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Deter mination of the location of the groundwater divide and natur e of groundwater
flow paths within a region of active stream capture; the New River water shed

Lyndsey K. Funkhouser

ABSTRACT

The relatively rapid stream capture of the New Rhasin by the Roanoke River
basin provides a unique example of topographic ghavithin a tectonically inactive
environment. A previous investigation of abandoneer deposits has shown the capture
of ~225 knf of New River basin area, which has caused appiteity 250 m of incision
by the Roanoke River (Prince et al., 2011). Diffeein base level elevations between
the lower Roanoke to the higher New River couldhmesource of potential energy
driving rapid incision (Prince et al., 2011). Siggant incongruities in base level
elevations at the boundaries of an aquifer carpstethe gradient and shift the
groundwater divide further toward the higher eleraboundary (Yechieli et al., 2009).

If a steep groundwater gradient and expanded greated basin exists beneath
the Roanoke River tributaries, this would suggegtoaindwater control on incision and
capture. In this investigation we incorporate agertotal head, measured from 18
domestic wells, and constant-head river boundangitions into numerical models to
calculate water levels and gradients between tleesi We also utilized thermal patterns
and patrticle tracking of spring locations to bettaderstand flow paths in the region. Our
results show the groundwater divide is shifted taWhe higher elevation boundary,
indicating that the groundwater basin is captungéar po surface capture. Flow pathways
utilized by groundwater capture can be either dégfor conduits, however further work
should be done to better understand travel timd<law depths.
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I ntroduction
Project Background

In 2002 the USGS submitted “Concepts for Nationsséssment of Water Availability
and Use” in a report to Congress, in responsediceative from Congress regarding the future of
water availability for the United States (USGS, 2D'he report addressed the lack of
knowledge pertaining to groundwater levels acrbesation and established that an inventory
of the existing water-level networks for all magaquifer systems be made within the assessment
(USGS, 2002). The Valley and Ridge aquifer systemniinajor aquifer system for the states of
Deleware, Maryland, New Jersey, North Carolina,mBglvania, Virginia and West Virginia
(USGS, 1997). Our study area in the New River WatieSouthwestern VA is located within the

Valley and Ridge Provinces, between the Roanoke\savd Rivers (Figure 1).
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Figure 1: Map showing study area location in soa@$tWA. Elevation data (Gesch, 2002 and

2007) and geology shapefiles were both download®ed the USGS (Dicken, 2005).



Blacksburg, VA in Montgomery County sits on the ead a high plateau formed by the
Catawba transverse ramp zone. The edge of theaplaeart of the ~500 km long Blue Ridge
escarpment which separates the higher elevatioa Bidge and Valley and Ridge provinces
from the lower elevation Piedmont and Coastal PElavation differences across the
escarpment result in 600-300 m of relief aboveldiesr terrain (Spotila et al., 2004). In Virginia
the Blue Ridge escarpment can have slopes typigadumger mountain ranges, on the order of

24° in some locations (Spotila et al., 2004).

Two major rivers flow through the Montgomery andd3ki County region. The New
River flows through Pulaski County and forms thgarity of the border between it and
Montgomery County (Figure 1). The headwaters of thier originate near the intersection of
North Carolina, Tennessee and Virginia, and comtimorth-west until making a westward turn
at Radford, VA as it nears the edge of the escanprir@om here the river continues toward the
Ohio River and eventually will reach the Gulf of kleo. The Roanoke River begins in
Montgomery County as two small tributary branchésciv meet just at the north-eastern most
portion of our study area (Figure 1). Average regbdo the aquifers in this region (8 in/yr) is
about 20% of the annual precipitation rate. Aquifansmissivities range several orders of

magnitude due to varied lithology and deformatigteet (Swain et al, 2004).



In 2011, using abandoned fluvial gravel deposits)de et al. (2011) were able to
correlate rapid stream incision and knick-point raigpn within the upper Roanoke River basin
to active stream capture, driven by potential epeegulting from the elevated Blue Ridge
Plateau. Stream capture is the active erosionrasision of a river system a watershed divide,
which leads to a watershed area increase and dimesflow from the neighboring river system
(Bishop, 1995). River capture can occur via twompaocesses; top-down or bottom-up
(Bishop, 1995). Bottom-up refers to a river whidhivgely intercepts and abstracts an abutting
system, while top-down processes involve both satively participating in capture, driven
possibly by tectonics or channel migration (Bishb®95). During either form of capture,
rearrangement of watershed divides can signifigaaftect the sediment budgets of each river,
the biota living within the watersheds, and theralldandscape evolution of the region (Bishop,
1995). While the driver of river capture can beda activity or catastrophic events, the
requirements for capture are simple; significaffedences in elevation between the two
catchments as well as a low elevation divide betvtkem (Bishop, 1995). These conditions are
met by the higher elevation New River and loweval®n Roanoke, possibly driving the
capture recorded in fluvial deposit records (Priecal., 2011). Figure 2 demonstrates the
processes of stream capture, specifically incisicitme lower elevation Roanoke River system to

the East into the higher elevation New River systetie west.
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Complete Capture Future

Figure 2: Conceptual model of New River stream wagptFigure shows the previous location of
the divide, the current location of the divide, d@hd expected location in the future assuming
incision continues most rapidly within weaker gegounits (modified from Prince et al, 2011).

Data from Prince et al. (2011) confirmed that ceptuas not only occurring between the
Roanoke and New Rivers, but at a rate fast enooigtiufvial deposits from previous New River
tributaries to have remained on the upland basing® et al., 2011). Furthermore, knick-point
locations and gravel deposits were not correlatiégll Mhologic changes or structures, again
implying the system still remains in a dis-equililon and continues to adjust to regional base
level elevations (Prince et al., 2011). As candendrom Figures 1 and 2, the area experiencing
most recent stream capture is located within tlagestinits of the Valley and Ridge. From this,
Prince et al., (2011) present a conceptual moddivide retreat in which differential incision
will continue to occur within more easily erodilgeologic material until the New River is

completely cut-off from its watershed (Figure 2).



Previous studies have shown that regional basdslevhich experience a tectonic shift,
increasing the elevation difference, will resulisteepening of the gradient of groundwater
flow near the lower elevation base level. Incregsire slope of the groundwater gradient will
shift the location of the groundwater divide towénd base level of higher elevation (Kafri,
1970, Yechieli et al., 2009). Expansion of the guwater basin by way of divide migration
allows for transfer of groundwater flow from thegyher elevation catchment into the other, a
process that can increase sapping and drainageréteealt (Bishop, 1995; Dunne, 1980).
Previous research sites with base level changegranddwater divide shifts have shown

evidence for river capture on the surface both imoiggically and geologically (Kafri, 1970).

In order to satisfy the USGS request for bettereustanding of groundwater systems, we
aim to identify the location of the groundwateridey between these two rivers, within the major
Valley and Ridge aquifers. The capture of the NRiver by the Roanoke River would have
direct downstream affects in Virginia and North @gsra (Roanoke River) as well as the Ohio
and Mississippi River Watersheds (New River). Ifvape to fully understand the future of
water resources for these river systems, then wst finst establish the relation of groundwater

flow to active surface processes.

Purpose and Scope

This study incorporates a variety of tools to deiee the location of the groundwater
divide, the flow paths of water within the systeand the potential for basin expansion and

groundwater interaction to increase or dictate tivaad stream retreat. We utilized analytical and



numerical modeling, water level elevations, andngptemperature measurements during the
course of this investigation. The study regionuidels numerous lithology changes as well as
structural complexities, with the New and RoanokeeRs representing the western and eastern
margins, respectively, which will be consideredstant-head boundaries associated with true
base level. With the information collected durihgstinvestigation, we aim to evaluate the A)
location of the groundwater divide between the Ré&eaand New Rivers, B) nature of
groundwater flow paths, using spring temperatucenas, and C) relation of the groundwater

divide location and flow pathways to surface streapture.

Study Area Geology

Our study region is located in Southwestern VAlimaMontgomery County and small
sections of Pulaski County. The study area is bednd the east and west by the Roanoke and
New Rivers respectively, and is split by the divim#ween them. This divide not only separates
the rivers, but also forms a section of the EasBontinental divide and coincides locally with
the Blue Ridge Escarpment. The Blue Ridge escarplasmalong the border of the highland
Valley and Ridge and Blue Ridge provinces and theel Piedmont and Coastal Plain provinces
(Figure 1).

The escarpment exists within thick Paleozoic sedtarg units which were deposited
and also heavily deformed over several orogenieaithout the Paleozoic, ending with the
Alleghanian Orogeny in the Pennsylvanian. The gsuoant itself formed in the Mesozoic during
Atlantic Rifting (~300 -200 myr ago) and continuesxperience erosion and retreat from the
shore today, although now in a tectonically inaetnvironment (Spotila, 2004). Although the

mechanisms for this retreat are still being studiesearchers have identified fluvial



disequilibrium in lowland areas with steep gradsesatd evidence of fluvial beheading (Hack,
1973; Prince et al., 2010). These studies havibatid differential erosive potential between the
systems to this gradient disequilibrium.

In the Blacksburg area the escarpment falls albegvestern edge of the Catawba
Transverse Ramp zone (Figure 1) (B. Henika, peftsmmmamun., 2013, VDMR). On either side
of the ramp lithology is primarily represented loydied and thrusted Cambrian to Devonian
carbonate rocks with interbedded mudstones thataobtp confine flow in the region.

However, few hydrogeologic studies have been dometermine how structure and lithology
affect the direction and rates of groundwater flgithin the study area. Also important, the
Yellow Sulphur Springs fault (Figure 1), locatedie west of the Catawba transverse ramp
zone, truncates the southwest end of the Catawizdirsg and the Price Mountain anticline to
the west (Figure 1). The Yellow Sulphur spring kecbhon the fault contains chemical
constituents that are unique from other springhénstudy area, implying that groundwater
movement may occur across the divide and couldilpgdse influenced by the locations of large

faults (Dave Nelms, personal commun., 2013, USGS).

Study Area Hydrogeology

The Valley and Ridge province is comprised of fiwgrologic terrains: siliclastic rocks,
argillaceous carbonates, limestone, dolomite, dngiam (Swain et al., 2004). These terrains
have been grouped based on well specific capaaitidsestimated transmissivities (Swain et al.,
2004). Average transmissivity values range froniga lof 8,000 ft/d in alluvium to a low of 250
ft?/day in siliclastic rocks. However due to the hegemeity of the region values are estimated to

range from 90 to 90,000%ftlay (Swain et al., 2004). The Valley and Ridgevitree is bordered



by the Blue Ridge Province to the south and easallSections of the two Blue Ridge
hydrogeologic terrains lie within our study regigmeiss-granite and shale-sandstone (Swain et
al., 2004). These units have typical transmissisitif 3 ft/d to 35 ff/d, much lower than the
Valley and Ridge units (Swain et al., 2004).

