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EXECUTIVE SUMMARY

The goals of this project are to collect data that will assist in determining what constitutes a
representative groundwater sample in fractured shale typical of much of the geology
underlying the ORR waste disposal sites, and to determine how monitoring-well
construction and sampling methods impact the representativeness of the sample. This report
details the FY94 field activities at a research site in west Bear Creek Valley on the Oak
Ridge Reservation (ORR). These activities, funded by the Energy Systems Groundwater
Program Office through the Oak Ridge Reservation Hydrologic and Geologic Studies
(ORRHAGS) task, focus on developing appropriate sampling protocols for the type of
fractured media that underlies many of the ORR waste disposal sites. Currently accepted
protocols were developed for porous media and are likely to result in nonrepresentative
samples in fractured systems.

A preliminary tracer test was conducted using helium and bromide to provide information
about the spatial and temporal variability in transport behavior. Results indicate that while
transport is predominantly parallel to strike, transient flow both updip and downdip occurs
in conjunction with storm events, indicating a highly complex flow system requiring further
study in order to characterize this transient behavior. The degree of spatial and temporal
variability is important to decisions regarding when and where to sample.

In June of FY94 three new boreholes were drilled to depths of 50-ft in the updip location
and 70-ft in the along-strike and downdip locations. Drilling was accomplished using an
acoustic drilling technology that allowed nearly continuous core recovery with minimal use
of drilling fluids. Extensive borehole testing was conducted in order to locate and
characterize the active flow zones within each borehole. These tests included borehole
videos, electromagnetic borehole flowmeter tests, and point dilution tests. Test results and
detailed core descriptions, included in this document, were used to determine the location of
sampling ports. Following completion of the borehole tests, multilevel wells were installed
in the boreholes, each having five sampling ports. The new multilevel wells were located
adjacent to pairs of conventional screened wells to allow direct comparison between the
sampling results from the different well types. The borehole tests indicated that significant
flow zones were not intersected by the adjacent well pairs. The significance of these
missed zones and the interconnectedness of the network of fracture zones will be tested in
future activities at the site. Future activities will also include pump tests that will determine
the region influenced by the removal of three well volumes from one of the screened wells.
These activities will lead to recommendations for well construction and purging that will
yield more representative samples and provide a more realistic assessment of contaminant
flux and potential risk for a given exposure scenario.

vii




1. INTRODUCTION

The goals of this project are to collect data that will assist in determining what constitutes a
representative sample in fractured shale typical of much of the geology underlying the ORR
waste disposal sites, and to determine how monitoring well construction and sampling
methods impact the representativeness of the sample. The overall strategy for meeting the
project goals includes the initiation of tracer injections to establish surrogate contaminant
plumes; the installation of multilevel wells adjacent to standard screened well pairs to allow
sampling of discrete zones and comparison of data using different monitoring well
constructions; sampling from discrete zones to assess spatial and temporal variability; and
field tests to quantify fracture zone characteristics, fracture connectivity, and the impact of
varying purge volumes on system dynamics and analytical results. This report summarizes
the results of field activities conducted during FY94.

The complexity of groundwater flow systems in fractured terrains such as those found at
the Oak Ridge Reservation (ORR) raises concerns about the representativeness of
groundwater samples obtained utilizing commonly prescribed sampling procedures and
monitoring well construction specifications. Within these fractured shales and carbonate
rocks, the majority of ground water flux within the saturated zone moves through a network
of fractures that comprise only a very small percentage of the pore volume in the ORR
aquitards (Solomon, et al., 1992). These fractures provide pathways for rapid transport of
contaminants at velocities orders of magnitude greater than those in the low permeability
matrix. Purging large volumes from low yield formations is likely to incur a large radius of
influence due to the low percentage of porosity contained within high permeability
fractures. This means that samples that will likely contain fracture fluids from outside of
the local region, and pumping may even cause contaminants to move through the system at
accelerated rates and along abnormal flow paths. In addition, monitoring wells are
generally constructed using large screened intervals that may not intersect any active
fracture zones or may intersect multiple fracture zones representing very different flow
paths. Thus, standard well construction can mask the vertical distribution of contaminants
and prevent discrimination of contributions from the matrix and from the various fracture
zones.

In order to define "representativeness”, one must take into account the flow system
characteristics. Temporal variability in water quality may be related to seasonal and/or
storm-related changes in recharge, and understanding the causes and degree of variability is
a necessary prerequisite to determining an appropriate sampling schedule. The spatial
variability of groundwater quality within fractured rocks is likely to be enhanced by the
discrete nature of the fracture flow paths. An understanding of the heterogeneous
characteristics of the formation is critical to establishing an appropriate spatial distribution
of monitoring points, both vertically and laterally. In addition, representativeness will
depend on the purpose of the measurement. If the goal is to establish immediate off-site
risk, for example, then mass flux through active transport zones (ie, fractures or fracture
zones) is the measurement target. On the other hand, if the goal is to determine the




resident contaminant mass (contaminant concentration times porosity) within the rock
matrix for planning cleanup measures, then the sampling method must account for the
possibility that the fracture fluids may not be at equilibrium with matrix concentrations.

Recent investigations have focused on examining the potential for colloid mobilization
within the groundwater system due to high purge and sampling rates (McKay, 1993).
Adsorption of contaminants onto colloid surfaces may result in misleading analytical results
if the colloids are immobile at in situ flow rates but are mobilized because of high purge
and sampling rates. Thus, representative sampling in the presence of colloids needs to take
the in situ flow rate into account as well as factors previously mentioned.

The manner in which sample representativeness is determined within fractured media has
not been well defined. Purging three well volumes has been standard procedure for
compliance monitoring on the ORR. This practice was designed to ensure that the sample
reflects true formation water and is a reasonable practice for high yield wells where
disposal of contaminated purge water is not an issue. More recently, the Environmental
Protection Agency (EPA, 1992) has suggested "purging to parameters”, a practice that uses
stabilization of water quality parameters such as turbidity, redox, and dissolved oxygen as a
measure of representativeness. However, it is not clear that stabilization of these
parameters is an indication that the sample is representative of groundwater within
proximity of the well. Moreover, EPA (1992) monitoring-well construction
recommendations do not specifically address the special issues related to sampling from
fractured rocks.

The results of this study will be used to provide input to DOE and the regulatory
community on decisions regarding monitoring strategies. It is anticipated that some results
could be generalized to other locations where fracture flow dominates.

2. SITE HISTORY

The field site chosen for this project is located in west Bear Creek Valley, near the
intersection of Highway 95 and Bear Creek Valley Road (Figure 1). The site is underlain
by the Upper Cambrian Nolichucky Shale, an assemblage of interbedded shales and
limestones. Bedding in this area dips approximately 45° to the south, with respect to the
ORR administrative coordinate system. Some historical information about flow
characteristics within the study region was available prior to the onset of field activities.
The field site is situated adjacent to a second research site where a Rhodamine WT tracer
test (Lee et al., 1992) and ongoing noble gas tracer tests (Sanford et al., 1994) have been
conducted. Results of these tests have demonstrated both the phenomenon of very rapid
transport of tracers along discrete strike-parallel fracture flow paths, and retardation of the
center of mass of the plumes resulting from diffusion of tracers into the relatively less
mobile matrix porewater.

A network of wells was installed in 1987 for the purpose of conducting a pump test as part
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Figure 1. Field site is located in west Bear Creek Valley on the Oak Ridge Reservation.
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of a valley-wide site characterization (Gierke et al., 1988). This network, shown in Figure
2, consists of an injection well, screened from depths of 20-70 ft , and three well pairs
located updip, downdip, and along strike of the injection wells. For each well pair, the
shallow well is screened from 15-25 ft and the deep well is screened from 60-70 ft. All
depths are referenced to land surface. Results of the pump test indicated anisotropic
drawdown with elongation parallel to strike (Figure 3), and an estimated anisotropy ratio of
approximately 8:1. Bulk hydraulic conductivity values over the 54-ft saturated thickness of
the pumping well ranged from 2.5 x 1073 cm/s to 5.5 x 107 cm/s, with a geometric mean of
3.4 x 10 cm/s. Estimates of storativity ranged from 6 x 10 to 3 x 103. Gierke et al.
(1988) also noted a strong vertical anisotropy governed by strike and dip as well as
indications of fracture flow in the shallow bedrock, and emphasized the "need in future
tasks to more closely examine the role of discrete fractures".

3. PRELIMINARY SITE CHARACTERIZATION

Preliminary tracer experiments using the existing screened wells were conducted prior to
the start of intensive field activities. In March, 1994, helium and bromide tracers were
injected into GW462 to further characterize groundwater flow and transport dynamics and
to establish tracer plumes that could be used to identify active transport pathways as well as
to provide a surrogate "contaminant" for later sampling activities. Manual water levels
were obtained 2-3 times weekly in conjunction with sampling events.

3.1. Hydraulic heads

Water level data are listed in Table Al and summarized in Figure 4. In all cases, an
upward gradient exists within each of the well pairs. The well hydrographs show both
seasonal and precipitation-related variations. Large responses are observed in conjunction
with storm events during both winter and summer seasons. The steep decline in water
levels in April is due to evapotranspiration during rapid development of foliage. Hydraulic
heads within wells GW457, GW462, and GW458 are identical over most of the time of
record, reflecting the hydraulic connection seen in the pump test results as reported by
Gierke et al. (1988). This hydraulic connection is consistent with the geometry of the well
locations relative to the bedding dip. A bed-parallel fracture zone intersecting the shallow
updip well (GW457) could pass through the injection well (GW462) and intersect the
screened interval of the deep downdip well (GW458).

The horizontal component of the hydraulic gradients are oriented grid southwest in the
shallow wells and grid south in the deep wells as shown by the Rose diagrams in Figure 5
(Schreiber, 1995). Gradients were calculated for each day that a set of water level
measurements was obtained. Flow directions were then calculated using the 8:1 anisotropy
ratio of Gierke et al. (1988).

The seasonal fluctuation in the water table, estimated from water level measurements in the
shallow wells, is approximately 10 ft. The depth to water in the shallow wells ranges from
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Figure 5. Rose diagrams showing hydraulic gradient and flow directions, assuming 8:1
anisotropy ratio parallel to strike (Schreiber, 1995). Directions are relative to the ORR
administrative grid. Single lines represent the vector mean..




roughly 2-5 ft below land surface (BLS) in the winter to approximately 12-15 ft BLS in the
summer. In the hydrologic conceptual model for the ORR (Solomon et al., 1992) this range
of seasonal fluctuation is identified as the water table interval, the bottom of which roughly
corresponds to the top of bedrock. Because of the strong upward gradients and the depth to
water relative to the top of the well screen, it is likely that these depths slightly
underestimate the depth to the actual water table.

3.2. Helium tracer test

The purpose of the helium tracer test was to provide a means for studying the natural
gradient flow dynamics at the field site prior to initiation of other field activities, and to
provide a means for assessing of the impact of those activities on flow and transport.
Helium injection began on March 25th, 1995, and has continued up to the time of this
report. The gas injection system consists of a compressed helium source connected to 400
ft of 1/16-in Teflon tubing that has been wrapped around 1-in diameter PVC screen and
placed in the injection well (after that described by Sanford et al., in review). The tubing,
which extends from 20-60 ft depths, provides a high surface area for diffusion of gas into
the groundwater. Filter wrap was placed over the tubing-wrapped portion of the PVC to
force gas bubbles up the central PVC screen and prevent them from blocking the outer well
screen at the screen pack. Moderate flow of gas through the injection tubing results in
diffusion to saturation levels, with saturation being governed by the temperature of the
groundwater in the presence of adequate gas flow.

Helium concentration in the injection well and the six observation wells was measured three
times weekly using specially designed gas samplers (Sanford et al., in review). These
samplers consist of two parts: a length of copper tube that is sealed at one end and silver
soldered to a tire valve stem at the other; and a length of silicon tubing filled with clean
sand that is sealed at one end and contains a valve stem cap at the other that has been
drilled to allow the passage of gas. When the two portions of the sampler are attached,
dissolved gases diffuse through the silicon tubing and fill any void space, coming to
equilibrium with groundwater concentrations within 1.5-2 days. The valve stem is held
open by placing a small ball bearing in the valve cap prior to attachment. When the
sampler is extracted from the well the silicon tube is disconnected, allowing the valve to
close and preventing loss of the gas from the copper tube. Gas is then injected directly
from the copper tube into a gas chromatograph for analysis. For this study, samplers were
suspended in the middle of the screened intervals and allowed to equilibrate over a
minimum of 2 days.

