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ABSTRACT

The North Carolina Zoo groundwater monitoring aeskelarch station (NCZGMRS) is
located at the southernmost part of the North @aadloo in Asheboro, Randolph County,
North Carolina. The station was established asgidhe North Carolina Piedmont and
Mountains Resource Evaluation Program to evaluaterglwater flow and quality within the
felsic metavolcanic hydrogeologic unit that comoge geologic setting of more than six
percent of the Piedmont and Mountains region okthee. In order to study the subsurface
geology, hydrogeology, and groundwater qualityhathiCZGMRS, a well transect, including a
well cluster in the recharge area (topographic highother in the midslope area, and a third in
the discharge area on the toe-slope, was carefafligned and constructed. A total of 458 feet
of soil and rock cores were collected from threeeboles with one at each well cluster site.
Based on the information obtained from geologiecngpra total of ten monitoring wells and five
piezometers were installed.

Observations of the geological cores and the exatinoim of the petrographic thin-section
samples from this study confirm the mildly metantmged felsic lapilli tuff unit of the Uwharrie
formation at the NCZGMRS. A minor interlayer of iicanetavolcanic rock was encountered in
only one of the three coreholes. Whole-rock geousbal analyses confirm both felsic metatuff
and mafic metavolcanic rock compositions of the dwie formation. When compared to
average concentrations of metal elements foundanitg, the whole-rock analytical results of
felsic metatuff samples indicate higher levels ainganese (Mn), calcium (Ca), iron (Fe), lead
(Pb) and arsenic (As). When compared to averalgesdor basalt, levels of Ca and Fe in the
mafic metavolcanic sample were lower but Mn, Pb Asdvere higher. Six of seven felsic
metatuff samples have a higher ratio 0b®&K>0 than typical granite, while the mafic
metavolcanic sample has a lower ratio 0f@®akK-O compared to the average for gabbro/basalt.
Arsenic was more enriched in the mafic metavolcaaiople and the felsic metatuff sample that
has a normal N®/ K20 ratio.

Geological coring and geophysical logging conduetetthis station indicate that the
bedrock fractures are small and localized, buirgerconnected to some degree. Most fractures
are either sub-vertical to steeply dipping foliatjpartings or sub-horizontal to medium angled
stress-relief fractures that cut the foliation.eTransition zone has more low-angle fractures that
are often open or slightly open. Steeply dippiragfures found at deeper depths are generally
not displaced, but can exhibit chemical weatheri@mly one or two relatively significant
transmissive fractures were found in each coreh®lee transmissive fractures typically have
sub-horizontal to medium dip angles (less thanégfrekes).

Groundwater levels measured from April 2007 to ®etd2013 at the station fluctuated
seasonally and responded to both long- and shont-¢kmatic conditions. Generally,
groundwater level in wells at the toe-slope in eamnthe discharge area fluctuated less than at
upgradient locations. In shallow regolith zoneyugrdwater level fluctuated most at the middle
slope, but in the bedrock, groundwater level flatta most in the well at the upland. During the
seven-year monitoring period, the groundwater leeereased about three feet in the shallow
zones and five feet in the bedrock well at the mghlaAn approximately one-foot decrease was
also observed in the shallow well at the midslope.change was found in the bedrock well in



the discharge area. Increases from one-quartetdagiproximately one-foot were measured in
other wells.

Throughout the monitoring period, downward headlgnats were found in the well
clusters at the upland and the midslope sitescatitig recharge conditions. An upward head
gradient was measured between the shallow welbaddock well at the toe-slope, which is
consistent with a discharge area. Aquifer testeasylts suggest an average horizontal hydraulic
conductivity of 0.39 ft/day and an average transivity of 29.25 ft/day at the toe-slope site,
and 0.47 ft/day and 8%ftlay at the midslope site. Results of slug testglucted at all three
well locations suggest horizontal hydraulic condutt values ranging from 0.33 to 3.25 ft/day
in the regolith and from 0.63 to 23 ft/day in tharisition zone.

The groundwater water chemistry at the NCZGMR Sfected by rock type, mineralogy,
and weathering processes. The groundwater geochkesignature varied primarily from
sodium-bicarbonate type in the recharge area turatbicarbonate type in the discharge area.
The same change was found from the shallow regithe deep bedrock. The median values
of groundwater pH varied from 5.21 to 7.42; pH waserally lower in shallow regolith wells
than in deep bedrock wells and higher in the diggharea than in the recharge areas. The
groundwater from monitoring wells in the dischaggea has the highest mineralization. Iron
(Fe) was detected at concentrations exceedingdbe groundwater quality standard of 300 pg/L
in all shallow monitoring wells and some deeperisveManganese (Mn) was also detected
above the state standard of 50 pg/L in most of toang wells. Zinc was only detected in two
of three bedrock wells at concentrations exceethiegstate standard of 1000 ppb. Arsenic (As)
was detected by USGS laboratory in most samplésatetl by USGS at concentrations well
below the standard, but was not detected in anypkenby the DWR laboratory.



INTRODUCTION

The North Carolina Zoo groundwater monitoring aeskearch station (NCZGMRS) was
established as part of the North Carolina PiedraadtMountains Resource Evaluation Program
(PMREP) that was conducted cooperatively by thetiNGarolina Department of Environmental
Quality (NCDEQ), the former North Carolina DepartrhehEnvironment and Natural
Resources, NCDENR) Division of Water Resources (DWR former Division of Water
Quality) and the U.S. Geological Survey (USGS). eValuate groundwater flow and quality of
the Piedmont and Mountains Physiographic Provint&sorth Carolina, groundwater
monitoring and research stations were installeskbct sites considered to be “type” localities
for hydrogeological conditions, with the intenttdnsferring the knowledge gained from these
sites to other regions of the state in similar bg@#ologic settings. The NCZGMRS was selected
because it is located in felsic metavolcanic raakihie Carolina terrane. The felsic
metavolcanic rocks compose the geologic settirgpolit 6.3 percent of the Piedmont and Blue
Ridge Mountains Physiographic Provinces in NortihoGiaa (Daniel and Payne, 1990 and
Daniel and Dahlen, 2002), so the knowledge andnmétion on groundwater conditions at this
site would be transferable to a considerable pomicthe Piedmont and Blue Ridge region in
North Carolina. In addition, groundwater qualital collected from this station will be useful
to broaden the PMREP’s assessment on the extertcandrence of arsenic in the groundwater
system in the Carolina terrane, from the southwegiertion to the central portion of the terrane
in North Carolina.

Another important aspect of the PMREP is to proedacational outreach to the citizens
of North Carolina. The North Carolina Zoo is ariwgl location for this type of effort, since it
already had a strong educational focus and hasreds@f thousands of visitors each year. The
information obtained from this geologic and hydralggical study could be incorporated into
future earth science and/or water resource exhimitviding valuable educational benefits for
numerous visitors to the Zoo.

Background of the Study

The Piedmont and Blue Ridge Mountains PhysiograPhowinces in North Carolina
extend over roughly 30,544 square miles and incileounties (fig. 1). In 2005, the
population of the region was approximately 6.6dioml| and it is estimated that about one-third
of this population relies on groundwater for a ggriof uses, including commercial, industrial,
and most importantly, potable supplies (Huffman Abdaham, 2010). Naturally-occurring
chemicals such as arsenic and radon are commae iRiedmont and Blue Ridge Mountains
provinces, and may potentially exceed recommenekagld for human consumption in
groundwater. Because groundwater is the primauycsoof drinking water for most rural and
some suburban households in the region and populetcreases promote further development
of groundwater resources, it is critically impottém understand and study the water quality and
flow system.

To address these issues, in 1999, the NCDEQ DidRhe USGS began a multiyear
cooperative study to measure ambient groundwatitgand describe the groundwater flow



system in the Piedmont and Blue Ridge Mountainsilgyaphic Provinces in North Carolina.
This cooperative program was funded by the Nortiolte Legislature in 2000-2001 to ensure
the long-term availability, sustainability, and Gtyaof groundwater in the statelen

groundwater monitoring and research stations wstiabished (fig. 1) for this intensive study, in
addition to several other focused groundwater guphojects. The NCZGMRS is one of these
stations and one of two that were installed inG@aeolina terrane. Data collection from this site
began in April 2007.

Due to the complexity of the geology of the Piedirenmd Blue Ridge Mountains
Physiographic Provinces of North Carolina, the bgeéology of these physiographic provinces
is also complex. In the Piedmont region, aquig@serally consist of a basic two-component
groundwater system with the regolith providing atge to the underlying fractures in the
bedrock; however, a third component, the transitiome, is often present near the top of bedrock
(fig. 2), which is often more conductive and playsimportant role in transmitting contaminants
(Daniel and Dahlen, 2002). Groundwater occursoire gpaces and fracture networks, and
aquifers are relatively shallow in this region.oGndwater in bedrock can be susceptible to
contamination from activities on the land surfaeeduse of its connection to the shallow
regolith aquifer. Geology is an important conwalthe groundwater movement and often has a
direct effect on ambient groundwater quality. Eifere, geologic controls on the groundwater
guality and the role of the transition zone in gheundwater system flow have been investigated
through PMREP studies.

Objectives of the Study
Primary objectives of the groundwater study atRhlCZGMRS are to:

1. characterize the site geology and the geochemuptigljity, and hydraulics of
groundwater in the felsic metatuff unit of the Uwinaformation in the Carolina terrane,

2. monitor changes in hydraulic gradients and grourtdiguality and track water level
fluctuations over time,

3. refine the present understanding of recharge asahdrge processes and their role in
determining groundwater quality, and

4. collect groundwater data from this station to deped comprehensive groundwater
database for the Piedmont and Mountains regioheoftate.

Scope and Purpose of the Report

The NCZGMRS was designed to distinguish and evalgedundwater quality and flow
in primary zones of the Piedmont and Mountains gdwater system, including (1) the upper
shallow regolith, (2) the intermediate transitiamne, and (3) the deeper fractured crystalline
bedrock (fig. 2). The evaluation was done throggblogic coring, periodic water quality
sampling, monthly water level measurements, geapaiiogging, and hydraulic testing. Data
from geologic cores collected at the NCZGMRS andogeaphic thin sections provide
fundamental information on the site geology andaraiogy. Core logs, borehole geophysical
logs, water level monitoring, other hydraulic tagtiand groundwater chemistry data are
analyzed to characterize site hydrogeology, withiq@aar focus on groundwater flow and
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guality. The main purpose of this report is townent and present results and findings of the
investigation from April 2007 through October 201Bhe report also provides a brief
description of the various methods used in thigstigation, a short summary of previous
studies, and a brief description of the regional lcal geology.

Previous Studies

Several geologic studies and mapping projects baee conducted in the Asheboro
area and the Piedmont region (Conley, 1962; CoauhelyBain, 1965; Seiders, 1971, 1978,
1981, and 1985; Seiders and Wright, 1977; Wrighit @eiders, 1980; Butler and Secor, 1991;
Hibbard and others, 2002). In addition, a largdes¢1:4800) geologic map of the North
Carolina Zoo was prepared by Seiders (1985) poitinis study. These previous studies
indicate that the NCZGMRS is underlain by felsigdali tuff and tuff unit of the Uwharrie
Formation. As regional structures, foliation atebwages with moderate to steep dip primarily
strike northeast-southwest.

A few groundwater resource evaluations have beadwted in the region through
data collection from water supply wells (Bain arttbinas, 1966; Berry, 1965; Floyd and
Peace, 1974), but no specific groundwater or hyatugic investigation has been
systematically conducted through a designed statmsisting of a series of monitoring wells
in the area. In Bain and Thomas’s (1966) studgugdwater in the Durham area, including
Randolph County where the NCZGMRS is located, wasuated. During their investigation,
the yields of 154 water supply wells in Randolphu@ty, including 99 wells constructed in

6



metavolcanic rocks similar to what is underlying thCZGMRS, were studied with respect to
rock type, depth of weathering, and topographyvas found that the average depth of wells
constructed in metavolcanic rocks was relativebllslver and the average yield of those wells
was generally higher than wells constructed in ijgagranodiorite or argillite-graywacke.
Depth of weathering was shown to have a greatkren€e on yields from the metavolcanic
unit. The average yield from wells constructedhi@ metavolcanic unit in Randolph County
was 12.9 gallons per minute or 0.13 gallon per teiper foot of well (total well depth). The
comparison of yields from different topographiaations indicated that the slopes are the
most dependable positions for wells in the arelaeiffgroundwater geochemistry study
indicated that groundwater in Randolph County iegdpally a calcium bicarbonate type, but
sodium and magnesium bicarbonate type and calchlonide type are also present.

Description of the Study Area

The NCZGMRS is located within the North Carolinaoguroperty. The North
Carolina Zoo is located approximately 5 miles seatt of the City of Asheboro, Randolph
County, NC. Randolph County is located in the gapQgic center of the State of North
Carolina. The county has a total area of 505,2%dsa or about 808 square miles (Wyatt,
2006), and a population of 142,577, with 25,558htiMn Asheboro (U.S. Census Bureau,
2013). Topographically, the area is characterasedently rolling to hilly, river valleys, and
forestland. The Uwharrie and Deep Rivers and tindiutaries form the two major drainage
systems within Randolph County. The Uwharrie Riok&ins the western part and the Deep
River drains the eastern part of the county. llitazh, the Little River, which originates near
Asheboro, forms the headwaters of a third drairegen within the Cape Fear River Basin.
Within the area, annual average temperature is 60sth an average daily high of 71R
and low of 49.7F. The total average annual precipitation is axipmately 45.5 inches; of
this, 24.8 inches, or about 54 percent, usuallg falApril through September (Wyatt, 2006).

The Zoo’s property covers approximately 1,500 aofegried landscape: gently
rolling, hilly, and flat; wooded and grassy; stamd fertile. Relief is on the order of 460 feet,
with elevations ranging from 500 feet above meanleeel in the northeast corner of the
property near Richland Creek, to 960 feet abovennsea level at the top of Purgatory
Mountain(fig. 3). Slopes range from less than 10 percegréater than 20 percent, with
three-quarters of the property at less than 20gmeslope (the North Carolina Zoo, 2000,
unpublished). Land use in the vicinity of the Ze@redominantly low density residential and
rural.

The NCZGMRS is located on approximately 20 acregenitly sloped and wooded
land near the southernmost boundary of the Zoa@pey (fig. 3). The NCZGMRS is
bounded on the southwest by a few private residelotis and on the northwest by a gravel
driveway through the Zoo recycling drop-off area,tbe north-northeast by the parking lot at
the Africa Exhibit and the Africa Lake of the Zamd on the east-southeast by Panther Creek
and its wetland. Surface water drains in soutltrsast direction. The station includes three
monitoring well clusters installed in a nearly Emavell transect parallel to an assumed
groundwater flow path (LeGrand and Nelson, 200é)nfa topographic high (recharge area)



to low (discharge area) setting (fig. 4). Eachlwkister has at least three monitoring wells
designed to monitor three different groundwater ponents of the groundwater system.

1 73 .l_'_. :Il-,..-. __1 f ﬁ/
= _~ " ——  Approximate Zoo property line
LA 3 =
N /'d [¥ 1 Monitoring well sites
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Figure 3. Location of the North Carolina Zoo groundwater ntoring and research station
(NCZGMRS) within the Zoo’s property, Asheboro, NC
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Cluster 1

@ Piezometer

@ Monitoring well

Contour line

Figure 4. Site map of the NCZGMRS, Asheboro, Ni&ase map from NCDOT 98ColorIRTile77)

METHODS OF INVESTIGATION

Since the geology of the Zoo property was previpushpped in detail (Seiders, 1985),
no further geologic mapping was conducted for stusly. Previous studies described bedrock
types and their origin and distribution in the af@at these studies did not provide much data
on discontinuities (e.g., fractures and other opgsin subsurface rock), which are of utmost
importance for groundwater studies in crystallieeldock terrane. Therefore, to investigate the
detailed subsurface geology and hydrogeology, séterhniques were used, including
geologic coring and groundwater monitoring wellt@éligtion. These methods are briefly
described below. For specific details, pleaser tefé&tandard Operating Procedures (SOP) for
Groundwater Research Stations (NCDENR DWQ, 20052808, unpublished).