The Valley and Ridge hydrogeologic terrains ararabterized by a significant amount of
conduit or fracture flow. Little work has been danethe groundwater hydrogeology
specifically within our study area; however studiese been done on Valley and Ridge units in
other locations within VA. Groundwater within thbeéhandoah Valley, located within the
Valley and Ridge Province about 150 km NE of Bléxkg, flows primarily through
interconnected fractures oriented orthogonal talregplanes, leading to significant anisotropy
within the units (as discussed in Yager et al., Q08dditionally, these fractures are most likely
widened due to dissolution of carbonate aquiferenmalf further increasing conductivity within
the units as well as variability in aquifer transsivities (Yager et al., 2009; Harlow et al.,
2005). Yager et al. (2009) used the level of whtadness in spring discharge as an indicator of
the time groundwater has spent within the systangr@ater hardness can be expected in water
which is able to slowly dissolve greater aquifettenial. Their results show that the nature of
flow is primarily diffuse as opposed to being doatad by conduits within the Shenandoah
Valley area (Yager et al., 2009). However, recéidies using thermal patterns in springs have
identified waters which are sourced from near-sigfieecharge (Doctor et al., 2014). This
indicates that flow paths within the Valley and &edcan vary greatly depending on both
structures and recharge availability.

The Blue Ridge Province is comprised of crystallincks, however due to faults and

fracturing, the region maintains similar hydrogepido that of the Valley and Ridge units,



varying greatly throughout the area. Seaton an®®&u(2005) found that portions of the Blue
Ridge are typically dominated by an upper sapraigeifer and an underlying low-storage
fractured bedrock aquifer, except where anciertdanay influence the system. Fault planes
have been shown to exhibit low permeability butadnt areas can be dominated by a network
of higher transmissivity fractures; however, sterafithese systems remains low (Seaton and
Burbey, 2005). Recharge in the region may be grélada or less than the average values
determined by Swain et al. (2004) due to the mixihgoung and old waters through slow

leakage and rapid movement through fractures (8eatd Burbey, 2005).

Data Collection

Water Level Data and the Role of Social Media;

Hydrogeologic research is often limited by avdiadccess points to the groundwater
system. This project required access to numerolls amd springs throughout the study region
for water level sampling and temperature monitariPast researchers have begun by visiting the
health department for well records within the ajppiate location for the study. However, health
departments in Virginia do not maintain electronell records. Furthermore, paper well records
are filed in several ways; either by land owner eatax parcel ID, address, or permit date. This

made it extremely difficult to locate potential Veefor the study.

In order to reach local homeowners in a more @ffitmanner, we used social media to
post information regarding our research and askdoneowners to volunteer their wells. An
undergraduate researcher created a post for tiggn\&rTech News website page,
(http://www.vtnews.vt.edu/) which included the faMling information: a simple explanation of

the nature of the project, an assurance that no henuld be done to the wells, my contact

10



information and connection to the university, afor@ad description of the geographical range
of our project area. This website is openly avdddb the public, but also sends highlights
directly to university faculty and students. Additally, the local Roanoke, VA news station,
WSLS 10 posted the text from our VT News post @irtRacebook page. Lastly, the same
information was published onto a physical flyer p&pdix A). This flyer was posted throughout
the study area on bulletin boards, in stores amghaonity buildings. Within one week of the

postings we had received >30 emails and phonewdlsvolunteers for the study.

Several difficulties arose in processing the vtden emails. First, our postings had not
given specific instructions to volunteers on infatian to include in their email. This resulted in
3 emails per volunteer before we could determinetidr or not their well would even be useful
to the study. Second, | chose to use my persohabsemail for the contact information. This
further complicated processing the large in-fluxeofails, as they were interspersed with my
own personal and professional communications. Whklhirecommend that future users of
social media in research create a new email addrga®file accounts for each project. Lastly,
we received several inquiries which were outsidewfphysical study area due to the lack of
detail in our study description. Therefore, althlowge attempted to keep the posting simple to
attract attention, we also recommend giving spedétails which would eliminate volunteers

who cannot actually participate in the project.

From the wells that were volunteered, and locatikin the study region, 18 were
selected for the project. Selection was based werakfactors which were determined during the
first visit to each well. Because Blacksburg towatev supply has expanded over the past 50
years, leaving many private wells have been abaatidonfortunately, many of these wells

were unable to be opened or had blockage in thehloter, preventing a measurement from being

11



taken. Also, several wells seemed to have natusal on rock blockages within the borehole
where our water level meter would become stuck. firta¢ wells selected were all able to be

opened, clear for measurement, and located inesnuseful for our modeling goals.
Water Elevations

Bimonthly water-level measurements were taken ahed the 18 study wells using a
Solinst Water Level Meter, Model 101, providing elevel readings with an accuracy of 1mm
(Well locations can be seen in Figure 3, numbersespond to values in Table 5 in Water
Elevations Results section). Surface elevationegsiuvere estimated using a Trimble GPS unit
with an accuracy of... overall. Additionally, accuieccan be read from the unit for each
elevation point taken. Water elevations were tredoutated by subtracting the depth to water
(minus the height of the well) from the best land'ace elevation value taken by the GPS unit.
Water elevations were incorporated into the redi@@anumerical model, discussed later in this

section. Images of each well used in this studybmaseen in Appendix B.
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Figure 3: Map of well locations used for water @ligans. Numbers can be used with Table 5 in
results section. Both rivers are shown in blue thedsurface divide is shown by the thick yellow
line. Green points are spring locations as showkigare 4.
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Spring Temper ature M easurements

As described above, our aquifer system is comp$éighly soluble rocks, such as
dolostone and limestone, and also less solublesraitk high density fractures and faulting. Due
to these factors, all units are expected to bebgémeous and anisotropic, with locations of
relatively fast conductivities along conduits amacture openings. These conduits, along with
rapid surface elevation changes, have led to numsesprings throughout the region, primarily in
the Roanoke watershed. To better evaluate thecindlel the divide location has on energy
transfer between watersheds, we utilized water ézatpres and backward particle modeling in
MODFLOW to determine variations in groundwater flpathways and travel times as well as

and source recharge areas for each spring.

Identifying flow pathways, travel times, and sowegeas is important in supplementing
our regional model, as MODLFOW assumes flow throagiorous medium (using Darcy’s law
within a finite difference formulation of the grodwater flow equation) (Reilly, 2001). The
applicability of using MODFLOW to simulate flow fmactured rock systems and particularly
karstic rock environments has been a topic of disiam in the literature (White, 2002). Scanlon,
et al., (2003) showed that regional flow pattemthie highly karstic Edwards aquifer system in
Texas could be accurately simulated with a distedyarameter model like MODFLOW.
However, local flow directions and flow rates coualat be simulated where conduit flow

(turbulent flow) dominated.

Spring water temperatures have been previously as@dtracer in groundwater systems

(Anderson, 2005) as they can be useful in idemgyntegrated travel time and flow pathway

14



signals for the entire watershed, not just poinatmns as with a well (Manga, 2002). Luhmann
et al. (2011) logged water temperatures in 25 gprthroughout southeastern Minnesota for just
over a year long period using HOBO and Their det@aled four distinct patterns under which a
spring thermal record can fall; 1) Event scale fluctuations over hour or day timescales, 2)

seasonal fluxes in temperature, in phase with serfa) seasonal fluxes which are out of phase
with surface, and 4) long-term stable temperatwids timescales of weeks to years (Luhmann
et al., 2011). We utilized spring temperature rdsan a similar manner, identifying groundwater
flow paths using these known patterns, which hdse laeen identified in springs throughout the

Valley and Ridge regiorDpctor et al., 2014).

Seven springs were selected for the current prijesughout the Blacksburg and
Christiansburg areas (Figure 4). Springs were tadduased on their location to each other, their
distance from the divide, ease of access for sedeggipyment, security of the sensor from the
public and from surface temperature influence, tiedsurrounding geology. We also attempted
to record values from varying lithologies and digtas from the divide to better understand

spring temperature relation to surface processesTable 1).
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Figure 4: Map of monitored spring locations. Batkers are shown in blue and the surface
divide is shown by the thick yellow line. Red paimtre well locations as shown in Figure 3.
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Three of the springs are owned by the town of Bshokg, two by the town of
Christiansburg, and two are private. We deploy&Adant and 2 TidBit HOBO temperature
loggers in each spring. The HOBO Pendant loggers ha accuracy of £0.53°C from 0° to 50°
and resolution of 0.14°C at 25°C. These logger® hawer memory and battery life than the
TidbiT loggers and were therefore set to log wegerperature every 30 minutes. Three springs

were monitored using the HOBO TidbiT loggers witltc@racy of £0.21°C from 0° to 50°C and

resolution of 0.02°C at 25°C. Measurements withTiubiT loggers were taken every 15 min

(Details of temperature measurements are showaldeTl). Total sample time is not equal

among springs due to complications with sensorayepént and therefore sections of time were

not logged in select springs.

Spring Owner Sensor Type Surficial Distance from Elevation
Sample Geology from| divide (m) (m amsl)
interval GIS

Ellet Rec Path| Blacksburg, HOBO Limestone 2302 551
VA Pendant
15 min
Blacksburg Blacksburg, | HOBO TidbiT | Limestone 1569 561
Town Spring VA 30 min
Cambria Town| Christiansburg| HOBO TidbiT Dolostone 1006 582
Spring VA 30 min
Silver Lake Rd| Christiansburg; HOBO TidbiT Dolostone 1657 613
VA 30 min
Smith Creek Private HOBO Shale 619 610
Rd Pendant
15 min
Yellow Private HOBO Limestone 128 580
Sulphur Resor Pendant
15 min
Cedar Run Blacksburg, HOBO Limestone 2376 513
VA Pendant
15 min

Table 1: Monitored springs information. Includesnar, sensor details, geology, elevation, and

distance from divide (location of each can be sedfigure 3).
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Each sensor was deployed using a different sefraup the rest, due to the variation in
spring outlets and spring boxes at the discharg&.pthe main goal of deployment was to
ensure the sensor was as close to the dischangegsopossible and that the sensor was in a
location which would minimize effects of surfacate (at the spring box) on readings. As can
be seen in the photos; Cambria, Yellow Sulphur@iheer Lake springs were each completely
surrounded by a concrete spring box which was dloseng locked or sealed covers (Figure 5).
Here, sensors were suspended on a cable fromting spver to just above the ground surface,
well into the water column. A similar set-up wasiaved for the Blacksburg Town spring,
however the concrete spring box was exposed toutsde with no cover (Figure 5). Very
similar in construction, the Cedar Run spring asnsists of an open concrete box, however the
sensor could not be suspended and was insteatiedtéa heavy rock and placed in the back
corner of the spring (Figure 5).The Silver Lakedpding was also covered by a large concrete
box, however it was entirely sealed shut. We degalahe sensor by attaching it to the pipe
outlet and ensuring that it was hidden from anylightto minimize change in temperature
following discharge (Figure 5). Lastly, the Elle¢&kPath spring had not been covered by
concrete, but discharged into a man-made rock delare, were drove a metal rod into the soft

bottom and attached the sensor mid-way down thewelll below the water surface (Figure 5).
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Sensor suspended
from cable, in back
corner of spring box

:S'éﬁsor attached to
&) mc!(. placed in back
' comer of spring box

Sensor suspended
from cable

Sensor suspended
from cable

Sensor attached to a
metal rod which is
hammered into sediment

Figure 5: Images of monitored spring locations s&idup. Descriptions of each spring and
device deployment info can be found in text.
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Data from sensors were offloaded onto the HOBCegpadof shuttle at various time
intervals during the research (Figure 5: Cambifiiag HOBO shuttle allows for data to be
offloaded in the field, without removal of the sensSensors began logging again immediately
following each offload. Data from the offloads wel@vnloaded into HOBOware and then
analyzed in Excel as time series data. Small dat@ctions had to be made to remove
temperature measurements logged before the seasqgolaced in the water, and for shuttle-

computer time differences.