Helium concentrations in the source and observation wells are summarized in Table A2.
Concentrations are recorded as area counts per minute rather than as absolute
concentrations. However, because these area counts are linearly related to absolute
concentration, C/C, can be calculated by dividing the area counts from an observation well
sample by the area counts in a source well sample. Figure 6 shows the time-averaged
concentration of helium in the source well as area counts. Averages were determined at
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any given time using all previous measurements. Saturation (peak average concentration)
occurred 33 days after initiation of the injection, although actual concentrations rose very
quickly. A moderate decline beginning in mid-May could be due to an increase in
groundwater temperature and concomitant decrease in saturation levels.

Cumulative averaging results in considerable smoothing of the concentration curve and
masks the actual fluctuations in the data. The majority of these fluctuations can be
attributed to measurement error caused by leakage through the valve stem (low value),
leakage of water into the sampler (low value), or possible attachment of gas bubbles to the
sampler tube (high value). Apparent leakage occurred on occasion even when the analyses
were completed by the following day, evidenced by an impossibly low apparent
concentration in the source well or by the absence of background gases such as argon that
are normally present in all samples. Additional sources of fluctuation are variations in the
flow rate of helium, since flow is controlled only by outlet pressure from the tank, and
groundwater flux into the injection well. Flushing of the well during heavy rains will cause
dilution of the source concentration. For these reasons it was felt that the cumulative
averages were a better reflection of the source concentration "seen" by the observation wells
than the measured concentration at any given point in time, and these were used for the
calculation of C/C,,

Helium concentrations in the observation wells are shown in Figure 7. Low but detectable
concentrations of helium were observed in all six observation wells only a short time after
the injection began. As seen in Figure 8, these fluctuations correlate with fluctuations in
water levels in response to storm events. Helium was observed in well GW458 and
GW460 during the first round of measurements on April 3rd, nine days after the start of
injection. This corresponds to a minimum groundwater velocity of 0.68 and 1.7 m/day,
respectively. These observations are consistent with rapid transport of small volumes of
helium-saturated groundwater through discrete fracture zones. That the helium is observed
in the updip wells is somewhat enigmatic, since all measurements show this to be in
opposition to the hydraulic gradient. The difficulty in explaining this phenomenon is due to
the low frequency of water level measurements and to the 2-day equilibration time required
for the passive gas samplers. Thus, rapid transient events may not be fully recorded.
Continuous water level monitoring and additional tracer tests with real-time sampling will
provide a better understanding of these dynamics.

The majority of transport thus far has occurred along strike, as evidenced by the
breakthrough curves shown in Figure 7. The large variations in C/C, are most likely due in
part to the measurement error previously described. In addition, some sharp decreases may
be due to dilution associated with flushing during storm events, a phenomenon observed
during noble gas tracer tests elsewhere in Bear Creek Valley (Sanford et al., 1994), and due
to drilling and borehole test activities conducted late June through August. Helium has
persisted in both along-strike wells since May 15th, corresponding to a groundwater
velocity of 0.28 m/d at the front of the tracer plume. Concentrations in the along-strike
wells five months after the start of injection are still orders of magnitude lower than the
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source concentration in spite of very early breakthrough via fracture flow paths, indicating
significant retardation as a result of matrix diffusion. While the majority of helium
transport is parallel to strike, the occurrence of helium both up and down dip in conjunction
with precipitation events suggests that flow system dynamics are very complex, perhaps
varying with seasonal precipitation patterns, and most certainly resulting in increased lateral .
dispersion.

3.3. Bromide tracer test

The purpose of the bromide tracer was to chemically tag the active flow zones with a tracer
that can be easily measured from groundwater samples and to establish a plume for testing
sampling methodologies. Bromide was introduced into the source well as a single slug
injection on April 11th. In order to minimize the impact of head and temperature changes,
a bromide slurry was created by removing several bailers of water from the injection well,
mixing with 1 kg MgBr,®(H,0),, and reinjecting the slurry into the well. The water within
the well casing was then circulated by slowly raising and lowering a bailer to ensure
adequate mixing and to minimize density flow, and a grab sample was obtained for
measuring the source concentration. All samples were obtained by taking a bailer grab
from the screened interval. No purging was done prior to sampling, and all water left in
the bailer after obtaining a small volume for sampling was reintroduced into the well in
order to minimize disturbances to the flow system. Samples were analyzed using a specific
ion probe with a quantitation limit of 2 ppm. For each round of analyses, the probe was
calibrated using known standards, and was periodically rechecked during the analyses.

Bromide concentrations are listed in Table A3. While actual numbers for values less than 2
ppm are shown, the quantitation limit of the probe requires that these values be treated as
censored data (< 2 ppm). However, these numbers do indicate a significant (albeit >
unquantifiable) concentration, and for this reason they are reported with the above-
mentioned qualifier. In all but one of the observation wells, bromide was undetected. In
the shallow along strike well (GW461), low concentrations of bromide have been observed
since June 15th. Again, these numbers are below the quantitation limit of the probe and
therefore cannot be taken as absolute concentrations, but can be used as indicators of the
presence of bromide. This data would indicate a velocity of 0.23 m/d at the front of the
bromide plume, consistent with the results obtained from the helium data for the same well.
However, because of the mixing and dilution effect that is likely to occur within the well
casing and the lack of any purging prior to sampling, the inability to detect bromide in most
of the observation wells does not necessarily indicate that bromide is not present.

Decay of the source concentration of bromide is illustrated in Figure 9, where it is plotted
as the negative log of C/C, versus time. The curve shows an initial rapid decay, followed
by a more linear decrease, and finally a levelling off to a very small decline over time. The
initial rapid decrease is most likely due to diffusion into the matrix driven by a high
concentration gradient. The subsequent linear decrease is consistent with advective
transport from the well, with later levelling off as elution from the secondary source in the
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matrix adjacent to the well provides a continual low-level bleeding of bromide. A specific
discharge of approximately 1 cm/d through the cross-sectional area of the screened interval
can be calculated from the early linear portion of the curve using the point dilution
calculation described in section 5.3.

4. DRILLING AND CORING
4.1. Rotasonic™ drilling

In order to determine the vertical variability of pore water chemistry as a measure of the
degree of groundwater mixing within the system and to identify the characteristics of the
transition zone between the highly weathered saprolite and competent bedrock, a special
type of drilling and coring was required. The transition zone has been loosely described
from other drilling activities on the ORR as the zone below auger refusal but above
competent bedrock where good core recovery occurs using rotary methods. Thus, it has
been defined on the basis of conventional drilling methods but because of poor recovery the
characteristics have not been well described. A transition zone has been described above
fractured bedrock in the North Carolina Piedmont (Harned and Daniel, 1989), with higher
transmissivity than either the overlying saprolite or underlying fractured crystalline rock.
This is consistent with the site conceptual hydrologic model for the ORR (Solomon et al.,
1992), which suggests a highly transmissive zone at the top of bedrock that accounts for
nearly all of the groundwater flux within the saturated system. Harned and Daniel (1989)
account for the increased transmissivity by a greater degree of fracturing than the
underlying bedrock and lesser degree of weathering (and therefore reduced clay content)
than the overlying saprolite. These, then, are characteristics that we would expect to
observe in cores from the ORR.

On June 28-30, 1994, three boreholes (GW821, GW822, GW823) were drilled and cored at
the site using Rotasonic™ drilling, an acoustic method that combines high frequency
vibration with slow rotation. It has many advantages over conventional rotary drilling,
including drilling speed, waste minimization, continuous core recovery, and the use of
minimal drilling fluid (Godsey, 1993). The Rotasonic™ technique used cuts a 3.75-in
diameter core, leaving a 4.5-in diameter borehole. This technology was chosen primarily
because of the potential for obtaining nearly continuous recovery of core without the use of
drilling fluids that might affect the porewater chemistry.

The Rotasonic™ drilling method proved to be only partially successful. Dry coring through
the saprolite and transition zone was very successful, resulting in nearly complete recovery
of undisturbed core. However, once the first competent shale was encountered the
penetration decreased dramatically and the core was heavily damaged by vibration. A
decision was made to drill with water below this point to preserve the quality of the core.
In this report, top of bedrock is defined as beginning with the first dark grey shale
encountered, and is coincident with the onset of markedly slowed penetration during dry
drilling. This shale was encountered at approximately 19 ft in GW821, 31 ft in GW822,
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and 25-27 ft in GW823. If this marks the top of a continuous stratigraphic layer, then it
represents a 30° dip, somewhat less than the 45° dip reported by Gierke et al. (1988). It is
likely that these depths to top of competent bedrock differ from than those that would be
determined using auger or rotary drilling, highlighting the problem posed by defining
subsurface characteristics based on a particular drilling technology.

Borehole collapse occurred where very wet, highly fractured zones occurred above
competent bedrock. This problem was probably exacerbated by using a vibrational drilling
method. Extremely wet silty sand intervals were encountered from 18-19.5 ft in GW821,
from 16-18 ft, 19-21 ft and 24-31 ft in GW822, and from 11-14 ft and at 17 ft in GW823.
The borehole testing needed for the identification of multilevel sampler locations required
that the boreholes remain open and uncased for two months after drilling. For this reason,
temporary steel casing was installed in each of the boreholes from the ground surface
through the transition zone to the top of bedrock after the holes were reamed out to a 6-
inch diameter. Unfortunately, this rendered the zones above bedrock inaccessible for
borehole testing. However, sampling ports were set within the transition zone as the casing
was pulled during multilevel well installation.

Total depths for the three boreholes were 50 ft for GW821 and 70 ft for GW822 and
GW823. Numerous problems were encountered during the drilling of GW823, primarily
due to a heavily fractured zone from 46-49 ft. Core recovery through this zone was
hampered by the inability to obtain a competent plug at the base of the core barrel, and
significant washout and sloughing resulted in infilling of the bottom 10 ft of the borehole.
The sloughed material was later cleared during well installation, but caused the borehole
testing to be limited to a depth of 60 ft in this well.

An additional complication occurred because the mechanism by which the core sample was
extruded from the core barrel resulted in compression of the sample. When the core barrel
on the Rotasonic™ rig is brought up from the hole, the drill head is angled out for ease of
core removal. A plastic sheath is then placed over the end of the barrel and the core barrel
is vibrated to release the core sample into the bag. This causes any loose fragments to
settle and open zones to compact within the plastic sheath, although the relative position of
the rock material is retained. This was primarily a problem for zones that were wet drilled,
where clays that develop due to weathering in the fracture zones are washed out in the
process of drilling. For this reason, there is some uncertainty associated with depths
assigned to core segments from the wet-drilled portions of the borehole.

After removal from the core barrel, the sheaths were cut open and the cores were measured,
labelled, photographed, and briefly described in the field. After surveying for organic and
radioactive contamination by Y-12 Plant Health Physics personnel, the cores were tightly
wrapped in plastic sheeting to prevent desiccation and transported to the ORNL core barn
for more detailed logging.
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4.2. Core logging

Core logs describing the characteristics of the soil, saprolite, transition zone, and bedrock
are presented in Appendix B. The depths of the intervals are approximate below the
competent bedrock, since the cores were often compacted and/or there was not full
recovery. Cores were held in the core barrel by dry drilling several inches at the bottom of
each interval to obtain a tight plug. Since the depth of this core plug at the bottom of each
interval was known, all compaction occurred above that point, and depths were assigned
relative to the bottom of each interval without accounting for compaction. Thus the core
logs overestimate the amount of incomplete recovery and assign all loss to the top of each
cored interval. Open fracture zones were identified based on the presence of iron and
manganese oxides on the surfaces of the core fragments.

The core lithologic sections are depicted by the diagrams in Figure 10 (Schreiber, 1995).
In general, the topsoil, characterized by a dark brown color and organic matter, is
approximately 6 in thick. The saprolite, or weathered bedrock, which retains the bedding
characteristics of the shale bedrock, was observed from the soil zone to the bedrock. In
general, the saprolite is comprised of olive to reddish-brown silty sand and clay, with shale
bedding and weathered greenish-grey shale fragments. Heavy oxide staining is present on
both the surface and inside of the saprolite core. The orange-red staining is assumed to be
iron oxide and the darker brown/black staining is thought to be manganese oxide; however,
more detailed mineralogical study will be performed to confirm this.

The bedrock underlying the site is the middle section of the Cambrian Nolichucky
Formation, a dark grey to greenish-grey to reddish-grey shale containing thin carbonate
interlayers and calcite (both pink and white) veins. The shale was found to be very
weathered and fissile (described as "clay-rich shale" in core logs) in many parts of the core.
Although these areas commonly do not contain heavy oxide staining, it is likely that some
are transmissive zones based on borehole tests (described later). Other zones of more
competent shale are heavily oxidized on some surfaces and are thought to be fracture zones.
Oolitic limestone layers characteristic of the middle Nolichucky were encountered in each
core and are more competent and less weathered than the shale. In general, red-orange
staining was observed on fracture surfaces in the shale, and black staining was found on
fracture surfaces in the oolite. Since competent core pieces were difficult to obtain and the
core was not oriented, strike and dip of bedding planes and fracture zones could not be
determined. However, bedding planes observed in a few of the intact core segments are
consistent with the 45° dip reported by Gierke et al. (1988).