Geologic Coring andWell Construction

The DWR Field Investigations Unit staff membersawacted all drilling for this study
using state-owned equipment. Activities of estdblig the research station wemnducted in
two phases: (1) collecting continuous soil and bekiicores using a wire-line coring rig
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(CME-75 drilling rig) and (2) installing monitoringells and piezometers using a Schramm
T450 drilling rig with varying diameters of air-anly bits.

Geologic coring

Continuous soil and rock core was collected at gmoposed well cluster location with
a wire-line retrieval system using a 5-foot longl &4 -inch diameter core barrel sampler. A
carbide-tipped soil-sampling core barrel bit wasdu penetrate the unconsolidated material,
and a diamond-tipped bit was used to penetratedhmpetent bedrock. The project
hydrogeologist logged the cores retrieved fromswaple barrel, documenting soil and rock
type, fracture type and orientation, and other @giclfeatures. The cores were then marked
for section correlation and placed in core boxesforage (fig. 5). After sample collection
and geological logging were completed, the corelale converted to a monitoring well for
use in aquifer testing and other hydrogeologic ati@rization.

Well-numbering system

The three well clusters were named cluster 1 (eefacluster), cluster 2 (or mid cluster), and
cluster 3 (or upper cluster), respectively, from tbpographic low to high setting.he
coreholes, wells, and piezometers were numberddanstystem similar to the one described by
Chapman and others (2009)he numbering system consists of letters (well detsrs) and
numbersThe well descriptors used in this study include “Migt monitoring well, “CH” for
corehole, and “PZ” for piezometer. For monitorimglls, following the well descriptor is a
number indicating the well cluster in which the Wellocated and a letter indicating the
aquifer section or zone to be monitored: “S” foal&bw zone (regolith), “I” for intermediate or
transition zone, and “D” for deeper zone (bedrodkdr example, well MW-1S is a
monitoring well in cluster 1 and is completed ie ghallow regolith zoneln addition, letters
U and L are used to distinguish either upper orlogection of the transition zone to be
monitored if there is more than one intermediat# wstalled in a well cluster. For example,
MW-1UlI is an intermediate well in cluster 1, whishcompleted in the upper section of the
transition zone.
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Figure 5. Example of core: Core sample from CH-2 at the NCA&BVEhowing fracture
characteristics and weathering conditions of #drtck
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However, for the five piezometerfs]lowing the well descriptor is a letter and theen
number. The lettemeans the same as for monitoring wells describesiggthe aquifer
section or zone to be monitored, but the meaniniffisrent for the number following the
letter. For example, PZ-S1 indicates the first piezometenmeted in the shallow regolith
zone and PZ-D2 means the second piezometer commtetiee deep bedrock.

Monitoring well installation

The number and depth of monitoring wells and piezi@ns to be installed in each
cluster were determined based on the informatidaioéd from the geologic core. Monitoring
wells and piezometers were completed with a Schra#s® drilling rig with different
diameters of air-rotary drilling bits.

Shallow and intermediate wells: A 12-inch-diametiesrotary drilling bit was used to
set a surface casing up to 20 feet deep, therb&8+-iBich diameter bit was used to drill to the
prescribed depths through the surface casing.r Aftoring reached the prescribed depth, a 2-
or 4-inch-diameter schedule 40 polyvinyl chlorié®/C) well casing with a 0.01-inch
machine-slotted well screen at the base was plact@ boring for monitoring wells. For
piezometers, a 2-inch-diameter PVC well casingsunden were used while 4-inch-diameter
PVC well casing and screen were used for the mongavells. The length of the screen
varied from 10 to 20 feet (table 1). Clean sand giadually poured into the annular space
between the PVC screen and the wall of the bormtpwapproximately one foot above the top
of the well screen. A two-feet-thick dry bentorstép seal was placed on top of the sand filter
pack and hydrated. Above the hydrated seal, béatohips were used to fill the annular
space between the PVC casing and the boreholeupvédl approximately three feet below the
land surface. Cement grout was then used tdlitbp three feet of annular space.

Deep bedrock wells: To install deep bedrock momitpwells, the 12-inch diameter
air-rotary bit was also used to set a 20-foot urf@asing first. A smaller air-rotary drilling rig
was then used to drill an 8 5/8-inch diameter lptma depth at the least 5 feet into competent
bedrock. After the 8 5/8-inch diameter boring wampleted, 6 1/4-inch-diameter galvanized
steel casing was lowered into the boring and tmeilan space was sealed with bentonite up to
three feet below the land surface. A smaller di@am@ 1/8 inches) air-hammer was then
lowered through the 6 1/4-inch diameter galvaniztee| casing to drill the open portion of the
borehole. Finally, cement grout was then usedltthé top three feet around the well casing.
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Table I.

Characteristics of monitoring wells and piezteane at the NCZGMRS, Asheboro, NC

Well Date of | Total | Casing | Casing | Borehole | Casing | Screened/ | Screened | MP Height | Land
ID Comple | Well | /Riser | Type Diam., Diam., | Open or Open Elev. of MP | Surface
tion Dept | Depth, in. in. Interval, ft. ft. als® | Elev.
h, ft. | ft. bist ft. bist above ft. above
blst msP msP
CH-1 | 7/25/06 | 185 30 PVvC 3% 4 30 185 Open 6020217 3. | 598.85
CH-2 10/31/06| 98 37 PVC 3Y 4 T 98 Open 639)47 8 3.3| 636.09
CH-3 10/4/06 175 53 PVC 3Y 4 5 175 Open 668(7825 3. | 665.53
MW- | 3/7/07 23 8 PVC 12 4 8 23 Screened 59986 2.98  .9896
1S
MW- 3/28/07 43 28 PVC 85/8 4 2§ 43 Screened 602|125 0 3.0 599.25
1ul
MW- 4/3/07 70 50 PVC 85/8 4 50 70 Screened 602{34  3.00599.34
1LI
MW- | 3/21/07 | 300 85 GALV| 61/8 6 Ya 85  30( Open 601.113 013. | 598.12
1D
MW- | 2/20/07 | 35 25 PVC 12 -85/ 4 25 35 Screenped  639.2.91 637.05
2S
MW- 2/20/07 58 38 PVC 85/8 4 3§ 58 Screened 640|83 5 3.1 637.68
21
MW- 12/11/06 | 260 69.9 GALV| 61/8 6 Ya 7( 26 Open 641)92.97 638.97
2D
MW- | 12/5/06 | 36 16 PVC 12 4 14 36 Screengd  668|24 2.94 65.36
3S
MW- | 11/29/06 | 63 43 PVC 85/8 4 43 63 Screengd  668.0991 2. | 665.18
3l
MW- 11/28/06 | 180 74.5 GALV| 61/8 6 Ya 74.180 Open 668.10[ 2.96 665.14
3D 5
Pz-S1| 2/27/07 30 15 PVC 12-85 15 Screened39.35 | 3.25 636.10
Pz-S2 | 2/28/07 30 15 PVC 12-85 15 Screened41.85 | 3.03 638.82
Pz-11 | 2/28/07 60 40 PVC 61/8 2 4 60 Screened  AHU3. 2.93 640.30
PzZ- 2/27/07 | 90 70 PVC 61/8 2 79 90 Screengd 64250 9 2.6/ 639.81
D1
PZ- 3/5/07 100 70 PVC 61/8 2 70Q 10 Screened 640.5202 3. | 637.50
D2

1-feet below land surface; 2-feet above Mean SezIle¢AVD 88; 3-feet above land surface

Coreholes: To convert coreholes to monitoring wédlar-inch diameter of PVC casing

was lowered into each corehole until competentdgdwas reached; then bentonite was
placed in the annular space between the casinghantbre-hole wall from the top of the
bedrock to three feet below the land surface. tdhahree feet were cemented.

position and elevation. The elevations were derimg tying well heads to USGS benchmark
Z00 AZMK that is located along Zoo Parkway at NoMttmerica Bridge at the North Carolina

Upon completion, all wells were developed, protedig locked outer steel casing
approximately three feet above the land surface samnveyed to determine the horizontal

Zoo; the benchmark elevation is 748.60 feet abogamsea level, NAVD 88.
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Borehole Geophysical Logging

Borehole geophysical logging data were collectetB%S from each bedrock well to
characterize subsurface geologic fractures andltify. Caliper, natural gamma, electrical
(resistance, short-normal, long-normal, and latesilstivity), and fluid (temperature, fluid
resistivity) logging data were collected using g or a combination Century Geophysizal
borehole logging tool. In addition to the abo\aditional logs, an optical televiewer (OTV)
manufactured by ALD Geophysics was used to obtain an oriented digitatje of the
borehole. The OTV image and associated interpoetabftware permits direct observation of
lithology and the orientation of rock foliation ffiac) and fracture. The OTV data are
corrected for borehole deviation (azimuth and imation angle) and magnetic declination.

Petrographic Thin-Section

A total of seven petrographic thin-section samplege collected from representative,
fresh-looking rock cores from the NCZGMRS to stumigroscopic characteristics of the rock
cores. The photo-microscopic examination was milgnperformed by Dr. Rick Abbott at the
Appalachian State University Geology Department Rhdl Bradley of the North Carolina
Geologic Survey.

Whole-Rock Geochemical Analyses

Eight representative unweathered bedrock sampegiisfrom the rock cores where
the thin-section samples were collected and oma fiolling cuttings of fresh bedrock) were
collected for whole-rock geochemical study. The3$SMineral Resources Team in
Lakewood, CO performed analyses. Analyses for nelgments (oxides) were made using
wavelength-dispersive X-ray fluorescence (WDXRRdpmetry (Taggart and Siems, 2002);
concentrations of Ag, As, Ba, Bi, Br, Cd, Ce, Cs, Cu, Ga, Ge, La, Mo, Nd, Nb, Ni, Pb, Rb,
Sb, Se, Sn, Sr, Th, U, V, W, Y, Zn, and Zr wereedmined by energy-dispersive X-ray
fluorescence (EDXRF) spectrometry (Siems, 2002))yaes of Fe, Ca, Na, K, Rb, Sr, Cs, Ba,
Th, U, La, Ce, Nd, Sm, Eu, Gd, Tb, Ho, Tm, Yb, ku, Hf, Ta, W, Sc, Cr, Co, Ni, Sn, As, Sb,
and Au were analized using instrumental neutrovambn analysis (INAA; Budahn and
Wandless, 2002); carbonate carbon was determined asulometric titration, while total
carbon and total sulfur were determined by combuagtBrown and Curry, 2002).

Periodic Water-Level Measurements

Groundwater levels were measured monthly at dlsviecluding monitoring wells,
coreholes, and piezometers at the NCZGMRS to ilyesgiasonal and long-term groundwater
level variations in each of the three monitoredemofregolith, transition zone, and bedrock)
and to qualitatively describe the vertical hydragjiadient at each of the three well sites.
Groundwater levels were collected using an eleuctater-level meter in reference to a
specified measuring point (MP) on top of the walting and following methods described in
the SOP. The MP at each well was surveyed andlévation was related to a USGS
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benchmark located in the area to determine watei-kdtitudes above mean sea level. The
water levels were initially recorded in feet belamd surface. The data collected before 2009
was entered into the USGS Ground Water Site Invgr{teWSI) database, and are available
online athttp://nwis.waterdata.usgs.gov/nc/nwis/gwlevedd| data collected from the site are
available in the DWR Water Quality Regional Operasi Section Winston-Salem Regional
Office.

Slug Tests

Falling head (slug in) and rising head (slug ol $ests were attempted on all shallow
regolith wells and intermediate or transition zevedls except for MW-2S that did not have
enough water to be tested to estimate the horizbgtiaulic conductivities of the regolith and
transition zone tapped by the wells. A five-foatd), 2-inch diameter solid slug (a segment of
PVC pipe filled with clean sand) was used to displater in the wells. It was rinsed with
distilled water before use in each well. A subnidespressure transducer with an integrated
electronic data logger was used to measure watelleictuations during each test. Water-
level data recorded on the transducer data logges werified by manual water-level
measurements. The falling head slug test measheatite at which water levels returned to
static conditions after the introduction of theidalug. The rising head test measured the
recovery of water levels to static conditions after slug was removed. Efforts were made to
avoid splashing effects during the introductionied slug below the water level. The tests
were terminated after water levels returned orversd to within 95 percent of the pre-test
static water level.

The slug-test data were analyzed using the BoaweRice (1976) method, which
accounts for partial penetration effects and chapgnuifer thickness (water table conditions).
A basic assumption of this analytical method ig tha aquifer is representative of a porous
medium and is considered isotropic, with no di@tai variation in hydraulic properties in the
zone being tested. Additional assumptions arethieaéffects of elastic storage can be
neglected and that the position of the water tdbks not change during the slug test (Butler,
1998). Based on the information obtained fromgéelogical coring, these assumptions
should be reasonable for this site although theyocoot be matched exactly. Spreadsheets
developed by USGS (Halford and Kuniansky, 2002)enesed for analytical interpretations of
slug-test data

Pumping Tests

A pumping test imposes a greater stress of lodgeation than a slug test and can
provide estimates of hydraulic properties of adanggion around the well than a slug test can.
Two pumping tests were conducted to estimate traasévity and horizontal hydraulic
conductivity of the groundwater system at the NCZ&34 A step-drawdown test was
conducted a week before each pumping test to detepumping rate. An electric
submersible pump was installed in the pumping w@llgv-2D for the first test and MW-1D
for the second test) at depths determined by sepdbwn tests and the depth of the major
water producing zone or fracture zone in each pogmpiell. Care was taken to ensure that a
steady flow rate was maintained throughout thesteShe pumping rate was measured by a
flow meter. A plastic gate valve was installedha wellhead to regulate the pump discharge
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rate. The flow meter was calibrated by a gradubtesket and stopwatch at regular intervals
throughout the tests. The pump discharge wastdiido a natural drainage about 200 feet
side-down gradient from well MW-2D for the firssteand to a natural drainage about 100 feet
downgradient of well MW-1D. During the testingdifn before pumping to the end of
recovery), groundwater levels were measured atells at the tested sites using In-Situ
Hermit Data Logger transducers in observation waltsin-Situ mini-troll in the pumping

well, and selected wells in outlying well clustersh hand-held electric water-level meters at
different designed intervals. To check whetherttaesducers worked properly, hand
measurements were also performed at the on-sit@eniog wells. In addition, the pressure
transducers were placed in the wells a few daysrbdhe aquifer test to allow time for the
transducers and water levels to stabilize and teroene effects of atmospheric pressure
changes on groundwater levels in monitoring wellee pressure transducers were attached to
an electronic data logger. The data were displayelptop computers.

The pumping test data were analyzed with the Gedpeob straight-line time
drawdown method analysis spreadsheets develope$&®s (Halford and Kuniansky, 2002).
The Cooper-Jacob method, commonly referred toastthight-line method, is a
simplification of the Theis solutionf-or most applications, the straight-line methodakd as
long as u < 0.1(u, dimensionless,2S/ATt, whereT is the transmissivitys is the aquifer
storativity,r is the radial distance to the pumping well, aisdtlhe time since pumping started).
Well losses and partial-penetration have a minigfigict on transmissivity values that are
estimated using the Cooper-Jacob method. If tiseaiay effect, well losses and partial
penetration affect drawdowns by a fixed amount thainges very little after a well has been
discharging for minutes to hours after discharggirise Additional drawdown at later times is
due to declining heads in the aquifer and theahtiecline is controlled mostly by the
transmissivity of the aquifer. Analyzing the chang drawdown at later times negates the
effect of a fixed offset due to well losses andip&penetration on the determination of
transmissivity. Therefore, the Cooper-Jacob dttdige method is exclusively for estimating
T (Halford and Kuniansky, 2002). The same assumptapply to the Cooper-Jacob method
as to the Theis solution. The assumptions anditons include: the aquifer has a seemingly
infinite areal extent; the aquifer is homogeneasstropic, and of uniform thickness over the
area influenced by the test; prior to pumping,glezometric surface is horizontal over the
area that will be influenced by the test; the agu$ pumped at a constant discharge rate; and,
the well penetrates the entire thickness of théfagand thus receives water by horizontal
flow. It should be understood that fractured belraquifer systems cannot meet these
assumptions and there is no other simple way tdledractured systems. However, because
fractures found in bedrock during the onsite geislagring are small and developed relatively
evenly throughout the area, the method discusseddmeuld be the best approach.