M ethods
Analytical Transect M odeling

Using a regional approach for a constant porousanee can estimate the location of
the groundwater divide by first employing simpleabical solutions using two constant head
boundary conditions that represent base flow canditof the upland New River and the
lowland Roanoke River. Although base flow condif@f these two river systems can fluctuate
seasonally or over years of prolonged drought oesx precipitation, these types of fluctuations
tend to be small relative to the head change betweebase flow levels of these river systems
(typical boundary condition elevation differencesthe region can be seen in analytical model
results figures, where here the elevation diffeeesc-400 ft ). Thus, any fluctuations are likely
to show negligible effects on the location of tmeupdwater divide.

We initially choose a one dimensional, unconfinestiei for horizontal flow in which
the water levels measured in wells within the rimzknations of the study area are assumed to
represent water table values that extend deeplygma@nd are continuous laterally enough, to
drive the hydrologic system. We assume that theud@guation is valid (horizontal flow) and
that recharge to the aquifer does not vary lateeatoss the system, hydraulic gradients are not
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influenced by local topological changes, and fltang term) is steady. We also initially assume
that the rocks have a constant hydraulic condugtdistribution. Under these conditions the one

dimensional groundwater flow equation can be stated

whereh is the hydraulic head is the areal recharge rate dads the hydraulic conductivity in
units of meters per day. The solution of the hyticawead, h(x) at any point along the entire

system with the two constant head river boundaréesbe determined by

1/2

+ e

h(X) - %(L _ X) + (hRR _LhNR)X

2)

wherehgr is the head in the Roanoke Rivieyr is the head in the New River ahds the

distance between them. Based on annual rechaiigeatest of Swain et al. (2004) approximately
20% of the annual precipitation rate (8 in/yr) egtihe groundwater system as recharge. With
only the hydraulic conductivity as the unknown paeger, an overall approximation of the
hydraulic conductivity can be made by plotting tesults with the topography along any
transect from the New River boundary to the Roari®ker boundary and then adjusting water
levels based on intersection with topography (&mlected transects can be seen in Figure 6).
This was accomplished using ArcMap and a digitavaiion model (Gesch, 2002 and 2007) for
boundary elevations and the distance tool for ¢te tistance between the boundaries (L). The
final equation, with K, Lhrg, andhyg was calculated for any x along each transecikiteE The
location of the calculated groundwater divide watednined by fitting an equation to water

elevations and solving for the maximum head and thapping in ArcMap its location relative
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to the surface divide. The starting K values weitet@ be 25 ft/d and the final “calibrated”

values are shown in Table 2.

& Roanoke River

£ Watershed
New River
Watershed |

9 Miles

Figure 6: Map showing location of analytical modgliransects. Each transect begins at the
New River boundary condition and extends to therlRka River boundary (Small tributaries are
difficult to see here, but images of river boundarare clear in Figures 3 & 4) Yellow points
show previously identified springs provided by IEQ, used to determine transect locations (J.

Maynard, personal commun., 2013, DEQ)
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Numerical Transect Modeling

Recognizing the limitations of the 1D analyticabael, we developed numerical models
along the same transects using Modelmuse, a GUhéMODFLOW-2005 finite-difference
code (Harbaugh, 2005). Each model was given seigivations using the elevation data
extracted from GIS sources, uniform K values altrgtransect, average recharge over the
entire transect, and constant-head boundary condifat each river. The model grid was
constructed to be spaced equal to the elevatiartpextracted in ArcMap and oriented parallel
to the transect. The Groundwater Flow Process wssdhe Layer Property Flow package in
MODFLOW, along with the CHD Time Varient Specifieliéad package for the river boundary,
and the Recharge Package allowed for the spedificaf constant flux across the water table
from precipitation. The construction of this modsla 1D, one-layer system assumes that all
flow is horizontal and we have no vertical flowatranges in conductivity vertically. Figure 7
shows the top and front view of the model for teantdl, including model grid and boundary
condition locations. The grids were identical foe temaining 3 transects, only surface
elevations and boundary condition elevations waenged. The bottom boundary was set to be
just below the boundary condition elevations siweger elevations cannot be calculated to be

below this level.

(e,

Top

CRRRRERRRT DRRRRRERRE NRRRRRRR RN RRRARNE PRRRRRRRE CRRRRRRT CRRRRRRRN RRRRRARR PRRNRRANE RRRRRRRT CRRRRRER RRRRRRRR ARRRRANNE CRRRRRRRNE CRRRRRRRT NRRRRARRL PRRRRRARR] FRRRRRARNE NRRARARRD ORRORART)
New River Roanoke River
~ad Constant Head
Boundary

1 1 1 1
o 10,000 20,000 30,000 40,000

Figure 7: Numerical model domain for transect lo\8Is the top and front view of the model
created using the USGS GUI Modelmuse.
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2D Regional Numerical Modeling

The two-dimensional transect models were expanued Baerial two-dimensional model
covering the entire study area because few wetlssarings actually fell within a reasonable
distance to the transects in the previous modeifayt. This areal modeling effort was also
conducted to perform particle tracking for the igieration of recharge source areas that feed the
spring locations and to provide a better estimadibtine groundwater divide's true location
within the study region. Our conceptual model (F&g8) consists of our two constant-head river
boundary condition along the eastern and westedygioundaries, a no-flow boundary along
the north, which represents a high topographiadéiyBrush Mountain), and a general-head
boundary to the south, which reflects the likelpdelependent nature of this region. The model
has one layer of constant thickness (100m), whiassumed to represent the active depth of
weathered high-permeable fractures. Again, thetioreaf a one-layer system assumes no
changes in hydraulic conductivities with depth.sTWwias done for simplicity of the first regional
model of the area and the assumption should beessiell with a multi-layer model in the future.
The hydraulic conductivities given to each zoneengased on the simplified lithology (6
different units described further later in thistgmt) (geology shapefiles from Dicken, 2005)

discussed previously.
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Recharge
Constant daily rate
over entire region

l' l" Ridge Line

No-Flow

Roanoke
River
Tributaries
Constant
Head

New River
Constant

Head A

General Head Boundary

Figure 8: Conceptual model of 2D regional numenmuabel. The general-head boundary is
dependent on the average depth to water takemwellaear the boundary.

Numerical modeling was performed using the MODFLQWB5 (Harbaugh, 2005)
finite-difference code developed by the USGS. MODW\U was initially created in 1984 to
facilitate the addition of “packages” that simulapecific processes into a unified code. A main
part of the MODFLOW structure combines algorithmnasatibing volumetric groundwater flow
across model cells with boundary conditions, arfthdd parameters values into the
“Groundwater Flow Process” (Polluck, 2012). Sinseoriginal release, additional versions of
MODFLOW have been developed to better represamtsins such as stream-aquifer
interactions and land subsidence (as discussedlliocR, 2012). With time the code has
expanded to allow for additional capabilities sashparameter estimation through the
implementation of UCODE_2005 (Poeter et al., 20@%)ich uses known observations of
hydraulic head or flow velocities to inversely tadite key aquifer parameters. The increased

sophistication of the code has not compromisedate of use. The current version of
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MODFLOW still readily allows for the incorporatiaf boundary conditions, observations, and
recharge within the Groundwater Flow Process orilly aetter management of the code’s

internal data (Pollock, 2012).

The model domain was created by utilizing GIS resesiand known boundary
conditions (Figure 9). The top of the model wasatzd by resampling a 30 m DEM to 250 m
resolution (Gesch, 2002 and 2007) and then imppglavation point files into ModelMuse. The
grid was then created from this point file, wittclearid cell given one surface elevation value.
The bottom elevation of the model is assumed tbd@em below the surface elevation. This
assumption is based on the average typical deph ofterconnected hydraulic fracture network
based on bedrock weathering. Starting head valees set to be equal to the surface elevation

minus the average depth to water recorded in oglyswells.

The model domain was bounded by three differenhtaty condition types: no-flow,
constant-head, and general head. The no-flow baytdahe north of the region was created
using a watershed boundary with the outlet at tingn&st downstream location in both rivers,
within the study region. The watershed boundariesevereated in ArcMap by summing the
areas of cells that contribute flow to the poumpaell. The constant head boundary conditions
were created by extracting the section of rivensegts which comprised the New River and
Roanoke River in our study area, from the natitwyarography dataset downloaded from the
USGS Seamless server (USGS, 2010). The generaboeadary line connects the farthest
upstream point of either river system in the southp®rtion of the region. Head values assigned
to this boundary line segment are a function ofexr elevation and an average depth to water

measured in a nearest study well.
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We have simplified the geology of the study areaimuping the geologic rock types
exhibiting similar hydrogeologic characteristicsoimmydrogeologic units similar to, but slightly
more detailed, than those described by Swain €2@04) in the USGS study of the Valley and
Ridge, Blue Ridge and Piedmont provinces. Unitdivibur study region include: dolostone,
limestone, shale, sandstone, quartzite, granalite,gneiss (Dicken, 2005). This allowed us to
simplify model parameters by grouping geologic roghes in ArcMap prior to importation into
Modelmuse. Resulting geology shape files were tlssa to define parameter zones in the
model. Spring and well locations were imported @sfshapefiles directly from ArcMap with
attribute fields given name and average head vahrtsal head observations were set within
the MODFLOW Packages tab for each point. Figured@s the entire model domain with

boundary conditions and parameter zones.
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Figure 9: Numerical model domain as created in Mddse (MODFLOW GUI). Boundary
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Our numerical model was calibrated using UCODE_ 20@eter et al., 2005), which is a
parameter estimation code that inversely estimadesmeters by minimizing the sum of squares
of residuals (difference between simulated and oredsvalues of heads at well locations).This
process involved using the original model HK (hydi@conductivity) parameters taken from
the literature (Swain et al., 2004). Values wetgaallow for log-transforming due to the many
orders of magnitude in which the HK values can piaédly range within the study region. The
HK values representing granulite and gneiss wele: denstant due to their low composite
scaled sensitivities when compared to other parnsievhich is likely associated with the fact
that no observations exist in these units, sincepasite sensitivities are based on the difference
between the simulated values and observed. UCOD#ecged after 11 iterations and final
values are shown in Table 2. Simulated heads wargared to surface elevations as an
additional check on model accuracy (differenceskmseen in 2D Model Results section).
Perhaps the most important aspect of numerical hmaglis that pathlines and approximate
travel times can be computed using the MODPATHigartracker (Pollock, 2012). MODPATH
pathlines were computed for each spring locatideniifying the source recharge location and
total travel time from the recharge source arghealischarge point at each spring. Pathlines
were computed using a group of 9 particles whickevegiginated internally within the model
cell representing the spring and were allowedaoktbhackwards (toward the source area) until

termination at the surface.
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Lithology Transmissivity (m?/d) | Hydraulic Calibrated HK
Conductivity parameter (m/d)
(m/d)