Several major flow zones can be inferred from the core log descriptions and are identified
in the core logs (Appendix B). The saprolite, which undergoes variable saturation due to
seasonal changes in the water table, is heavily iron-stained throughout much of its extent.
Because of this, it was difficult to distinguish individual high flow zones on the basis of

weathering alone. However, the silty-sand zones described earlier are clearly transmissive
zones based on the amount of water encountered during drilling. Because of the
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Figure 10. Core diagrams for the three new boreholes.
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fragmented condition of the shale below the saprolite, it was difficult to distinguish discrete
fractures from fracture zones and even more difficult to place fractured intervals at precise
depths within the borehole. Due to the fissile nature of the shale in this location, however,
it is likely that fracturing occurred within zones, and in most cases they can be located to
within a foot of their actual depth.

5. BOREHOLE TESTS

Borehole tests were conducted in the uncased portion of the boreholes following drilling
and coring. The purpose of these tests was to locate and characterize active flow zones.
This information combined with that obtained from core logging was used to determine
optimal positioning for multilevel sampling ports and for borehole packer sampling.

5.1. Downhole camera

A borehole video camera was used to obtain information about the condition of the
borehole walls and to identify individual fractures and fracture zones, bedding, and
lithologic units. Due to the size of the borehole, generally only one wall could be seen
with good resolution. Thus, while single fractures could be identified, dips could not be
estimated. Fracture zones were inferred based on the rugosity of the borehole and the
raggedness of the surface. For all three boreholes, the apparent total depth was
underestimated using the camera because of the loss of visibility due to silty deposits at the
base of the hole and the extension of the camera light well beyond the lens. Major features
identified on the video are consistent with core observations.

5.2. Electromagnetic borehole flowmeter tests

An electromagnetic (EM) borehole flowmeter developed by TVA was used in the open
interval below the temporary casing to identify the location and relative flow rate of
individual fracture zones contributing groundwater flux into or out of the boreholes. The
EM flowmeter measures a voltage induced by the movement of ions carried by groundwater
as it flows through a metal cylinder containing a magnetic coil that is positioned vertically
within the borehole (Moore and Young, 1992). The cylinder is surrounded by a packer that
prevents flow from circumventing the cylinder. As the position of the flowmeter is
changed, the flow zones are identified by a change in the flow rate between adjacent
intervals. Flow can be either ambient or induced by pumping or injection. For this study,
both ambient and injection tests were performed.

The equilibrium water level was measured using a pressure transducer and water level
meter prior to insertion of the flowmeter into the well. The pressure transducer allowed
continuous monitoring of the static water level, in the case of ambient tests, and constant
head, in the case of injection tests. The flowmeter equipment is powered by a 120V
generator. Pressure and voltage readings are fed directly into a portable computer with a
printer attachment, and a specialized software package is used to analyze and record field
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data in both electronic and hard copy form. At each borehole interval, the voltage was
sampled at five-second intervals for a total of 60 sec. The mean and standard deviation of
the voltage was calculated for each 60-sec period and recorded along with the flow in
L/min (negative for downward, positive for upward) and the transducer reading. If the
standard deviation was too high (> 0.005 V) the test was aborted or repeated. Occasionally,
a test was accepted if the standard deviation exceeded the acceptance criteria but was small
relative to the measured voltage for that test. Periodic high level noise was experienced
due, most likely, to the close proximity of the field site to high voltage power lines. Often,
testing had to be interrupted until the noise level dropped and the equipment stabilized.

The procedure followed for ambient tests was to first inflate the packer within the cased
interval, where no flow occurs, to obtain the zero offset voltage. Tests were then conducted
at two-foot intervals starting at the bottom of the borehole. The zero offset was then
remeasured at the end of the test in order to adjust for instrument drift. In the case of
injection tests, the zero offset was measured either immediately before injection within the
cased interval or after injection at the bottom of the borehole. Identical depths were
measured for both the ambient and injection tests. A peristaltic pump was used to inject
tap water into the borehole to raise the water level. Ideally, a 5-10-ft change in head is
desirable, but the most that was obtained for these boreholes was 0.6-0.7 ft even at the
highest pump rate possible due to the high specific discharge within these boreholes. The
flow rate was adjusted as needed to maintain a constant head throughout the test.

The flowmeter results are contained in Tables A4-6 and are summarized graphically in
Figures 11-13. Data were reduced by first removing the zero offset and instrument drift,
assuming a linear change over time from beginning and final zero measurements. Injection
data were further adjusted by removing the ambient flow measurement for the same
interval. In this way, the flow profile for the injection test should reflect a true partitioning
of the injection flow rate over the length of the borehole without the interference of natural
flow. However, the injection tests for GW823 and, to a lesser extent, GW821 were
confounded by intermittent rain during testing that most likely resulted in non-steady-state
conditions. Thus, the ambient tests for these boreholes were probably not reflective of
ambient conditions at the time of the injection tests. However, a constant head was
maintained by frequent adjustment of the flow rate during testing so that the total flow into
the well was held constant over the duration of the tests.

Ideally, one would expect the flowmeter survey to produce a series of steps or ramps,
increasing from zero at the bottom of the borehole to the total flow rate at the top. For
injection tests, this total flow should equal the injection rate. Ramps will coincide with
wider zones or dispersed fractures and steps will indicate the presence of discrete fractures
or narrow zones. However, the flowmeter data obtained from these boreholes were much
more complex, with ambient flow entering and exiting the borehole at different depths and
tests being confounded by nonsteady hydrologic conditions. Flow characteristics varied
considerably from hole to hole. GW821 (Figure 11) showed very little flow within the
uncased interval in either the ambient or injection tests. Because the casing was simply set
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Figure 11. Borehole test results for GW821.
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in place to prevent collapse in the transition zone, there is nothing to prevent water from
flowing under the casing and into a very transmissive zone near the base. If most of the
flow during the injection test was pirated at the base of the casing, then that would explain
why the data nearly mirror those from the ambient test. However, both the borehole video
and the core log indicate that fracturing within this borehole is minor compared to the other
two boreholes.

GW822 (Figure 12) contains several stepped increases, the most notable occurring between
56 and 58 ft. As in GW821, more than half of the injected flow entered the formation at
the base of the casing. Steps in the ambient flow rate coincided very well with fracture
zones identified from the borehole video and by iron staining in the core. Two very sharp
reversals at depths of 46 ft and 50 ft coincide with ratty, washed out zones noted in the
borehole video. These reversals could be due to poor packer seating.

The flow profile for GW823 (Figure 13) was the most difficult to interpret. The tests
results are confounded by the impact of rain showers during the time of the test, by having
to conduct the test over multiple days (ambient + injection) due to severe background
electrical interference, and because of the presence of an enormous washout zone that
prevented seating of the packer within that interval. The dramatic shift between 46 ft and
52 ft indicates a large amount of flow is moving out of the borehole through the washout
zone. Interestingly, this zone is completely bypassed by the adjacent monitoring well pair,
which is screened well above and below the zone, underscoring the need to customize the
monitoring well construction at the individual location rather than conforming to a pre-
determined design.

5.3. Point dilution tests

Point dilution is a method that provides an estimate of the specific discharge of ground
water through specified intervals (Drost et al., 1968; Freeze and Cherry, 1979). The basic
field technique involves the injection of a tracer into borehole segments that have been
isolated by packers and the subsequent measurement of the change in concentration over
time. Point dilution tests have been used elsewhere on the ORR (Hicks et al., 1992;
Sanford and Moore, 1994) to examine fracture characteristics.

Point dilution tests were performed in the GW821, GW822, and GW823 boreholes to

further identify the major flow zones and to quantify the specific discharge from each of

the zones. The results of these tests were used to identify sampling intervals for discrete
borehole sampling using a packer sampler and to determine optimal locations for multilevel
sampling ports. Distilled water was used as a tracer and changes in concentration were
measured by monitoring the specific conductance. The basic procedure is briefly described
as follows. First, the initial specific conductance of the formation groundwater within the
packed interval was measured. Distilled water was then circulated through this zone until a
suitable minimum conductance was achieved (for these tests, ~ 1/2 of the initial). Once this
level was reached, the formation water was recirculated and the change in the specific

25




conductance during recovery was monitored. Careful monitoring of the hydraulic head
within the packed interval was done to ensure that gradients were not induced during
circulation of the distilled water.

The recovery of the specific conductance over time was analyzed using the following
equation (Drost et al., 1968; Freeze and Cherry, 1979):

dC/dt = -(AqC)/V ,
which, when rearranged, becomes
dC/C = -(Aqdt)/V,
and by integration and substitution
qAtV = -In[(C; - CH/(C; - Cp)],

where:

g=specific discharge of interval

V=volume of interval

A=cross-sectional area of interval

t=time

Cg=specific conductance of formation water

C,=specific conductance at time t

C,= initial specific conductance after injection of distilled water.

By plotting the "In term", -In[(C; -C )/(C; -C ()], versus recovery time, the data can be
fitted with a regression line (units 1/t), the slope of which is equal to gA/V. (See Appendix
C for examples.) In most of the intervals tested, these plots became linear after 10 to 15
minutes. For this reason, the tests were stopped before the recovery was complete but after
a linear increase was sufficiently demonstrated. The first interval tested (66-68.5 ft in
GW822) was allowed to recover for 120 minutes to ascertain the time required to reach
linearity and whether or not the slope changed significantly after linearity was reached.
After 120 minutes, recovery was still not complete; however, the plot became linear after
approximately 20 minutes and remained consistent. All subsequent tests were run for a
minimum of 30 minutes, longer if necessary until linearity was achieved.

- The specific conductance of the formation water (Cy) within any given interval was highest
at the beginning of the day. The C; decreased during each series of tests because the
intervals were not allowed to recover completely before deflating the packers and moving
to the next interval. This allowed a gradual mixing of distilled water within the borehole.
For calculating the fraction of recovery (the "In term"), the original C; for each series was
used for all intervals within the series, since this C; is a measure of the true formation water
without the influence of the injected distilled water. This assumes that the specific
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conductance is invariant from one interval to the next within each series of tests. In fact,
minimal variation was observed within any given borehole, where recovery time was
allowed between two or more series of tests. The amount of error induced by this
assumption is minimal compared to that induced by using the specific conductance value
for mixed water within the borehole.

The calculations described above do not account for the effects of borehole convergence, a
focusing of flow due to the presence of the borehole itself. Normally, a convergence factor
generally ranging from 1-2 is applied to adjust for this effect. However because this factor,
which is derived empirically, is unknown for these rocks and the primary interest is the
relative discharges between intervals and the order of magnitude of the discharge, no
attempt was made to include this factor.

In all cases, the specific conductance continued to drop for a few to several minutes after
the start of the test due to the distilled water remaining in the intake line after switching to
circulation. Several of the recovery plots are sinusoidal (e.g. 38-40.5 ft in GW822; 34-36.5
ft in GW823; 30-32.5 ft in GW821); however, they all oscillate around the best-fit line. In
the case where a slope change occurred during recovery, regressions were applied to late-
time data (e.g. 28-30.5 ft, 36-38.5 ft, and 40-42.5 ft in GW823).

The results of the point dilution tests are summarized in Figures 11-13, and the recovery
plots are included in Appendix C. Tests were conducted at 2-ft intervals starting at the
bottom of casing (22.5 ft in GW821, 32 ft in GW822, 26 ft in GW823) and extending to
the bottom of borehole. - Zones that were excluded from testing were the washout zone
(46-51 ft) in GW823 and the extremely turbid zone (42.5-48 ft) in GW821.

The results for GW821 (Figure 11) show most specific discharge (q) values less than 50
cm/day. The highest flow measured (124 cm/day) was in the 24-26.5-ft interval, however,
since the bottom of casing is at 22 ft, we could not test any zones higher than 24 ft. This
is consistent with the flowmeter and core data that indicate the absence of some of the
higher flow zones seen in the other boreholes. Several attempts were made to test the
zones below 40 ft in GW821 but these were unsuccessful. These zones contained
extremely silty water that repeatedly clogged the sample tubing. When the silty water was
pumped up into the flow-through cell, the specific conductance readings would not
stabilize.

The results for GW822 (Figure 12) show much higher flow than in GW821. Three zones
in the interval from 60-70 ft have fluxes less than 20 cm/day, while all other zones have
flow rates in excess of 100 cm/day. In five of the six zones from 40-50 ft, flow exceeds
200 cm/day, consistent with the higher flow noted in the flowmeter tests and the
observations of highly fractured and weathered rock from the core and the downhole video.
The zones immediately below the casing (34-38.5 ft) have the highest discharges measured
(320 cm/day). While the core from these intervals did not contain heavy oxide staining, the
shale was extremely clay-rich, weathered, and fissile. The flow in the cased intervals is
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likely to be even higher, judging from the loss of flow at the base of the casings during
flowmeter tests.

