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Evaluating Preferential Recharge in Blue Ridge Aguer Systems Using Saline Tracers
David F. Rugh
Abstract

Multiple saline tracers were used to explore tile of geologic structure on groundwater
recharge at the Fractured Rock Research Site ydRounty, Virginia. Tracer migration was
monitored through soil, saprolite, and fracturegbtalline bedrock for a period of 3 months with
chemical, physical, and geophysical techniquesag3aum chloride (KCI) and potassium
bromide (KBr) tracers were applied at specific temas on the ground surface to directly test
flow pathways in a shallow saprolite and deep treed rock aquifer.

Previous work at the Fractured Rock Researchhawe identified an ancient thrust fault
complex that is present in the otherwise competerttmorphic bedrock; fracturing along this
fault plane has resulted in a highly transmissiyaifar that receives recharge along the
vertically oriented portion of the fault zone. Aadlow aquifer has been located above the thrust
fault aquifer in a heterogeneous saprolite layat thpidly transmits precipitation to a
downgradient spring.

Tracer monitoring was accomplished with differahélectrical resistivity, chemical
sampling, and physical monitoring of water leveis apring discharge. Tracer concentrations
were monitored quantitatively with ion chromatodrg@nd qualitatively with differential
resistivity surveys. KCI, applied at a concentmtof 10,000 mg/L, traveled 160 meters
downgradient through the thrust fault aquifer &pang outlet in 24 days. KBr, applied at a
concentration of 5,000 mg/L, traveled 90m downgratthrough the saprolite aquifer in 19
days. KCl and KBr were present at the sampled ghegads for 30 days and 33 days,

respectively. Tracer breakthrough curves indickffese flow through the saprolite aquifer and



fracture flow through the crystalline thrust faatjuifer. Heterogeneities in the saprolite aquifer
had a large effect on tracer transport, with bite@ktgh peaks varying several days over vertical
distances of several meters.

Monitoring saline tracer migration through sodpsolite, and fractured rock provided
data on groundwater recharge that would not haea beailable using other traditional
hydrologic methods. Travel times and flowpathseobsd during this study support preferential
groundwater recharge controlled by geologic stmgctuiseologic structure, which is not
currently considered an important factor in curmaoidels of Blue Ridge hydrogeology, should
be evaluated on a local or regional scale for aatemwresources investigation, wellhead

protection plan, or groundwater remediation project
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Introduction

Investigating possible preferential recharge patfsin heterogeneous fractured rock
environments is an essential step in charactergiagndwater flow and recharge processes.
Understanding the spatial distribution of groundwaéecharge in geologically complex aquifer
systems requires extensive long-term hydrologicgewphysical monitoring. This involves
periodically measuring the physical, chemical, elettrical attributes of the subsurface.
Accurate hydrogeologic models for the Blue Ridggdtbgraphic province are needed because
of an increased demand for sustainable groundweseurces.

The Blue Ridge physiographic province represemésaively narrow band of complex
geology and hydrogeology that stretches from Pduasia to Georgia. The Blue Ridge is
comprised predominately of igneous and metamonguks that are highly fractured and faulted
due to several episodes of shortening and extetisionghout the Paleozoic and Mesozoic eras
(Dietrich, 1970). Relatively few detailed hydrologtudies have been performed in the Blue
Ridge despite the fact that numerous public watppkes exist. During a 2002 drought,
existing public water supplies were so depletetléh@ergency water conservation legislation
was enacted and many communities received fedesiadter relief (Virginia Department of
Environmental Quality, 2003; Weaver, 2005).

A better understanding of groundwater flow is rezktbr locating new reliable
groundwater supplies in the heterogeneous fracturadaquifers that are commonly found in
the Blue Ridge. Investigating groundwater flowhiitacer experiments allows in-situ
observation and measurement of tracer migratiomyMasearchers have completed studies
using saline tracers in different environments wide range of scales (Derby and Knighton,

2001; Vanderborght and Vereecken, 2001; Dyck eR@D5; Hu and Moran, 2005; Levitt et al.,



2005). Saline tracers are widely used becauseltblegve conservatively in a variety of
geologic media, they often occur at low backgrolewvels, they are simple to quantify, and they
are relatively benign when released into the emvirent (Levy and Chambers, 1987; Kass,
1998). Saline tracers have also been extensigag in conjunction with electrical resistivity
imaging (ER) to monitor fluid movement in a non-@&swe nature at a high spatial and temporal
resolution in unsaturated solils, saturated fradtwoek aquifers, and saturated granular aquifers
(Slater et al., 1997; Slater et al., 2000; Singhal.e2003; Kim et al., 2005; Singha and Gorelick,
2005). Applying tracers to evaluate recharge emBlue Ridge province has not been previously
attempted due to the considerable amount of s#eHip knowledge that is necessary for
successful monitoring in a highly heterogeneousnget

This study aims to definitively assess the rolge@dlogic structure on groundwater
recharge at the Fractured Rock Research Site (kfered to as the FRRS) in the Blue Ridge
province. Previous investigations by Seaton andb&y (2000; 2002; 2005) , Gentry and
Burbey (2004), and White and Burbey (2006res3 provide a wide variety of hydrologic,
geologic, and geophysical data used to thorougbdgdbe this study site. These studies suggest
that groundwater recharge in the Blue Ridge islgigbrrelated with geologic structure; which
contradicts the accepted Blue Ridge conceptualehtbdt portrays the regolith as a
homogenous unit that transmits recharge in a djyatiensistent manner to the underlying
fractured bedrock aquifer (Legrand, 2004). Evahgasuspected recharge pathways for this
study required applying large volumes of salinedra at the surface and monitoring plume
migration through regolith and fractured rock. MHdtvel samplers and a deep well were

installed for chemical sampling along the studyns$et.