In the Cooper-Jacob straight-line method spreadshasemi-log plot of the field
drawdown data (linear scale) versus time (normgkleale) is made. A straight line is then
drawn through the field-data points and extendedkward to the zero-drawdown axis. The
value of the drawdown per log cycle of timeg-f1), is obtained from the slope of the graph.
Then, transmissivity (T) is estimated from the pumggate (Q) and the change in drawdown
per log-cycle (k-h) from the following equation: T=2.3Q/&o-h). The horizontal hydraulic
conductivity, K is computed by dividing T by aquifiaickness through the spreadsheets. Well
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losses and partial-penetration have a minimal etiadransmissivity values that are estimated
using the Cooper-Jacob method (Halford and KunignB02).

Water-Quality Sampling

Water-quality samples were collected from all moriitg wells semiannually during
the first two years and then annually in the follogvyears from 2007 through 2013 for most
parameters monitored with submersible pumps folhgvthe methods described in the SOP
Purging rate, water levels, and field water-quagbitgperties (pH, SC, DO, and temperature)
were monitored and documented during well purgirige field water-quality properties were
measured every 10 to 30 minutes using a multi-par@nwater-quality instrument. Prior to
sample collection, three well volumes of water wer@oved from the 4-inch diameter
screened wells completed in the regolith and ttexmszone. However, only one well volume
of water was removed for a slow recovery well. 6ench diameter deep open-borehole
bedrock wells, extracting three well volumes ofigrdwater prior to sample collection was
impractical when purging at a rate for samplindrerefore, for the deep bedrock wells, a
minimum of one well volume of water was removedield parameters were allowed to
stabilize prior to sample collection. Pump intakese placed near the more dominant fracture
zones whenever feasible. Samples were collectddhwitles, jars, or vials supplied by the
analytical laboratories. Radon samples were detefollowing a special procedure designed
to prevent aeration. Specifically, 40-millilitesr(similar) glass radon vials were carefully
submerged, filled, and sealed inside a 2-litertmdseaker or similar container that had been
slowly filled with well water. Panther Creek adgat to the lower well cluster was also
sampled following the SOP at the same frequencyfanithe same parameters with an
exception of radon gas.

The water-quality constituents including physicatgmeters, alkalinity, total organic
carbon, cyanide, major ions, trace metals, nusierdlatile and semivolatile organic
compounds, pesticides, and herbicides were analyg¢ae DWR laboratory in Raleigh NC;
dissolved radon was analyzed by the DWR laboratoAsheville, NC; fecal coliform samples
were analyzed by R&A Laboratories, Inc., a DWR cactied lab, in Kernersville, NC. In
order to ensure the quality of the sampling resaltsip blank for volatile samples and a
duplicate sample for metals and other parameters ealected and submitted to the DWR
laboratory along with other samples.

In addition, water samples were also collectedneyliSGS following their standard
protocols (U.S. Geological Survey, 2006) from sidanonitoring wells and coreholes at the
NCZGMRS. The water quality constituents analyzedie USGS National Water Quality
Laboratory (NWQL) in Denver, CO, include major ipnsitrients, radon 222 (gas), and trace
metals by using methods outlined by Fishman (19®82)cteria samples were processed locally
in the USGS North Carolina Water Science Centesritiory in Raleigh, NC using methods
described in USGS water sample collection docurfiér8. Geological Survey, 2006).

Analyses of Water-Quality Data

Water quality data were analyzed to determinkafé was any element or compound
in the samples collected exceeding the 15A NCACQ202 Groundwater Quality Standards
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(the state groundwater standards). The data wapkhgd to assess the variation in
groundwater quality. Column bars, scattarg] Piper diagrams (Piper, 1953) were plotted to
help evaluate trends and differences of the waielity and type at each well location, and for
each component of the groundwater system. Unkbsswise noted, evaluations and
discussions are based on the median values otddeated by DWR at a given well or stream
site as determined from all values measured ovédlipteusample dates (appendix 5-1). Data
collected by USGS are compiled and presented ieragip 5-2. When medians were
calculated, if a parameter was not detected adetection limit, 50% of the value of the
detection limit was used; however, if a parametas wever detected in a given well or the
stream site, the value “0” was used to plot figurAsalytical results from each well and from
each component of the aquifer system were compartée: state groundwater standards and
theEPA secondary drinking water standards (U.S. Enwrental Protection Agency, 2003) to
determine if any constituents in the groundwateeex the standards

In this report, water-quality data are groupeddiscussion by well cluster, surface
water, and groundwater-system components (regadéhsition zone, and bedrock).

GEOLOGIC SETTING AND ROCK CHEMISTRY
Regional Geologic Setting

The Piedmont Physiographic Province of North Gagois primarily underlain by
metamorphic and igneous rocks, with metamorphikgdeing more dominant. Sedimentary
rocks are locally present in limited Triassic basmthe province. Rocks in this region have
undergone mild to intense metamorphism, foldingltiiag, and igneous intrusion from the
Early Cambrian through the end of the Paleozoise metamorphic-grade facies in the region
ranges from greenschist to amphibolite. The regjisaquences of rocks can be grouped into a
series of belted terranes with a northeast tréite study area is located within the Carolina
terrane (also known as the Carolina slate belth@iCarolina Zone (NCGS, 1985 and Hibbard
et al., 2002). Generally, the rocks in the studyaaare composed of approximately 550 million
year old volcanic rocks assigned to the Uwharrienfition consisting primarily of slightly
metamorphosed felsic lavas and tuffs, lesser eered mafic lavas and tuffs and meta-
sedimentary rocks (Seiders, 1981). A portion efgkologic map of North Carolina (fig. 6)
indicates the approximate extent of the Uwharrienfition and the location of the
NCZGMRS.
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Figure 6. Portion of 1985 Geologic Map of North Carolingicating the approximate
extent of the Uwharrie formation (outlined in Redid location of study aréproduced by
Phil Bradley, North Carolina Geological Survey fridarth Carolina Geological Survey, 1985,
Geologic Map of North Carolina, 1:500,000)

Site Specific Geology

The NCZGMRS is underlain by the Uwharrie formatibat has been folded into open
folds causing original depositional layering toibelined from 15 to 80 degrees from the
horizontal. The rocks in the vicinity of the stusite include metamorphosed felsic tuffs and
felsic volcanic rocks and lesser interlayered miauas and meta-sedimentary rock$e
metamorphic foliation or cleavage of the rocksaserally steeply dipping, ranging from 60
degrees to almost vertical from the horizontal ¢8ed, 1981). Metamorphic foliation and
cleavage is typically northeast/southwest trendifige trend of original depositional layering
is widely variable depending on local geologic sties (i.e. anticlines and synclines).
Structural data is sparse and the identificatioara@final depositional layering is difficult in
the metamorphosed tuffs and lavas of the Uwhaon@étion. The metamorphic foliation is
the most prominent planar feature observed atiherap scale.
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A Preliminary Geologic Map of the North Carolidaological Park, Randolph County,
NC was prepared by Seiders (1985). Based on thps the monitoring wells and coreholes of
the NCZGMRS were all installed within the mildly tamorphosed felsic lapilli tuff and tuff
unit (fig. 7). Seiders (1985) described this @sitmassive to weakly foliated rock composed of
tightly compacted sand- and silt-sized volcanikrivagments and quartz and feldspar grains,
commonly with scattered volcanic rock fragmentgéarthan 4 mm (lapilli), generally without
visible bedding, and rarely thin to thick bedde&h outcrop with primary layering was
identified northwest of the groundwater monitorargd research station (fig. 7). Structural
data indicates that primary layering is oriented mortheast (approximately N22E) trend and
steeply dipping (8% toward the southeast. Structural data for metphio foliation and
cleavage indicates a northeast strike (N20E to N3@th steep dips (approximately 60 to 90
degrees) toward the southeast or northwest.

Soil and geologic core description

A continuous soil-bedrock corehole was advancesheh of the three monitoring well
cluster sites. Corehole CH-1 was drilled at cluster the lower cluster; CH-2 was drilled at
cluster 2 or the mid cluster; CH-3 was drilled laister 3 or the upper cluster; the cores were
advanced to 185, 95, and 175 feet below land sei(fals), respectively. A soil transect from
CH-3 to CH-1 was surveyed. The soil and rock caresbriefly described as follows, but
detailed logs and photographs are included in agigein

Regolith

The term “regolith” used in this report includekwaiconsolidated and poorly
consolidated weathered materials that can be esthikor saprolite overlying bedrock.
Regolith characteristics described below are priignaased on the information obtained from
the geologic coring, but information from the sairvey transect performed for this study is
also incorporated into the description. The propeof the shallow soils were mainly
observed during the soil survey conducted befogegthological coring.

The thickness of regolith decreases from 50 fe€tH&3 in the upper topographic area
to 27 feet at CH-1 in the lower topographic arég @), while the land surface altitude drops
more than 60 feet from CH-3 to CH-1. The recovetg of soil core from the topmost few
feet of each corehole was very low due to the eatfithe soil and coring technique.

Lignum Series soil, a clayey soil with light yell@l brown to brownish gray color in
B to Bt horizons, was found at the top portion &f-C as well as in the vicinity of the toe-
slope landscape. Intersected quartz vein fragnvesits cemented into the top foot of the soill,
and some quartz vein boulders floated on surfatieermrea. The moderately sticky
consistency of the soil implies a parental materfahafic to intermediate composition.
Redoxomorphic condition (as evidenced by the t@nsation of iron species colors) in the
soil morphology was observed at two feet bls. Dalkowish brown fine silty-sand grained
saprolite was encountered at 10 feet [R&lict rock texture becomes more evident with depth
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increasing. The saprolite became rockier at 27flse and weathered fractured bedrock was
encountered at about 30 feet.bls

Figure 7. Portion of the geologic map of Seiders (19ntjdating the geology of NC
Zoo area and locations of groundwater monitorinisagnd coreholes at the NCZGMRS,
Asheboro, NC

At the middle slope position where CH-2 was cokéekndon Series soil, a typical
yellowish red (5 YR) slightly plastic clayey and lwerained deep soil was found on the land
surface and at the top portion of corehole CH-2rizbn B extends to a depth of about eight
feet from the land surface with clay content insreg. Occasional gravel-sized quartz
fragments mixed into the soil were also found onear the land surface. The kaolinitic clay
mineralogy and its slightly sticky to non-stickynsistence imply a felsic volcanic parental
material. From eight to 37 feet bls, light yellsWired to variegated saprolite was observed,
which also indicates a felsic volcanic parentalenat. Weathered and fractured bedrock was
encountered at 37 feet bls in CH-2.
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Georgeville Series soil, a clayey soil with distine 2.5YR red color, was identified in
CH-3 at a broad upland position. This soil is veipilar to Herndon Series except for the
color and landscape. The hematitic color (2.5Yd#ited from the oxidation condition at the
broad upland position is an indicator of well-dedrhydrology. The slightly sticky wet
consistency of the soil is an indicator of kaolmitlay mineralogy that reflects felsic
metavolcanic parental rocks of the Uwharrie forwrati The soil at the surface was influenced
or intersected by some quartz boulders or fragmenhte soil consistency changed at about 12
feet bls and saprolite was encountered from 15tfedt bls. At 51 feet bls, weathered and
fractured bedrock was clearly encountered.

Figure 8. Cross section from CH-3 to CH-1, showing thicknessiethe regolith and transition
zone, and depth to competent bedrock at the NCZGMREBeboro, NC
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Transition zone

The lowermost portion of the saprolite and the ugmetion of the highly weathered
and fractured bedrock are together referred thasransition zone. The estimated thickness
of the transition zone across the NCZGMRS is shimwiigure 8. It varies from approximately
30 feet in CH-3 to a few feet in CH-1, suggestingtthe thickness of transition zone
decreases from the upland position to the toe sldjpe thickness of the lowermost part of
saprolite portion of the transition zone is onlyedo several feet, and it is characterized by
relatively coarse and incompletely weathered meétavac rock fragments and clay minerals.
Relict texture, such as foliation, of the metavaolcaock was well preserved in this section.
The upper fractured bedrock section (or the lovetipn of the transition zone) is
characterized by highly weathered and fractureadmg but not to the degree necessary to
form sand and gravel size particles and/or sigaficlay minerals. The rock cores from the
uppermost fractured bedrock portion of the traasizone remained wet or damp for more
than a day after extraction, suggesting that tfeeseme degree of primary and/or secondary
porosity in this zone.

Bedrock

Competent bedrock was encountered in all threehobdes at varying depths.
Observations on the bedrock cores confirm thattéenNCZGMRS area the metavolcanic rocks
are chiefly felsic, composed of nonfoliated to wigd&liated metamorphosed lapilli tuff and
tuff. Weakly foliated to foliated felsic lapilli gtatuff (fig. 9 A and B) is common throughout
the rock cores. Interlayers of nonfoliated feldspgstal rich metatuff or metalava are also
present (fig. 9 C). Its groundmass appears tdtbeed and weathered. This type of rock is
relatively soft and porous. Iron-leaching staintloe samples is common. Mafic metavolcanic
rock (fig. 9 D) was found at the interval from appimately 70 to 75 feet bls in CH-1. In
addition, small intervals of felsic metatuff brexevere found in all the cores (fig. 9 E). There
is not a distinctive contact between the breccaranre common felsic metatuff or lapilli
metatuff, indicating that the lithologies are clysaterlayered and have gradational contacts.
Two small quartz veins/dikes with a thickness o omtwo feet were penetrated at depths of
265 feet and 295 feet bls, respectively, duringcibrestruction of monitoring well MW-1D.

Feldspar and quartz were identified as the primainerals in bedrock core samples.
Secondary minerals, such as calcite, pyrite, angbliee, were found on some of the fracture
planes of the cores. Irregular, white colored, aplanitic textured veinlets that are possibly
composed of siliceous minerals from hydrothermi@ration were often found on the cylinder
surface of the rock core samples. Detailed lithmldogs for the cores are provided in
appendix 1.
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Figure 9. Types of metavolcanic rocks from geologic corehalethe NCZGMRS, Asheboro, NC

Geophysical logs and fractures in bedrock

Geophysical logging data obtained from this st(agypendix 2) and observations from
outcrops and geologic core samples collected duhisgstudy indicate that the metamorphic
foliation mainly strikes northeast (NE), with modts to steeply dipping angles (50-70
degrees) mainly towards the northwest (NW). Frast@and cleavages are either parallel to the
foliations or intersected them at a low angle; sdraetures dip more steeply at angles greater
than 80 degrees. The quartz veins appear to ladlgddo foliation and dip to the northwest
with a moderate dipping angle.