Limestone 279 2.79 0.2831

Dolostone 511 5.11 4.650

Shale 33 0.33 8.105

Sandstone 33 0.33 0.0557

Quartzite 7 0.07 0.1684

Granulite 3 0.03 Not variable

Gneiss 3 0.03 Not variable

Table 2: Geologic parameters for regional modelrtity transmissivity values are average
values taken from Swain et al. 2004. Hydraulic aantiity (HK) was calculated by dividing T
by thickness (100m). Estimated values were detexthusing inverse modeling in UCODE.
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Results
Analytical modeling

As can be seen in Figure 10 A-D, resulting watevations from analytical modeling can
potentially fit two curve types: 1) a parabolic-pbed water table profile, with the apex
representing the groundwater divide being clos¢hédNew River than the Roanoke River or 2)
a sloping water-table with very little moundingsuéing in essentially no groundwater divide
with New River water flowing toward the Roanoke &i{New River is 0 dist. location). Result
#2 implies the New River watershed is not only gesaptured by the Roanoke in its upper
tributaries, but that the river itself is losingtema(transects 2 & 4 below). As described in the
methods, hydraulic conductivities were constantlerentire transect, but adjusted based on
water elevations and their relation to the surtap@graphy. Adjusted final values can be seen in

Table 3 below.
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Figure 10 (A-D): Results from analytical modelingray the four selected transects. Transect
extends from New River (0 dist.) to Roanoke. Litgy along the transect is listed on each plot.

Surface elevations are shown in red and calculatgdr elevations in blue.

Distances between the calculated groundwater dasdiesurface watershed divide, along
with the final hydraulic conductivity values follamg calibration is shown in Table 3. Distances
range over 1 mile and the maximum map distancerdifice is over 6 miles. Since this is
unlikely and also not evident in New River disclergcords from USGS gauging stations

(Table 4) we switched from analytical models wigns-calibrated hydraulic conductivity values

to numerical models in order to better represeasistem.
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Transect Map Distance (miles)  Final Hydraulic |Geology
Conductivity (ft/d)
1 55 25 Shale
5.8 30 Limestone, Dolostone
3 45 20 Shale, Sandstone,
Dolostone
4 6.3 20 Shale, Sandstone,

Limestone, Dolostone

Table 3: Map distance between surface divide alalileded groundwater divide location.
Geology along each transect is also shown as wdildraulic conductivity values calibrated
using topography and water levels. Hydraulic comigtiiies were constant along each transect
but varied between transects.

Numerical Transect Modeling

Results from initial transect numerical modelingwtsimilar water level elevations to

the analytical results. Slight variations in comgzlhead can be seen along the water elevation

lines, however the overall groundwater shape aadignts remained the same and the same two

resulting profiles are produced. Below are ploshg both the numerical results and the

analytical results. Surface topography is showthieyblack line (Figure 11).
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Figure 11 (A-D): Profiles of simulated head frommrerical modeling for each transect. Blue

line indicates numerical model results, red linanalytical results, and black line shows surface

topography. Transect numbers correlate to the semsects from analytical modeling, however
units have changed.
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Water Elevations

Depth to water measurements ranged from -0.28.268 meters below the surface
throughout the study region. After subtracting freanface elevations, water elevations ranged
from 527.779 to 747.699 meters above mean sea [Elvellargest temporal changes in depth to
water occurred in wells 8 and 9, both high on tbdlaw boundary ridge to the north of the
study region. Outside of these two measurementg,lite seasonal change can be seen in
water level elevations. Table 4 provides depth &ewmeasurements at each well along with

surface elevations and the average water elevasimy the average depth to water.
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Sprin¢ |Surface |Depth to wate (meters below the surfa Average wate
elevation elevation (m)
(m)
Augus Octobe Januar Marct
1 701.23. |1.€ 0.08: -0.40¢ -0.2¢ 700.90:
2 702.0: 43.1¢ 38.t 38.43¢ 39.60¢ 662.10¢
3 684.6¢ 82.82¢ 83.43: 83.76¢ 83.2¢ 601.35¢
4 691.5¢ 73.0¢ 72.70° 71.63¢ 73.1% 618.91¢
5 627.20¢ |25.7¢ 27.07¢ 26.55( 24.81: 601.15¢
6 603.74. |2.47¢ 2.91: 2.621 2.051] 601.22¢
7 598.9¢ 88.26" 66.77¢ 65.30: 64.38: 527.77¢
8 798.150! |42.16¢ 41.4¢ 79.84( 38.31 747.69¢
9 654.479! |22.98¢ 23.58¢ 22.87: 22.4¢ 631.50:
10 682.766! |26.0: 27.79¢ 27.51: 25.05¢ 656.16¢
11 665.6¢ DNV 32.95¢ 33.05¢ 32.63: 632.76¢
12 614.06° |9.29¢ 8.85¢ 9.491 22.6: 601.49¢
13 596.04" |13.15¢ 12.3¢ 10.36" 10.61¢ 584.42:
14 644.95! |3.67¢ 4.14¢ 2.51¢ 3.191 641.57:
15 619.583! |21.1 21.04¢ 23.35¢ 21.16¢ 597.91¢
16 601.96¢ |19.4: 19.82¢ 19.40¢ 19.20¢ 582.50:
17 562.30¢ |14.71¢ 15.39° 15.40( 14.89: 547.20!
18 578.444! |-0.72¢ 0 -0.81¢ -0.80¢ 579.03:
Average depth t 28.7¢ 27.7: 29.t 27.5¢
water

Table 4: Depth to water measurements for eachwigl Average water table elevation was
calculated using the average depth to water subttdom the surface elevation. These average
water table values were used in the model as krimad observations. DNV means we “Did

Not Visit” that well for measurement.
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Spring Temper atur es M easur ements

Average spring water temperatures range from G@38(Ellet Rec) to 14.05 C° (Silver
Lake), with the greatest range of 6.4 C° occurabgllet Rec spring. Figure 10 shows the water
temperature versus time for all monitored sprifigsee distinct temperature patterns can be
observed from these plots; (1) event-scale tempezaifluences (using events which can be
seen in air temperature records), (2) seasonaleetye influence, and (3) seasonal and event
temperature influences (Figure 12). Cedar Run,Blagrg, and Smith Creek fall into pattern
(2). Only Cambria falls into pattern (2), with alstamo event influence on temperature. The
remaining springs, Silver Lake, Ellet Rec, and ¥wilISulphur all fall into pattern (3) with
seasonal changes as well as event fluctuationgrd-it?2 also shows the range in daily air
temperature with time, including the average vatued. The minimum, maximum, range, and
average temperature values for each spring aesllistTable 5. Correlation coefficients between
air temperature and water temperature as well @geka precipitation and water temperature

support these visually identifiable patterns (T&ile
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Figure 12: Plot of daily average water temperausréme for monitoredgprings (top). Springs

fall into one of three patterns: event-scale flations, seasonal fluctuations, and both (discussed
further in discussion section). Bottom: Range afiimiax air temperature vs time. Average daily
temperature is shown in red (weather data from egahderground.com)
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Spring Min M ax Range Average Corr.with | Corr.
Air with
Precip.
Cambria 11.997 12.389 0.412 12.163 -0.12 0.02
Blacksburg | 12.485 13.112 0.627 12.9219 -0.14 -0.19
Cedar Run | 12.594 13.365 0.771 13.174 0.37 -0.09
Ellet Rec 7.179 13.558 6.379 9.864 0.55 -0.0005
Silver Lake | 12.703 14.577 1.874 14.047 0.27 -0.11
Yellow 10.846 12.69 1.844 12.018 0.66 0.08
Sulphur
Smith Creek | 11.014 13.75 2.709 13.180 0.58 0.075

Table 5: Spring water temperature summary. Min, ,maxge, and average water temperatures
are shown for each spring. Additionally, the catien coefficients between water temperature
and air temperature as well as water temperatud@eecipitation are shown.

2D Regional Numerical Modeling

Calibrated steady-state water table elevationth®2D areal model are shown in Figure
13. Simulated heads range from elevations of 3@@mm@bove mean sea level to 864 meters
above mean sea level. There are steep groundwattiegts along the northern and southern
ridges as well as beneath Price Mountain. Oveagedllients appear to be steeper beneath the
Roanoke River basin than beneath the New Rivenbakie groundwater divide according to the
simulated head values exists in the region of thifase divide, yet is slightly shifted towards the
New River in most locations (red dashed line inuFggl3). It appears to cross through Price

Mountain, bringing groundwater from this locationid the Roanoke River catchment.
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Figure 13: Contours of simulated total head from2b regional model. Head gradients vary
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significantly throughout the region due to chanige#hology and conductivity. The
groundwater divide as given by these contoursasvshby the red dashed line, the surface
divide is shown by the thick black line.
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Differences between the simulated heads and tli@cguelevations are provided in
Figure 14 (calculated surface elevation — simuléteal elevation). As can be seen from the
contours, simulated water elevations are oftendrigfinan the surface topography. The greatest
differences are found in the region of steep gradien the southern and northern portions of our
study region. Potential reasons for this large ®n@ulation of head are discussed further in the
discussion section. However, it is important toentbtat the shallower, lower elevation locations
were able to more accurately simulate head valwse ¢o measured depths below land surface.
Additionally, Table 6 shows the differences betw#enobserved head values (for well and
spring locations) as well as the simulated valveshfthe final model. Several large difference
values show a need for bettering of the model, wighgreatest difference being just over 58
meters (Table 6). A map showing the residuals,tpesvalues as blue circles and negative
values as red circles, can be seen in Figure 1&side of the circle shows the magnitude of the

residual.
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Figure 14: Contour map of differences between sateal water elevations and surface
elevations. Negative values indicated areas wheae lwas modeled to be above the land surface
(discussed further in text).
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Spring/Well Observed Value | Simulated Value | Difference

Yellow Sulphur 580.17 591.845 -11.675
Cedar Run 513.08 497.9753 15.05472
Blacksburg 561.09 547.1245 13.96558
Cambria 582.32 568.0889  14.23114
Smith Creek 609.66 619.6338] -9.97382
Ellet Rec 550.55 505.6031] 44.94684
Silver Lake 612.6 604.837| 7.762939
Well 1 700.9028 703.4806| -2.57782
Well 3 601.3588 615.4836| -14.1248
Well 4 618.9193 615.1962] 3.723022
Well 5 601.1555 618.6724) -17.5168
Well 6 601.226 622.3809  -21.1549
Well 7 527.779 508.3005] 19.47852
Well 8 747.6993 757.9255  -10.2263
Well 9 631.5043 623.9412] 7.563049
Well 10 656.1688 632.8454] 23.32336
Well 11 632.769 659.2449 -26.476
Well 12 601.499 561.3888 40.11023
Well 13 584.4208 614.7585  -30.3377
Well 14 641.5725 597.8347) 43.73779
Well 15 597.9163 539.2708] 58.64551
Well 16 582.5012 527.7106| 54.79065
Well 17 47.20526 551.5991] -4.39386
Well 18 579.0315 525.7213] 53.31018

Table 6: Observed versus simulated head values 2idmegional model.
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Figure 15: Map showing residuals between obsermedsanulated heads from 2D regional
model. The size of the circle denotes the magnitidee residual and the color represents
negative and positive values, red being negatigebdure being positive.