Water chemistry was periodically analyzed at reliel samplers, wells, and springs.
ER profiles were gathered periodically along thenpé transect to measure changes in the bulk
electrical properties of the subsurface. Wateele$rom pressure transducers and water-level
meters were recorded at wells and multilevel sarapfethe study area. Physical and electrical
monitoring of springs was accomplished with a rdoay flowmeter and specific conductance
electrode. Data gathered during the course ofstiidy are applicable to many sites throughout

the Blue Ridge province where thrust faults ares@néin crystalline rock.

Site Geology and Hydrogeology

The Fractured Rock Research Site is located sufuRoanoke, VA near the western
margin of the Blue Ridge Physiographic province(ife 1). This portion of the Blue Ridge is
characterized by high relief topography and is vlade by highly metamorphosed sedimentary
and igneous rocks. Episodes of compression atethg®n have resulted in a set of semi-
regional northeast-southwest trending thrust fatlis are topographically expressed as ridges in
the vicinity of the study area (Dietrich, 1970; 8&rand Burbey, 2005).

The research site is underlain by the Ashe Formatisich consists of gneisses, mica-
schists, and granites. The bedrock at the FRRigBy fractured and faulted at depth due to
ancient reverse faulting (Seaton and Burbey, 20®yage within the fractured bedrock is
typically limited within the Blue Ridge but can mease significantly near localized fractures
(Daniel, 1996; Seaton and Burbey, 2005). Deptbetirock at the site depends largely on
topographic position and ranges from 10 to 20 rseter

Weathering of parent bedrock material has produegdlith of varying thickness and

composition throughout the Blue Ridge. Regolithhie Blue Ridge consists of soil and saprolite



that typically retains the structure and foliatmirithe parent bedrock material (Buol et al., 2000).
The type and amount of regolith is controlled byyagraphic elevation and bedrock weathering
susceptibility. Regolith in the Blue Ridge uplazah be a major storage reservoir for
groundwater (Heath, 1984; Daniel, 1996; Swain e228l04). Unweathered resistant bedrock
fragments are common in Blue Ridge regolith and thecurrence and size increase with depth.

Blue Ridge aquifer systems include varying amoohtsedrock and regolith. The
heterogeneous distribution and anisotropic behafitiniese materials results in complex
hydrologic systems that are extremely variable total scale. The amount of groundwater
available in Blue Ridge fractured rock aquifertisally dependent on fractures, joints, and the
hydraulic relationship between the saprolite andrbek (Swain et al., 2004).

The heterogeneous multi-aquifer system at the FR&3een extensively investigated
by previous researchers who have used a wide yaridtydrogeologic tools to better define the
conceptual model of Blue Ridge fractured rock agyusfystems. Initial site characterization was
performed by Seaton and Burbey (2000; 2002; 208B)gLER profiling and geophysical
borehole logging. During the early phases of theys 11 wells were drilled to varying depths
at different locations throughout the field siteégiire 1). Five wells categorized as “deep” (W2,
W3, W7, W9, W10) were cased through the regolitth @nlled into the metamorphic fractured
bedrock. Six wells categorized as “shallow” (W1, WM5, W6, W8, P1) were completed in the
saprolite. Hydraulic testing of installed wellsadysis of ER profiles, and chlorofluorocarbon
age dating of shallow and deep aquifer waters weeel to define a new conceptual model for

the Blue Ridge province.
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Figure 1: Location map illustrating well (W), multilevel sampler (ML), and spring (SP) locations alonghe
study transect. Line A-A' represents the cross s&on of the conceptual model and differential resisvity
electrode array.



According to previous work conducted by Seaton Buarbey (2000; 2002; 2005),
recharge entering the regolith directly above teeiwally oriented portion of the ancient thrust
fault travels through the unsaturated zone and®iie highly transmissive fractured fault zone
aquifer (Figure 2). Recharge entering the regaiiewhere enters the shallow saprolite aquifer
located above a bedrock semi-confining unit andcjfy travels horizontally along the bedrock
surface to local discharge zones such as streathshafiow springs. A localized breach zone
permits mixing of shallow and deep groundwater aggmt of a low flow spring found near the
southern boundary of the site.

A spring hydrograph study completed by Gentry Badobey (2004) used hydraulic
testing and springflow recording equipment to eatduthe source of shallow spring water. Long
term monitoring of water levels, precipitation, asptingflow were used to study shallow and
deep aquifer discharge to the springhead undeardiit hydraulic conditions. Results indicate
that during baseflow conditions, spring (SP1) desge (Figure 1) consists of 75% deep aquifer
water (fault zone) and 25% shallow aquifer wateg@lith). During recharge events, elevated
springflow is attributed to increased shallow agudischarge to the springhead.

Physical monitoring of the unsaturated zone vafopmed at the FRRS by White
and Burbey (20061 pres$ using time domain reflectometry logging and tenseters to
evaluate recharge mechanisms at the site. Sodtareiand matric potential readings were used
to calculate quantitative recharge estimates feerse locations along the A-A’ transect (Figure
2). The results of this study suggest that thd@haaprolite aquifer and the deep fault plane

aquifer exhibit distinct and different recharge gesses that reflect the underlying geology.
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Figure 2. Conceptual cross section of FRRS based work completed by Seaton and Burbey(2000; 2002;
2005).



Methods and Monitoring
Geophysical Well Logs

Geophysical well logs were used to delineate aradladterize fracture zones in deep
boreholes used for this study. Existing deep bale=hwere previously logged by Seaton and
Burbey (2000) during their initial effort to condaplize the FRRS. This tracer study required a
new deep borehole (W11) to be used for furthetdiracmapping and chemical sampling (Figure
1). Well 11 was logged with a Mount Sopris MGXdlbital logging system that was used to
gather spontaneous potential, natural gamma, calipanch normal resistivity, 32 inch normal
resistivity, 64 inch normal resistivity, and heatge flowmeter logs (HPFM).