As indicated in figure 10, each tadpole represargguctural feature (such as fracture,
foliation, or quartz vein); each color representifeerent type structure: blue for primary
fractures bearing water, red for fractures beaaitigfle or no water, green for foliations, and
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black for quartz veins. The horizontal gridlindglee tadpole log portion of the figure are
divided and marked by vertical lines from 0 to @@yckes from left to right. Therefore the dip
angle of a structure feature is indicated by adélp position related to the vertical lines of
the log diagram. The pole or tail of each tadmtEpicts each feature’s dip direction, similar to
reading a map: up is north, down is south, leftest, and right is east. For example, in MW-
1D there is a blue tadpole at about 100 feet bisclvmeans a fracture bearing water at about
100 feet bls. This tadpole falls near the fiftmtical line (from left to right), which means that
its dip angle is approximately 50 degrees. The pblthe blue tadpole points to the left, which
means the fracture dips to west. In summary, 8dulr shows that (1) generally fracture
density decreases with increasing depth, (2) folats the dominant feature (neither primary
nor secondary fractures were well developed), {8pdgles of foliations are generally steeper
in MW-2D than those in MW-3D and MW-1D, with theakt steep in MW-1D, (4) most
foliations dip in a westerly direction, from NW WNW, but opposite directions were also
measured, (5) primary (water bearing) fracturestigmed at approximately100 feet and 136
feet bls in MW-1D, about 195 feet bls in MW-2D daabout 80-90 feet bls in MW-3D, and
(6) the dip angle of water bearing fractures in M@Ws steeper than that in MW-2D.

Figure 10. Tadpole diagrams and caliper logs from the NCZGMRsheboro, NC
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Figure 11 shows three pieces of OTV images catefitom three bedrock wells
respectively. The OTV data are corrected for boledeviation (azimuth and inclination
angle) and magnetic declination. An OTV image flatied digital image of the inside of wall
of a borehole. The image and associated intetpyetsoftware allows direct observation of
lithology. In addition, orientation of fracturesdfoliations can be interpreted based on their
shapes, positions, and the relationships with igedl of the imageFor example, the orange
sine wave in figure 11 is the trace of a fractugence the lowest point of the sine wave (MW-
2D) is in the portion between West (W) and North, (e fracture dips to NW. The dipping
angle can be determined based on the amplitudeddihe wave and the diameter of well
MW-2D (Dip = Tan* Amplitude/Diameter). In the OTV images, the ligiolored sine wave
lines are foliations, cleavage partings, or anreeftgctures. Dark and wider sine wave strips
are most likely open fractures bearing some watére amplitude of the sine wave of water
producing fracture in MW-1D is higher than thos@ther wells. Therefore, we can determine
that its dip angle is steeper than those of watadycing fractures in other wells, which is
consistent with what was found from the tadpolgdians and may explain why the yield and
hydraulic conductivity of MW-1D is less and lowéan that of MW-2D.

Figure 11. OTV images showing foliation and fractures in bettrat the
NCZGMRS, Asheboro, NC

Based on the bedrock core samples (figs. 5 and®appendix 1) and geophysical logs
(figs 10 and 11, and appendix 2), most fracturesentered at the NCZGMRS are either (1)
medium to steeply-dipping foliation partings andadinfractures that are generally parallel to
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foliation or (2) low to medium angle stress-rehectures that intersect the foliation and may
bear water. Very often, two groups of fracturessscut each other. The foliations are
oriented consistently, with up to 80 degrees oftdgs appear to be relatively parallel to the
original bedding, and are often defined by aligreddngated or flattened pumice and glass
shards ranging from 1x2 mm to 2x10 mm in size.

Water-bearing fractures or small fractured zonesvoften developed in the uppermost
part of bedrock, the transition zone. HowevelCht1, a more fractured bedrock water-
bearing zone (55-75 feet bls) is separated byadively fresh and competent bedrock zone
from the upper transition zone. At the base of #une, a fracture filled with saturated silty
clay/angular gravels: 50/50 developed between @475 feet bls. Another fractured zone
formed by groups of intersected joints at the waeof 97-102 feet bls was also found in this
corehole. Below this depth, the rock appearedcetedrsy competent and less fractured, and
almost no water bearing fractures that were deweelofCH-2 was advanced to 98 feet only;
the density of open fractures in this hole defigitiecreased with depth; no significant
fractured-zone was encountered beyond the transitoe (37-65 feet bls) although some
evidence of water activity was observed on rocles@mples. In CH-3, beyond the transition
zone (51-77 feet bls), two fractured zones deveal@iaentervals of 126 -130 feet and 154-162
feet bls (appendix 1), respectively, which appeaodokar water. Please note that depths of
the fractured intervals found in coreholes may ifferént from those encountered in the
monitoring wells.

Microscopic characteristics of petrographic thin-setions

The study of petrographic thin-sections confirmes pnesence of rock types described
by Seiders (1985). The felsic metatuff can behtertlassified as metamorphosed crystal tuff,
lithic tuff, and lithic-crystal tuff. Minerals idading quartz, feldspar, sanidine, sericite,
muscovite, biotite, and epidote were identifiedalsic metatuff thin-section samples. The
interlayer of mafic metavolcanic rock present at GH3.5 contains abundant plagioclase
crystal laths typical of lava. Examples of photoragraphs of the petrographic thin-sections
are attached in appendix 3.

Results of whole-rock geochemical analyses

The USGS Mineral Resources Team in Lakewood, C@wcted whole-rock analyses
of eight bedrock core samples collected from th&Z@8®IRS. The tabulated analytical results
of major elements, trace elements, and rare ebtheats are included in appendix 4. The
geochemical data from this study are consisterit thi¢é rock types indicated by Seiders
(1985). The felsic metatuff samples (except fongle CH-1-182) plot in the dacite field of a
QAP (quartz- alkali feldspar-plagioclass feldsgiggram (fig. 12); sample CH-1-182 plots in
the rhyodacitic field. The mafic metavolcanic raeample CH-1-73.5 plots in the latite field.
Based on the rock chemistry and the texture an@mais observed from the petrographic thin-
section, the protolith of sample CH-1-73.5 wasliike&f basaltic composition and has been
altered.
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Figure 12. Plot of felsic metatuff and mafic metavolcanic ra@amples from
the NCZGMRS in QAP diagraiiPlotted by Phil Bradley, North Carolina
Geological Survey)

Analytical results of major oxides indicate an abmal ratio of NaO/ K20 in a
majority of the samples (higher in felsic metatdinples except for one (CH-1-182) and
lower in the mafic metavolcanic sample (CH-1-73tg¢ause the concentration ofKis
lower in all felsic metatuff samples, but much kegin mafic metavolcanic rock sample than
the averages found in common granite and gabbespectively. Additionally, N#D is higher
in almost all (with one exception — CH-1-182) felsietatuff samples, but normal in the mafic
metavolcanic sample (fig. 13). FeO is generallydoin most felsic metatuff samples and
higher in the mafic metavolcanic sample comparmigst average in granite and gabbros,
respectively (Ehlers and Blatt, 1982). CaO istreddy higher in felsic metatuffs than the
average in granite and lower in mafic metavolcaoak than the average in gabbros. MgO
concentration is close to normal in all samples)eMdnO concentration is notably higher in
all samples (appendix 4).

28



Figure 13. Concentrations of N® and KO in rock samples from the
NCZGMRS vs. their averages in granite and galfbEblers and Blatt,
1982)

In addition, the results also show that nickel (iNijnost felsic metatuff samples and
vanadium (V) in two samples are higher than the@rages in granite (Krauskopf and Bird,
1995); chromium (Cr) and Ni are higher in the mafietavolcanic sample than their averages
in basalt; lead (Pb) and arsenic (As) are highatlisamples than the average in basalt or
granite. Arsenic was definitely enriched in twongdes (CH-1-73.5 and CH-1-182) with a
lower ratio of NaO/K20O. The concentrations of Rb, Cs, Pb, and Ba a@feehiin the mafic
metavolcanic sample than their averages in basditibase (appendix 4).

HYDROGEOLOGIC CHARACTERISTICS
Groundwater Occurrence and Movement
Occurrence

The groundwater system at the NCZGMRS is similah&d found regionally. It
generally consists of three components includigglith, bedrock, and a transition zone
between the regolith and bedrock (fig. 2) as dbsdrby Harned and Daniel (1992). The
regolith zone consists of soil residuum and saggrolvhich is approximately 30 to 50 feet in
thickness, overlying the felsic metavolcanic roakBNCZGMRS. Saprolite retains much of
the fabric of the underlying parental rock. Tlagdr has high porosity values but low to
moderate hydraulic conductivity due to the clayteah The transition zone is composed of
the lowest portion of saprolite and the top portdmedrock; this zone is partially weathered,
highly fractured, and generally more transmisshantthe saprolite or the bedrock (fig. 8).
The fractures are usually considered secondarypted connect with each other, and the
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density of these fractures typically decreases da&pth. The secondary fracture network plays
an important role in bedrock aquifers (Chapman.e805). Water from precipitation enters
the groundwater system in recharge areas and ntlonasgyh the saturated zone vertically into
fractures in the underlying bedrock, and laterlgischarge areas including the surface
waters and the floodplain adjacent to the sitee ptre spaces in regolith serve primarily as a
reservoir, while secondary fractures in bedrockeenainly as conduits (Daniel and Dahlen,
2002).

Movement

Groundwater flows from high pressure to low pressand in unconfined systems this
correlates to flow from high to low elevation; graats in energy potential drive groundwater
flow. In the Piedmont of North Carolina, groundwdtew is generally described by the slope-
aquifer conceptual model (LeGrand and Nelson, 20@9nceptually, topographic highs are
recharge areas, while topographic lows, particularéas near streams, are groundwater
discharge areas. Groundwater flows from recharggsao discharge areas, roughly following
surface topography. This conceptual model is palerly applicable to the regolith and
transition zone, but often applies to bedrock coois as well. However, groundwater water
flow direction in fractured bedrock generally ism@omplex and is especially affected by the
density, scale, continuity, orientation, and intengectivity of fractures.

The groundwater level data (fig. 14) collectedhirthe NCZGMRS supports the slope
aquifer conceptual model. At the topographic lomell cluster 1 area), water level in the deep
well MW-1D tends to be closer to land surface theaer level in the shallow well (MW-1S)
most of time (fig. 14A), which indicates an upwasttical gradient and is representative of
discharge conditions. The upward vertical gradeeniid reverse before and after a rainfall.
At the upland (well cluster 3) and the midslopel(wkister 2), water levels in shallow wells
tend to be closer to the land surface than wateiden their nested counterpart deep wells
(fig. 14. B and C), representing downward vertaientiometric head gradients and recharge
conditions. The downward vertical gradient wassistent at the upland or the midslope, but
the vertical gradient at the midslope was much Ent#ian at the upland. From the upland
well cluster to the toe-slope well cluster, thewgrdwater horizontal gradient is approximately
4% in the regolith and transition zone and abouti3%e fractured bedrock. The hydraulic
gradients in all three components of the groundwiades system are less steep than the slope
of the land surface, which is roughly 6%. Gengrdhe groundwater flow at the NCZGMRS
follows the land slope from higher elevation to @welevation primarily to the southeast, but
some influential local flow paths also exist. Hwtance, the groundwater flow direction could
be influenced by northeastern and southern compsmémorizontal flows prior to moving to
the southeast toward Panther Creek (fig. 4). Aigiothe direction of groundwater movement
in fractured bedrock is more complex than in regpbased on the geologic core, fracture
analysis, and results of pumping tests, the thoegponents of the groundwater system at the
NCZGMRS are well connected. Groundwater surfatidé in the bedrock wells also
follows topography; therefore, groundwater flowthe fractured bedrock should be generally
toward the southeast as well.
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Land surface elevation (LSE), in feet, above mean sea level: MW-1S, 596.93;
MW-1UI. 599.25: MW-1LI. 599.34: MW-1D. 598.12: CH-1.598.85

LSE: MW-2S, 637.05; MW-2I, 637.68; MW-2D, 638.97; CH-2, 636.09

C. Well Cluster 3
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* feet above mean sea level (msl), NAVD88
Figure 14. Periodic groundwater levels recorded in monitoriedls at the
NCZGMRS from April 2007 through October 2013
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Groundwater Levels
Groundwater Level Data

Groundwater levels were manually recorded frormahitoring wells at the
NCZGMRS from April 2007 through October 2013 on antily basis. The results indicate
that groundwater level attitude declined from tpéand (well cluster 3) to the toe-slope
(cluster 1) and continuously fluctuated. Largacfuations were measured at the upland or the
recharge area and the midslope than at the toe-slofne discharge area. The largest
fluctuation was measured in shallow well MW-2Ste midslope or in the deep bedrock well,
MW-3D, at the upland, while the smallest was meagim MW-1S, the shallow well at the
toe-slope. Please refer to table 2 and figureot4pecific groundwater level changes
measured in each monitoring well.

Table 2. Groundwater level fluctuation data from the NCZGMRSheboro, NC
(From April 2007 to October 2013)

Well ID Land Highest Date Lowest Date Max. Change over
position level, ft* | measured level, ft* measured fluctuation, ft | time**, ft
MW-1S Toe-slope 595.01| 04/15/07 589.3V  08/29/11 5.54 ).2
MW-1UI Toe-slope 596.06| 04/15/07 589.51 08/29/11 6.55 0[25
MW-1LI Toe-slope 596.09| 04/15/07 589.42  08/29/11 6.57 0[25
MW-1D Toe-slope 596.67| 04/15/07 590.55 08/26/10 6.12 unchanged
CH-1 Toe-slope 596.62| 04/15/07 590.33 08/29/11 6.29 unchanged
MW-2S Midslope 613.29| 04/15/07 601.9 09/28/11 11.89 -1
MW-2 Midslope 610.86| 04/15/07 602.0f 08/29/11 8.79 D.5
MW-2D Midslope 610.04| 04/15/07 600.78  08/29/11 9.6 D.5
CH-2 Midslope 612.31| 04/15/07 601.48 09/29/11 10.88 D.9
MW-3S Upland 645.35| 04/15/07 636.14  12/27/12 9.p1 -3
MW-3I Upland 644.13| 04/15/07 634.94  12/27/12 9.19 -2.5
MW-3D Upland 637.69| 05/17/07 626.4  12/27/12 11.p9 -5
CH-3 Upland 645.28| 04/15/07 636.09 12/27/12 9.19 -3
* Above mean sea level, NAVD88
** Estimated based on trend-lines of groundwateele plotted in figure 14 generated from Excel ageheets.

The groundwater level data also show that depttetier surface from the land surface
in the regolith zone and transition zone wells (NMA&-and MW-2I) at the midslope were
deeper than those in wells (MW-3S and MW-3I) atuptand, and the difference was larger in
summer than in winter, which is contrary to the capt of the slope-aquifer model in the
Piedmont region. More large trees around the sidlat the midslope than at the upland
location were observed, which suggests transpirdtas an important effect on the
groundwater table and the larger fluctuations mser. In addition, the landscape and
surface water features may also have effects. witltransect was designed along a gently
sloped ridge running from northwest to southea# wie upland being relatively flat but the
midslope area being relatively steep and slopirtpiiee directions. Consequently, the
midslope area would be subject to more runoff asd techarge. Furthermore, water supply
well use in the vicinity and/or a subsurface gem@ructure, such as a steeply dipping fault or
a diabase dike between the two well clusters, nsyrasult in such a phenomenon.
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Response to Long Term Climate Change

The groundwater level data from the NCZGMRS shaquicigl changes and fluctuations
in the Piedmont and reflect the long term climdtange in the area and region, which is
clearer at well clusters 2 & 3 (fig. 14 B&CA couple of interesting features of the dataset ar
immediately apparent. First, wet conditions froB®2 to spring 2007 kept groundwater levels
at their highest values when wells were measurethéofirst time. Please refer to National
Oceanic and Atmospheric Administration’s Nationéht@tic Data Center website:
http://www.ncdc.noaa.gov/cdo-wédbr the regional precipitation data. Persistayind)
conditions beginning in the summer of 2007 produegeneral downward decline in water
levels in the subsequent years (with the excemif@®asonal highs) until late 2009. The wet
winter of 2009-2010 promoted higher recharge rdtess raising water levels to their highest
levels since April 2007. The effect of the dry ddions from winter through early fall 2011
resulted in significantly depressed water levelrbgdaphs: water levels dropped to the lowest
levels since monitoring began, while more prectmtaoccurred in the spring and summer of
2013 produced the highest summer groundwater laveéle six years of monitoring.