The results for GW823 (Figure 13) are misleading because the flow appears to be low, with
most below 100 cm/day. However, the zone of highest flow as indicated by flowmeter data
is the washout interval from 46-51 ft . An attempt was made to place a 5-ft separation
between the packers to test this zone. However, we were unable to obtain good packer

seating. A second major zone was identified immediately below the casing (155 cm/day
from 28-30.5 ft).

The results from all borehole tests were combined with observations from the core logs to
identify the major flow zones within each borehole. This information was then used to
determine the locations for groundwater sampling using a fracture sampler and the locations
for installation of multilevel sampling ports.

6. MULTILEVEL WELL INSTALLATION
6.1. Solinst™ multilevel well installation

Solinst™ multilevel wells were installed in the boreholes following the completion of
borehole tests. The Solinst™ equipment consists of a central 2"-diameter PVC riser into
which sampling ports can be inserted (Figure 14). Each port contains a stainless steel tube
that is attached to the inside of the riser and opens to the formation at the lower end and
attaches to a 4" ID polyethylene tube at the upper end which extends to the surface. Since
the tubing from all of the sampling ports must pass inside the riser, the number of ports is
limited to five per well. While Solinst™ does make inflatable packers for this system, the
choice was made to use sand and bentonite and a special injection system to isolate the
sampling intervals. This choice was based both on the cost of the packers and the ragged
condition of the boreholes in some intervals which could result in a poor packer seal.

Two types of Solinst™ equipment were used for these wells. Two of the wells were
equipped with the new style of equipment that utilizes PVC casing for the sampling port
and slip lock coupling that reduces the amount of rotation required during attachment of
additional riser sections. The third well (GW823) was equipped with the old style threaded
couplings and stainless steel sampling ports.

Numerous problems were encountered during installation, resulting in the need to pull one
of the multilevel wells and reinstall it after cleaning out the borehole. These problems are
detailed below in section 7.3. The beneficial result of this was that the backfill in the
lowermost ten feet of GW823 was cleaned out, allowing a port to be installed in that deeper
section of the borehole where active flow was indicated by the oxide staining on core
fragments recovered from that interval. Because the exact location of the fracture zone
within that 10-ft section could not be determined based on the core alone, and because the
zone was not open to borehole testing, the entire 10-ft section was left open to the sampling
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threaded or slip coupling
with O-ring seal
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Figure 14. Schematic drawing of a Solinst™ multilevel port.
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port. Thus, while the port does not isolate a narrow zone, it does allow sampling of a zone
that is separated from the port above by a low-flow zone.

Following installation, the wells were developed by the removal of water using a
peristalticoump until the water appeared to clear. This generally occurred after 1-2 L were
removed, although a few intervals remained turbid. Because some of the ports were
blocked or had sluggish yield, a compressor was used to force water in the sample tubing
back through the sampling ports to clear the blockages. This was followed by again
pumping 1-2 L of water which successfully cleared the ports, and subsequent sampling has
been accomplished without difficulty.

6.2. Sampling port locations

The configuration of the multilevel wells was determined based on the combined results of
the borehole tests and the detailed core logs. Active flow zones that appeared to be
separated by less active zones were chosen for sampling port locations based on their
potential for isolation from those zones immediately above and below. In most instances,
these zones are separated by 10 ft or more. Wells were designed so that the depth of
interest fell within the 6-in. length of the sampling port and approximately midway in the
1.5-ft length of the surrounding sandpack. The length of the sandpack was designed to
extend approximately one foot on either end of the sampling port, and to coincide with the
one-foot uncertainty in the location of fracture intervals from core and video information.
This length is slightly less than the intervals used for the borehole tests, facilitating
comparison with that data as well.

At least one sampler in each well was installed in the transition zone above the competent
bedrock. This was accomplished by injecting a sandpack around the sampling port inside
of the temporary surface casing and allowing the sand to collapse around the port when the
casing was removed. While borehole tests could not be conducted for these zones, the
presence of active flow was confirmed by oxidation surfaces and extremely wet zones.

6.3. As-built configurations

The final configurations of the multilevel wells are shown in Figure 15 and listed in Table
A7. Survey markers for ground elevations were installed, and survey marks on the lip of
the protective casings were marked. All elevations have been measured from the survey
point on the casing. Where the interface between two materials in the borehole annulus is
unknown, a question mark has been added. This occurred at one level in each of the three
wells, primarily due to collapse of the borehole. Where a sampling port is not isolated
from fill by a bentonite layer, the port must be assumed to be open to the entire interval
that has collapsed, since the native materials do not normally provide an adequate seal.
This is evident in the case of port A in GW821, which is surrounded by silt that had
collected in the bottom of the borehole during the period that it was open for testing.
When the well was installed, displacement by the riser casing forced the silt up around the
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sampling port. However, this port does yield water, although turbidity is high even at low
sampling rates. The fact that it yields at all indicates that the bentonite seal is above the
top of the port, although the location of the base of the seal is unknown.

In GW822, collapse occurred during the removal of the temporary casing. In addition,
because the casing was a foot longer than was reported by the drillers, part of the bentonite
seal below sampling port E extended into the bottom of the casing. When the casing was
removed, this part of the seal came up with the casing bringing much of the sand pack
surrounding port E along with it. The thickness of the remaining sand pack is unknown
and could not be measured due to the blockage at a 15-ft depth which precluded passage of
a weighted measuring tape down to the level of the port. It is believed that the interval
below the blockage is either collapsed and filled with permeable backfill, or has remained
open. In either case, port E is presumed to be open to the entire interval, which contains .
two active flow zones as shown in the core description. These may be correlative with two
zones in the saprolite that have been isolated in GW823.

The borehole above the bedrock was widened to an 8-in diameter during the cleaning and
reinstallation of the multilevel well in GW823. The borehole remained open during
reinstallation, allowing the placement of two ports in the saprolite above the bedrock. This
will provide a means for assessing the connectivity between flow zones in the saprolite as
well as in the bedrock and between the saprolite and bedrock.

7. DISCUSSION

7.1. Lessons learned

Because many of the techniques described in the previous section are relatively new and
have to be adapted to fit local site conditions, problems were encountered during nearly
every field activity. The following sections summarize the nature of the problems and the
solutions that were developed to address them. This chapter is intended to guide others in
the use of these techniques or the decisions about their applicability at other sites in order
to circumvent some of the problems encountered at this site.

"7.1.1. Drilling methods

The rotasonic drilling technology presents some definite advantages and disadvantages over
conventional drilling methods. The method is very fast, thus reducing costs associated with
field technician and oversight personnel time. The method also reduces the volume of
waste produced, particularly when dry drilling is successful. And it does have the
advantage of recovery of nearly continuous core, and of minimizing worker exposure to any
potential contamination brought to the surface with the core until it can be scanned by
Health Physics personnel.
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This technology does have some limitations, however. In very fissile materials the
vibration probably exacerbates the potential for collapse of the borehole if left open for
even short periods of time. We solved this problem by installing temporary surface casing
above the competent bedrock, although this left the upper interval inaccessible for borehole
testing. In very competent material, on the other hand, dry drilling was not very
successful, and the use of water was required. We did not test whether or not we could
have resumed dry drilling below the resistant shale unit due to time and monetary
constraints, but that could potentially have been possible.

The vibration of the core barrel generates significant frictional heat, which has to be taken
into consideration if porewater sampling for geochemistry is planned, as it was for this
project. In addition to the loss of fluid volume as a result of heating the core, the
geochemistry is certain to be altered if immediate extraction of the fluids is not done. On
the other hand, obtaining unaltered fluids from wet zones is possible through the use of dry
drilling.

The condition of the core ranged from competent core with intact structures to broken
fragments with no preserved structural orientation. Dry drilling produced excellent cores
due to the retention of the clay minerals that held the cores intact. Wet drilling produced
good cores only where the rock was minimally fractured. The cores are extruded from the
core barrel into a plastic sheath that is large enough to fit over the outer casing (4.5-in
diameter); however, the core has only a 3.75-in diameter and some settling occurs when the
core is highly fragmented. Thus, the relative position of the fragments is preserved but
some compaction of the overall core and errors in depth assignment are incurred. However,
the errors are minimized by bringing the core up in 5-ft sections, where the depth of the
base of each core section is definitively known.

7.1.2. Borehole test methods

The electromagnetic borehole flowmeter measures a voltage induced by the passage of
naturally-occurring ions through a magnetic coil via vertical flow in the borehole.
Numerous measurements may be taken within a borehole at any desired spacing. However,
background noise can interfere with the measurements by superimposing an additional
signal through electric fields that are induced by high voltage power lines. A periodic noise
_problem was encountered at this site, requiring an interruption of the survey until the noise
subsided. The tests were set up so that the voltage was read once a second and averaged
over one minute. A standard deviation was also calculated, so that extremely noisy periods -
could be identified. Measurements were repeated until the standard deviation fell within
acceptable limits (<0.005 V). Moore and Young (1992) reported being unable to conduct
EM flowmeter tests in some areas due to high background noise.

Performing the tests within a single borehole over a period of more than one day, or during

precipitation events can add some uncertainty to the interpretation of results. In order to
properly quantify the flux through the packed interval, the ambient flow must be subtracted
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from the induced flow. However, if the ambient conditions change over the period of
testing, then additional flow coming into the well due to a rain event, for example, will not
be accounted for. Whenever possible, it is best to conduct both surveys on the same day
and to avoid the time period during or immediately following a precipitation event.

Point dilution tests were significantly aided by the use of a field computer which allowed
viewing of graphical results during the test to determine when to stop taking measurements
and to move fo the next interval. After stabilization of the water level in the well, distilled
water was injected to a point where the specific conductance was reduced to about half of
the initial value. During recirculation and return to equilibrium, the hydraulic head and
specific conductance were monitored and the "In term" was calculated and plotted vs time.
Specific conductance changed exponentially, with the value levelling out at the initial value
after an extensive time. The log of the change of conductance is linear with time,
following some early time instability, so that when the linear portion of the recovery
becomes sufficiently well-defined then the test can be stopped. This results in considerable
time savings since the test does not have to run to full equilibrium. Because the interval is
not completely flushed out, however, some mixing and reduction of overall specific
conductance within the borehole occurs. The initial value of the subsequent interval may
be slightly less than that of the formation as a result. This affects the denominator of the
log term and the computed value of Q. If the vertical variability in the specific
conductance is minimal, then the starting value for a series of tests can be used as the
formation value (Qg) for all tests in that series. When equilibration over a period of time
was allowed to occur, the values were surprisingly consistent over time within a given well.

A second problem that was addressed was the unavailability of a pressure transducer that
would allow measurements at 70-ft depths. The only transducers available for this project
were 5- or 10-psi probes. Since the transducer must attach to the packer so that the
pressure within the packed interval is monitored, a 10-psi probe would be insufficient. In
an attempt to circumvent this limitation, a section of tubing filled with air was inserted
between the transducer and the packer coupling. Since air is more compressible than water,
much of the pressure was accommodated by compaction of the air column. While this did
not allow a measurement of absolute pressure, it did permit the monitoring of changes in
pressure within the packed interval to establish stability.

" The point dilution method is a relatively simple and effective way to collect information
about flow through discrete intervals. With the proper equipment, point dilution testing is
easy to conduct and the data collected can be analyzed in the field using a portable
computer with a spreadsheet program. Some uncertainty is inherent due to the inability to
confirm that both packers are adequately seated, since the equipment will feel snug in the
borehole with only one packer properly inflated. However, the ability to reduce the specific
conductance relatively quickly during the circulation of distilled water was a good
indication of proper seating.

In general, the data from all of these tests showed remarkable consistency. By far, the most
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definitive information was obtained from the flowmeter and point dilution tests. The
borehole camera is a quick and useful tool for observing the condition of the borehole and
identifying gross characteristics. The core provided detailed information and, while the
presence of oxides on the fracture surfaces was relatively consistent with zones of flow,
they provided no information about the relative permeability of the zones and the depths
were difficult to accurately place. The borehole flowmeter is less time-consuming than the
point dilution and provides good information about the relative permeability of the various
flow intervals. In contaminated wells it is the method of choice because it does not require
the removal of any fluids from the well if injection tests are used. However, it is subject to
interference due to electrical noise and can be misleading if a single high permeability zone
is able to transmit all of the injected flow at the expense of any underlying zones. Point-
dilution tests provide definitive information about absolute flow rates without susceptibility
to noise. They are, however, subject to uncertainty due to indeterminate packer seating and,
while the flowmeter could be used to quantify the flow through the large washout zone in
GW823, no information could be obtained from point-dilution. Furthermore, in
contaminated wells, wastewater would require proper disposal.