Interpretation of geophysical logs from W11 yieifbrmation that is consistent with the
current conceptual model of the FRRS. The gamesastivity, and caliper anomaly at ~36
meters is interpreted as the deep thrust faultfaq(figure 3). Well 11 was drilled at a unique
topographic position; no data pertaining to thetidep transmissivity of the fault zone aquifer
were previously available at this intermediate tpaphic location. A casing leak resulting from
a poor seal at the regolith/bedrock interface ssble in the HPFM log at ~21 meters. During
HPFM logging during pumping conditions, a largeddacline occurred near the casing leak
allowing water to enter the borehole from shalledtwck fractures enters the borehole. This
casing leak dominates the HPFM log; other fracttiias occur at greater depths appear to
produce little water. This effect causes the thfaslt fracture at ~36 meters to appear
insignificant even though water levels indicatet thas fracture is connected to a portion of the

thrust fault aquifer (Figure 4).



An inflatable packer was installed at a depth4#idneters to isolate saprolite aquifer
and casing leak water from the deep aquifer. phacker was inflated for the duration of the

tracer study. Well 11 was used to monitor tracegyration along the thrust fault.

Well Drilling and Multilevel Sampler Installation

To adequately capture the applied tracers, thidgélevel samplers were installed in the
saprolite aquifer and one new deep well was paokietd monitor the deep fault-zone aquifer
along with W3, W5, and SP1. All holes were comgiletising air rotary drilling rig. Multilevel
samplers ML1, ML3, and ML4 were drilled through tlegolith until fractured bedrock was
encountered (Figure 1). Deep well W11 was drittedugh the fault zone aquifer to a depth of
200’ and cased through the regolith. It was disoedafter drilling that a poor seal exists
between the casing and the bedrock; this prompiedhstallation of a packer below this interval
to ensure that no mixing occurred between the deérshallow aquifer during the tracer study.

Solinst 3-channel Cl\/ﬁ'tubing was installed in ML1, ML3, and ML4 by ditdaurial
using lifts of bentonite chips, sand, and nativeéemals to isolate each sampling port. CMT
tubing was chosen because it allows for chemicapsiag through minimal purge volumes at
three depth zones within a single borehole.

ML1 was drilled into the thrust fault subcrop armas sampling ports at 16m (ML1p1),
17.5m (ML1p2), and 18.5m (ML1p3) below ground soedFigure 2). ML3 was drilled into the
shallow saprolite aquifer and sampling ports weaegd at 11.2m (ML3p1l), 14.3m (ML3p2),
and 17.3m (ML3p3) below ground surface. ML4 wabetdt into the shallow saprolite aquifer
just upgradient of the breach zone where water ttwrshallow and deep aquifers mix. ML4

has sampling ports at 10.8m (ML4p1), 9.5m (ML4@2) 7.6m (ML4p3) below ground surface.



Water Levels and Precipitation Data

Water levels were monitored throughout this ingegiton using pressure transducers that
record hourly measurements. Water levels in tladl@h saprolite aquifer were measured with
transducers in W4, W5, W6, W7, and P1 (FigureWhter levels in the deep fractured rock
aquifer were recorded with transducers in W3, W8, Whd W11 (Figure 1). The data from all
transducers were barometrically corrected using ftatn an onsite barometric pressure logger.

Water levels were measured manually at all maltel sampling ports during the study.
Multi level sampling ports permit hydraulic headasarements and chemical sampling at
several depth zones within a single borehole. $tudy utilized Solinst CM@‘tubing that is
internally divided into three separate sectionsafater level measurements and sampling. The
size of the Solinst CM('%tubing channel requires the use of a special watet meter that fits
in the ~1cm sampling port. These shallow aquifersussaments were made at a minimum twice
a week, with increased measurement frequency inateddiafter precipitation events.

Precipitation was recorded using a self contalmetery operated tipping bucket style
rain gauge that records the time and date of e¥€J/ of precipitation. This logger was

periodically downloaded and data were combined atarly rainfall totals.

10



Drake W-11 Geophysical Logs
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Figure 3: Geophysical logs of W11 show occurrencé a fracture at 36m and inflow of the regolith/bediock
interface at 21m.
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Figure 4: Water level data illustrating hydraulic connection between W3 and W11. The drawdown peaksea
a result of fault plane aquifer pumping associatedavith an infiltration/differential resistivity test run.
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Water levels measured during the course of thidyssupport the new Blue Ridge
conceptual model proposed by Seaton and Burbeyj20&ater levels of previously installed
wells at the FRRS are not discussed because thlyitsehavior that is consistent with
previous studies. Water levels from the multilesaiplers installed in the saprolite for this
study present new information on water levels asdical gradients in the shallow aquifer.

ML1, situated near W4 (Figure 1), exhibits a dachpesponse to meteoric recharge due
to the depth of the sampling ports below the lamfase. Head values monitored from each
sampling port consistently differ by less than salveentimeters over a vertical distance of 2.5

meters (Figure 5). This small apparent hydrauladgent is the result of several factors
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Figure 5:ML1 water levels between 5/19/2006 and S2006.

including locally homogenous high conductivity salfge materials, sample port arrangement,

and systematic errors from the water level meldre saprolite encountered during drilling was
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a sandy mica-rich soil exhibiting extremely homages conditions between the depths of 15m
and 19m. Sample port locations were chosen overtecal distance of 2.5m as a result of the
water table depth observed while drilling. Aldwe specialty water level meter required for
measuring water levels in Cl\%ubing is only marked at one meter intervals. WMager level
meter was used with a meter stick to obtain wateels to the nearest %2 centimeter. Though
water level information from ML1 is useful for instgating precipitation response, it is not
sufficiently accurate for estimating vertical graxlis and flow.

Water levels from ML3 (Figure 1) display a consmtupward hydraulic gradient that
supports matric potential measurements repeated/lite and Burbey (2006 pres3. The
amplitude of precipitation response from each godependent on the depth of the sampling
port (Figure 6). ML3p1 responds quickly to a lapgecipitation event (17cm) between
6/25/2006 and 6/27/2006 and decreases to a newbeigun water level in a period of eight
days. ML3p2 responds to the 6/25/2006 precipitatieent as well as a subsequent (4cm) event
on 7/5/2006. The second precipitation event offgces water levels at ML3p2.