Over the monitored period, groundwater levels aediabout 2.5-5 feet at the upland
(well cluster 3) with the steepest decline measurdbe bedrock well MW-3D. Smaller
declines in groundwater levels were measured amnitislope, but almost no change was noted
at the toe-slope.

Seasonal Fluctuation

Generally, groundwater levels at NCZGMRS tendedetdighest between April and
June each year following winter and spring preaiph events (figs. 14 and 15). The lowest
levels occurred between August and November becausell in the late summer and early
fall is more sporadic, intense, and generally grart duration, resulting in less infiltration and
more runoff. In addition, evapotranspiration rgteatly increases during this vegetation
growth season, which would also result in lessaegd to the groundwater. This effect is even
more pronounced during drought conditions.

The water level changes in the recharge arealligMW-3S) show the same pattern
as that in the discharge area (fig. 15, MW-1S),lbgged the discharge area change by
approximately two months, suggesting that the giaater level in discharge area was
affected directly by Panther Creek, a nearby serfeater. In the discharge area, the
groundwater level adjusts quickly by dischargingh® surface water if it is elevated relative to
the stream, and by recharging from the surfacenwvetten stream level is higher. Because of
this close connection to surface water, the diggharea wells respond to precipitation events
much more quickly than the wells at the rechargasr The groundwater levels in well cluster
1 at discharge area began to rise in SeptembeDataber in response to fall precipitation,
while water levels in well clusters 2 and 3 in theharge areas or at the midslope and the
upland did not begin to rise until November and &wgber, respectively. It takes longer for
the upland and midslope wells to be recharged o#gpond to precipitation events than wells
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in the discharge area because upgradient infotnetiom the land surface and groundwater
flows are much slower than recharge from the serfaater.
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* Above mean sea level, NAVD88
Figure 15. Groundwater levels in regolith wells at the NCZGMR&n April 2007 to October
2013

Regional Comparison

Groundwater level data collected from the NCZGMRSencompared to data
collected from the Upper Piedmont Research Stgtii*tRS), another PMREP groundwater
monitoring and research station in the PiedmonbregGroundwater levels at both sites were
strongly affected by local and regional precipdati Seasonal changes in groundwater level at
the NCZGMRS appear to be similar to those at thREFfig. 16): high in spring - early
summer and low in late summer and fall. The grewatdr level change responding to
seasonal or climate changes in bedrock or in ttiearge area generally lags that in regolith or
in the discharge area by a couple of months.

The 2007 regional drought resulted in a groundwlatezl sharply declining at both
stations, but the decline was much sharper anceldiagting at the NCZGMRS than at the
UPSR (fig. 16). The wet conditions from fall 20@9spring 2010 produced a sharp increase in
groundwater levels, especially at the UPRS. Theklyeseasonal variation in MW-N4D at the
UPRS since April 2010 could be the result of rekdii wet falls, but the date and time when
the groundwater level was measured may also hawe sffect. In addition, the drying
conditions starting early summer 2010 resulted ¢ortinuous decline in groundwater levels at
the UPRS. The wetter spring and early summer ¥820 the NC Zoo area pushed the
groundwater level higher at the NCZGMRS than th&iRRS. Please refer to National
Oceanic and Atmospheric Administration’s Nationéih@tic Data Center website:
http://www.ncdc.noaa.gov/cdo-wébr precipitation data of the area or region.
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Figure 16. Comparison of groundwater level changes from A2007 to October 2013 in MW-
3D at NCZGMRS in Asheboro, NC to changes in MW-Nethe Upper Piedmont Research
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Aquifer Hydraulic Properties

The yields of bedrock wells at the NCZGMRS werénested to be 4-9 gallons per
minute (gpm)" with an average of 6 gpm. This agergield is somewhat lower than the
average yield of 8.6 gpm obtained by Bain and The(t866) from water supply wells in the
same lithologic unit in the region. Transition eomell yields were estimated to be 1-5 gpm
with an average of 3.5 gpm. The yield of shallegalith wells was only about 1 gpm. The
bedrock wells yielded more water than the transiti@lls because the bedrock wells were
drilled deeper with multiple fractures intersectihg borehole. However, the yield per foot of
well or per foot of uncased hole of the bedrockisvelas much less than that of the transition
zone wells. The shallow wells in regolith zone tael lowest yield because of the high clay
content of the regolith.

The hydraulic conductivity and transmissivity affekrent components of the aquifer
system at the NCZGMRS were estimated by analyzatg ftom rising- and falling-head slug
tests and pumping tests. Slug tests were condtmtelokain estimates of the hydraulic
conductivity of aquifer materials in the immediateinity of the tested wells in regolith and
transition zones. Step-drawdown and constantpateping tests were conducted to
understand the hydraulic conductivity and transivitgsfor the bedrock, transition zone, and
regolith in the testing area.

Results of Slug Tests

Rising- and falling-head slug tests were conduateadl regolith and transition zone
wells at the NCZGMRS, except for MW-2S, which dimt have sufficient water to be tested.
Slug tests were not conducted in any bedrock vbeltauséehe slug can only displace a
relatively small volume of water in comparison e tvolume of water in bedrock wells. Data
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collected from the slug tests were analyzed using-Bouwer-Rice Spreadsheets developed
by USGS (Halford and Kuniansky, 2002). The Bouwée method accounts for water-table
condition and partial penetration effects and isable for the conditions at this study site.
Either the bottom of the well or the top of thens#@ion zone was used as the base of the
aquifer for the saprolite wells. The bottom of trensition well was considered the base of the
aquifer for the transition wells. The analyticasults are summarized in table 3. Hydraulic
conductivity values in the saprolite wells rangezhi 0.33 to 3.25 ft/day, and generally, the
values were higher in transition zone wells, ragdgnom 0.63 to 23 ft/day. The trend is
consistent with the conceptual model that the ttimmszone material generally is considered
more transmissive.

Table 3. Result of slug tests in wells at the NCZGMRShé{soro, NC

Screened/open interval (feet Hydraulic
Well ID below land surface) Conductivity
(ft/day)
Saprolite wells
MW-1S 8-23 3.25
MW-3S 16-36 0.33
Transition-zone wells
MW-1UI 28-43 0.63
MW-2I 38-58 23*
MW-3I 43-63 0.85

*  Only one rising head (slug out) test was conducted.
Results of Pumping Tests

Two pumping tests were conducted at well clusteaiad 2 (fig. 4) to evaluate: (1) the
degree of interconnectivity among the bedrock,diteon zone, and saprolite, (2) the degree of
heterogeneity and preferential flow paths withie fystem, (3) the lateral extent of influence
of pumping, (4) hydraulic boundaries and how th@luence drawdown, (5) the aquifer
transmissivity (T) and hydraulic conductivity (K) @ach test area, and (6) the degree of
heterogeneity of the aquifer system between twiosiess. The methods and equipment used
in the tests were described in the Methods of liigaon section of this report.

The first test was conducted at well cluster thatmidslope setting, about midway
between well cluster 1 at the discharge area arslerl 3 at the upland position (fig. 4).
Recharge to this test area is from precipitatisaygdwater from upslope, and surface water
from a constructed pond at the NC Zoo (fig. 4) urtde pumped condition. The groundwater
in this test area flows from the northwest primatdward the southeast and discharges to
Panther Creek. However, minor components of flse accur to the northeast and the south
prior to moving to the southeast toward PantheekreBedrock well MW-2D (260 feet deep
and cased to 70 feet bls) was used as the pumphg Whe major water-producing fracture
zone is between 190 and 200 feet bls, which wasrméted with downhole geophysics, OTV
and geologic core. Moderately to steeply dippimlgation partings and joints are distributed
throughout the borehole.

Five piezometers including two in the regolithptim the bedrock, and one in the
transition zone were installed for this test. dididion, MW-2S, the regolith monitoring well,
MW?2I, the intermediate well of this cluster, scredracross transition zone material, and
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corehole CH-2 were also used as the observatiols deting the test (fig. 17). The depths and
screened/open intervals of these wells and thsiadce from the pumping well are shown in
table 4.

The pump was set in MW-2D at a depth of 197 fegtbld pumping began at 8:40 am
on May 22, 2007 at a relatively constant pumpirig od 8.5 gallons per minute (gpm). This
pumping rate was based on the result of a stepdinaw test conducted one week prior to this
test with the same well and equipment. Based efflthv meter reading, the pump discharge
rate fluctuated between 7.1 to 9 gpm. Frequentsaajents of the gate valve installed at the
wellhead were made to maintain the pumping rat®astant as possible. Pressure transducers
were placed in the pumping well, MW-2D, and eighservation wells at the testing site.
Water level in the pumping well was measured etfiggyseconds constantly. In the
observation wells the frequency of water level@dilon started at every two seconds and
subsequently was gradually reduced to every temt@snat the end of the test. The static
water level in the pumping well was 33.86 feet etneasurement point (bmp) before
pumping. The test was designed to run 72 houtsyhs cut off due to the generator and
pump problems at 4:20 am on May 23, 2007, afteragmately 19.5 hours (1170 minutes) of
pumping. Useful information was obtained from #8ehour test (fig. 18) as described below.
Recovery data also were collected, and the testevasnated on May 23, 2007 at 11:40 am
when water levels recovered to within 90 percerthefpre-test static water level.

Figure 17. Layout of monitoring wells and piezometers atsttr 2, NCZGMRS, Asheboro, NC
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Table 4. Maximum drawdown in each well/piezometer measuh@ihg pumping
MW-2D at the NCZGMRS, Asheboro, NC

Well ID Screened/Open ScreenedDistance Bearing [Maximum
interval (ft. bls?)| or Open from from drawdown

pumping pumping ((ft)

well MW - well MW -

2D (ft) 12D

From To
MW-1S 8 23 | SCREEN>600 SE NM?
MW-1UlI 28 43 | SCREEN>600 SE NM
MW-1LlI 50 70 | SCREEN>600 SE NM
MW-1D 85 300 OPEN [>600 SE NM
MW-2S 21 35 | SCREEN 39 |SE 1.53
MW-2| 38 58 | SCREEN| 19.8 |SE 4.76
Control

MW-2D 70 260 OPEN 0 well 134.19
MW-3S 16 36 | SCREEN[>600 NW NM
MW-3I 40 63 | SCREEN>600 NW NM
MW-D 74.9 180 OPEN [>600 NW NM
CH-1 32 185 OPEN [>600 NM
CH-2 40 98 OPEN 63.1 |SE 2.15
CH-3 53 175 OPEN [>600 NW NM
PZ-D2 70 100 | SCREEN| 713 S 4.23
PZ-S2 15 30 |SCREEN| 276 |S 1.66
PZ-11 40 60 | SCREEN| 39.6 |SW 2.14
PZ-S1 15 30 | SCREEN 57 |SE 0.63
PZ-D1 70 100 | SCREEN 19 SW 15.05

Note: 1. bls = below land surface; 2. NM = not mgable
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Figure 18. A. Arithmetic time-drawdown and B. Semi-log time-

drawdown in pumping well MW-2D at NCZGMRS, AsheboRC
(Pumping test conducted from May 22 to May 23, 3007

The maximum drawdown of 134.84 feet was measuré¢de pumping well. The
drawdown measured in the observation wells andpieters varied from 0.63 to 15.05 feet
(table 4). The drawdown was not only measuretiénbiedrock, but also in the transition zone
and the saprolite, which indicates that groundwiaténe bedrock is not confined but instead is
connected to the overlying components. Among tieeovation wells, the largest drawdown
was measured in the bedrock wells. The limited dégo indicate that the drawdown
decreased with distance increasing from the pumpelgmore rapidly in the shallow and
transition zones than in the bedrock. Lateralifice of pumping appears to be similar in
different directions in each zone (fig. 19). Neferential flow paths or any obvious
heterogeneity was identified in any component efdfuifer system from the test.

39



Figure 19. The maximum drawdowns measured from the pumigisigconducted at well cluster 2,
NCZGMRS, Asheboro, N@Red lines = drawdown among the pumping well MW-dr2l shallow and
intermediate monitoring wells/piezometers; blacle§ = drawdown occurred in bedrock wells).

Only 0.40 - 0.61 inches of water-level decline wer@asured in the outlying bedrock
wells or coreholes located more than 600 feet dway the pumping well. The decline may
not be considered a response to pumping effeceusedwo to more than five inches of water-
level decline were noted within five days immediateefore the test. No water table decline
in the outlying regolith wells was observed. THfeaive radius of the pumping from MW-2D
at the pumping rate of 8.5 gpm is greater thaneél ih the bedrock, an estimated 60 feet in
the transition zone, and greater than 57 feeterréigolith (fig. 19).

The test data indicates that the closer to thepougnwell and the deeper a well is, the
quicker and greater the response of the well tgtheping activity is. For example, PZ-D1, a
deep piezometer, 19 feet southwest of the pumpglf responded to the pumping first and
had the greatest drawdoJtb feet), while regolith shallow piezometer PZ-51 feet
southeast of the pumping well, showed the slowesgionse and the least drawdown (fig. 20,
upper panel, and table 4). Therefore, there wassdive correlation between the drawdown
and the well depth and an inverse correlation betvtke drawdown and the distance from the
pumping well. Because the test was conductedoedaock well with a relatively deep
fracture, the pressure head in the bedrock aqwisrreduced prior to its reduction in the
overlying transition zone and/or saprolite, anduesti in wells near the pumping well prior to
its reduction in wells away from the pumping wellhe difference in drawdown between any
two wells or between any two components of the gdowater system after the first 1000
minutes of pumping is almost constant (fig. 20, éowanel), suggesting a stratified three-
component aquifer system with a relatively homogesenydrogeology and a recharge
boundary for each component.

In summary, the drawdown data did not reveal dnwausly preferential flow paths or

significant heterogeneity within each componenthefgroundwater system, but did support
that there is connection among the three aquifempoments.
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Figure 20. Drawdowns measured in onsite observation wellsGZGIMRS,
Asheboro, NGUpper panel -- Drawdowns within the first 50 miesiof pumping)

The transmissivity (T) of the bedrock and the hamntal hydraulic conductivity (K) of
the water bearing fracture(s) were estimated tHramalyses of time-drawdown data using the
Cooper-Jacob straight-line method spreadsheetdapeeby USGS (Halford and Kuniansky,
2002). To estimate the T and K of the bedrockntinddle time-drawdown data were used
(fig. 21) because early data were affected by diffefactors, such as pumping rate (the pump
may not start as expected, or the pumping rat@alideach the designed rate), well-storage
effect, and others; while the late time-drawdowrveudeparted from the theoretical straight
line due to the leakage or recharge from the upggolith layer and transition zone. The
drawdown in MW-2I or PZ-D1 was too large, compai@the thickness of the aquifer to use
the Cooper-Jacob method; therefore the data weneseal to estimate the Kand T. The T for
the bedrock (felsic metatuffs) and the K of theavgiroducing fracture(s) were calculated with
the drawdown data recorded from PZ-D2. The T araiek89 ft/day and 0.47 ft/day,
respectively. Higher values of T and K were ol#disvhen drawdown data from the transition
zone piezometer PZ-11 and corehole CH-2 were usedrfalysis. The highest values were
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obtained when drawdown data from saprolite wells M8/ PZ-S1 and PZ-S2 were used
(table 5).

It has been noted that some of the assumptiorsanhin the Cooper Jacob method at
this site may not be met. For example, the Codpeob equations assume that well discharge
is constant and derived exclusively from storag@genaquifer, the well is of infinitesimally
small diameter and fully penetrates a homogeneodssatropic aquifer of uniform thickness
and infinite areal extent, and groundwater flowasizontal. Therefore, the estimates of K and
T may not be fully representative of the aquifesteyn. Nevertheless, when used carefully in
conjunction with an understanding of site geolagid hydrogeologic conditions, the Cooper
Jacob method was believed to produce useful essiat the transmissivity and horizontal
hydraulic conductivity at the site.