Pathlines computed using backwards tracking in M@DI can be seen in Figure 16.
Pathlines show travel distance and flow path fohagege to each spring and are color coded by
travel time, blue being shorter travel times ardibeing longer times. Pathlines for Blacksburg,
Ellet Rec, Cedar Run, and Yellow Sulphur springespo originate in a similar location east of
Price Mountain within the New River watershed. Cambpring pathlines indicate a source area
west of the spring, also well within the New Riveastershed. However, the total travel distance

and times appear to be slightly less. Both Silvegkd_spring and Smith Creek spring have much
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shorter travel distances. Silver Lake spring isahly spring with flow originating and
discharging entirely from within the same waterstathough the source area for Smith Creek
does not extend as far into the New River watersiseithe other springs. This could present a
situation in which the spring has had a truncatatevghed or was even created by the rapid
incision process occurring high within the Roanaletershed, where the spring is located.
Interestingly, although structure was not addettisimple model, MODPATH results do

show a clear directional change in the northerm $épuings once they cross the divide.
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Figure 16: Pathlines computed using MODPATH andsteady-state model, with updated
parameters from parameter estimation. On thedeftulated head contours are shown and on the
right are only the backwards modeled pathlines.
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Discussion
Analytical Model and Transect Models

Analytical model results imply the New River is rastly being captured by the Roanoke
River, but is actually losing water directly witl groundwater divide between the two boundary
conditions. This illusion is most likely due to thienplicity of our model conductivities between
the two boundary conditions. Yechieli et al. (208Bpwed that incorporating non-uniform
transmissivity values into an analytical groundwatedel can alter the location of the
groundwater divide, even with varying base lev8Blsiply stated, analytical models are not
complex enough to represent the head conditiotlsi®tystem due to varying geology and

aquifer material conductivities.

Differences in head calculations between the amaly$olutions and numerical transect
models could result from the additional volume atittegroundwater as recharge when taking
surface relief into account. Analytical solutionbreear total map distance for L (actual total
distance between boundary conditions) and therefonmot include the added distances
associated with hills and valleys that are inclughetthe numerical model. Similarities arose
between the analytical models and the transect noahenodels due to the simplicity in aquifer
parameterization. The transect models are assumiga/e constant conductivities along the
entire transect and the same boundary conditianagplied in the transect models as for the
analytical models. However, it is clear from thesadels that the location of the groundwater
divide in this region is not likely to coincide Withe surface divide and the simplistic simulated
heads suggest that a more complex model is needadre accurately represent the position of

the divide.
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Water Elevations

Groundwater elevations do not exhibit significagdsonal change (<2 m of change in the
average depth to water — see Table 5). This coailattoibuted to the significant water storage
and rapid response pathways available for wellasgwithin this karst and fractured-rock
dominated area. Furthermore, the construction ofestic wells typically consists of an
extensive open wellbore with significant borehdt@age. Thus, the well would tend to dampen
water level changes that may occur in the aquéliésywing the well to maintain a fairly constant

water level regardless of season.

However, two wells did have a few observed headsoreanents that were noticeably
different from other readings (shown in red in TEa#h). These outliers are likely attributed to
their location on hillslopes in steep terrain, ahgb high within the watershed, where small
changes in hydraulic gradient could result in gedocal change in hydraulic head. Furthermore,
homeowners were home when these outlier measurswen¢ made, which could simply point
to drawdown due to pumping. This is particularlgygible again due to the small source area for
each well. With a small catchment we would expegtigk drawdown response when the well is

pumped.

2D Regional Numerical Modeling

Numerical modeling and particle tracking resultsvglan average total head distribution
that generally mimics the surface topography; hewea westward shift of the groundwater
divide toward the New River has occurred relativéhie surface divide. This implies that

groundwater capture occurs prior to stream capali@ying for a larger groundwater basin than
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expected. This is not only more realistic thanrgilts from analytical modeling, but it also
appears to confirm the idea that the boundary ¢mmdelevations may be influencing
groundwater flow in a manner that increases engngthe Roanoke River tributaries. Incision
during stream capture occurs high within the wéaieds where streams have naturally very little
stream power due to their small catchment. Thetiaeddf groundwater due to subsurface basin
capture could explain the over-energized erosidargi@l we see in small streams at the surface.
Not only would this divide shift allow for more engg, but would also increase the transport of
water across the surface boundary (escarpment fabah would allow for greater seepage at
the escarpment, a process which could potentiakyehse hill slope stability and thereby

increase hill slope creep.

The 2D conceptual flow model was developed witmadairly large, yet reasonable
assumptions. First, without the addition of duatgsity modeling, MODFLOW assumes porous
(Darcian) horizontal flow according to the Dupujuation. Even with spring measurements, the
conduit geometry of the study area is still unkn@md is expected to be quite compliexorder
to utilize MODFLOW we must assume that the intgneitfracture influence and the degree of
dissolution in conduits is low enough to assumimgles porosity model. This assumption should
be valid due to the large scale of our model, h@awvswdies have been done which show
regional conductivity to be similar and differeatlbcalized values such as those taken from

Swain et al. (2004) for our study (as discussdadsaih, 1998).

Second, vertical flow was not simulated in our-tayer model. The structural
orientations of the geologic units that may infloerthe direction of groundwater flow were not
simulated. These preferred orientations could erfee recharge and depth of groundwater

circulation by introducing significant vertical flocomponents. Additionally, the water
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elevations used for this model were taken from dstimevells several times over an 8 month
period. Using domestic wells for this model alsmoges our ability to model more than one
layer within the system, since domestic wells gpécially open over their entire depth, thus
yielding an average hydraulic head over the deptheoborehole. Thus, we assume that
measured heads represent an average head ovetitbdteckness of the aquifer system. With
the goal of creating essentially a broad conceptaalel of the groundwater system, this is a
valid assumption. However, we cannot determine gadients or the divide location would
change with depth or evaluate confined versus uimeeshconditions. Additionally, as can be
seen in Table 6, the result of a one-layer mod#i tveads taken from multiple aquifer units can
lead to large residuals in the model. The addibbmultiple layers would be expected to aid in

the decrease these residuals and bettering of tkdelms a whole.

Third, we assume the river boundaries represamtant head boundary conditions. This
can only be true if the rivers represent groundnadse level with fairly constant stage, instead
of perched features above the water table. Althpughdid not collect data to determine
whether or not the rivers are true base flow, taesof the model minimizes the effect of this
assumption. With distances of ~100,000 feet anebéilen differences of several hundred feet,

any seasonal fluctuations of stream stage can idered negligible.

The groundwater flow model readily converged ugiatameter estimation following the
removal of low sensitivity parameters from the mstion process. As discussed in the methods,
we expect these parameters were not sensitiveatogels due to the lack of observation wells
within these units. To better estimate parametarghiese units we would need to obtain
additional prior information and/or head observasgiavithin them. Additionally, we were forced

to keep a constant conductivity beneath the rieemidary conditions due to the requirements of

50



the Layer Property Flow package in ModelMuse. Thisnot affect our results since we are
modeling a steady-state system and the river iesepted as a constant head condition;
however, this condition would need to be addre$sed potential future transient model. Also,
our starting values were taken from average vgiuegded by one literature source (Swain et
al., 2004). Parameter estimation in this case cbelonproved by running the simulated

additional times with a range of starting values.

Even with a calibrated model using inverse modeéind parameter estimation,
difference contours between surface elevation andlated head yield a number of heads that
are above the ground surface. These differencely iimgt the water elevations may not be as
high as simulated, nor the gradients as steep. iawebserved head elevations used in the
model were calculated using GPS acquired elevaaodgopographic data were from DEMs
available online (in low resolution from older soes). Also, the DEMs were sampled for a
lower resolution due to the large size of our modibls means that in steeply sloping areas we
may be under-representing or over representingseiiglevations in relation to water levels.
This could be addressed by developing a highetutso model in the future with more

accurate surface elevations at each grid cell.

Particle Tracking and Spring Water Temper atures

Results from particle tracking in MODPATH also gegt that groundwater movement
occurs across the divide. In particular, Blackspang, Ellet Rec spring, Cedar Run spring,
and the Yellow Sulphur spring have their recha@& e areas considerably west of the
topographic divide, into the New River basin neacd’Mountain. Our results correlate nicely

with the drainage retreat conceptual model propbse@rince et al. in 2011 which was
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discussed in the introduction (Figure 15 is takemfPrince et al., 2011). This model proposes
that divide retreat will continue to occur mostaidy within the weak shale units (see Figures 1
& 2) until the New River has been cut off entiréfhese four springs all fall within the stretch of
escarpment which has not begun to incise as rapitiythe New River basin, allowing them to
source water from further distances into the NeweRwatershed (Figure 17). Again, this
evidence suggests that the groundwater basin ngly thee capture process by expanding into

the higher elevation plateau before surface incibiegins.

Interestingly, these springs revealed two of tleghdentified thermal patterns (event
scale fluctuations and event & seasonal scaleuaiins). Since temperature records within
springs can be used as a proxy for the amouninaf water has spent within an aquifer,
(Luhmann et al., 2011) we can assume that the aligelfrom these springs is relatively young
groundwater, even though the source area is wiidriof the surface basin. Additionally, this
variation in temperature patterns between the gproan be an indication of the variations in

flow pathways and travel times within the groundsvatystem.

The Cambria spring also has a recharge sourcdraraacross the divide; however
temperature records of the Cambria spring show sligiit seasonal changes in temperature
with no response to small scale event fluctuat{@asn rain events or surface temperature
changes, as seen in surface temperature recardggaiing longer travel times for groundwater.
Again, this correlates nicely with the conceptualdal proposed by Prince et al., (2011);
however it implies that there are locations witthia system which allow for deeper flow and
therefore older groundwater discharging from singnfortunately, particle tracking in this
simple one-layer horizontal flow model is not atderovide differences in travel times,

however it is clear from temperature data that fi@athways can vary greatly and are not
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dependent upon geology at the spring or the sitleeo$ource basin. This outcome is
representative of the heterogeneity and possibiBo&opy of the system and will require further
investigation to better understand the natureat fbathways utilized by the groundwater

capture process.

The remaining two springs, Smith Creek and Sihake both have much shorter travel
paths. This correlates well with the drainage egtomnceptual model. These springs are located
within the region of capture which has been ocagrmost rapidly thus far (Figure 17). Divide
migration appears to have truncated the catchnoenhé Silver Lake spring and potentially
even created the Smith Creek discharge locatiocgptured its upper watershed. Just as with an
overall energy increase from an expanded groundveaten, spring discharge into the Roanoke
watershed will increase available water for tribigs further increasing energy available for

erosive processes.