The hydraulic response of each sampling port eaatleast partially attributed to
regolith heterogeneity observed during multile\ahgler installation. ML3p3 was completed
near the regolith/bedrock interface where largetguzedrock fragments were encountered. The
regolith/bedrock bedrock interface at this locatimts as a barrier to vertically infiltrating
groundwater and horizontal flow occurs along trositdary. This increased flow explains the
large water level response to precipitation obseateML3p3. Visual analysis of water levels
also indicates that the peak water level (831.48MSL) from the 6/25/2006 precipitation event
could have occurred between water level measuremeyg observed during this study, water

level response to precipitation in the shallow &uyreatly affected tracer movement.
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ML4 (Figure 1) was completed upgradient of theablezone (Figure 2) where the
shallow and deep aquifers mix and eventually diggdéo the ground surface at SP1. ML4
exhibits an upward vertical hydraulic gradient tisatonsistent with breach zone aquifer mixing
(Figure 7). After a precipitation event on 6/2%J8, the previously upward hydraulic gradient
between ML4p1 and ML4p2 reversed for several dalgs. gradient between ML4p2 and
ML4p3 did not change directions during this tinferecipitation loading inputs temporarily
reversed the vertical gradient at depths of upSa®below ground surface allowing for surface

infiltration to enter the regolith aquifer.
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Figure 6: ML3 water levels between 5/19/2006 and 23/2006.

ML4 was completed through a sandy interval Wixas previously interpreted
from resistivity surveys completed by Seaton andbBy (2000). This sandy unit collapsed into

the borehole during drilling and made backfillinftlee hole difficult and time consuming due to

14



increased annular volume. The sandy portion ofelgelith results in water levels that changed
up to 85 cm in two days.

Chemical data gathered during this study sugdgeatgroundwater flow in the saprolite
aquifer is highly affected by large precipitatioreats. Quantifying the water level response to
precipitation events is a necessary step in uraleisig the behavior of the saprolite aquifer.
Also, upward gradients consistently measured at sih@® ML4 would suggest that any tracer

present in the thrust fault aquifer could migrati® ithe saprolite aquifer.
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Figure 7: ML4 water levels between 5/19/2006 and 23/2006.

Spring Monitoring

SP1 (Figure 1) was monitored between January 26@68Dctober 2006 in order to
correlate water chemistry with springflow. Flowdaspecific conductance were recorded using a
modified version of the low-flow recording systemveloped by Gentry and Burbey (2004).

The recording system consists of readily availadetronic components: a paddlewheel flow
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sensor, a flow monitoring control box, a specitimductance electrode, a conductance control
box, two 12V sealed gel lead-acid batteries, a #n20data logger, and two 24V solar panels.
The data logger recorded flow and conductanceatat@ minute intervals, these data were later
combined into hourly values.

This recording system was capable of operatingdoeral weeks without intervention.
Because of uncontrollable conditions at the spmagh small amounts of algae occasionally
flushed through the recording system and cloggeg#ddlewheel flow sensor. The
paddlewheel sensor and conductance electrode \eneet! during each visit to ensure that
accurate flow and conductance data were being maghsu

SP1 flow and specific conductance varied litteiiglg the monitoring period (Figure 8)
except during significant precipitation events ¢af). For the 2006 recording period, the
average discharge was 5.51 liters per minute (lpith) a standard deviation of 1.09 Ipm and the
average specific conductance was 46.94 micro sisipencentimetemng/cm) with a standard
deviation of 3.02rfs/cm).

Recent modifications of the springhead performethleylandowner distribute the spring
discharge through two separate outlets. SP1, e autlet, contains approximately % of the
discharge and was instrumented with the springflevording system for this study. SP1B,
located several meters downgradient from SP1, cenépproximately ¥4 of the spring
discharge. SP1B was not instrumented, but was iclalyjnsampled with SP1 for laboratory
analysis. The springhead modifications resultedwer springflows that exhibited less
variability than those recorded by Gentry and Byr{&904), which were recorded prior to the

modifications.
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The specific conductance of SP1 decreases witeased discharge (Figures 8 and 9).
Chemical variability at the spring is the resulboéach zone groundwater mixing from the
shallow and deep aquifers (Figure 2). Deep aqggifeundwater at the FRRS has a significantly
higher specific conductance than shallow aquifelewaDuring the tracer experiment, W3
(deep) had an average specific conductance oft&3ctn and W5 (shallow) had an average
conductance of 43.2 us/cm. Deep groundwatehdrge to the spring remains consistent
through precipitation events while shallow grountevalischarge is heavily influenced by
precipitation (Gentry and Burbey, 2004). Duringwted springflow conditions, the specific
conductance of the springflow decreases as disehacgeases (Figure 9). Spring analysis was
not a major objective of this study; however, reliog apparatus installed for tracer monitoring

gathered data that was used for further verificatibthe FRRS conceptual model.
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Soil Sorption Experiments

The saline tracers used during this study musawelonservatively in the geologic
media present at the FRRS. KCIl and KBr were chbseause they are readily available and
simple to quantify using standard ion chromatogyapho evaluate the conservative behavior of
the CI and Br tracers, simple bulk sorption experiments werégoered using different soils
from the FRRS. Samples were collected with a leargkr near W4 (sample A2), W11 (Sample
B2), and ML3 (Sample E1) at three depths rangiognf60cm to 2m (Figure 1). Sorption
experiments were conducted by mixing 5g of dry and 50 mL of stock solution. Stock

solutions contained 0, 10, 50, and 100 mg/L of ggitan bromide and potassium chloride. Each
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soil solution was adjusted to pH 5 +/- 0.05 witklison hydroxide or nitric acid. After each soil
sample was mixed with each stock solution, the $@snpere shaken for 48 hours af@®n a
wrist shaker. Samples were subsequently analyziad a Dionex DX-120 ion chromatograph
with an AS40 autosampler.