7.1.3. Solinst™ multilevel equipment and installation

The installation of the multilevels proved to be challenging even though the technology is
relatively simple. The greatest difficulty was due to the use of the large-diameter (0.5-in)
sample tubes that attach to each sampling port. Twisting can occur at the location of the
ports as additional riser sections are screwed into place, particularly above the upper port
where 5 tubes are squeezed into the internal diameter of the riser. In GW823, the sample
tubes became twisted at the uppermost port during installation, effectively blocking all 5
ports. This was not discovered until after the installation was complete. As a result, the
entire well had to be removed and reinstalled after cleaning out the borehole. While the
problem was exacerbated by the threaded couplings used in this borehole, the type of
coupling also allowed the well to be pulled from the borehole. The new style of coupling
uses a wire tie to hold the casing sections together, requiring fewer turns to secure the
coupling and lessening the chances of crimping the sampling tubes. However, very little

" rotation is required to cause the wire ties to slip back out, thereby causing decoupling of the
riser casing. This apparently occurred during installation of GW822, most likely when the
temporary casing was being twisted during removal. While in this well the problem was

~ probably localized above the upper port, this could pose a potential problem if multiple
decoupling occurs and sampling zones are connected via the riser casing itself. A better
system of coupling is still needed, although the latest version is a considerable
improvement.

The sand and bentonite injection system also presented some problems. In order to keep
water from backing up into the injection tubing and causing a bentonite plug to form, there
had to be continuous air injection through the tube. This created significant turbulence,
however, which may have resulted in greater collapse problems around the riser casing as
in GW823. It also created a buoyancy that made insertion of the injection tubing down the
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well annulus measurement of the top of the injected layer difficult. The turbulence may
have kept smaller bentonite particles in suspension, causing them to be mixed into the sand
pack, thus reducing its permeability. The pressure was occasionally strong enough to blow
water out of the borehole. This was improved by the replacement of a defective control
valve.

We used a larger diameter tube for injection (0.5-in ID) than that which was provided with
the Solinst™ injector system in order to minimize the chances of plugging. Getting tubing
that is stiff enough to pass through the space between the riser and the borehole wall
without kinking is difficult, particularly in the washout intervals. Ideally, one would want
to inject the sand or bentonite layer, pull the tubing and wait for settling to occur, and then
take a measurement before again inserting the tubing. However, getting the tubing to pass
to the bottom of the borehole was such a problem for all three wells that once it was
inserted it was left in and all injection took place in the presence of the turbulence created
by continuous airflow. Thus, the permeability of the sandpack may have been
compromised and has potential for being lower than that of the surrounding formation if the
formation is densely fractured. A better method of injection is needed if this technology is
going to be used effectively at a larger scale.

7.2. Summary of results

The FY94 field activities provided a preliminary characterization of flow and transport at a
west Bear Creek Valley field site in the Nolichucky Shale that raises many questions about
the reliability of data obtained using currently accepted groundwater sampling procedures
and standard monitoring-well construction. Anisotropy induced by the fracture system has
a major impact on transport, with the majority of transport occurring parallel to strike and
nearly perpendicular to the hydraulic gradient. However, transport both updip and downdip
occurs in conjunction with storm events, demonstrating the dynamic nature and the
complexity of the hydrologic system at this site.

Three new boreholes were successfully drilled and cored and a battery of borehole tests
were completed in order to identify and characterize the major flow zones within each
borehole. The tests within each borehole were very consistent overall, and it was
determined that the greatest amount of information could be obtained by using point
dilution tests, although they are also the most time and labor intensive. The borehole tests
also demonstrate a large amount of spatial variability in flow characteristics over the
relatively small scale of the field site.

The installation of multilevel samplers was guided by the borehole test data. A sand and
bentonite injection system was used in lieu of inflatable packers to isolate the individual
sampling ports because of the much lower cost and because of the uncertainty that adequate
packer sealing would occur in the presence of borehole rugosity. The multilevel system
was not easy to install, although subsequent installations will benefit from what has been
learned through this activity.
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7.3. Future work

The primary goals for FY95 are to unravel the complexities of the storm-related transport,
to use geochemical analyses to provide an indication of groundwater mixing and water
sources, to compare the data obtained from multilevel and screened wells, and to determine
the zone of influence during purging and the impact on tracer concentrations. In addition,
the cores will be studied in greater depth to better describe the characteristics of the
transition zone. To accomplish the first goal, a continuous water level monitoring system
for the multilevel wells will be installed and an SF-6 tracer study will be started. The SF-6
can be analyzed from water samples, allowing acquisition of real-time data.

While groundwater samples were taken from the open boreholes using a packer sampler,
interpretation of that data will be deferred until mineralogical samples and additional
geochemistry can be completed in FY95. Both geochemical samples and tracer samples
will be obtained from screened and multilevel wells to provide a measure of the impact of
well construction on sampling results.

Finally, a pumping test to examine the region of influence, the interconnectivity of the

fracture system, and the impact of pumping on tracer concentrations is scheduled for the
summer of FY95. Data from these additional studies will result in recommendations for
revising our sampling protocols to obtain more representative samples in fractured rocks.
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Table A1. Water Levef Data

Gw4se Gwa4s7 Gw458 Gwa4sg GWA480 GW4s1 Gw4s2
=S_a_t_¢=a__ depth elevation depth elevation depth elevation depth elevation deg eclevation _depth _elevation deoth elevation
3/29/94 | 361 84119 | 6.06 83924 | 6.02 83868 237 839.73 | 503 83747 | 400 839.30 |
3/31/94 | 395 84085 | 645 838.85 | 640 83830 | 800 83720 | 270 83940 | 540 83710
4/3/94 | 460 84020 | 755 837.75 | 7.25 83745 | 920 83600 | 345 83865 | 627 83623 | 555 83775
4/8/94 ] 386 84094 | 655 83875 | 6.40 83330 | 845 83675 | 1.70 84040 | 550 837.00 | 458 83872
4/9/94 | 425 84055 | 7.07 83823 | 688 83782 | 8868 83632 | 3.11 83899 | 591 83659 | 510 838.20
4/11/94 | 336 B41.44 | 462 84068 | 564 83906 | 6.37 83883 | 2.03 840.07 | 460 837.90 | 3.63 839.67
4/13/94 | 295 84185 | 525 840.05 | 524 83946 | 6.17 83903 | 1.76 840.34 | 413 83837 | 329 840.01
4/15/34 | 3.74 841.06 | 651 83879 | 628 83842 | 841 83679 | 273 83937 | 520 83730 | 453 83877
4/18/94 | 3.77 841.03 | 656 83874 | 6.27 83843 | 847 83673 | 278 83932 | 519 83731 | 455 83875
4/20/94 | 464 B40.16 | 756 837.74 | 712 83758 | 921 83599 | 3.60 83850 | 6.01 83649 | 556 837.74
422/94 | 636 83945 | 827 83703 | 778 83692 | 674 83546 | 422 83788 | 659 83591 | 628 837.02
4/25/94 | 635 83845 | 9.20 836.10 | 871 83599 [ 1047 83473 | 511 83699 | 741 83500 | 7.19 836.11
4/27/94 | 696 837.84 | 9.81 83549 [ 927 83543 | 1096 83424 | 499 83711 | 569 83681 | 780 83550
4/29/84 | 7.14 83766 | 1004 83526 | 945 83525 |11.17 83403 | 582 836.28 | 8.18 83432 | 8.03 835.27
S/4/84. | 756 837.24 11033 83497 | 983 83487 |11.27 83393 | 6.12 83598 | 847 83403 | 8.34 83496
5/10/94 | 825 83655 |11.12 834.18 | 10.59 834.11 |12.31 83289 | 680 83530 | 9.39 833.11 | 911 834.19
§M3/84 | 867 836.13 | 1150 83380 |11.03 83367 {1274 83246 | 724 83486 | 9.8t 83269 | 950 83380
5/17/94 | 9.05 83575 |11.85 83345 [11.36 833.34 |13.11 83209 | 756 83454 |10.15 83235 | 9.90 833.40
5/20/94 | 9.40 83540 | 1220 833.10 |11.71 83299 |13.46 83174 | 7.96 834.14 1054 83196 |10.20 83310
5/23/94 |10.00 834.80 |12.72 83258 |12.30 83240 |1400 83120 | 858 83352 | 11.10 83140 |10.88 §32.42
5/27/94 |10.28 834.52 |13.00 832.30 ) 12.41 83229 ]14.02 831.18 | 8.82 83328 | 1126 83124 |11.08 83222
5/31/94 |10.56 834.24 |13.16 832.14 | 1275 83195 [ 1445 83075 | 9.02 833.08 | 11.55 83095 | 11.17 83213
6/2/34 110.76 834.04 |13.41 83189 |13.01 83169 | 1466 83054 | 9.28 83282 |11.82 83068 | 1140 831.90
6/6/94 |[11.06 833.74 [13.78 83152 11356 831.14 | 1500 83020 | 9.58 83252 |11.22 83128 {1170 831.60
6/8/%4¢ |11.10 833.70 |13.80 831.50 | 1340 83130 | 1510 830.10 1226 83024 | 11.80 831.50
6/10/94 |11.22 833.58 |13.82 83148 |1352 83118 |1458 83062 | 960 83250 [ 1210 83040 |11.86 831.44
6/13/94 13.05 83165 | 14.68 830.52 11.44 831.86
6/15/94 | 11.09 833.71 | 1369 83161 |13.27 83143 [1501 830.19 | 945 83266 |1214 83036 | 11.70 831.60
6/17/94 }11.16 83364 |13.82 83148 [1340 83130 {1521 82999 | 957 83253 | 1229 830.21 |11.80 831.50
6/20/94 {1140 83340 |14.08 831.22 |13.72 83098 {1546 82074 | 9.84 83226 |1262 82988 |12.09 831.21
6/22/94 |11.55 833.25 [14.26 831.04 |13.88 830.82 | 1560 82960 |10.00 832.10 | 1282 82968 | 1226 831.04
6/24/94 {1158 83322 |14.32 830.98 |13.94 83076 | 1566 829.54 |10.08 832.02 {1292 829.58 {1232 830.98
6/27/94 [10.82 83398 } 1278 832.52 |12.60 83210 |1172 83348 | 8.82 83328 | 1090 831.60 {10.80 832.50
6/29/94 | 1026 83454 | 1260 83270 {1224 83246 }1328 83192 | 848 83362 |11.00 83150 {1058 83272
7/1/94 11068 834.12 [13.72 831.58 | 13.26 83144 | 1366 83154 | 944 83266 [11.48 83102 |11.68 83162
7/4/34 {1120 83360 {1450 830.80 |14.04 83066 |14.78 83042 | 10.14 831.96 {1228 83022 {12.50 830.80
7/6/94 11148 833.32 |14.83 83047 11439 83031 | 1524 829.96 |10.44 831.66 | 1262 829.88 |12.82 83048
7/8/84 11174 83306 |14.93 83037 | 1445 83025 ;1552 82968 |10.62 83148 |1272 82978 1280 830.40
7M1/94 | 11.96 832.84 | 14.74 830.56 | 1462 830.08 | 1575 82945 {10.84 831.26 | 1296 82954 |12.74 830.56
711394 |11.98 832.82 |15.39 829.91 1488 82082 1572 82948 |10.92 831.18 | 13.14 82036 | 13.36 829.94
7/15/94 |12.00 83280 | 1522 830.08 |14.74 829.86 |15.26 829.84 | 10.76 831.34 | 12.94 829.56 |13.20 830.10
7M8/84 | 11.02 83378 | 13.60 831.70 | 13.20 831.50 |13.40 83180 | 938 83272 {1132 83118 |11.62 83168
7/20/184 11120 833.60 | 1424 831.06 | 13.80 83090 [14.46 83074 | 9.86 832.24 {1202 83048 j12.28 831.02
7722194 | 11.34 83346 | 1463 83067 |1420 83050 | 1504 830.16 | 10.14 831.96 | 1240 830.10 | 12.64 830.66
725194 11172 833.08 |15.18 830.12 | 1475 829.95 |15.64 82956 |10.62 83148 {1298 82952 |13.18 830.12
7/27/94 | 11.80 833.00 |15.08 830.22 | 1466 830.04 |14.80 83040 }10.68 383142 |1290 829.60 |13.08 830.22
7/28/94 |11.28 83352 | 14.00 831.30 |13.60 831.10 [13.80 83140 | 970 83240 |11.74 83076 |12.00 831.30
8/1/94 11156 833.24 |14.78 830.52 |14.38 830.32 |15.16 830.04 |10.32 831.78 | 1258 829.92 |12.78 830.52
8/3/94 [11.82 83298 |1522 830.08 |14.82 829.88 |1560 82960 |10.70 83140 |13.02 82948 |13.22 830.08
8/5/94 [11.80 833.00 {1509 83021 |14.72 82998 |14.68 83052 | 10.70 83140 ]1290 82960 |13.10 830.20
8/8/94 [1181 83299 [15.16 830.14 |14.74 829.96 | 1546 82974 | 1065 831.45 (1295 82955 |13.20 8&30.10
8/10/94 | 12.04 83276 | 1550 829.80 | 1513 82957 |15.86 829.34 |10.96 831.14 |13.32 829.18 |13.58 829.72
8/112/94 11228 83252 [1580 829.50 {1538 829.32 {16.16 828.04 |11.23 830.87 | 1359 82881 |13.80 82950
8/15/94 11212 83268 | 14.84 83046 | 1444 83026 | 14.20 831.00 |10.68 831.42 ]12.52 829.88 |12.84 83046
8/17/34 11178 83302 | 1485 83045 | 1446 830.24 |1508 830.12 | 1040 83170 | 1260 82080 |12.86 83044
8/19/94 |12.02 83278 | 1537 82993 {1499 829.71 [1570 829.50 |10.82 831.28 | 13.14 82936 |13.38 829.91
8/22/84 11139 833.41 [13.97 831.33 ;1363 831.07 j13.64 83156 | 9.76 83234 }11.70 830.80 | 1198 83132
8/24/194 |11.48 833.32 | 14.64 83066 | 1427 83043 |14.80 83040 |10.18 831.92 }1240 830.10 | 1264 830.66
8/26/94 |11.06 833.74 }15.06 830.24 | 1470 830.00 }1548 829.72 |10.52 831.58 | 12.86 82964 | 13.06 830.24
8/29/94 |11.96 832,84 | 1552 829.78 {1516 829.54 [1596 829.24 |10.92 831.18 |13.34 829.16 |13.52 829.78
8/31/94 | 12.22 83258 | 1582 829.48 | 1545 82925 |16.24 82896 |11.28 830.81 | 13.64 828.86 |13.96 829.34
9/2/94 | 12.30 83250 1578 82952 | 1539 820.31 [16.00 829.20 |11.32 830.78 |13.57 828.93 |13.75 829.55
9/7/34 11265 83215 }16.20 829.10 |1580 82890 |1644 82876 |11.72 830.38 | 1402 B828.48 | 1435 828.95
9/9/94 | 12.82 831.98 }116.34 82896 {1592 828.78 [16.50 828.70 |11.90 83020 |1422 828.28 |14.55 828.75
9/18/94 |12.14 83266 |14.18 83112 |13.81 830.89 |13.21 83199 | 1035 831.75 |11.84 83066 |12.20 831.10
9/21/94 | 11.90 83290 [15.80 829.50 | 1477 82993 {1533 829.87 }10.71 831.39 }12.92 829.58 | 13.10 830.20
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Table A3. Bromide Source Concentration