The comparison between the northern 5 springsi(lFgure 17) and the southern 2
springs (6 & 7 in Figure 17) allow us to infer tlgroundwater capture occurs in addition to
surface capture, however in regions experiencitigeasurface capture the groundwater
becomes slightly less predictable. Here surfaceldiand groundwater divide locations are
coincident. It is possible that the region of rapéghture once looked similar to the slower
capture region, but that the addition of groundwhtam an expanded basin, as seen currently in
the northern springs, allowed for a kick-startgaidancision. If this is true, we would expect the
region with slower capture to also pick-up erosipeed and begin to resemble the rapidly
incising region. Then we could also predict a gassslowing of capture in the previously
rapidly migrating region, due to the removal ofempanded groundwater basin now that the

surface basin has been able to “catch-up” to tbargiwater divide location.
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Springs

1: Blacksburg 5: Cambria
2: Cedar Run 6: Silver Lake
3: Ellet Rec 7: Smith Creek

4: Yellow Sulphur

Figure 17: Conceptual model of stream capture p®aéthe surface. 1-4 show the progressive
incision of the Roanoke River through time, 2 beimg current position of the divide (dashed
line) and 3 & 4 showing predicted divide locati@xpanded box: Current location of the divide
with spring particle tracking results shown in r&gring source areas are further into the New
River divide in the northern portion of the regiwhere capture has not yet occurred, implying a
pre-captured groundwater basin. Springs in thehsoatregion have experienced full capture,
removing groundwater basin (modified from Princalgt2011).
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Conclusions and Future Work

Stream capture between the New River and Roanoler Ri southwestern VA provides
a unique example of non-tectonically driven drasmagarrangement. Using simple field
measurements and numerical models, we were abledte a generalized groundwater potential
map for this region in an attempt to determine godwater influence, or response, in regard to
stream capture. Our results suggest that the greated divide has shifted west relative to the
surface divide and groundwater flow occurs acrbesstirface divide toward the Roanoke River,
potentially capturing the groundwater basin preacttual divide retreat. The addition of
groundwater to the Roanoke River basin, in addittowhat its surface basin provides, could
lead to an over-energizing of upper Roanoke trifiegatheoretically increasing stream power
and further driving incision and headward retreat.

Spring temperature records and particle trackisglte further support the occurrence of
groundwater basin capture; however clearly showénetion in the flow pathways and
groundwater travel times within the system. Inftha streams that source water from outside of
their surface basin, we observed all of the thdeatified thermal patterns; 1) event-scale
fluctuation, 2) seasonal fluctuation, and 3) a coration of both. This implies that groundwater
capture is not strictly a diffuse or conduit pragdsut a mixture of both depending upon the
individual spring location and flow pathways avhl&a This variation in flow pathways can lead
to a variation in added energy to the Roanoke sysBoth slow seepage and rapid, concentrated
discharge locations will need to be incorporateéd models of surface processes differently.
One would simply add water to the basin, possibiyirg hillslope creep (seepage) and the

other could create a new stream location entimile¢t spring discharge).
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Future work in the region will need to focus onisdmdata collection, but at a higher
resolution and for longer time periods. Our curgetdy-state model has only 18 well
observations, none of which provided informatioowiithologic changes and/or fracture
locations and orientations. The addition of mordsysampled at higher temporal resolution
over longer time scales, would provide the baslsuitd a transient groundwater model and
allow for seasonal changes in recharge to be tateraccount. Also, logging of a number of
wells could provide information on hydraulicallyt&e fracture locations and orientations and
identification of the hydrologic units containinggetfracture pathways. This could allow for
modeling of more than a one-layer system whichaalgo yield more accurate simulated
hydraulic heads. The use of the newly developed MODW-USG (Panday et al., 2013) would
make it far easier to incorporate geologic strietmd anisotropy into the model, which could
provide far more detailed information about reclegogthways into the subsurface and vertical
flow components and depth of circulation. Additibpaspring temperature records, although
informative in a relative sense, cannot give acteeharge ages which would be useful in
determining pathways of flow used in the basin egapprocess. Dating of the spring water using
dissolved gases would provide actual ages and dtiow clearer picture of groundwater capture
and depth of circulation.

In addition, future work should attempt to notyhktter characterize the groundwater
system, but also evaluate the connection betwemmdwater and surface capture with the use
of evidence from the land surface. If we aim toensthnd the role groundwater capture has on
erosion and headward incision, we need to assesdféct an expanded groundwater basin has
on surface processes. This could be done by congptiré actual discharge in upper tributaries

to the expected discharge, according to the sudatdment size. If discharge is greater than
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expected then groundwater capture could have ttempal to increase stream power, adding
incision-driving energy to the system. Additionalifyan expanded groundwater basin exists we
would expect increased seepage and sapping alerdjwide. Studies in the future could focus
along the divide, utilizing surface features anelpsgye determination tools (such as electrical
resistivity) to better understand the role grounwanay play in disperse hillslope erosion along

the escarpment.
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Appendix A: Research Informational Flyer

Help with graduate research!

Your well would be used only to measure the
depth to the water table. This information will
be essential to expanding our knowledge of
groundwater in the region!

No chemicals or dyes would be placed in your
water and the measurement takes only minutes.

Contact: Lyndsey Funkhouser
Graduate Student, Virginia Tech Geosciences

lyndsey8@vt.edu
540-335-5857

geosciences

AT VIRGINIA TECH
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Appendix B: Images of Wells Used For Observed Head Values

Below are shown two images for each of 16 of thevéBs. First image shows well location and
second shows a closer view of the well. Two ofrésearch wells were not able to be
photographed.

Well 2

Well 3
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Well 12

Well 13
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Well 14

Well 15
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Well 18
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Appendix C: Daily Spring Temperature Data

Table shows the average daily spring temperatugsorement calculated from the original 15
min or 30 min sample interval data. Original taldesld not be provided due to the large size.
The remaining 3 springs are continued on page 79.

Yellow Sulphur Smith Creek Silver Lake Ellet Rec
Temp Temp Temp
Date (C°) Date Temp (C°)| Date (C°) Date (C°)

12/02/13 12.541  10/25/201
12/03/13 12.57§ 10/26/20]
12/04/13 12.594 10/27/20]
12/05/13 12.618§ 10/28/201
12/06/13 12.55 10/29/201
12/07/13 12.443 10/30/201
12/08/13 12.441  10/31/201
12/09/13 12.399 11/1/201
12/10/13 12.357 11/2/201
12/11/13 12.294 11/3/201
12/12/13 12.304 11/4/201]
12/13/13 12.233 11/5/201
12/14/13 12.209 11/6/201
12/15/13 12.211] 11/7/201]
12/16/13 12.235 11/8/201]
12/17/13 12.189 11/9/201
12/18/13 12.207  11/10/201
12/19/13 12.221 11/11/201
12/20/13 12.355 11/12/201
12/21/13 12.439 11/13/201
12/22/13 12.417 11/14/201
12/23/13 12.34 11/15/201
12/24/13 12.304 11/16/201
12/25/13 12.282 11/17/201
12/26/13 12.229 11/18/201
12/27/13 12.207  11/19/201
12/28/13 12.209 11/20/201
12/29/13 12.207  11/21/201
12/30/13 12.207  11/22/201

13.383 10/30/13 14654 0/25113 11.829
13.283 10/31/13 14656 0/26/13 11.572
13.381 11/01f13 14,669 0/27/13 12.507
13.327 11/02/13 14.56 /28/03 12.503
13.397 11/03/13 14.653 /2903 12.867
13.409 11/04{13 14,641 0/3@13 13.127
13.4381 11/05(13 14538 0/31913 13.331
13.443 11/06/13 1455 0118 13.481
13.287 11/07/13 14.649 /02113 13.14
13.263 11/08/13 14.631 /03113 12.543
13.327 11/09{13 14.624 /0413 11.827
13.365 11/10{13 14517 /05113 11.694
13.373 11/11/13 14.616 /06113 12.308
13.365 11/12{13 14503 /07113 12.251
13.255 11/13(13 14.482 /0813 11.35
13.253 11/14/13 14.46 0918 11.007
13.307 11/15/13 14482 1/1Q113 11.208
13.291 11/16/13 14,504 1/11W13 10.948
13.217 11/17/13 14518 1/12013 10.952
12.805 11/18/13 14521 1/13113 10.059
12.289 11/19(13 145 1418 9.936
12.272 11/20{13 14.43 1318 10.114
13.263 11/21J13 14442 1/16113 10.897
13.365 11/22]13 14.47 /1713 11.354
13.367 11/23|13 14471 1/18113 11.408
13.343 11/24]13 14431 1/1913 10.432
13.387 11/25/13 14414 1/2Q13 9.959
13.347 11/26/13 14172 1/2113 10.214
13.359 11/27/13 13.97 /22013 10.856

12/31/13 12.17§  11/23/201 13.313 11/28/13 141 2318 10.811
01/01/14 12.077  11/24/201 13.187 11/29]13 14276 1/2413 9.037
01/02/14 11.942 11/25/201 13.283 11/30/13 14346 1/25113 8.62

01/03/14 11.91§ 11/26/201
01/04/14 11.991 11/27/201
01/05/14 11.74  11/28/201]
01/06/14 11.585 11/29/201