Results of the adsorption experiments showed smigll amounts of chloride or bromide
were adsorbed to the soils (Figure 10). Averagihdepths and sample locations, -0.26% of the
applied chloride was lost to sorption (the negatiuenber indicates chloride release from soils)
and 4.63 % of applied bromide adsorbed to soiligas.

Sample location A2 (near W4, Figure 1) exhibiteel tnost chloride sorption, with 1.77%
of the total applied amount adsorbed at the ertdeo#i8 hour experiment. Locations B2 (near
W11) and E1 (near ML3) released chloride throughioeitexperiment, 1.81% and 0.77% of the
total applied mass, respectively. Chloride wasrlapplied in the field as a tracer based on the
conservative behavior exhibited in these simpltstes

The largest amount of bromide sorption was obskatesample location E1 (near ML3,
Figure 1), with 7.24 % of the total applied bromatsorbed (Figure 10). Sorption was highest at
this location most likely because soils containgilproportion of clay (Levy and Chambers,
1987; White and Burbey, 2006 pres$, which provide more possible sorption sites thand or
silt sized particlesSample location A2 resulted in 4.88% of total apbromide adsorbed to
soil particles. Sample location B2 showed vetelisorption over the experiments, 1.88 % of
the total applied bromide was adsorbed. Durinditid experiment, the KBr tracer was applied
several meters from soil sample B2 due to minimabants of sorption observed in the

laboratory.
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Figure 10: Batch sorption experiments with chlorideand bromide solutions using soils from locations 2, B2,
and E1. The X axes indicate tracer initial tracerconcentration (G,) and the Y axes indicate the final
concentration (G) at the end of the 48 hour experiment. A line witta slope of 1 would represent no tracer
release or sorption.

20




Tracer Application

Two separate saline tracers were applied at diftdocations to evaluate preferential
recharge at the FRRS (Figures 11 and 12). The KCét was applied to the soil directly above
the suspected thrust fault recharge zone and threr@B applied at ground surface above the
saprolite aquifer over the hanging wall of the #trault. Potassium Bromide (KBr) was applied
upgradient of W11 and Potassium Chloride (KCI) wpplied upgradient of W4. These two
tracers were chosen because: (1) they exhibiteseceative behavior in Floyd solls, (2) they are
not harmful to the environment, (3) they createl@atrical signature which allows qualitative
monitoring with specific conductance probes andsbRreys, (4) they are present at low
background concentrations at the FRRS, and (5)dhegasy to quantify in a laboratory setting
using ion chromatography.

The tracer concentrations were chosen to mininiezesity driven flow while still
achieving a detectable chemical signature. KClamsied at a concentration of 10,000 mg/L
and KBr was applied at a concentration of 5,000Lmdoth tracers were applied using %" PVC
irrigation piping and a 500 gallon polyethylene araank.

The tracers were applied at ground surface intocam x 2m (I x w x h) pits that were
dug with a shovel. Prior to tracer applicatior;580 gallon pulse of freshwater was applied
over several days to saturate a small area ofddese zone (Shapiro, 2005).After this slug of
freshwater was applied, the tracer (500 gallon) ezaginuously released into the pit over the
course of several days. An additional ~500 galloiseof freshwater was applied after salt

infiltration had completed in an effort to advanhe tracer through the unsaturated zone.
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Figure 11: Diagram illustrating multilevel sampler, well, and tracer application locations. Blue linesndicate
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Figure 12: Photograph of the Fractured Rock Resealtsite illustrating the location of the differentia
resistivity transect, multilevel samplers, wells,racer application sites, and spring along the studyransect.
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Application of freshwater and tracer solution wiasited by the hydraulic conductivity of the

soil, flow rates of ~3 Ipm were used to preventrigaving of the application pits. All water

used during tracer application was piped from #renhouse on the site. The water to the house
is supplied by W10, which is completed in the dagpifer and is located laterally several
hundred meters from the study transect. Watet s@ines in the deep aquifer along the study

transect recovered ~24 hours after freshwater agiit

Water Chemistry Monitoring

During this tracer investigation, water samplesestaken periodically along the study
transect at samplers, wells, and the spring. Sssnére taken every other day for the first 5
weeks of the study, every third day for weeks fivseven, and twice weekly for the remainder
of the study which ended 14 weeks after tracectiga. Specific conductance was monitored
during sample collection with a handheld field élede. All water samples were collected in a
50 mL centrifuge tube and taken to the laboratorydn chromatography analysis.

Samples collected from multilevel samplers werlgad with a Solinst mini inertial
pump. This hand powered pump consists of 2 starde=el inserts and a stainless steel check
ball inserted inside ¥4” LDPE tubing. Each multiéégampling port was evacuated prior to
conductance measurement and sample collection.

Wells were sampled with a bailer after pumpingwetGrundfos Redi flow submersible
pump. Wells were not completely evacuated durirdpesampling event because withdrawing
the recommended three wellbore volumes of watelda@move significant volumes of Br or Cl
tracer from the system. W3, W5, and W11 were sathpleekly during the study to minimize
the effects of pumping on the deep aquifer. Walse pumped according to their casing

diameter and depth: ~250 liters was removed from Y80 liters was removed from W5, and
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~100 liters was removed from W11. Wells were alldw@recover to pre-pumping levels
before conductance measurements were taken andesanwgre gathered.

Interpretation of quantitative Cl and Br chemidata suggests groundwater flowpaths
that are consistent with the conceptual model ppegddy Seaton and Burbey (2000). The KCI
tracer moves from the application site throughféhudt zone aquifer to the springhead in
approximately one month. Elevated chloride leaeéspresent at SP1 for a period of three
weeks (Figure 16). The KBr tracer moves from thgliaption point to the spring outlet in three
weeks and is present there for six additional weeks

Chemical data from ML1 (Figure 1) do not showatistically significant chloride or
bromide breakthrough (Figure 13). ML1 was locatederal meters off the study transect from
the KCL application site. Hill slope limitationsehe air rotary drill rig during sampler
installation caused the sampler to be installednveters from its planned location. No KCI
tracer breakthrough was observed at ML1 becautieedateral distance between the sampler
and the study transect.