date _time (day) C (ppm) C/CO -In(C/C0)
= e o = ]

11-Apr-84 0 15200 | 1.000000 | 0.000
13-Apr-94 2 550 |0.036184 | 3.319
15-Apr-94 4 115 | 0.007566 | 4.884
18-Apr-94 7 377 |0.002480 | 5.999
20-Apr-94 9 281 |0.001849 | 6.293
22-Apr-94 11 232 |0.001526 | 6.485
25-Apr-94 14 178 |0.001171 | 6.750
27-Apr-94 16 16.5 |0.001086 | 6.826
20-Apr-94 18 106 |0.000697 | 7.268
4-May-94 23 523 |0.000344 | 7.975
10-May-94 29 8.03 |0.000528 | 7.546
17-May-94 36 589 |0.000388 | 7.856
20-May-94 39 659 |0.000434 | 7.743
31-May-94 40 439 |0.000289 | 8.150
2-Jun-94 42 39 |0.000257 | 8.268
6-Jun-94 46 514 |0.000338 | 7.992
15-Jun-94 55 3.85 |0.000253 | 8.281
17-Jun-94 57 563 |0.000370 | 7.901
20-Jun-94 60 418 |0.000275 | 8.199
22-Jun-94 62 483 |0.000322 | 8.041
24-Jun-94 64 711 | 0.000474 | 7.654
. 27-Jun-94 67 6.13 | 0.000409 | 7.803
1-Jul-94 71 361 |0.000241 | 8.332
12-Jul-94 82 3.13 |0.000209 | 8.475
15-Jul-94 85 322 |0.000215 | 8.446
18-Jul-94 88 194 |0.000129 | 8.953
21-Jul-94 91 9.68 |0.000645 | 7.346
25-Jul-94 95 409 |0.000273 | 8207
27-Jul-94 97 455 |0.000303 | 8.101
29-Jul-94 99 329 |0.000219 | 8.425
1-Aug-94 102 223 |0.000149 | 8814
3-Aug-94 104 3.4 0000227 | 8.392
9-Aug-94 110 232 {0.000155 | 8.774
11-Aug-94 112 219 |0.000146 | 8.832
15-Aug-94 116 17 |0.000113 | 9.085
17-Aug-94 118 191 |0.000127 | 8.969
19-Aug-94 120 2.34 |0.000156 | 8.766
23-Aug-94 124 0.819 |0.000055 | 9.815




Tabie A4. EM Flowmeter data for GW821.

GWwWs321 Ambient Test

time depth voits Q (Umin) |stddev |head adj V adi Q
7:52:09 18 -0.278 0.001 0.002 3.7 0.000 0.000
8:01:54 45.8 -0.279 0.001 0.004 3.71 -0.001 0.000
8:06:42 43.9 -0.276 0.002 0.003 3.73 0.002 0.001
8:13:35 42 -0.278 0.001 0.002 3.72 0.000 0.000
8:18:06 40.1 -0.271 0.004 0.001 3.71 0.007 0.003
8:24:25 38 -0.271 0.004 0.002 3.71 0.007 0.003
8:36:1¢9 36 -0.262 0.008 0.004 3.72 0.016 0.007
8:41:00 34 -0.268 0.005 0.003 371 0.010 0.005
8:48:16 37 -0.259 0.009 0.008 3.72 0.019 0.009
8:53:06 35 -0.26 0.009 0.002 3.73 0.018 0.008
8:57:16 32 -0.262 0.008 0.002 3.7 0.016 0.007
9:00:26 30 -0.266 0.006 0.001 37 0.012 0.005
9:03:29 33 -0.264 0.007 0.003 3.71 0.014 0.006
9:06:42 30 -0.266 0.006 0.002 3.68 0.012 0.005
9:10:35 28 -0.269 0.005 0.004 3.7 0.009 0.004
9:13:46 26 -0.229 0.023 0.002 3.7 0.049 0.022
2:17:06 27 -0.227 0.024 0.004 3.7 0.051 0.023
9:21:21 27.5 -0.27 0.004 0.004 371 0.008 0.004
9:24:46 25 -0.233 0.021 0.002 3.7 0.045 0.020
9:29:16 24 -0.235 0.02 0.002 3.71 0.043 0.019
9:32:16 23 -0.225 0.025 0.002 3.7 0.053 0.024

GW821 Injection Test

time depth volts Q (LUmin) |]std dev head adj Vv adj Q

11:35:08 18 -0.292 0.003 0.003 3.74 -0.300 0.000
11:57:07 458 -0.285 0.007 0.004 4.38 -0.293 0.003
12:02:57 43.9 -0.265 0.016 0.002 4.38 -0.273 0.012
13:00:37 40 -0.263 0.017 0.008 4.38 -0.271 0.013
13:17:16 38 -0.287 0.006 0.002 437 -0.205 0.002
13:31:57 37 -0.291 0.004 0.004 439 -0.299 0.001
13:37:51 36 -0.274 0.012 0.003 4.38 -0.282 0.008
13:50:21 34 -0.277 0.01 0.003 4.37 -0.285 0.007
13:54:41 33 -0.268 0.014 0.006 4.38 -0.276 0.011
14:03:24 32 -0.323 -0.01 0.008 438 -0.331 -0.014
14:10:51 30 -0.271 0.013 0.004 4.39 -0.279 0.010
14:22:36 28 -0.28 0.009 0.007 4.39 -0.288 0.006
14:26:41 27 -0.257 0.02 0.003 439 -0.265 0.016
14:30:26 26 -0.252 0.021 0.005 438 -0.260 0.018
14:34:38 25 -0.245 0.024 0.004 4.38 -0.254 0.021
14:47:51 24 -0.23 0.031 0.007 4.36 -0.238 0.028
14:52:58 23 -0.24 0.027 0.003 439 -0.248 0.024
15:03:51 275 -0.271 0.013 0.003 4.39 -0.279 0.010
15:17:26 35 -0.244 0.025 0.005 4.38 -0.252 0.022
15:26:31 42 -0.293 0.003 0.005 437 -0.301 0.000
15:36:21 18 -1.074 -0.348 0.014 4.36 -1.082 -0.351
15:52:15 47 -0.28 0.009 0.002 437 -0.288 0.006




Table AS. EM Flowmeter data for GW822.

GW822 Ambient Test
time depth _ |voits Q (Lmin) std dev head adj vV adj Q
7:08:03 17.76 -0.189 -0.085 0.007 8.02 0.000 0.000
7:28:00 68 -0.251 -0.113 0.002 8.03 -0.052 ~0.023
7:42:39 66 -0.255 -0.115 0.001 8.08 -0.048 -0.022
7:52:38 64 -0.26 -0.117 0.001 8.09 -0.048 -0.022
7:59:41 62 -0.202 -0.091 0.003 8.08 0.014 0.006
8:05:52 80 -0.255 -0.115 0.001 8.07 -0.036 -0.016
8:11:07 58 -0.191 -0.086 0.002 8.08 0.030 0.014
8:16:24 56 -0.074 -0.033 0.002 8.08 0.150 0.068
8:20:51 54 -0.051 -0.023 0.003 8.09 0.176 0.079
8:24:51 52 -0.07 -0.032 0.002 8.09 0.159 0.072
8:28:58 50 -0.204 -0.092 0.001 8.08 0.027 0.012
8:38:55 48 -0.043 -0.018 0.001 8.09 0.193 0.087
8:49:36 49 -0.045 -0.02 0.002 8.09 0.197 0.089
8:56:47 49.5 -0.045 -0.02 0.002 8.09 0.200 0.080
9:31:37 47 -0.062 -0.028 0.002 8 0.201 0.091
9:36:18 46 -0.177 -0.08 0.003 7.99 0.088 0.040
10:49:35 23.13 -0.308 -0.139 0.007 8.09 0.000 0.000
11:31:49 231 -0.303 -0.004 0.002 8.08 0.000 0.000
11:45:32 44 -0.029 0.119 0.018 8.12 0.282 0.127
11:53:00 42 -0.089 0.092 0.019 8.2 0.225 0.102
11:56:08 40 -0.059 0.106 0.002 8.17 0.257 0.116
12:02:19 38 -0.057 0.106 0.027 8.16 0.262 0.118
12:09:30 36 -0.077 0.088 0.004 8.09 0.262 0.118
12:15:10 34 -0.063 0.104 0.002 8.11 0.263 0.119
12:22:34 23.1 -0.333 -0.018 0.006 8.11 0.000 0.000
GW822 Injection test
time depth volts Q (L/min)  |std dev head adj vV adj Q
8:54:46 23 -0.241 -0.004 0.003 8.01 -0.232 0.000
9:10:23 68 -0.253 -0.01 0.002 8.5 -0.244 -0.005
9:53:08 68.1 -0.248 -0.007 0.008 8.76 -0.239 -0.003
10:05:40 66 -0.266 -0.015 0.006 8.76 -0.257 -0.011
10:13:29 64 -0.264 -0.014 0.002 8.73 -0.255 -0.010
10:19:01 62 -0.218 0.006 0.002 8.73 -0.209 0.010
10:34:06 60 -0.26 -0.013 0.002 8.75 -0.251 -0.009
10:46:03 58 -0.274 -0.019 0.004 8.76 -0.265 -0.015
11:02:20 57 -0.53 -0.134 0.03 8.75 -0.521 -0.130
11:09:11 56 -0.605 -0.168 0.002 8.76 -0.596 -0.164
11:17:57 54 -0.586 -0.159 0.005 8.76 -0.577 -0.156
11:26:18 52 -0.558 -0.147 0.005 8.75 -0.549 -0.143
11:30:59 51 -0.578 -0.156 0.003 8.75 -0.569 -0.152
11:37:53 50 -0.461 -0.103 0.005 8.75 -0.452 -0.099
11:44:05 49 0.6 -0.166 0.003 8.75 -0.591 -0.162
11:54:16 48 -0.595 -0.163 0.005 8.76 -0.586 -0.160
12:03:22 47 -0.573 -0.153 0.002 8.74 -0.564 -0.150
12:07:39 46 -0.245 -0.006 0.001 8.75 -0.236 -0.002
12:15:23 44 -0.572 -0.153 0.003 8.75 -0.563 -0.149
12:22:23 42 -0.57 -0.152 0.004 874 -0.561 -0.149
13:18:02 23 -0.3 -0.032 0.002 8.24 -0.228 0.000
13:39:04 40 -0.715 -0.219 0.001 8.75 -0.643 -0.187
13:45:47 38 -0.679 -0.203 0.002 8.75 -0.607 -0.170
13:56:48 36 -0.627 -0.179 0.002 8.75 -0.555 -0.147
14:03:22 34 -0.581 -0.159 0.002 8.75 -0.509 -0.126
14:15:10 23 -1.537 -0.589 0.01 8.75 -1.465 -0.556




Table A6. EM Flowmeter data for GW823.