13.2y9 12/01/13 14292 1/26/13 9.635
13.184 12/02/13 14313 1/2713 10.316

13.09 12/03{13 14.876  28/18 9.083
13.167 12/04/13 14392 1/2913 8.597

WWwwwwwwwwwww[w[Ww[w[w[ww[WW[WWW[WWWWw|w[Ww[w|w|w

69



01/07/14 11.633  11/30/2013 13.181 12/05(13 14412 1/3013 8.323
01/08/14 11.754 12/1/2013 13.267 12/06{13 14.396 /01123 8.194
01/09/14 11.833 12/2/2013 13.285 12/07/13 14.p01 /02423 8.792
01/10/14 11.914 12/3/2013 13.307 12/08/13 14.p14 /0323 9.188
01/11/14 11.914 12/4/2013 13.3%57 12/09{13 14191 /0423 9.645
01/12/14 11.928§ 12/5/2013 13.403 12/10{13 14.1 328 9.977
01/13/14 11.93 12/6/2018 13.447 12/11413 14.106  0a/28 10.377
01/14/14 11.867 12/7/2013 13.124 12/12[13 14.188 /0723 10.577
01/15/14 11.819 12/8/2013 13.05 12/13/13 14.265 0828 9.716
01/16/14 11.78] 12/9/2013 13.186 12/14/13 14811 /0923 9.818
01/17/14 11.698 12/10/2013 13.022 12/15/13 14256 2/1Q13 10.114
01/18/14 11.673 12/11/2013 12.997 12/16/13 14021 2/11W13 9.367
01/19/14 11.714  12/12/2013 12.929 12/17]13 14299 2/12013 8.605
01/20/14 11.548 12/13/2013 12.757 12/18/13 14271 2/13113 8.128
01/21/14 11.397 12/14/2013 12.903 12/19(13 14077 2/1413 8.44
01/22/14 11.253 12/15/2013 12.903 12/20[13 14187 2/15/13 8.796
01/23/14 11.139 12/16/2013 12.889 12/21J13 14244 2/16/13 8.666
01/24/14 11.139 12/17/2013 13.08 12/22{13 14.p89 /17123 8.423
01/25/14 11.254 12/18/2013 13.004 12/23]13 13664 2/18113 8.134
01/26/14 11.181  12/19/2013 13.024 12/24/13 13686 2/1913 8.197
01/27/14 10.98§ 12/20/2013 13.092 12/25/13 13.64 /2Q/23 8.477
01/28/14 10.907 12/21/2013 13.311 12/26/13 13,9051 2/2113 8.852
01/29/14 11.037  12/22/2013 13.425 12/27/13 14048 2/22013 9.398
01/30/14 11.145 12/23/2013 13.094 12/28/13 14.066 2/23¥13 10.122
01/31/14 11.23§ 12/24/2013 13.016 12/29(13 13.605 2/24/13 9.552
02/01/14 11.354 12/25/2013 12.946 12/30/13 13,696 2/25113 8.273
02/02/14 11.443 12/26/2013 12.992 12/31f13 13.634 2/26/13 8.24
02/03/14 11.458 12/27/2013 12.946 01/01/14 13703 2/27/13 8.255
02/10/14 11.902 12/28/2013 13.026 01/02{14 13856 2/28113 8.174
02/11/14 11.785  12/29/2013 13.1Y5 01/03[14 13.97 /2923 9.506
02/12/14 11.643 12/30/2013 13.147 01/04/14 13.969 2/313 9.628
02/13/14 11.587 12/31/2013 13.0y4 01/05/14 13.995 2/3113 9.299
02/14/14 11.74 1/1/2014 13.04 01/06/14 14.072 01 9.023
02/15/14 11.762 1/2/2014 13.169 01/07/14 13.976 014 8.988
02/16/14 11.54§ 1/3/2014 12.972 01/08/14 14.019 0314 8.591
02/17/14 11.587 1/4/2014 12.944 01/09/14 14.098 0414 8.295
02/18/14 11.75 1/5/2014 13.253 01/10/14 13.986 D10 8.477
02/19/14 11.964 1/6/2014 13.123 01/11/14 13.675 O0®14 8.491
02/20/14 12.148§ 1/7/2014 12.843 01/12/14 13.361 0014 7.686
02/21/14 12.2417 1/8/2014 12.968 01/13/14 13.34 014 7.651
02/22/14 12.25§ 1/9/2014 13.147 01/14/14 13.662 0914 7.792
02/23/14 12.253 1/10/2014 13.251 01/15/14 13.p17 /1@14 8.013
02/24/14 12.197 1/11/2014 13.301 01/16/14 13.612 /11014 8.863
02/25/14 12.013 1/12/2014 13.255 01/17/14 13.697 /114 8.736)
02/26/14 11.906 1/13/2014 13.199 01/18/14 13.817 /13114 8.843
02/27/14 11.764 1/14/2014 13.229 01/19/14 13.809 /14314 9.324
02/28/14 11.678§ 1/15/2014 12.8Y3 01/20/14 1391 191A 9.433
03/01/14 11.706 1/16/2014 12.73 01/21/14 13.895 1@14 9.166
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03/02/14 11.914 1/17/2014 12.929 01/22/14 13.839 /1W14 9.106
03/03/14 12.108 1/18/2014 12.%7 01/23/14 13811 1914 8.941
03/04/14 11.773 1/19/2014 12.696 01/24/14 13.805 /1914 8.92
03/05/14 11.787 1/20/2014 12.917 01/25/14 13.799 /214 8.957
03/06/14 11.811 1/21/2014 12.9%4 01/26/14 13.852 /21014 8.961
03/07/14 11.737 1/22/2014 12.831 01/27/14 13.807 /2414 8.514
03/08/14 11.897 1/23/2014 12.789 01/28/14 13.748 /23114 8.265
03/09/14 12.041] 1/24/2014 12.972 01/29/14 13.687 /24314 7.962
03/10/14 12.001 1/25/2014 13.086 01/30/14 13.63 2%1A 8.001]
03/11/14 12.15 1/26/2014 13.098 01/31/14 13.635 2@14 8.022
03/12/14 12.185 1/27/2014 13.092 02/01/14 13.787 /27014 8.095
03/13/14 11.734 1/28/2014 12.992 02/02[14 13.825 /2814 7.69
03/14/14 11.613 1/29/2014 12.942 02/03/14 13.116 /2914 7.448
03/15/14 12.001 1/30/2014 12.847 02/04/14 12.863 /3@W14 7.307
03/16/14 12.294 1/31/2014 12.966 02/05/14 12.9 018 7.456
03/17/14 12.191 2/1/2014 13.0%2 02/10/14 14115 0D24 7.596
03/18/14 12.11 2/2/2014 13.213 02/11/14 14.122 D20 7.818
03/19/14 12.13 2/3/2014 13.112 02/12/14 14.113 320 8.931
03/20/14 12.207 2/4/2014 13.129 02/13/14 14.118 0424 10.141
03/21/14 12.207 2/5/2014 13/1 02/14/14 14.123 02H5 10.238
03/22/14 12.237 2/10/2014 12.677 02/15/14 14125 /11024 10.297
03/23/14 12.253 2/11/2014 12.897 02/16/14 14.134 /1224 10.053
03/24/14 12.201] 2/12/2014 13.269 02/17/14 14.137 /13124 9.975
03/25/14 12.122 2/13/2014 13.311 02/18/14 14.133 /14324 9.595
03/26/14 12.104 2/14/2014 13.387 02/19/14 13.939 /19324 9.4
03/27/14 12.08 2/15/2014 13.299 02/20{14 13.73 @24 9.104
03/28/14 12.15 2/16/2014 13.303 02/21/14 13.503 17024 8.906)
03/29/14 12.223 2/17/2014 13.295 02/22[14 13.645 /1824 9.124
03/30/14 12.217 2/18/2014 13.351 02/23/14 13.701 /19924 9.562
03/31/14 12.189 2/19/2014 13.255 02/24/14 13.769 /224 10.518
04/01/14 12.231 2/20/2014 13.213 02/25/14 13.813 /21024 10.803
04/02/14 12.327 2/21/2014 13.086 02/26/14 13.831 /224 11.316
04/03/14 12.401] 2/22/2014 13.287 02/27/14 13.854 /23124 11.334
04/04/14 12.401] 2/23/2014 13.2y7 02/28/14 13.869 /24024 11.366
04/05/14 12.401] 2/24/2014 13.281 03/01/14 13.p02 /25124 11.368
04/06/14 12.324 2/25/2014 13.269 03/02/14 13.945 /26324 11.358
04/07/14 12.304 2/26/2014 13.269 03/03/14 13.006 /27024 11.301
04/08/14 12.304 2/27/2014 13.249 03/04/14 13.837 /28124 11.135
04/09/14 12.3472 2/28/2014 13.231 03/05/14 13.884 /01034 10.777
04/10/14 12.387 3/1/2014 13.2%7 03/06/14 13.892 0Z3A 10.585
04/11/14 12.401] 3/2/2014 13.327 03/07/14 13.895 0334 10.642
04/12/14 12.441] 3/3/2014 13.265 03/08/14 13.916 0434 10.128
04/13/14 12.491 3/4/2014 13.217 03/09/14 13.948 0934 9.805
04/14/14 12.497 3/5/2014 13.2%3 03/10/14 13.972 O@3A4 9.61
04/15/14 12.497 3/6/2014 13.249 03/11/14 13.986 0034 9.505
04/16/14 12.385 3/7/2014 13.271 03/12/14 14 0308/1 9.585
04/17/14 12.304 3/8/2014 13.311 03/13/14 14.01 D3O 9.663
04/18/14 12.371] 3/9/2014 13.309 03/14/14 14.003 1®34 9.649
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04/19/14 12.357 3/10/2014 13.329 03/15/14 14.021 /11034 9.854
04/20/14 12.401 3/11/2014 13.387 03/16/14 14.018 /134 9.786
04/21/14 12.401] 3/12/2014 13.319 03/17/14 14.p08 /13134 10.033
3/13/2014 13.254 03/18/14 14.015 03/14/14 10.477
3/14/2014 13.267 03/19/14 14.027 03/15/14 10.p12
3/15/2014 13.321 03/20/14 14.023 03/16/14 10.651
3/16/2014 13.259 03/21/14 14.083 03/17/14 10.582
3/17/2014 13.231 03/22/14 14.088 03/18[14 10.492
3/18/2014 13.25] 03/23/14 14.02 03/19/14 10.455
3/19/2014 13.279 03/24/14 14.02 03/20/14 10.455
3/20/2014 13.295 03/25/14 14.002 03/21/14 10.455
3/21/2014 13.23¢ 03/26/14 13.993 03/22/14 10.402
3/22/2014 13.305 03/27/14 14.016 03/23/14 J0.1
3/23/2014 13.243 03/28/14 14.048 03/24/14 9.673
3/24/2014 13.235 03/29/14 14.0Y6 03/25/14 9.857
3/25/2014 13.221 03/30/14 14.047 03/26/14 9.p07
3/26/2014 13.15] 03/31/14 14.0%9 03/27/14 9.025
3/27/2014 13.171 04/01/14 14.085 03/28/14 9.318
3/28/2014 13.303 04/02/14 14.109 03/29/14 9.536
3/29/2014 13.355 04/03/14 14.118 03/30/14 9.525
3/30/2014 13.139 04/04/14 14.134 03/31/14 9.452
3/31/2014 13.277 04/05/14 14.143 04/01/14 9.517
4/1/2014 13.319 04/06/14 14.131 04/02/14 9.644
4/2/2014 13.373 04/07/14 13.981 04/03/14 9.Y66
4/3/2014 13.381 04/08/14 13.848 04/04/14 10.136
4/4/2014 13.399 04/09/14 13.906 04/05/14 10.128
4/5/2014 13.311 04/10/14 13.948 04/06/14 10.p83
4/6/2014 13.291 04/11/14 13.994 04/07/14 10.861
4/7/2014 13.243 04/12/14 14.018 04/08/14 10.p19
4/8/2014 13.273 04/13/14 14.04 04/09/14 11.041
4/9/2014 13.259 04/14/14 14.0%9 04/10{14 11.086
4/10/2014 13.269 04/15/14 14.06 04/11/14 11.094
4/11/2014 13.355 04/16/14 14.028 04/12[14 11.p41
4/12/2014 13.395 04/17/14 14.086 04/13[14 11.p41
4/13/2014 13.445 04/18/14 14.04 04/14/14 11.p53