Chemical data from ML3 (Figure 1) indicate bromieakthrough at ports two and three
beginning 18 days after tracer application (Figl4g Elevated levels of chloride were not
observed at any ML3 ports during the tracer studiycating that the KCl tracer was present only
in the thrust fault aquifer. Bromide was deteaégorts ML3p2 and ML3p3 simultaneously,
but the concentration at port 2 was higher forfitst 10 days then observed at port 3. Ten days
after the initial bromide arrival at ML3p2 and ML3pbromide concentrations at both ports
remained steady at ~1.5 mg/L for 23 days. Afteeehweeks of relatively consistent tracer
movement, a precipitation event during day 58 fagsthe bromide downgradient and no

bromide was measured after 9/4/06 at ML3 for tha B2 days. A very
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Figure 13: Chloride and bromide concentrations at miltilevel sampler 1 (ML1) during the study period.
ML1 is located 2 meters laterally from the KCI applcation site. The KCl tracer was applied at day 1 ad the
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short second bromide breakthrough occurred at pedsind three after the 22 day bromide
non-detect period. Several samples gathered at&ftie8 the second breakthrough did not
contain bromide.

Chromatography data from ML4 (Figure 1) indicabedmide breakthrough at all three
ports and one elevated chloride peak measured dtpdtt 3 (Figure 15). Bromide was
measured at ML4pl and ML4p3 16 days after brompii@ation on the surface. Bromide
arrived at ML4p2 two days after arrival at porte@nd three. Bromide concentrations remained
consistent at ports one and two for 37 days dfi@r tespective arrivals. Bromide
concentrations at port three exhibit a large amofintriability throughout the breakthrough
period when compared to all other ports observeohguhe study. After bromide arrival at port

three, concentrations ranged from O mg/L to 2.18.mgy 14 days. Bromide concentrations at

ML4p3 were consistent at ~0.9 mg/L for 23 days afterinitial period of variability. Bromide
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Figure 15: Chloride and bromide concentrations at miltilevel sampler 4 (ML4) during the study period.ML4
is located 36 meters downgradient of the KBr appliation site and 100 meters downgradient from the KCL
application site. The KCI tracer was applied at dayl
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was not detected at any ML4 ports after day 69 daff 87. A sharp bromide peak appears on
day 87 that is coincident with the secondary branticeakthroughs observed at ML3. This
bromide peak consisted of only a single sample feach ML4 sampling port that was sampled
near the end of the study when sampling was ocauonce per week.

Chemical data from SP1 and SP1B (Figure 1)indicthtemide arrival 19 days after
application and increased chloride concentratighd&/s after application (Figure 16).
Bromide was detected at SP1 four days before deteat SP1B. Elevated bromide
concentrations are observed at SP1 and SP1B foay@3and 27 days, respectively. A second
bromide peak was observed at both spring outle}a®8 after the initial bromide breakthrough
ended. This secondary breakthrough is consistghtovemical data measured at ML3 and
ML4.

Elevated chloride concentrations were observe@@adays at both spring outlets. Two
distinct chloride peaks were measured on day 24dagdil. No secondary chloride
breakthrough was observed throughout the samplectioin period.

Chemical analysis of samples gathered from wetlcated elevated levels of bromide in
the fault zone aquifer (Figure 17). Bromide isrfdwat W3, W5, and W11 from day 30 to day
56. A secondary bromide peak consisting of one amias measured on day 87. W11
consistently had the highest bromide concentratmks\W5 consistently had the lowest bromide
concentrations. The decline in bromide concemmnatiowngradient suggests a single zone of
bromide inflow into the fault zone aquifer; bromidencentrations increased downgradient when
the semi-confining unit was leaking in multiple &ions. This secondary bromide peak at day

87 coincides with other secondary bromide peakssared at multilevel samplers and springs.
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Figure 17: Bromide and chloride concentrations at V@, W5, and W11 during the study period. W11 is lodad
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Differential Electrical Resistivity Surveys

ER surveys were performed periodically throughbettracer investigation in order to
monitor bulk electrical changes in the subsurfase t plume migration. Twenty-five
permanent graphite electrodes (Figure 13) weraliestat 10m increments along the study
transect (Figure 12). Permanent electrodes aferped for differential surveys because
systematic errors due to electrode placement amemzed. Graphite electrodes were chosen
over standard steel electrodes because: (1) tHeliebower contact resistance values than steel,
(2) they do not oxidize during long term burial) éd voltage potentials do not accumulate at
the electrodes.

ER surveys were completed using the graphiterel@es with a 25 electrode Campus
Geopulse resistivity unit. A dipole-dipole arraynsisting of 177 measurements was used to
image the FRRS because this array configuratioracaammodate the large resistivity contrasts
that are present in the Blue Ridge (Seaton andéB,i2002).

Resistivity data were inverted using Advanced @moges Incorporated Earthimager 2D
(AGI, 2006). The smooth model inversion algorithmswsed for all data in this study because it
is stable, fast, and robust for all types of registdata (AGI, 2006). Time lapse inversion uses
resistivity datasets from two different times tdéccdate the spatial change in resistivity over a
known amount of time. All time-lapse inversion jpuils were saved graphically and in XYZ
format for later visual and graphical analysis.

Differential resistivity data collected are conerg with chemical data from multilevel
samplers, wells, and springs. The KCI tracer pcedia larger resistivity contrast for a longer
period of time due to the higher concentrationhaf ¢hloride tracer solution. The KBr tracer

produces a detectable resistivity anomaly of smatkegnitude for a shorter period of time.
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Figure 18: Schematic diagram of graphite electrodestallation (left). Picture of electrode attachedo
resistivity cable with cable lead (right).

The KCI tracer was consistently visible in diffatial images gathered between
the application and the exit from the system atsghring (Figure 16). The high concentration of
the chloride tracer allowed the plume to be detketsually with a percent difference scale of
+/- 50%. This difference scale was chosen bectnesKCI plume is easily visible and small-
scale variations that are not related to the agpit@cer are not considered.