GW823 Ambient Test
time depth volts Q (L/min) |std dev head adj vV adj Q
8:28:28 18 -0.273 -0.005 0.003 2.58 -0.263 0.000
8:45:35 60 -0.277 -0.007 0.003 26 -0.267 -0.002
8:47:55 58 -0.287 -0.011 0.004 2.57 -0.277 -0.007
8:52:32 56 -0.275 -0.006 0.002 2.58 -0.265 -0.001
8:55:49 54 -0.254 0.004 0.002 2.59 -0.244 0.008
9:02:25 52 -0.271 -0.004 0.002 2.58 -0.261 0.001
9:12:10 51 -0.279 -0.008 0.006 258 -0.269 -0.003
13:07:55 18 -0.293 0.003 0.003 2.55 -0.3 0.000
13:18:11 46 -0.262 0.017 0.013 2.57 -0.269 0.014
13:24:10 46.1 -0.236 0.029 0.013 2.57 -0.243 0.026
13:26:50 46.2 -0.226 0.034 0.009 2.56 -0.233 0.030
13:44:18 38 -0.261 0.018 0.006 2.58 -0.268 0.014
13:52:38 36 -0.245 0.025 0.008 2.56 -0.252 0.022
13:57:25 34 -0.243 0.026 0.007 257 -0.25 0.023
14:02:35 32 -0.229 0.032 0.007 2.57 -0.236 0.029
14:06:48 30 -0.222 0.035 0.005 257 -0.229 0.032
14:16:26 28 -0.253 0.021 0.0086 2.52 -0.26 0.018
14:24:03 44 -0.231 0.031 0.005 2.58 -0.238 0.028
14:33:34 42 -0.238 0.028 0.002 26 -0.245 0.025
14:38:19 40 -0.232 0.031 0.003 2.58 -0.239 0.028
14:58:45 18 -0.307 -0.003 0.013 2.59 -0.314 -0.006
15:08:08 18.1 -0.293 0.003 0.008 2.6 -0.3 0.000
GWB823 InjectionTest
time depth volis Q (L/min) |std dev head adj vV adj Q
8:20:20 18 -0.268 0.002 0.003 265 -0.272 0.000
8:40:05 59.8 -0.273 -0.001 0.003 3.25 -0.277 -0.002
9:03:00 58 -0.272 0 0.008 3.24 -0.276 -0.002
9:19:21 56 -0.252 0.009 0.006 3.25 -0.256 0.007
9:26:15 54 -0.258 0.007 0.003 3.24 -0.262 0.005
9:28:56 54.1 -0.26 0.005 0.002 325 -0.264 0.004
10:03:19 52 -0.272 0 0.007 3.24 -0.276 -0.002
10:59:27 18 -0.29 -0.008 0.004 2.76 -0.294 -0.010
13:35:00 18 -0.293 0.003 0.004 2.62 -0.3 0.000
13.55:40 46 -1.002 -0.316 0.009 3.24 -1.009 -0.319
14:10:38 44 -0.956 -0.295 0.005 3.23 -0.963 -0.298
14:28:44 42 -1.094 -0.357 0.004 3.25 -1.101 -0.360
14:34:49 40 -1.084 -0.353 0.003 3.24 -1.091 -0.356
14:45:24 38 -0.69 -0.175 0.005 3.24 -0.697 -0.179
15:22:34 36 -0.826 -0.237 0.003 3.25 -0.833 -0.240
15:29:42 34 -0.723 -0.18 0.003 3.24 -0.73 -0.193
15:36:44 32 -0.856 -0.25 0.003 3.24 -0.863 -0.253
15:45:19 30 -0.825 -0.236 0.003 3.25 -0.832 -0.239
16:08:50 28 -0.645 -0.155 0.006 3.24 -0.652 -0.158
17:01:00 58.2 -0.293 0.003 0.01 2.78 -0.3 0.000
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APPENDIX B: CORE LOGS

Bl




Core log for GW-821

Depth drilled: 50’

casing: ~ 22.5'

drilling with water begins: 25’

water at ~ 18’
competent bedrock: ~ 25’

21 mineralogy samples
4 pore water samples

Interval: O-5° - Length: 2.6’ True interval: 2.4-5’

Top 0.3’: dark brown, organic soil, twigs.
Rest: Dark yellowish orange (10YR6/6) to moderate yellowish brown (10YR4/2),
dry, crumbly, weathered silty clay/sand. Saprolite-shale structures apparent.

Min samples: O

PW samples: O
Interval: 5-10’ {pushed Length: 2.9’ True interval: 7.1-10’
w/H20)

Same color as above, clay-rich silty sand, some weathered pebbles, STAINED,
moist.

Min samples: O
PW sampies: O

Interval: 10-15’ Length: 3’ True interval: 12-15’

Same as above, but darker brown at bottom of interval, very rubbly. Dry and
crumbly. Heavily STAINED. Lighter tan when cut.

Min samples: O
PW samples: O

Interval: 15-17' Length: 1.2’ True interval: 15.8-17’

Lost top half of core.
16-17': dusky yellow (5Y6/4) to light olive brown (5Y6/6) silty sand. Very
WEATHERED but no staining apparent. Shaly bedding. Dry.

Min samples: O
PW samples: O




Interval: 17-18’ Length: 1’ True interval: 17-18’

Light olive brown (5Y5/6) silty sand matrix, dry and crumbly, with dark grey (N3]
weathered shale fragments. Some Fe stained fragments at ~17.5’. Mn-oxide
coatings observed. FE STAINED and WEATHERED observed throughout entire
interval. Difficult to see because fragments covered in soil.

Min samples: O
PW samples: O

***********************WATER AT

18’****************************************

Interval: 18-20.5’ Length: 2.5’ True interval: 18-20.5’

18-19.5": Dark brown silt, WET, with fragments of heavily Fe-stained shale.
*19': Larger pieces of rock, HEAVILY FE STAINED, one piece busted up for pore
water analysis.

19.5-20.5": Dark grey (N3), busted up shale, very dry, some indurated pieces,
some weathered. No significant Fe staining.

Min samples: 2 (18.5" and 19': heavily stained shale)
\PW samples: 2 (18.5" and 19’)

Interval: 20.5-22' Length: 2.5’ (top 1': True interval: 20.5-22'
slough)

Top 1’ (slough): brown silt-clay, moist, covering weathered shale fragments.
Sampled for pore water.

20.5-22': Dark grey (N3) fine-grained shale, dry, very powdery. Some larger
pieces. No significant Fe staining, except for shale piece at 22" which has FE
STAINING and green alterations.

Min samples: 2 (20.5": stained /weathered shale; 22': stained/altered shale)
PW samples: 1 (20.5")

Interval: 22-23’ ' Length: 13" True interval: 22-23’

22-22.7": Brown, clay-covered weathered shale. Soft but retains shaly structure.
Calcite veins observed, some in-situ weathering, heavily FE STAINED weathering
rinds on fragments. One competent piece at 22’, rest of interval is very clay-rich

and soft. Clay is moist.

22.7-23": Grey, extremely weathered shale. No competent pieces, very crumbly,

dry.




Min samples: 1 {22.5": stained/weathered shale)

PW samples: 1 (22.5)

Interval: 23-25'

Length: 2’

True interval: 23-25'

23-24": Dark grey {N3) fine-grained shale, very busted up, dry. Mostly small
fragments, a few larger pieces.
*24'. FE STAINED shale; green alterations observed in this zone.

24-25': Lighter grey powder on shale fragments. FE STAINING observed on many
of the fragments. Most fragments less than 2" in length. A few larger pieces, one

with significant FE STAINING..

Min samples: 1 (24': heavily stained shale)

PW samples:

FrEexxxxxxxXX***WET DRILLING BEGINS AT

25’*****************************

Interval: 25-30°

Length: ~3’

True interval: 27-30°

Top 1": FE STAINED calcite/shale. Green alteration product on shale.
27--27.5": oolite with some BLACK STAINING. Minor Fe staining on top.
27.5-28.7': Dark grey (N3) shale, mostly small fragments, very blocky. Minor
calcite veining. No Fe staining.
28.7-30": Clay-rich dark grey shale, no fragments. Looks like weathered in situ.

Extremely soft and crumbly.

Min samples: 3 {27': stained calcite/oolite; ? sample of reddish grey shale; 28":

grey shale with burrow.

~Interval: 30-35’

Length: 2.8’

True interval; 32.2-35’

32.2-32.77: Dark grey (N3) shale, many Fe stained fragments, some associated

with calcite vein. Small to medium size fragments.

32.7-34.2": Dark grey weathered shale with MAJOR FE STAINING, very tiny

fragments of shale.

34.2-35": oolite with calcite veins. Large (2" length) core pieces. Upper few

inches are weathered.

Min samples: 2 (32': stained calcite/shale; 33': stained and weathered clay/shale)

Interval: 35-40’

Length: ~3.5'

True interval: 36.5-40’

36.5-37.5": oolite, farge pieces (3" long core} with cross-cutting calcite veins.
*37-37.5": SIGNIFICANT FE STAINING ALONG SIDES OF OOLITE -VERTICAL

3




FRACTURE.

37.5-38": Dark grey (N3) shale, SIGNIF. FE STAINING MANY PIECES - likely part
- of same fracture.
38-38.5": Dark grey clay-rich shale, in-situ weathering, soft. Some larger shale
pieces in clay.
38.5-40": crumbly, dark grey weathered and fissile shale. In-situ calcite vein
weathering. Some small fragments.
40’: 3" core of dark grey shale, FE STAINED on one face.

Min samples: 4 (~36.5", 37.5’, 40’: stained shale; ~37.5": stained oolite)

Interval: 40-45’ Length: 3.2’ True interval: 41.8'-45’

41.8-42.5": Brownish grey {56YR4/1) shale, some heavily STAINED Fe CALCITE
vein pieces in shale. One larger (2" or so) piece, rest small fragments. Fragment
of oolite but don’t know placement.

42.5-42.7": Larger pieces of dark greenish grey shale, calcite growth along sides.
42.7-43.2": Clay-rich weathered, dark greenish grey shale. Very soft, some larger
fragments but they break/crumble when handled.

43.2-45’: Dark grey crumbly clay/shale. Calcite vein weathered in site. No larger
pieces.

Min samples: 1{~42': stained calcite)

Interval: 45-48’ Length: 2.7’ True interval: 45.3-48’

45.3-46": oolite with green alteration product (glauconite??) on surface. Some
thin, white, cross-cutting calcite veins. Some larger core pieces.

46-46.2": Dark greenish grey fine-grained shale, thin pieces. No Fe staining.
46.2-46.4": Dark grey clay-rich fissile shale, thin shaly bedding.

46.4-47.4": Dark greenish grey clay-rich shale, larger pieces than above interval.
47.4-50': Dark grey fissile shale, no pieces.

Min samples: 3 (45': oolite with green alteration; 46’: unstained grey shale; ~47":
carbonate interlayer with staining)

Interval: 48-50' Length: 18" (rest True interval: 77
slough) _

**Slough discarded

~ 1.5’ of small to medium size fragments of mostly dark grey (N3) fine-grained shale.
. Some pieces of dark greenish grey (5G4/1) shale in top 6". Small pieces of caicite

vein in top 6", slight Fe staining but hard to tell placement. Calcite growth along

shale facies elongated. Bottom 3": thin (1/2") coarse-grained carbonate layer with

some red minerals (hematite??) and black minerals (Mn oxide??).




Bottom piece: shale/carbonate interlayered, few " thick, 3" long.

Min samples: 2 { ~50’: coarse-grained carbonate, calcite growth on shale)




\y

Core log for GW-822

Depth drilled: 70’

casing: ~32'

drilling with water begins: 33’

water at ~ 16’
competent bedrock: ~31’ (according to driller; hard to tell in cores, definitely at 32’)

26 mineralogy samples
6 pore water samples

Interval: 0-3’ Length: 3’ { True interval: 0-3'

0-0.5’: Dark brown soil with organic matter, leaves, and twigs.