4/14/2014 13.401 04/19/14 14.063 04/15/14 11.045
4/15/2014 13.263 04/20/14 14.083 04/16/14 10.084
4/16/2014 13.209 04/21/14 14.092 04/17/14 10.891
4/17/2014 13.243 04/18/14 10.846
4/18/2014 13.279 04/19/14 10.84
4/19/2014 13.323 04/20/14 10.885
4/20/2014 13.335 04/21/14 10.944
4/21/2014 13.364
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Cedar Run Cambria Blacksburg
Temp Temp Time
Date (C9) Date (C9) Date (C9)
12/03/13 13.345 10/30/13 12.364 12/03/13  13.034
12/04/13 13.357 10/31/13 12.364 12/04/13  13.039
12/05/13 13.365 11/01/13 12.364 12/05/13  13.049
12/06/13 13.275 11/02/13 12.364 12/06/13 12.995
12/07/13 13.269 11/03/13 12.364 12/07/13  12.989
12/08/13 13.267 11/04/13 12.364 12/08/13 12.995
12/09/13 13.243 11/05/13 12.363 12/09/13 12.983
12/10/13 13.211 11/06/13 12.363 12/10/13 12.984
12/11/13 13.195 11/07/18 12.3%8 12/11/13  12.983
12/12/13 13.215 11/08/13 12.347 12/12{13 12.993
12/13/13 13.267 11/09/13 12.34 12/13/13 13.012
12/14/13 13.265 11/10/13 12.34 12/14/13 13.011
12/15/13 13.259 11/11/18 12.34 12/15/13 13.01
12/16/13 13.251 11/12/13 12.34 12/16/13 13.02
12/17/13 13.223 11/13/13 12.34 12/17/13  12.998
12/18/13 13.241] 11/14/18 12.34 12/18/13  13.005
12/19/13 13.265 11/15/13 12.34 12/19/13  13.017
12/20/13 13.307 11/16/13 12.34 12/20/13  13.042
12/21/13 13.365 11/17/13 12.34 12/21/13 13.064
12/22/13 13.118 11/18/13 12.34 12/22/13  12.763
12/23/13 13.169 11/19/13 12.34 12/23/13  12.887
12/24/13 13.145 11/20/13 12.34 12/24/13  12.939
12/25/13 13.179 11/21/13 12.333 12/25/13  12.963
12/26/13 13.191 11/22/13 12.322 12/26/13  12.984
12/27/13 13.221] 11/23/13 12.316 12/27/13  13.003
12/28/13 13.14§ 11/24/13 12.316 12/28/13 12.844
12/29/13 13.173 11/25/13 12.316 12/29/13 12.859
12/30/13 13.173 11/26/13 12.316 12/30/13 12.916
12/31/13 13.181 11/27/13 12.316 12/31/13  12.958
01/01/14 13.193 11/28/13 12.316 01/01/14 12.978
01/02/14 13.147 11/29/13 12.306 01/02{14  12.958
01/03/14 13.133 11/30/13 12.292 01/03/14 12.969
01/04/14 13.193 12/01/13 12.292 01/04/14  13.p01
01/05/14 13.181] 12/02/13 12.292 01/05{14 12.983
01/06/14 13.082 12/03/13 12.292 01/06/14 12.932
01/07/14 13.129 12/04/13 12.292 01/07/{14  12.965
01/08/14 13.183 12/05/13 12.292 01/08{14 12.991
01/09/14 13.227 12/06/13 12.288 01/09{14  13.p09
01/10/14 13.199 12/07/13 12.275 01/10{14  12.965
01/11/14 13.171 12/08/13 12.268 01/11414 12.91
01/12/14 13.197 12/09/13 12.268 01/12{14  12.945
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01/13/14 13.229 12/10/13 12.268 01/13{14 12.968
01/14/14 13.173 12/11/13 12.268 01/14/14  12.952
01/15/14 13.161] 12/12/13 12.268 01/15/14  12.946
01/16/14 13.173 12/13/13 12.267 01/16/14  12.957
01/17/14 13.127 12/14/13 12.247 01/17{14 12.935
01/18/14 13.159 12/15/13 12.243 01/18{14  12.956
01/19/14 13.171] 12/16/13 12.243 01/19/14 12.968
01/20/14 13.165 12/17/13 12.243 01/20{14 12.963
01/21/14 13.078§ 12/18/13 12.243 01/21j14 12.924
01/22/14 13.074 12/19/13 12.242 01/22{14  12.925
01/23/14 13.044 12/20/13 12.224 01/23{14 12.908
01/24/14 13.114 12/21/13 12.219 01/24)14  12.929
01/25/14 13.127 12/22/13 12.219 01/25{14  12.943
01/26/14 13.1683 12/23/13 12.238 01/26/14  12.955
01/27/14 13.078§ 12/24/13 12.243 01/27|14 12.913
01/28/14 13.07 12/25/18 12.243 01/28/14 12.892
01/29/14 13.044 12/26/13 12.226 01/29{14  12.898
01/30/14 13.129 12/27/138 12.219 01/30{14 12.935
01/31/14 13.185 12/28/13 12.219 01/31/14 12.952
02/01/14 13.229 12/29/13 12.219 02/01/14 12.968
02/02/14 13.064 12/30/13 12.239 02/02{14 12.81
02/03/14 13.09 12/31/18 12.222 02/03/14  12.823
02/04/14 13.133 01/01/14 12.219 02/04/14  12.867
02/05/14 13.11 01/02/14 12.219 02/05/14  12.873
02/06/14 13.117 01/03/14 12.219 02/06{14 12.883
02/07/14 13.155 01/04/14 12.207 02/07/14 12.9
02/08/14 13.173 01/05/14 12.195 02/08{14 12.916
02/09/14 13.161 01/06/14 12.195 02/09{14  12.903
02/10/14 13.074 01/07/14 12.195 02/10/14  12.897
02/11/14 13.147 01/08/14 12.195 02/11/14 12.917
02/12/14 13.084 01/09/14 12.195 02/12{14 12.908
02/13/14 13.131 01/10/14 12.188 02/13/14 12.918
02/14/14 13.169 01/11/14 12.172 02/14/14  12.926
02/15/14 13.1683 01/12/14 12.188 02/15/14 12.913
02/16/14 13.139 01/13/14 12.191 02/16/14 12.91
02/17/14 13.15] 01/14/14 12.179 02/17|14  12.924
02/18/14 13.177 01/15/14 12.171 02/18{14 12.904
02/19/14 13.157 01/16/14 12.171 02/19/14  12.743
02/20/14 13.07 01/17/14 12.171 02/20/14  12.674
02/21/14 12.915 01/18/14 12.171 02/21j14  12.619
02/22/14 13.047 01/19/14 12.171 02/22/14  12.649
02/23/14 13.127 01/20/14 12.167 02/23{14  12.755
02/24/14 13.088§ 01/21/14 12.149 02/24/14  12.813
02/25/14 13.11 01/22/14 12.147 02/25/14 12.85
02/26/14 13.107 01/23/14 12.147 02/26/14 12.871
02/27/14 13.097 01/24/14 12.147 02/27|14  12.883
02/28/14 13.107 01/25/14 12.147 02/28/14 12.904
03/01/14 13.124 01/26/14 12.145 03/01/14 12.916
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03/02/14 13.205 01/27/14 12.125 03/02{14 12.936
03/03/14 13.139 01/28/14 12.122 03/03{14 12.92
03/04/14 13.074 01/29/14 12.122 03/04/14 12.894
03/05/14 13.117 01/30/14 12.122 03/05/14  12.907
03/06/14 13.127 01/31/14 12.112 03/06{14 12.911
03/07/14 13.153 02/01/14 12.098 03/07{14  12.919
03/08/14 13.163 02/02/14 12.098 03/08{14 12.928
03/09/14 13.205 02/03/14 12.098 03/09/14 12.94
03/10/14 13.223 02/04/14 12.099 03/10{14 12.94
03/11/14 13.225 02/05/14 12]1 03/1114  12.947
03/12/14 13.211] 02/10/14 12.098 03/12{14 12.938
03/13/14 13.145 02/11/14 12.098 03/13/14 12.917
03/14/14 13.171 02/12/14 12.079 03/14/14  12.922
03/15/14 13.209 02/13/14 12.074 03/15/14 12.935
03/16/14 13.181 02/14/14 12.074 03/16{14 12.926
03/17/14 13.171 02/15/14 12.074 03/17{14 12.92
03/18/14 13.171 02/16/14 12.073 03/18{14 12.923
03/19/14 13.183 02/17/14 12.06 03/19/14  12.937
03/20/14 13.197 02/18/14 12.05 03/20/14  12.944
03/21/14 13.195 02/19/14 12.0%8 03/21/14 12.936
03/22/14 13.221 02/20/14 12.096 03/22{14  12.938
03/23/14 13.173 02/21/14 12.102 03/23(14 12.921
03/24/14 13.135 02/22/14 12.122 03/24/14 12.914
03/25/14 13.161 02/23/14 12.122 03/25{14  12.908
03/26/14 13.104 02/24/14 12.117 03/26{14 12.894
03/27/14 13.139 02/25/14 12.098 03/27/14  12.909
03/28/14 13.231 02/26/14 12.098 03/28{14 12.933
03/29/14 13.255 02/27/14 12.098 03/29/14  12.942
03/30/14 13.173 02/28/14 12.09 03/30/14 12.92
03/31/14 13.193 03/01/14 12.074 03/31/14 12.928
04/01/14 13.231 03/02/14 12.074 04/01/14 12.936
04/02/14 13.239 03/03/14 12.074 04/02{14  12.946
04/03/14 13.269 03/04/14 12.074 04/03{14 12.954
04/04/14 13.269 03/05/14 12.074 04/04/14  12.964
04/05/14 13.233 03/06/14 12.074 04/05/14  12.944
04/06/14 13.229 03/07/14 12.074 04/06{14  12.936
04/07/14 13.01 03/08/14 12.074 04/07/14  12.Y69
04/08/14 13.127 03/09/14 12.066 04/08{14 12.741
04/09/14 13.145 03/10/14 12.0%2 04/09{14 12.f91
04/10/14 13.145 03/11/14 12.05 04/10/14  12.824
04/11/14 13.223 03/12/14 12.05 04/11/14  12.846
04/12/14 13.239 03/13/14 12.05 04/12/14  12.869
04/13/14 13.263 03/14/14 12.05 04/13/14  12.887
04/14/14 13.269 03/15/14 12.05 04/14/14  12.896
04/15/14 13.22] 03/16/14 12.05 04/15/14  12.896
04/16/14 13.153 03/17/14 12.05 04/16/14 12.887
04/17/14 13.173 03/18/14 12.05 04/17/14  12.902
04/18/14 13.213 03/19/14 12.05 04/18/14  12.909
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04/19/14 13.239 03/20/1 12.046 04/19/14 12

04/20/14 13.229 03/21/1 12.029 04/20{14 12

04/21/14 13.204 03/22/1 12.025 04/21/14 12
03/23/14 12.025
03/24/14 12.025
03/25/14 12.025
03/26/14 12.025
03/27/14 12.025
03/28/14 12.025
03/29/14 12.023
03/30/14 12.008
03/31/14 12.001
04/01/14 12.001
04/02/14 12.001%
04/03/14 12.001
04/04/14 12.001
04/05/14 12.001
04/06/14 12.001
04/07/14 11.998
04/08/14 12.001%
04/09/14 12.001
04/10/14 12.001%
04/11/14 12.001%
04/12/14 12.001
04/13/14 12.001
04/14/14 12.001%
04/15/14 12.001
04/16/14 12.001
04/17/14 12.001%
04/18/14 12.001%
04/19/14 12.001
04/20/14 12.001
04/21/14 12.001
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.92
.92
.92