The differential profile collected six days aft€Cl infiltration reveals rapid vertical
movement through unsaturated soil (Figure 19).efy\coarse homogeneous sandy soil was
noted in this location during drilling. Betweenydsix and day 14, the KClI tracer enters the fault
zone aquifer and moves rapidly through the fractumetamorphic bedrock into the deep fault
zone aquifer system. The 14 day difference image gathered when chemical samples from

SP1 began to show statistically significant eledatieloride levels. Between day 14 and day 31,
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the resistivity difference in the fault zone aquifecreases both in magnitude and physical size.
The 31 day resistivity difference image corresponibk the sharp chloride peak visible at SP1
(Figure 19). No plume locations are interpretethm 71 day difference image because the
majority of the KCI had flushed through the systeyrthis time.

No resistivity anomalies have been attributed @b presence in the saprolite
aquifer, the tracer plume migrated through thedhfault aquifer under the saprolite aquifer.
Chemical data from multilevel samplers are conststgth this interpretation. The slight
resistivity difference visible in the 14 day difégrce image, located near the ground surface at

X=140 m, is interpreted to be the downward migrawbthe KBr tracer in the shallow saprolite.
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Figure 19: Differential resistivity images showinghe movement of the KCI tracer through the fault zome
aquifer. The dashed red line indicates the interpeted location of the KCI plume. The dashed blackre
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Discussion

Measurement of water levels, springflows, prectmtg tracer concentrations, and
electrical resistivity yielded data that can bedusefurther constrain the Blue Ridge conceptual
model and evaluate the effect of geologic structurgroundwater recharge.

Water levels from multilevel samplers measuredughmut this study illustrate the effect
of regolith heterogeneity on groundwater flow dgrinfiltration events. Water-level response to
major precipitation events (< 5 cm) varied oveedical distance of 2 meters. Quantifying
recharge processes in the Blue Ridge must occarlocal scale and must consider the highly
variable hydraulic properties of the regolith.

The upward hydraulic gradient that was consistemiasured at ML3 and ML4 was
sufficient to cause the KCI tracer from the deepghfault aquifer to appear in measurable
concentrations at the springhead. The upward gnagiould suggest that deep aquifer
groundwater flows upward through the semi-confirumg into the saprolite aquifer; no upward
fluid migration through the semi-confining unit walsserved during this study. Upward
chloride migration from the deep aquifer to therggpoccurred through the fractured breach
zone (Figure 2).

The spring recording system did not provide statadlyy significant data pertaining to
tracer breakthrough as it was intended. Tracetidiun the groundwater system resulted in low
breakthrough concentrations of KCl and KBr that wled affect the specific conductance of the
spring discharge. However, all spring data recolathg this study were consistent with the
current Floyd conceptual model and data gathere@dntry and Burbey (2004). Increased

springflows are a result of elevated shallow aguf@undwater discharge to the springhead.
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Bromide, which was applied to the shallow sapraieifer, entered the deep aquifer as a
result of leakage through the W11 wellbore. Bragrmdncentrations measured at W3, W5, and
W11 were relatively consistent throughout the stpegiod, suggesting that bromide was
continuously leaking through the W11 casing se#hategolith/bedrock interface (Figure 21).
Bromide was first measured in W11 only two daysrattwas first measured at ML3p3,
suggesting that the bromide tracer must have nadriirough W11. Because the bromide
solution was applied to the ground surface only LUpgradient of W11, the tracer solution had
to have leaked through W11 around the packer sdhlfaugh fractures that are located between
W11 and the bromide application site.

Chloride levels measured at ML1, ML3, and ML4 deetl throughout the study period
due to incomplete screen development after sanmdllation (Figure 20). Background
concentrations of chloride measured at all mulélesampling ports were equal to or higher than
the chloride concentrations measured after KCliagpbn. Chloride is naturally present at the
FRRS due to weathering of micas present in theoitsggrmica was visible in many of the early
water samplers gathered from the samplers. Themanod mica in the water samples decreased
throughout the study; and therefore the chloridelkalso decreased.

Monitoring KClI infiltration and transport with digrential electrical resistivity provided
qualitative estimates of tracer concentration faiga spatial resolution. Delineating the KBr
plume with resistivity did not provide definitivesults due to the lower concentration of the
applied tracer and the large natural resistivityataons in the shallow saprolite that are not
related to tracer movement. Resistivity data pdaeebe extremely beneficial for monitoring
KCI migration in conjunction with chemical samplinghese data proved to be especially

important when the KCI plume was located betweempsiag points.
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Average linear velocity estimates calculated froacer breakthroughs along the study
transect can be used to approximate hydraulic peteamfor the saprolite aquifer (Figure 20).
Heterogeneity in the saprolite aquifer limits tladcalation of traveltime data but several
breakthrough correlations can be made to extraatage linear velocity data. The last positive
bromide samples from the first breakthrough at M2 3apd ML4p1 can be used to calculate an
average linear velocity of 30 m/d. Also, corraedatof the late time breakthrough peak between
ML3p2 and SP1 yields an average linear velocit226 m/d. These velocity estimates
represent the highest conductivity pathways anddceary significantly based on the accuracy
of traveltime estimations resulting from the samglirequency.

Using the chloride peak measured at ML4p3 anctiif@ride peak measured at SP1B, an
average linear velocity of 6m/d is calculated (FegR0). This velocity differs from those
calculated for the saprolite aquifer because graatel flow in this portion of the groundwater
system is dominated by aquifer mixing and prefeagfiow pathways through breach zone
fracturing of the semi confining unit (Figures 2l&2t).

Bromide concentrations measured at the spring meieh lower than the actual
concentration present in the shallow aquifer beforang with water from the deep aquifer.
Assuming that the spring discharge is 25% shallosugdwater and 75% deep groundwater, all
shallow aquifer tracer concentrations are dilutgé lfactor of four when they exit the
springhead.