Figure 21. Cooper-Jacob single well aquifer test at NCZGMRS alaster 2, Asheboro, NC
(Pumping from MW-2D and drawdown data from PZ-D2)

To supplement data obtained from the aquiferaeBtW-2D and to evaluate the
degree of heterogeneity of the aquifer systemersthdy area, a second test was conducted at
well cluster 1 in a topographically low area whgtbpes a short distance to Panther Creek or
the outflow of the constructed pond at the Zoo. @)y Panther Creek flows southeast into the
pond and discharges at an outlet at the southeastelrof the pond, about 200 feet from MW-
1D, and continues flowing to the south-southedsie periodic groundwater level data
generally showed an upward vertical gradient betvtbe bedrock well MW-1D and the
saprolite well MW-1S, which indicates a dischargesa However, during or a short time after
a heavy rainfall, the vertical gradient can be regd, suggesting that groundwater was
recharged by surface water from the pond and PaGiteek.
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Table 5. Estimated transmissivity (T) and hydraulic conduityi
(K) of different components of the groundwater sgsit the
NCZGMRS, Asheboro, NC

Component IT (ft?/day) |K (ft/day)
Test 1, pumping from MW-2D at Cluster 2

Bedrock (PZ-D2) 89 0.47
[Transition zone (PZ-I1) 170 0.91
[Transition + bedrock (CH-2) 1P0 1/00
IAverage in regolith/saprolite (MW-2S, PZ-S1 and $2) 257 1.338
Average 174 0.98

Test 2, pumping from MW-1D at Cluster 1

Bedrock (MW-1D) 6.25 0.08
IAverage in transition zone (MW-1UI & MW-1L1I) 29.p5 .3y
Regolith/Saprolite (MW-1S) 120 1.6
Average 51.83 0.69

Note: (1) based othe information from coring and drilling, 75 fedt o
thickness of aquifer was estimated and used talea&e T and K for test 2
at cluster 1; (2) total open length of MW-1D, 1@@ff was used as the
thickness of the aquifer to calculate T and K &sttat cluster 2.

MW-1D, the pumping well, was drilled to 300 fed$ bnd cased to 85 feet bls.
Borehole geophysical logs including OTV revealedaor water-producing fracture at about
100 feet bls and a minor one at about 135 feetwhler-producing fractures were encountered
below 160 feet bls. Well yield was estimated alfgpm during well installation. A step
drawdown test suggested a sustainable pumpingfateout 4 gpm. Therefore, the pump was
placed at 100 feet bls and the pumping test begamade of 4 gpm. After the first 7 minutes
of pumping, due to difficulties in maintaining angtant pumping rate of 4 gom, MW-1D was
pumped at a relatively constant rate of 3.6 (vafieth 3.4 to 3.7 gpm, but was adjusted to and
kept at 3.6 gpm) for 35.5 hours, followed by 11chifs of recovery. In addition to the
pumping well, three other monitoring wells (incladisaprolite well MW-1S and two
transition zone wells, MW-1UI and MW-1LI) and coadé CH-1 (open from the transition
zone to bedrock) were also monitored for respotspsimping effects by measuring water
levels at designed intervals (fig. 22). Outlyiredbock well MW-2D and corehole CH-2 at
well cluster 2 were also monitored for responsdtegoumping. Equipment and procedures
used in the first test were also used in this t&ste data loggers were programmed initially to
record water levels at two-second logarithmic tintervals and gradually increased to one-
hour intervals. Hand measurements of water lewel® made every 10 seconds at the
beginning of the test to every two hours by the eiithe test. Drawdown was observed in all
wells at the tested site: 69.44 feet in the pumpiel, 29.43 in corehole CH-1, 20 feet north of
the pumping well, 5.26 and 5.88 feet in two transizone wells MW-1UI, 39 feet north-
northwest of the pumping well and MW-1LI, 22 feertlhwest of the pumping well, and 1.15
feet in the regolith well MW-1S, 15 feet south loé tpumping well. In the outlying wells MW-
2D and CH-2, greater than 600 feet upgradient®fptiimping well, only 1.2 and 1.6 inches of
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drawdown were measured, respectively. It is uagewhether the drawdown in the outlying
wells was related to pumping or to ambient cyclibadtuation. It is possibly the result of a
natural declination because the weather was dryhahd

Figure22. Monitoring wells and well identifications at weluster 1, NCZGMRS, Asheboro, NC

The drawdown data from this test also indicatestti@fractured bedrock aquifer is
connected to the overlying transition zone andddpr and that the connectivity between the
bedrock and the transition zone is much better beween the bedrock and the saprolite.
Based on the drawdown data measured from two tr@mgione monitoring wells screened
into the top part of bedrock, the K value of 0.88dy and the T value of 29.25/ttay were
estimated using the same Cooper-Jacob strait-letbad spreadsheets as used for the first
test. This method is more representative becaudistances of the two observation wells
from the pumping well, the depth of the well scresmd limitations of the Cooper-Jacob strait-
line method. The values of K and T estimated widawdown data from the shallow saprolite
well are higher, but lower if calculated with draaveh data from the pumping well (table 5).
The estimated values of K and T for the bedrockmmment of the aquifer system from this
test are generally lower than those from the fest. This result concurs with the findings
from geologic cores and well installations. Foample, the scale and extent of water bearing
fractures are small, limited, and varied at thelgtsite. Fewer and smaller water bearing
fractures were found in MW-1D than in MW-2D. Indatibn, the dip angle of each water-
bearing fracture may also play a role in the hariabhydraulic conductivity and
transmissivity of the aquifer. The lower horizdritgdraulic conductivity and transmissivity at
MW-1D may also be associated with the steeper nigheaof the water bearing fracture.

The test results suggest that K and T vary spgiialihe felsic metatuff hydrogeologic
unit, depending on the number and scale of watarg fractures encountered, but are within
the reported range of K and T for fractured metagrharigneous/volcanic rocks (Halford and
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Kuniansky, 2002).
GROUNDWATER QUALITY CHARACTERISTICS

The quality of groundwater generally varies irfefiént hydrogeologic settings and
environments and along the flow path. It is detagd and controlled by its composition and
the concentration of each constituent it contaansl, in large part is controlled by
concentrations of ions (Harden and others, 200@ater entering the groundwater system as
recharge contains dissolved gases (suchea€Q, etc.) from the atmosphere, soil, and
organic matter. As the water slowly moves throtighsubsurface, it dissolves minerals in the
soil and rock. Therefore, older, deeper groundiwiai has traveled greater distances is
usually more mineralized than younger, shalloweugdwater that has traveled a shorter
distance. To determine (1) the “type” and the alf the groundwater associated with the
felsic metatuffs of the Uwharrie Formation in thar@lina terrane and any correlation between
the groundwater quality and the rock chemistry tli2)differences of the groundwater type
and quality in three different components or zavfebie groundwater system, (3) the presence
or absence of arsenic and other naturally-occugomaminants, and (4) if the quality of
groundwater in the study area has been impactéuiiman activities. Water-quality samples
were collected from all monitoring wells and Pamnt@Gecek at the NCZGMRS eight times
from May 2007 to May 2013.

Water temperature, pH, dissolved oxygen, and spammhductance were measured in the field
during each sampling event before samples for Eboy analyses were collected. Laboratory
analytes include turbidity, suspended residue,rctdtal dissolved solids, specific
conductance, pH, alkalinity, total organic carbi@eal coliform, major ions (calcium,
magnesium, potassium, sodium silica, bicarbonatdonate, chloride, sulfate, and fluoride),
trace metals (silver, aluminum, arsenic, bariundnai@m, chromium, copper, ion, lead,
manganese, selenium, nickel, and zinc), and nasri@mmonia, nitrate + nitrite, and
phosphorus). Most of the constituents were samgilgtat times, but fecal coliform, cyanide,
volatile and semivolatile organics, herbicides tipgges, and dissolved radon were sampled
only once. Compiled data tables are presentedperadix 5-1 and also available at
http://www.ncwater.org/?page=638

Sampling Results and Exceedances of NCAC 15A 2L $idards
Field and Related Parameters

Temperature

Groundwater temperature was measured in thelfigfiore water-quality samples were
collected. Atthe NCZGMRS, groundwater temperatuas generally higher and more
variable (14.62-18.93°C) in the regolith wells tharthe transition zone and bedrock wells,
which resulted from influences from air and surfager. The groundwater temperature was
relatively stable in the transition zone wells @517.03°C). The larger fluctuation (15.19-
18.08°C) was observed in the bedrock wells thahentransition zone wells, but within the
normal range.
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pH and alkalinity

The pH of groundwater is a measure of the degreeidity or basicity of the water,
expressed as the negative logarithm of the coretgmrof the hydrogen ion in moles per liter.
A pH of 7.0 in water is neutral, lower than 7.@&adic, and higher than 7.0 is basic. The pH
of pure water at 25 °C is 7.00. The normal rarogeoH in groundwater lies between 6.5 and
8.5 (Water System Council, Wellcare®, 2004); howeites not uncommon that groundwater
in the Piedmont region of North Carolina has a loplé value. Groundwater pH is affected
by precipitation which strongly affects and is ughced by chemical reactions between the
water and aquifer materials. The pH can also chavitgen mixing with different waters
occurs, or if high levels of microbial activity asapported.

At the NCZGMRS, groundwater pH values in the régadr transition zone wells were
generally lower than those in paired bedrock wgids 23 and appendix 5-1). The pH values
from the wells (cluster 1) in the discharge areseve®nsistently higher than those from wells
(clusters 2 and 3) in the recharge and midslope, avkich is most likely affected by
precipitation, different lithology, and the lengihgroundwater flow pathway. As mentioned
in the Site Specific Geology section of this reporafic metavolcanic rock was encountered
during the geological coring at the well clustesite, but not well clusters 2 and 3. The pH of
the surface water (Panther Creek) was lower thanngiwater in well cluster 1. The
groundwater pH levels were out of the state stahtarge (6.5-8.5) in five of ten wells and in
one of three bedrock wells (fig. 23). pH leveldiire nearby water supply wells in a similar
geological formation were also lower than the sss@dard.
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Figure 23. pH levels measured in monitoring wells and Pan@reek at the NCZGMRS,
Asheboro, NQNote, as stated in the Methods of Investigatiatise of this report, the last letter S, |,
or D of sample IDs stands for shallow, a shallovll weregolith, intermediate, an intermediate dep#ll
in transition zone, and deep, a deep well in bddnaspectively; MW-1 wells are cluster 1 locat¢dhe
low terrain, the hydraulic discharge area, alsteddbwer cluster; MW-2 wells are cluster 2 locatgdhe
midslope, also called mid cluster; MW-3 wells akester 3, located at a upland position, the hydecaul
recharge area, also called upper cluster. Theséicddions apply to all groundwater quality figug
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Alkalinity measures the ability of water bodiesteutralize acids. It is reported as
mg/L CaCQand measured as the amount of acid needed tothengater sample to a certain
level of pH. The alkalinity of samples collectext this study varied from 3.3 to 300 mg/L
when bringing the pH of the samples to 4.5. Tlalality values from the NCZGMRS follow
the trend of pH, increasing from the shallow retfpotione to the fractured bedrock and from
recharge areas to the discharge area. The hilgivestvas measured in MW-1UI of well
cluster 1and the lowest level in MW-2I of well deis2. Both are transition zone wells.

Dissolved oxygen (DO)

DO was also measured in the field. It was gehehagher in regolith and transition
zone wells than in bedrock wells and higher inrdeharge area than in the discharge area (fig.
24). Most DO contained in water that seeps ingosthil is consumed in the oxidation of
organic matter as the water moves downward throlgloxygenated regolith. Rainfall events
also cause higher DO in groundwater of the uplarttmaidslope areas because of increased
surface recharge.

Relatively higher levels of in the transition zasrefractured bedrock are likely caused from
interconnections to the upper components of thargiwater systemHigh DO levels were
measured in wells of cluster 2 which is near the’Zaonstructed lake, indicating a
considerable connection between the groundwatetrenthke in addition to its midslope-
recharge condition.
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Figure 24. Dissolved oxygen levels measured in monitoring svefid Panther
Creek at the NCZGMRS, Asheboro, NC

Total dissolved solids (TDS)
TDS is the residue after a given volume of wates bheen evaporated and dried at a

given temperature. The concentration is contrdigdhe dissolved minerals or ions. Factors
that control the dissolved minerals in groundwatelude (1) the types of minerals that make
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up the aquifer, (2) the length of time that theevas in contact with the minerals, and (3) the
chemical state of the groundwater. The resultsdagix 5-1) show that generally higher levels
were detected in the bedrock wells and wells indiseharge area than in the nested shallow
wells and wells in the recharge area. The lowestllwas detected at the midslope position
where cluster 2 wells, MW-2S, MW-2I and MW-2D, &veated (fig. 25). The highest level,
390 mg/L, or the highest mean, 321 mg/L, was detkict MW-1Ul, an intermediate well at
the discharge area.

Specific conductance (SC)

SC is a measure of the capacity of water to canaluelectrical current and is
primarily dependent upon the amount and mobilitjook that come from the breakdown of
compounds and dissolved metals. SC is an indineetsure of the presence of dissolved solids
such as CJNOs, HCOs, SOZ, PQ3*, Nd', Ca*, F&€*, etc. and can be used as an indicator of
water pollution. As TDS, SC level at the NCZGMRS generally increaséh depth and was
higher in the discharge area than in the rechangge avhich is consistent with the concept that
minerals are dissolved along the flow path. Inseelacontact time along the flow path from
the recharge area to the discharge area or fromsuitti@ce through the regolith and the
transition zone to the fractured bedrock providether opportunity for mineral dissolution,
which is reflected in the higher concentrationthi& discharge area wells or in the bedrock
wells. The highest level of SC was measured irtrdngsition zone well at the discharge area,
while the lowest level was measured in the regolti at the midslope (fig. 25).
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Figure 25. SC and TDS levels measured in monitoring wellsRadther Creek at the
NCZGMRS, Asheboro, NC

Turbidity and suspended residue

Turbidity is a measure of the degree to which tlagewloses its transparency due to the
presence of suspended particulatégater with higher levels of suspended particul&ieks
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cloudy, and has a higher turbidity. Natural tutyidh groundwater generally is less than 5
turbidity units (Anderson, 2005). Turbidity was asered from less than 1 to 280 NTUs
(appendix 5-1) at the NCZGMRS. High levels of tdity were associated with shallow wells
with either an extremely low yield or a very shalloater table. High turbidity occurring in

the extremely low yield wells could probably beiatited to the turbulence caused from well
purging during sampling, which may have disrupied sediments present in the bottom of the
well. Generally, the turbidity of groundwater mettransition zone and the fractured bedrock
at the NCZGMRS was within 5 NTUs. As turbiditylesfts suspended residue in water, the
suspended residue in groundwater at the NCZGMR®&wel the trend of the turbidity and

was low in transition zone and bedrock wells.

Color

The color of natural water usually results froncl@ag of organic debris, but can also
be from iron and manganese leaching, so geneta#lyan indicator of contamination. Water
samples collected from the NCZGMRS were generddélgrc Only a few samples from the
shallow regolith wells located in the dischargeaaseat the midslope were reported to have a
color level of 2-7 color units, which is below thate groundwater quality standard, 15 color
units. The color of samples from Panther Creegedmmuch higher, from 37 to71 color units.

Total Organic Carbon and Fecal Coliform

In order to check whether the groundwater at th& GRIRS area was affected by
organic debris or fecal bacteria, TOC and fecaf@wh were tested. TOC is a composite
measure of the overall organic matter contentwater sample and is used as an indicator of
the natural organic matter and/or organic carboantfiropogenic origin in water. The
sampling results show that TOC was only detectad/mshallow regolith wells (MW-2S and
MW-3S) in two of eight sampling events at low camications; no TOC was detected in any
other wells.

