDHC increasedSRB counts may haygrownas well explainingtheincreased
sulfate to sulfideransformatios. As previaisly stated, @fate-reducing conditionare
widespreacit NAWC (Chapelle et al., 2012), so the increasmahdancef SRBin the
biostimulation wellgs realistic However, an increase in SRB count does not necessarily
indicate biofouling, as their presee may be unrelated to the T decrease.
Likewise, an observed decline in hydraulic properties may result from the-bpilof
other materials even if SRB materials are present, or from a different process éntitghber
of additional factors may coiibute tq or solely generatehe observed decrease of T in 30BR.
DHC biomass caaccumulatealongside SRB biomass and further clog the fractures.
Since the EVO injection travels with groundwater flow through the fractures, the clogging may
arise from EVQtself; 30BR is less fractured, so the well is more likely to possess poor hydraulic
connections to recovery wells. A large concentration of EVO may have lingered in 30BR
fractures without escamndcauseda blockagen the fracturesThe T decrease caiso be
unrelated to biostimulation; fracture collapse and clay infilling, for example, can also trigger a
decrease of T.

Conclusion

Slug tests of wells utilized durirthe 2005/200®iostimulation at NAWC were
successful in observing substantial dases of Tbetween 1997 and 201%/ells 16BR, 17BR,
41BR, and BRHL each displayedbsent onegligiblechanges of T thdikely stem from the
subjectivity of slug test analysis and operating procedure. T at well 30BR decreased at least two
orders of magnitdeafter the injectionwhich is likely a true decrease of Groundwater
chemistry data indicates sulfateducing bacteria may be responsible for the biofouling of well
30BR by accumulation of biomass and/or precipitated FeS within frackreesures
intersecting 30BR are more susceptible to clogging than those of 16BR, 17BR, 41BR, and BRP
1, because the fractures are smaller, fewer in number, and likely provide relatively poor
connections to otherarts of the aquifer.

While slug testareeffectivein observingchanges in hydraulic propertjestributingthe
changedo biofoulingor any othecauseas only conjectureCausalexplanations cannot be
providedwithout implementation of additional testSor example,dgging well 30BR with a
high-definition optical televiewer and borehole video camera cawigeovisual images of the
well and helpvisually distinguishpossibleclogging materialsAcquiringphysicalsamples of
thesematerialsfor laboratory analysis necessary teerify their identity.These confirmations
will advance understandiragf how biostimulation can modify hydraulic propert@®und a well
in fractured rock aquifers.
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