Analysis of tracer concentrations measured asphieg outlets suggests that outlets SP1

and SP1B contain slightly different proportiondep and shallow groundwater. SP1 exhibits
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Figure 20: Chloride and Bromide concentrations forall multilevel samplers and spring outlets during he
study period. The KClI tracer was applied at day 1 ad the KBr tracer was applied at day 9.
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Figure 21: Interpreted tracer flowpaths. Blue lineindicates path of KCl tracer and red line indicates path of
KBr tracer.

a higher breakthrough for bromide and a less sagnif bromide peak. SP1B contains higher
concentrations of chloride and lower concentratioinsromide. Bromide and chloride
breakthroughs are present at each springhead; lrow®@W1 contains a larger proportion of
shallow groundwater compared to SP1B. Differingrgpchemistry over a distance of several
meters further illustrates the effects of aquifetenogeneity in the shallow subsurface.

Bromide breakthrough concentrations suggest ridgidin the saprolite aquifer where
tracer migration due to dispersion is minimal wkkempared to advective transport. Dispersion
could extend breakthroughs as the tracer migratedhgradient; this is not observed during the
study as bromide was present at ML3, ML4, and SP approximately 30 days. The lack of

dispersion observed suggests that fractures cdaydapsignificant role in fluid migration in the
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saprolite aquifer. Precipitation influences orcénamigration also suggest rapid infiltration and
groundwater flow in the saprolite aquifer.

The secondary bromide breakthrough observed thmughe site on day 87 is the
product of KBr tracer being released from a lowdwstivity portion of the regolith. A single
source of bromide release could result in nonzesmizie concentrations at several locations
along the study transect due to the high averagaiivelocities in the saprolite aquifer and
highly transmissive fractures in the semi-confinurgt. Because the secondary bromide
breakthrough is also observed in the deep aqufiferzone of secondary bromide release must
have been located between the KBr application amaeW11. It is highly likely that primary
and secondary bromide breakthroughs in the deefeaque the result of the same fractures or
packer leakage. It is also likely that precipitatevents could have influenced the timing and
magnitude of the second breakthrough peak (Figdye 2

The diffuse nature of groundwater flow observethmsaprolite aquifer is a product of
several factors: (1) tracer application over aqeeof 53 hours, (2) flowpaths of varying length
and conductivity due to heterogeneous saprolitenat (3) and sampling frequency. Tracer
application over several days was required dueftibration rates in the application pits. KBr
was applied at the maximum flow rate that would ceatse the pit to overflow and distribute the
tracer solution along the ground surface. The erfee of heterogeneous saprolite materials was
observed during the study as the KBr tracer migrétteough a variety of weathered bedrock in
the shallow aquifer. Breakthroughs measured at Bliggest lower conductivity material in the
vicinity of port 2. Bromide arrives at ML4p2 tways after arrival at ports one and three and

disappears at ML4p2 three days before it disappgrerts one and three.
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Conclusions

Tracer data gathered during this study suggestgitbandwater recharge in the Blue
Ridge province is highly controlled by local or seegional geologic structure. SE-NW
trending ancient thrust faults present in crystallbedrock can serve as highly productive
fractured rock aquifers with a limited rechargeaaffeigure 22). Saline tracer application above a
vertically oriented thrust fault zone verified predntial recharge to a fractured thrust fault
aquifer along the fault subcrop. A second trapg@lieation above a saprolite demonstrated high
conductivity preferential flow pathways in the rétfonear the bedrock surface. Springflow at
the FRRS is comprised of shallow and deep grourehviast is not fully mixed upgradient of the
spring outlet. Tracer flowpaths and traveltimesemeerified with chemical and geophysical
methods that produced consistent tracer concemtragisults.

Saline tracers can be applied to the ground seidader a natural hydraulic gradient to
gain information about flow pathways and groundwagdocities. Tracer methods used during
this study are applicable for testing flowpaths ivariety of geologic media. As with any tracer
investigation, previous knowledge of groundwatewgbaths is required in the planning phases
of the experiment. The natural gradient tracetmetutilized for this study requires even more
background information because constantly chanligyaigaulic gradients could make plume
delineation difficult. This study was successfudbmpleted at the Fractured Rock Research Site
in Floyd County, VA because of the access to previwork at the site, and the site topography
which drives groundwater towards SP1, a topogratilyitow area representing a local
groundwater discharge area.

Though this was a local scale experiment, tharigsl of this study can be applied to

other areas in the Blue Ridge where complex geolsigucture creates preferential flow
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Figure 22: Location map illustrating shallow and dep aquifer interpreted recharge areas.
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pathways. Lineament analysis of the Check, VADQ@,USGS quadrangle, which includes the
study area, reveals a large number of regionaédcaaments with similar orientations to the
thrust fault complex investigated in this studydt®a& and Burbey, 2005). The regional geology
suggests that complex aquifer systems comparabhetBRRS are common throughout the Blue
Ridge; though few detailed hydrologic studies hia@en completed in the region to validate the
presence of fault zone aquifer systems.

Data from this study and previous studies at RRE have shown that geologic structure
has a significant effect on groundwater rechargml@yic structure is not considered an
important factor in currently accepted conceptoalfie Blue Ridge physiographic; despite the
extensive faulting that is present throughout tlevimce. Recent studies at the FRRS have
resulted in several observations that are not sterdi with the current conceptual model: (1) the
primary source of groundwater is the fractured shfault aquifer, (2) heterogeneity in the
saprolite results in preferential flow pathway9, $8parate aquifer systems in the saprolite and
fractured rock separated by a relatively unfractunegystalline rock confining unit, (4)
preferential recharge along vertically orientedifitifault zones.

The need for accurate groundwater informatiomenBlue Ridge province is an ever
growing concern as population increases and mditapareas in the continue to spread into the
surrounding rural areas. Locating sustainable mptauater resources in the Blue Ridge has
historically been a difficult task, and it will b@me increasingly complex as demand increases.
Scientists and regulators should consider geolstgictures, especially faults, in future

groundwater investigations as possible conduitspasdibly groundwater reservoirs.
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