Fecal coliform is a specific subgroup of the taaliform bacteria. The presence of
fecal coliform bacteria in groundwater indicateattthe water has been contaminated with the
fecal material of man or other animals or by pa#rsgor disease producing bacteria or viruses
that can exist in fecal material. Fecal coliforrmsmot detected in any groundwater samples at
the NCZGMRS.

Major lons

The qualities, types of chemical constituents, a@ther properties of groundwater are
the result of aquifer minerals and processes ohjfuieogeologic environment. Dissolution of
aquifer minerals is a major geochemical processdiatrols the major ionic composition. In
this study, major ions including cations ¢Gavig>*, Na", and K and anions (HC®, CO:%,
SO, and Cl) were analyzed in each sampling event to studywiter type of the
groundwater.
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In the Piper diagram (fig. 26), the percentagedisgolved cations (G4 Mg?*, Na', and K)

are plotted in the left trilinear diagram and tleeqentages of anions (HGOCOs*, SO, and
CI) are plotted in the right trilinear diagram; indéttcbn, the diamond shaped middle diagram
plots the cations and anions together to deterthi@evater type and specific primary cations
and anions. The analysis of ionic compositionrolgdwater samples from monitoring wells
at the NCZGMRS shows a consistent dominant animaifbonate, HC®dominates in all
wells) and a considerable variability of catiore{é 6 and fig. 26). Calcium content
apparently increased from the shallow regolith zionghe bedrock and from the upland to the
discharge area. The predominant ionic composdfomater samples from well cluster 1
(MW-1S, MW-1UIl, MW-1LI, and MW-1D) at the dischargeea indicates a simple calcium -
bicarbonate water type. Due to increase in so@dnchpotassium content and decrease in
calcium content, all other wells or samples areiaat sodium mixed - bicarbonate water type.
The concentrations of major ions in the surfaceewat the NCZGMRS are similar to those
detected in the groundwater, but the concentratidpetassium, chloride, and sulfate were
slightly higher in the surface water than in theugrdwater.

Table 6. Median concentrations of major ions, weight ¥&lN\@ZGMRS, Asheboro, NC

Sample ID Na* K* ceat Mg?* Cl HCOs | COs* | SO
MW-1S 15.0 3.5 38.15 5.6 3.8 130 <1 1
MW-1UI 27.0 6.2 80.5 13.% 4.5 270 <1 1
MW-1LI 24.0 4.2 72.0 12.4 4.5 250 <1 1
MW-1D 16.0 3.4 55.0 8.4 4.9 180 <1 <2
MW-2S 2.9 2.8 1.3 1.2 2.0 13 <1 <2
MW-2| 3.9 1.1 1.4 0.5 1.9 7T <1 il
MW-2D 6.8 1.3 10.4 1.1 2.4 4p <1 <2
MW-3S 8.5 1.5 4.4 1.1 3.3 24 <1 <2
MW-3I 10.0 1.2 6.2 1.1 3.2 32 <1 <2
MW-3D 14.5 5.4 16.Q 5.3 3.1 86 <1 1
Median in

regolith 8.5 2.8 4.4 1.2 3.3 236 <1 <2
Median in

transition

zone 17.0 2.7 39.1 6.6 3/8 1410 <1 1
Median in

bedrock 14.5 3.4 16.0 5.3 3.1 86/0 <1 <2
Median at

the site 12.3 3.1 13.2 3.B 33 640 <1 <2
Panther

Creek 8.4 4.0 8.4 1.8 59 33 <1 3.9
WSW-Z1 7.5 1.0 4.Q 0.7 1.7 24 <1 <2
WSW-Z3 5.2 0.9 2.1 0.6 2.p 31 <1 <2
WSW-O. 7.2 1.0 4.4 1.1 3.2 22 <1 <2
WSW-

RTMC 6.7 1.4 5.2 1.4 2.8 24 <1 <2
WSW-S. 11.0 1.7 12.0 1.p 9/0 33 <1 <2
Median in

supply

wells 7.2 1.0 5.0 1.1 2.8 2410 <1 <2

Note: if an ion was never detected in a well, aalnie was considered in the calculation
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The major ionic composition of bedrock wells at MEZGMRS is similar to the
findings from two other groundwater-monitoring gias (the Duke Forest in Orange County
and the Morgan Mill in Union County) in the Carditerrane. At the Duke Forest station,
groundwater in bedrock was characterized as calbigarbonate and mixed-cation-
bicarbonate types, while at the Morgan Mill statibwas characterized as calcium-bicarbonate

type.

Similar low levels of chloride were detected in arasupply wells as in the bedrock
monitoring wells. Sulfate was only detected atJew levels in the regolith well and
transition zone wells of well cluster 1 near theek and in bedrock well MW-3D at the
upland. No carbonate was detected in any samplik®ther major ions were detected at
much lower levels in the water supply wells thathea bedrock monitoring wells. The
groundwater geochemistry at the NCZGMRS appearnsfiect ambient groundwater
conditions.

Figure 26. Piper Diagram showing major ionic composition dfsaimples from the
NCZGMRS and five water supply wells nearby
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In addition to the major ions used to determinéewtypes, fluoride and silica were
also analyzed. Fluoride was not detected in ampsss. Silica was detected at concentrations
ranging from <2 to 50 mg/L, which is within the ggndetected in ambient groundwater of
Piedmont. Silica is derived from the weathering decomposition of mineral silicates. Its
concentration varies generally from 1 to 30 mgiut, ¢an be more than 100 mg/L in
groundwater (Hem, 1985). Fluoride is decomposenhfiluorite and other minerals
containing fluoride; the concentration of fluorislemost natural water is less 1 mg/L (Hem,
1985).

Trace Metals

Trace metal analytes sampled in this study inckitker (Ag), aluminum (Al), arsenic
(As), barium (Ba), cadmium (Cd), chromium (Cr), pep(Cu), iron (Fe), manganese (Mn),
nickel (Ni), lead (Pb), selenium (Se), and zinc)(ZBoth dissolved (filtered samples) and total
constituent concentrations (unfiltered samples)evegralyzed to determine if the metals were
associated with suspended solids. Sampling resntisaverages of concentrations are
compiled and presented in appendix 5-1. Sincé&lthrgh Carolina groundwater quality
standards (15A NCAC 2L) are set for total constitumncentrations, discussions and
comparisons were made only between total constiw@mcentrations and the state standards.

Ag, Cd, Cr, Ni, and Se were not detected in amyas (filtered or unfiltered) from
any of eight sampling events between May 2007 angl #013. Arsenic (As) was detected,
but below the standard, in MW-2S and Panther Coedkonce. Pb was detected at
concentrations below the state standard in MW-XBEMW-1UI once, and in MW-2S three out
of five times. Cu was occasionally detected ateotrations well below the state standard in
several unfiltered samples from the regolith aaddition-zone wells, but not in any filtered
samples or samples collected from the bedrock wéllswever, Cu was detected in three of
five supply wells sampled (appendix 5-1) in a priyadissolved phase, which was probably
attributable to the home plumbing system and thestqH of the groundwater.

Fe, Al, Mn, and Zn were detected in several wgigs 27) at levels exceeding either
the state groundwater quality standards (300, 3@,1850 pg/L respectively for Fe, Mn, and
Zn) or the federal secondary drinking water staddfor Al, 50-200 pg/L).

Aluminum (Al) is one of the most abundant elementihe Earth’s crust, but high
concentrations of dissolved aluminum are not commayroundwater because this metal is
generally retained in the clay minerals formedmyithe weathering process; the exception is
water with very low pH (Bain and Thomas, 1966). i$-also very common in many rocks,
especially those containing high percentages obfeagnesian minerals. Fe is soluble in
groundwater, particularly in acidic groundwateheTanalytical results of Fe and Al from this
study concur with these observations and showttightlevels of Fe and Al occurred in the
shallow regolith wells, while only low levels wedetected in bedrock wells (fig. 27). Fe and
Al closely correlate with the turbidity of groundtea (fig. 28), which indicates these two
metals exist primarily in suspended state. Comaé&nhs of Fe and Al in shallow regolith
wells and the surface water (fig.29) appear to ekes® with the increase of pH value from
about 5.5 (acidic condition) to 7. 5 (neutral). eTlhb results confirmed that Fe and Al,
especially Al, in these samples were primarily présis suspended particulate matter
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(appendix 5-1). Both suspended and dissolved fafmi® and Al were detected in the creek.
The dissolved level of Fe was much higher in tieash than in the groundwater.

Figure 27. Distributions and concentrations of jralaminum, manganese, and zinc in groundwater at
the NCZGMRS, Asheboro, NC

Figure 28. Correlation between concentration of total ironailbum and turbidity of groundwater at
the NCZGMRS, Asheboro, NC
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Figure 29. Correlation between concentration of total ironfailoum and pH of groundwater at the
NCZGMRS, Asheboro, NC

The geochemical behavior of Mn in water is simitathat of Fe although it is less
abundant in rock and less prevalent in groundwdterand Mn contained in the groundwater
originate from rocks rich in iron and manganeseeauradcertain geochemical conditionEhe
extent to which Fe and Mn dissolve in groundwatengrily depends on the concentration of
oxygen and pH value in the water in addition torthek type of aquifer (Cox, 1995). Mn and
Fe are also present in surface waters, usuallygai@ complexes. Elevated Mn is common
in the Piedmont and Mountains groundwater. It detgcted in nine out of ten monitoring
wells and in all bedrock wells at concentrationse®ding the state standard (>50 pg/L) at the
NCZGMRS. Mn was not detected in MW-2| at concetiires exceeding the standard. Due to
limited and different sampling conditions (weathtemperature, and sampling equipment and
devices), no clear correlation between Mn concéntrand dissolved oxygen level was found
(fig. 30, left panel). In three shallow wells, tb@ncentration appears to increase with water
turbidity (fig. 30, right panel), which is similé&m Fe and Al in the shallow regolith wells (fig.
29). However, unlike Fe, Mn was present in thaugthwater at the NCZGMRS primarily in
the dissolved state.

Figure 30. Correlation between manganese and dissolved oxiygknor turbidity (right) of
groundwater at the NCZGMRS, Asheboro, NC
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Zn is a fairly common metallic element and hasultee same abundance in crystal
rocks as Cu or Ni. However, Zn has only one sigaift oxidation state, Zf, and tends to be
substantially more soluble in most types of watantCu and Ni. At the NCZGMRS, elevated
levels of Zn were detected in two of three bedneeks. No elevated level was detected in
shallow or transition zone wells. The state stathdar Zn is 1050 pug/L. It has been noted that
the concentration of Zn detected in the bedrocksaddcreased some over the monitored time,
which could indicate that high levels of Zn maygdaetially attributable to the galvanized well
casing that was installed in the bedrock wels was also detected primarily in the dissolved
state in the groundwater at the NCZGMRS.

Nutrients

Nutrients including ammonia (as nitrogen, N), atérand nitrite (as N), and phosphorus
(as total P) were analyzed. Ammonia was only detem the shallow regolith wells and the
creek at concentrations from 0.02 to 0.14 mg/Ltratk is highly soluble and mobile in
groundwater, and is considered to be the finalatat product of nitrogenous organic
materials. Nitrite is an intermediate in the oxida process, and rapidly converts to nitrate in
the subsurface. Therefore, the value of nitrateratrite together is relatively equal to nitrate.
The state standard for nitrate is 10 mg/L, wherriol as N. In this study, nitrate and nitrite
as N was detected in all regolith wells, two ofrftnansition zone wells, and one of three
bedrock wells at levels from 0.02 to 0.62 mg/L.eThghest concentration was detected in a
transition zone well (MW-3I1). These levels are Moalow the state standard. Nitrate was also
detected in four of the five nearby private suppils with the highest concentration of 3.4
mg/L, which may indicate pollution by sewage andéutilizers.

Phosphorous concentrations in groundwater sanipledwells at the NCZGMRS and
the vicinity were low, <0.02-0.28 mg/L. Phosphaan groundwater may result from the
dissolution of apatite and other minerals contajrphosphorus or from commercial fertilizers.
Phosphorus is one of the key elements necessagydatth of plants and animals and in lake
ecosystems. However, overloading phosphate imseirvaters will accelerate the aging
process of the surface water ecosystem. Unlikegeh, phosphate is retained in the soil by a
complex system of biological uptake, sorption, amderalization. Phosphates are not toxic to
people or animals unless they are present in vgtylevels. Therefore, no drinking water
standard or groundwater standard is establishephfosphorus at the state or federal level.

Cyanide, Volatile and Semivolatile Organics, Herbiiles, and Pesticides

To measure the quality of ambient groundwater fthenfelsic metatuff unit of the
Uwharrie Formation, and to determine whether tloeigdwater in this area of the state has
been impacted by any human activities, each mongavell at the NCZGMRS was also
sampled for cyanide, volatile and semivolatile migaompounds, herbicides, and pesticides.
Cyanide was not detected in any of the groundwatsurface water samples. Three volatile
organic compounds (chloroform, bromodichloromethamel 1-methyl-Naphthalene) were
detected at very low levels in some monitoring selChloroform was detected in MW-3I and
MW-3D at concentrations of 2.1 pg/L and 0.42 pgéspectively, and similar low levels were
also detected in two of five water supply wells péd and the trip blanks during the same
sampling event. Bromodichloromethane was deteatt@dconcentration of 0.23 pg/L in MW-

55



3l. 1-methyl-Naphthalene was detected in MW-1D.4tug/L. Neither
bromodichloromethane nor 1-methyl-Naphthalene vesaded in the trip blank sample. Both
chloroform and bromodichloromethane were detectdd\iV-3I, the transition zone well at the
upland where an emergency power station and a teayele tank used by the Zoo recycling
program are located. Only one semivolatile orgaoimpound, bis-phthalate (2-ethylhexyl),
was detected at a concentration of 16 pg/L in MW1B8 shallow well at the midslope. This
compound was not detected in the trip blank sampléerbicide compound, 4-nitrophenol,
was detected in MW-3D at 0.19 pug/L. No other vitd&gemivolatile organic compounds or
herbicides were detected in any samples collected the NCZGMRS. No pesticides
compounds were found in any samples, but four untified compounds were detected in
MW-1D. None of the detected constituents were alibe state standards.

Arsenic and Dissolved Radon

Arsenic and radon are two common naturally-occgraonstituents of concern in the
region. Pippin (2005) indicated that the groundwat the study area has greater than 25%
probability to contain arsenic at a concentratiogater than 1 pg/L. As discussed earlier,
arsenic was detected in the whole rock samplesratentrations higher or much higher than
the average concentration in the same rock typmwveder, arsenic was not detected in any
groundwater samples collected from the NCZGMR3 i @DWR laboratory at detection limit
between 2 and 5ug/L. Arsenic was detected by th€ 8l laboratory in seven of nine
groundwater samples at concentrations betweem@. 1.4 ug/L (appendix 5-2), which were
below the state standard of 10ug/L.

Radon (radon-222) is a chemically inert, radioactias and an intermediate product of
the decay of uranium-238. Radon is common in wrarrich granitic rocks and, to a lesser
degree, in other rocks present throughout the Reatiand Mountains of North Carolina,
including felsic metavolcanic rocks as those inghaly area. Dissolved radon samples were
collected from each monitoring well, but the viafssamples MW-2D, MW-3S, MW-SI, and
MW-3D were broken in the shipping process. Lowelewf radon, ranging from 130 to
780pCi/L, were reported for the remaining sampl&khough special procedures were taken
to prevent aeration, it is still possible that sae@on gas was lost from groundwater by release
to the air during the sample collection, especisilhce these samples were collected in hot
weather. Therefore, actual levels of radon ingtmindwater at the NCZGMRS may be
slightly higher than reported level¥he EPA proposed a maximum contaminant level of
300pCi/L for radon in water for public water supplyd an alternate standard of 4000pCi/L for
water suppliers with a radon mitigation and outhepirogram
(http://www.epa.gov/ogwdw000/radon/fact.hjbut, to date, neither standard has been
promulgated.

Comparisons of Groundwater Quality among Three Compnents of the Groundwater
System: Regolith, Transition Zone, and Bedrock

The analytical data of groundwater samples catkduring this study indicate that
there are no significant differences in quality agpdhe three components (regolith, transition
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zone, and bedrock) of the regolith-fractured bekligroundwater system at the NCZGMRS.
However variability and several general trendstexis

1. pH, SC, and TDS of the groundwater generally ireedeom the shallow regolith to
the bedrock with highest concentrations of SC ad& Tetected in the transition zone.
Temperature, dissolved oxygen, turbidity, and tetepended residue decrease from
the shallow to the deep zone of the groundwatdesys

2. Predominant water type generally changes from soediicarbonate in the regolith to
calcium dominated bicarbonate in the bedrock aowhfthe recharge area to the
discharge area.

3. Concentrations of aluminum and iron generally daseefrom the regolith to the
bedrock while the concentration of manganese appeancrease, and high levels of
zinc were only detected in two of three bedrockisvel

4. Phosphorus tends to be more likely detected imegelith wells than in the transition
zone and bedrock wells; nitrate is more likely degd in the regolith and transition
zone wells with the highest level in the transitamme.

Comparisons of Groundwater Quality between Rechargérea and Discharge Area

Results of this study show that from the recharga & the discharge area, levels or
concentrations of pH, alkalinity, SC, TDS, Al, P& (based on USGS lab results), Mn, and
the ratio of C&" to Na' in the groundwater generally increased from tlohaege area to the
discharge area, which was due to the longer resedgeme and flowpath for more ion
exchange between the groundwater and mineraleadhifer contains. However the lowest
levels or concentrations of these parameters weseya detected at the midslope.
Additionally, nutrients tended to be detected nfogguency at relatively higher concentrations
at the recharge area and the midslope than aigbkealge area.

Comparisons of Site Groundwater Quality to RegionalGroundwater Quality

In addition to the NCZGMRSR, there are two oth@ugdwater monitoring and
research stations (the Duke Forest and the Morgéhddtablished by the PMREP in the
Carolina terrane. Due to the similar geologicisgttgroundwater at the NCZGMRS has
similar major ionic compositions as at the otheo stations: HC@ is the sole predominant
anion; calcium mixed with sodium-bicarbonate waype is predominant at the NCZGMRS
and the Duke Forest, but calcium-bicarbonate isthe groundwater type at the Morgan Mill.
Due to the differences in local lithology and rggochemistry (fig. 31 and table 7), major
cations and other quality characteristics of grausigr at the NCZGMRS are distinct (table 8)
to some degree from the other two stations. Fsiante, groundwater pH is lower while Fe
concentration is much higher and Mn slightly highethe NCZGMRS than at two other
stations. In addition, arsenic was only deteateldedrock wells at the NCZGMRS at very low
concentrations (0.1 to 1.1 pg/L), which is similathe result at the Duke Forest station.
Higher levels (3.8 pug/L average) were detectei@Morgan Mill. Furthermore, based on
North Carolina Division of Public Health lab datipoivate well samples collected from
Randolph County in which the NCZGMRS is locatedai@e County in which the Duke
Forest is located, and Union County in which thergm Mill is located, less than 4% of
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samples in Randolph and Orange Counties exceestdteestandard (10 pg/L) while about
20% of private wells throughout Union County excéeelstandard and 25% exceed the
standard in some area of the county. The datagliysuggest that elevated arsenic in
groundwater appears to occur in the Albemarle Grpapicularly associated with the meta-
mudstones of the Cid Formation, but not typicallyhe underlying rocks of the Uwharrie
Formation.

Figure 31. Two lower sequences of the Carolina terrane andehj@ence or

formation in which a groundwater monitoring andeaagh station is installed
(from Abraham and others, 2010)

Table 7. Results of whole-rock analyses in weight % famples collected from the three groundwater
monitoring and research stations in the Carolimat&(From Abraham and others, 2010
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Table 8. Average concentrations of select groundwater clrestis and other characteristics of bedrock
aquifers at the three groundwater monitoring aseaech stations in the Carolina terrane

pH As Fe Mn HCOs SC Water type classification
(Mo/L) (na/L) (no/L) (mg/L) (uS/cm)
Duke* Near-neutral <1 160 198 113 157 C&* - HCOs to mixed
Forest to slightly cations - HC@
n =15 alkaline
NCZGM Slightly acidic <1.1 527 224 104 203 €at+Na - HCOsto C&* -
RS to neutral HCOs
n =15
Morgan*  Near-neutral 3.8 244 95 119 272 Ca&* - HCOs
Mill n=20 to slightly
alkaline

*from Abraham and others, 2010

The Piper water type classification analysis ingisdhat the groundwater at the
NCZGMRS has a similar geochemical signature asatemsupply wells installed within the
metavolcanic rock unit of the Uwharrie formationaiighout Randolph County (fig. 32).
Samples from the NCZGMRS plot within the samplewagion. Across the Uwharrie
Formation in Randolph County, groundwater may lmably classified as mixed-cations-
bicarbonate type water.

Figure 32. Major ion distribution in groundwater samples frbedrock monitoring
wells at the NCZGMRS and metavolcanic bedrock wstgiply wells surrounding the

NCZGMRS and throughout Randolph Couyte: samples with an ID beginning with MW are
bedrock monitoring wells at the NCZGMRS,; the renrairsamples were collected from water supply wells
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Comparisons of Site Groundwater Quality to Rock Chenistry

The geochemistry signature of groundwater to sdeggee reflects the mineral or
chemical composition of the rock with which it Hasen in contact. During process of
weathering of rocks, principally S¥oCa™, Mg*™, Na', K*, and CQ" are released from
minerals to groundwater. For example, granitemposed largely of sodium and potassium
feldspars and quartz. These minerals are maimhposed of sodium, potassium and silica.
Groundwater from granite or its extrusive equivalecks, such as felsic volcanic to
volcaniclastic rocks, should have a geochemistygature of sodium-bicarbonate type.
Gabbro and its extrusive type, such as basalticanit rocks, are composed largely of calcium
feldspars and ferromagnesian minerals; therefoagemirom gabbro and basalts should be a
calcium/magnesium-bicarbonate type. However,rilestionship could be complicated by
mixing of waters from adjacent rock types of diffiet compositions or if the host rock has an
intermediate composition.

At the upland and the midslope well clusters of(l&ZGMRS, water from shallow
and intermediate monitoring wells is sodium-bicardte type, which direct reflects dissolution
of the felsic metatuffs which have the same chehtieaposition as granite. While, the water
type in the paired bedrock wells alters from theedications-bicarbonate type at the upland to
primarily calcium-bicarbonate type at the midslofée mixed cations-bicarbonate and
calcium-bicarbonate water types were found atfigc metatuff geological setting because
the felsic metatuffs found at the NCZGMRS contdghkr calcium than normal felsic rocks
(appendix 4). The change of water type from sodnicarbonate to calcium-carbonate
occurred because the relative concentration ofuwcalincreased from the shallow regolith to
the deep bedrock at each cluster and from the dpgiasition to the lower areas due to
weathering and cation exchange processes in adddithe rock chemistry. Weathering of
naturally sodium-rich felsic metatuffs releasesratant Na into the groundwater; Nahen
exchanges with Caattracted to the surface of clay minerals. Theased C% is then
transported along the flowpath to the deeper sedidhe aquifer system. Although generally
divalent ions are more strongly bonded and terréjptace monovalent ions, it is a reversible
reaction. At high Naactivity or concentration, the monovalent catiori bkn replace the
divalent cation C& (Fetter, 1988). The felsic metatuffs mainly cehsif Na rich minerals.

As abundant Nareleases into the groundwater as a result of waatheelatively less
abundant CH attached on the surface of clay is replaced wihadd moves to the deeper
section of the aquifer system and more downgradiesd. Therefore, groundwater from the
discharge area where well cluster 1 is locatedrneazalcium-bicarbonate type. This
geochemical signature also reflects the mafic bedemcountered in the corehole at this
location and the surrounding felsic metatuffs @irat relatively high in calcium.

Elevated levels of Mn were measured in almosmnalhitoring wells at the NCZGMRS,
which most likely reflects the higher concentratiai Mn present in the whole rock samples
(table 7 and appendix 4). Weathering processespédyed an important role on
concentrations of Fe and Mn in the groundwatere @éological coring logging indicated that
Fe-Mn leaching stain was very common on fracturéases. Locally existed Fe-Mn rich
rocks, such as diabase and basaltic lava, mayafgabute Mn to the groundwater at the
NCZGMRS.
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Although arsenic was detected in both felsic amdierrock samples at levels higher
than the averages in granite and basalt, only evyevels (<1.1 pug/L) of arsenic were
detected in groundwater samples collected fromgtidy site. It is noted from the whole rock
analysis results that the M&/'K20 ratio is higher than normal in six out of eightgples and
the remaining two samples have a normalK:0 ratio (fig. 13 and appendix 4). Much
higher concentrations of arsenic were found inghszsnples with normal Na/K>O ratio.

This may imply that some arsenic re-mobilized alwittp potassium migrating away from the
formation during the metamorphic process and/ordty@rmal liquid activities, which

explains why elevated levels of arsenic have beand in a newer metasedimentary formation
in Union County and other locations in the Caroli@aane.

SUMMARY AND CONCLUSIONS

The NCZGMRS located in Asheboro, Randolph Countyg egtablished to evaluate the
effects of the felsic metavolcanic rocks charaztetiby moderately to steeply dipping
foliation on groundwater flow and quality in the tdeolcanic, Felsic hydrogeologic unit in the
North Carolina Piedmont region. The geologic atitblogic setting at this site is
distinguished by slightly metamorphosed felsicgudfcally interlayered with minor mafic
metavolcanic rock within the Uwharrie formationtbé Carolina terrane. The Uwharrie
formation underlies an extensive portion of Rand@pd Montgomery counties in central
North Carolina. The felsic metatuffs underlying tACZGMRS are composed of felsic
volcanic ash, lapilli-sized pumice fragments andyflass charts, and minerals including quartz,
feldspar, sanidine, sericite, muscovite, biotiéind epidotic. Secondary minerals, calcite and
pyrite, and Fe-Mn leaching stai@re very common along fractures or on fracturegsa
implying hydrothermal liquid and groundwater adiss.

Fractures encountered at the NCZGMRS can be dividedwo types: (1) sub-vertical
foliation and foliation partings and (2) sub-hormtal to medium (20 to 50 degrees) angle
shearing and stress-relief fractures that cutdhation and partings. Generally, the
metamorphic foliation is parallel to the region@bstures, striking approximately N20°E to
about N30°E, dipping primarily NW-W (lesser SE)fr@®0° to sub-almost vertical. Overall,
the transition zone or the top portion of bedroak more low-angle fractures that are often
slightly open and water bearing. Steeply dippiagtures found deeper are generally closed,
but exhibit chemical weathering. The scale oftinees in the bedrock is generally small and
localized, but interconnected to some degrees nbted that foliations measured in MW-1D
and CH-1 at the discharge area are generally teep shan foliations at the other two-well-
cluster sites in the recharge area and the midslbjosvever, the dips of the shearing or stress-
relief fractures that produce water in MW-1D arkatigely steeper than in the other two wells.
Only a few water-bearing fractures were encounteresch corehole or well.

Higher topography and steeply dipping foliation eg@d to have some influence on
the thickness of regolith at the NCZGMRS. The pardus soil-bedrock core logging
indicates that the thickness of regolith decre&ses 50 feet at the upland recharge area to
about 27 feet at the low or discharge area. Tiokrkss of the transition zone varies from
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approximately 30 feet thick at the upland rechanga to several feet at the low terrain or
discharge area. However, another highly weatheneldractured layer (15 feet in thickness)
was found beneath a fresh and less fractured bletager (10 feet in thickness) which is
beneath the first highly weathered and fracturettdiek layer in CH-1. This finding reveals
the complicated nature of the transition zone enRredmont and Mountain regions of North
Carolina. Therefore, caution should be exercisedmdetermining the thickness of the
transition zone and the depth to base bedrockcedlyeas itrelates to the implications for
potential contaminant transport at similar sitethimithe Piedmont and Mountain regions of
North Carolina.

The results of whole-rock geochemical analysesgiftdresh bedrock samples indicate
a higher ratio of NaD/K20 in felsic metatuffs. In addition, Ca concentas are higher in all
felsic metatuff samples than the average in grara concentrations are higher in all
samples. These characteristics of rock chemistegtlly affect the groundwater quality and
water type. For instance, Mn was elevated in pirten monitoring wells, including regolith,
transition zone, and bedrock wells; the major i@mumpositions of groundwater from wells
installed in the felsic metatuff bedrock are clasdiwater types from sodium-bicarbonate to
calcium-bicarbonate, instead of a sole sodium-bmaate type as expected.

The periodic groundwater level data collected ftbemNCZGMRS generally support
the slope-aquifer conceptual model (Legrand anddel2004) for groundwater in the
Piedmont and Mountain regions of North Carolinde Groundwater flow generally follows
the surface topography, from the topographic higéll(cluster 3) to the topographic low (well
cluster 1), from northwest to southeast. Basedawnward head gradients, well clusters 2
and 3 are in recharge areas, while well clusterifh a discharge area based on the upward
head gradient, which is also consistent with theceptual model. Results of the slug and
aquifer tests conducted in this study indicate glnatindwater in bedrock is connected to the
shallow, porous regolith aquifer through intersddtactures in the transition zone. The
hydraulic conductivity (K) of the fractured bedrocéries from 0.39 to 0.47 ft/day and the
aquifer transmissivity (T) ranges from 29.25 tof@3ay. The transition zone appears to be the
most conductive zone for groundwater movementenstibsurface.

Comparisons of analytical results of groundwaten@as to state groundwater quality
standards or EPA drinking water standards and EfeArslary drinking water standards
indicate that the quality of ambient groundwatenirthe Metavolcanic, Felsic hydrogeologic
unit in the NCZGMRS area is generally good. Coteions of total dissolved solids, color,
nitrate, fecal coliform, chloride, sulfate, fluogidsilver, arsenic, barium, cadmium, chromium,
copper, lead, selenium, nickel, cyanide, most Vleland semivolatile compounds, pesticides,
and most herbicides were either below laboratotga®n limits or state groundwater quality
standards. Constituents and properties that erdestdte standards or federal secondary
standards are aluminum, iron, manganese, zincpeindvianganese is the most notable
element that was detected above the state grouadstandard in nine of ten monitoring
wells. Elevated levels of zinc were only detedtetdedrock wells, which may be attributable
to the galvanized well casing. The other constitsién concentrations above the standards
appear to reflect ambient groundwater conditiorthig type of hydrogeologic setting.
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Naturally occurring radon was detected in all skempt levels ranging from 130 to
780pCi/L with an average of 522pCi/L. The radorelén some samples is likely lower than
the actual level because some radon gas may héatdized from the groundwater into the air
during the sample collection.

In addition, TOC, nitrate, and a few volatile essinivolatile organic compounds,
including chloroform, bromodichloromethane, 1-méthgphthalene, and bis-phthalate (2-
ethylhexyl), and an herbicide compound (4-nitrogiiewere detected in some regolith or
transition zone wells at very low levels. Basedlw#ir distribution, these contaminants could
be the result of land use or human activities ratfen from a natural source or sampling
artifacts. Although both chloroform and bromodaraimethane could be the by-products of
chlorine added to water supply systems, both weteatied in MW-3lI, the transition zone well,
at the upland position, but not in the trip blaaknple.
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