0.5-3': Dark yellowish orange (10YR6/6} to light brown (5YR6/8) silty sand’, dry,
crumbly, weathered saprolite, shaly bedding and clay structure preserved. Very
weathered, strong reddish color.

Min samples: O
PW samples: O

Interval: 3-5' Length: 2’ True interval: 3-5’

3-4": dark organic and stained silt, some leaves, twihs, heavy staining of rock
fragments.
4-5": 4 pieces of saprolite core, heavy staining within saprolite.

Min samples: O

PW samples: O

Interval: 5-7° Length: 2.25’ True interval: ~5-7’
Same as above; heavily stained silt, clay, fine sand/ saprolite.

5-6":" crumbly

6-7': cohesive cores, with heavy staining on surfaces and on inside.

Min samples: O
PW samples: O

Interval: 7-9’ Length: 1.7’ True interval: 7.3-9’

7.3-8.6": crumbly, heavily stained and weathered shale, all competent rock
fragments are carbonate. wavy shaly bedding preserved.
8.6-9’: greenish gray shale/saprolite core, interlayed with dark brown silt/clay

Min samples: 1 (8)




PW samples: O

Interval: 9-11’ Length: ~34" (top 8" True interval: 9-11'
slough)

9-10’: dark yellowish orange {10YR6/6) to moderate yellowish brown (10YR5/4)

silt and clay, dry and crumbly, no rock fragments, VERY HEAVY STAINING AT ~9'.
10-11": larger cores of saprolite, same color as above.

* heavy staining throughout this interval

Min samples: O
PW samples: O

Interval: 11-13’ Length: 28" (top 4" True interval: 11-13’
siough)

Top 4": brown soil rubble {slough)

11-13’: same color as above, very weathered saprolite, significant Fe staining and
weathering throughout. Core pieces are 3-4" in length. Hard to distinguish

specific flow zones but most heavily stained at ~11.5". Slightly moist and crumbly.

Min samples: O
PW samples: O

interval: 13-14’ Length: 2’ True interval: 1372-14/

Top 1.3": silty sand, same color oas above, moist and crumbly with blocky
fragments of stained shale.

Bottom 0.7’: saprolite core, less orange tint, more olive color than above,
significant Fe staining throughout. :

Min samples: 1 (13-13.5")
PW samples: O

Interval: 14-15° Length: 1’ True interval: 14-15’

14-14.5": shale/saprolite moderate to dark yellowish brown with olive tint, similar
to 17-19’ saprolite, slightly moist, crumbly. Heavily stained surfaces on greenish-
gray shale.

14.5-15": more competent saprolite core.

Min samples: O
PW samples: O

Interval: 15-16" Length: ~2’ True interval: 157-16’




15-15.5": grayish orange powder covering medium to large size shale pieces with
HEAVY FE STAINING. Significant staining on shale surfaces throughout interval.
DRY!!

15.5-16": very pale orange powder (lighter than above), appears to be same rock
type as above.

Interval: 16-17’ Length: 13" True interval: 16-17’

16-16.3": dark brown silty clay

16.3-16.4': grey silt layer, small twigs

16.4-16.8’: moderate yellowish brown (10YR5/4) silty sand, some clay, moderate
staining on oolite piece at 16.8’, many small twigs.

16.8-17’: moderate yellowish brown to light olive gray (5Y5/2), piece of heavily
stained oolite at 17’.

Min samples: 1 {17, stained oolite)
PW samples: 1 (16.5", brown silty mush)

Interval: 17-19° Length: 2’ True interval: 17-19’

WETIH

17-18.3": very wet brown silt/clay/fine sand, very mushy, with disks of carbonate.
Carbonate surfaces NOT stained.

18.3-19": very weathered/stained greenish gray shale/saprolite. moist, not as wet
as above. HEAVY Fe staining along horizontal places at 18.5’

18.5-20": weathered but NO significant staining.

Min samples: 1 (18.5°, stained shale)
PW samples: 1 (18.5, CHECK THIS!!!)

Interval: 19-21' Length: 2.5’ True interval: ~19-21’

19-20.5": greenish gray shale fragments, some heavily dark oxide stained, in
moderate yellowish brown silty clay matrix. Most shale very soft, few more
indurated pieces. MAJOR FLOW ZONE.

20.5-21': same as above but more orange staining.

Min samples: 2 (20.5-21"; ~20)
PW samples: 1 {19.4-19.8’)

Interval: 21-22 Length: 1’ True interval: 21-22’

21-21.3’: brown silty clay with large, dark grey piece of carbonate.
21.3-21.5": large dark grey carbonate piece.
21.5-22': moderate olive brown {(5Y4/4) saprolite, same as below, moist clay,




shale fragments have heavy dark oxide staining. mostly clay, less fragments than
above.

Min samples: 1 {21.5-22’, stained shale/saprolite)
PW samples: O

Interval: 22-23’ Length: 18" (4" slough) True interval: ~22-23’

Top 4": dark brown siity clay with shale fragments (slough)

22-23’: same color as below but more moist, very crumbly, weathered saprolite,
staining within saprolite cores and pieces. Some greenish gray shale fragments,
most HEAVILY STAINED with dark oxide.

Min samples: 1 (22.5’: stained shale)

PW samples: O
Interval: 23-24’ Length: 18" (top 6" True interval: 23-24’
slough)
DRY!!

Top 6": brown silty clay (slough)

23-23.25": moderate to light olive brown weathered saprolite, no shale.
23.25-23.75": same as above but shale fragments present, silty clay, very crumbly
, shale indurated but very fragmented. greenish grey shale. small-medium size
fragments. moderate dark oxide staining on some shale fragments. can’t tell
if/where fracture zone occurs.

23.75-24': same as above but no shale.

Min samples: 1 {23.5")
PW samples: O

Interval: 24-27’ (dry Length: -2’ True interval: 25-27'
dritl)

25-26': moderate yellowish brown (10YR5/4) to dark yellowish brown (10YR4/2)
silty sand to silty clay with small shale fragments. Shale fragments are HEAVILY
STAINED with Fe and Mn oxides. Appears to be MAJOR FLOW ZONE!!!!
26-~26.5": Light olive gray {5Y5/2) silty clay with greenish gray shale fragments.
WET. Shale fragments are HEAVILY STAINED with Fe and Mn oxides.

26.5-27’: same as top interval.

Min samples: 3
PW samples: 2 (25', 27')




Interval: 27-31" (dry Length: 3’ True interval: 28-31’
drill)

28-29.5": Dark yellowish brown {10 YR 4/2) to dusky brown (5YR2/2] silty clay,
WET, top few inches has few fragments of shale.

~28.5" and 29: dark yellowish orange (10YR6/6) clay layers, very fine-grained,
WET, sandwiched between thin, black, coarser-grained layers.

~ 29’: darker, coarser-grained layer, inches thick, some orange discoloration.
29-29.5": dark yellowish brown (10YR4/2), same as top interval, with fragments
of shale which

have significant Fe and Mn STAINING.

29.5-31": Light olive gray (5Y5/2) saprolite disks, clay-rich weathered shale. shaly
bedding. fragments of greenish gray shale within clay have dark STAINING. DRY
and crumbly; minor Fe staining on surfaces of disks.

Min samples:
PW samples:

Interval: 31-32' (dry Length: 14" True interval: 31-32’
drill)

31-32": Dark grey {N3) weathered shale and clay. Shale in fragments, a few larger
pieces at bottom of core. Clay very crumbly, moist. Shale appears to be
weathered in-situ to clay; clay retains shaly bedding characteristics. Some thin
brown silty clay interlayers at ~31.2" and ~31.4".

* Moderate to heavy Fe staining on shale/clay at ~31’

Min samples:
PW samples:

Interval: 32-33" (dry Length: 1’ True interval: 32-33’
drill)

Dark brown clay at top and covering sides of top portion of core.

32-33": dark grey (N3) shale and clay. Clay is crumbly but very cohesive. Some
yellow and brown alteration within clay (weathering products?) but small-scale.
Three disks of shale present, very indurated, no Fe staining observed. A few
smaller shale fragments. Does not appear to be significant flow zone.

Min samples:

PW samples:
Interval: 33-35" (wet Length’: 2° True interval: 33-3%’
drill)




33-33.75: Dark to medium grey shale with reddish carbonate interlayers, some
internal deformation observed. Large pink calcite vein with large crystals,
elongated. Slight Fe staining at bottom of this zone. Medium size (<2" long)
fragments.

33.75-34.25": clay-rich weathered shale, soft, fissile. Reddish brown interlayers.
Some shale fragments in clay.

34.25': calcite vein/carbonate layer, competent.

34.25-35": clay-rich weathered shale, same as above. Solid pieces are
predominantly carbonate. Carb fragments at bottom.

No significant Fe staining in this interval.

Min samples:

PW samples:
Interval: 35-40’ {wet Length: 3.25' True interval: 36.75-40’
drill)

*Slough discarded

36.75-38.25": Dark grey shale with lighter reddish grey carbonate intervals
(brownish grey 5YR4/1). Large pink calcite vein, slightly Fe stained at top.
Thinner white calcite cross cutting veins, many perpendicular to bedding. Nice
laminations on some pieces. Some larger (few" length) pieces.

Carbonate layer (not sure about placement), with coarse-grained Mn oxide coating.
Elongated crystals, intraclasts.

38.25-39.25": pulverized shale, some larger pieces retrieved, rest (slough)
discarded.

39.25": oolite

38.25-40": clay-rich fissile shale and shale pieces. Very weathered, fissile, soft.
Looks natural.

40": Qolite

No Fe staining observed in this interval

Min samples:

PW samples:
Interval: 40-45" (wet Length: 3.25’ True interval: 41.75-45’
drill)

41.75-43.50": Dark grey (N3) shale with brownish grey (5YR4/1) carbonate

intervals. Horizontal bedding visible in shale and carb. Carb intervals up to 1"

thick. oolite layer at ~52.25’, coarse-grained. Thin white calcite veins, both cross-

cutting and bed parallel. Some larger pieces. No Fe staining. Pieces seem to

break along shale, not along carbonate.

43.5-43.75': fissile shale, mostly tiny pieces.

43.75": few inches of dusky yellowish brown (10YR2/2) shale. >




43.75-44': coarse-grained brownish gray (5YR4/1) oolite, small black minerals,
shale intraclasts, calcite veins. FE staining on shale (bed parallel) and on side,
microfolding structures observed.

44-45': clay-rich shale, very weathered and fissile. Most incorporated in clay.
Clay looks natural, clay structures observed, iron staining, in situ weathering of
calcite veins. More competent pieces have carbonate layers. Moderate Fe
staining, esp. in zone right below oolite. shale very fissile, clay-rich.

Min samples:
PW samples:

Interval: 45-50" (wet Length: 2.7’ True interval: 47.3-50’
drill)

-47.3-48.3": predominantly medium to dark grey (N4/N3) shale, well indurated,
with light carbonate intervals. One carb piece has coarse-grained infilling. Cross-
cutting think white calcite veins, most perpendicular to bedding, lots of shale
fragments. No Fe staining.

48.3-48.6’: lighter brownish grey (5YR6/1) oolite with thin calcite veins ~ 45 deg
dip to vertical axis. Oxide covering on side of larger piece. FE staining with
weathered pits, parallel to calcite veins.

48.6-50': clay-covered fissile shale, very soft and weathered. Medium to dark
grey {(N4/N3) some in situ weathering of calcite vein, some staining in clay. Clay
looks natural.

Min samples:

PW samples:
Interval: 50-55" (wet Length: 3’ True interval: 52-55'
drill)

52-54’: Medium to dark grey (N4/N3) shale fragments, well indurated, most pieces
1/2" in length. Oolite with Mn oxides staining at top. some pieces of shale have
structures that look like slickensides. Carb interlayers, some oolite pieces. Some
larger shale pieces. No signif. Fe staining.

54-55": fissile, clay-rich, small shale fragments. Sign. Fe staining at 54°.

Min samples:

PW samples:
Interval: 55-60" (wet Length: 2.6’ True interval: 57.4-60’
drill)

57.4-58.4": dark grey (N3) fine-grained shale, well indurated, with cross-cutting




thin white calcite veins and few thicker pink veins. FE staining on several pieces
but hard to tell placement. Calcite elongation.

58.4-59.1": fissile shale, mostly tiny pieces, brownish black (5YR2/1) with pieces
of brownish grey (56YR4/1) to brownish black medium grained carbonate with some
elongated crystals. Small black minerals. calcite veins, some with green alteration
product.

59.1-60": dark greenish grey (4G4/1) to brownish grey/black (6YR4/1 to 5YR2/1)
shale, tiny pieces. THIS INTERVAL DISCARDED.

Min samples:
PW samples:

Interval: 60-65" (wet Length: 2.5’ True interval: 62.5-65'
drith

62.5-64": oolite, brownish grey (5YR4/1) to medium dark grey (N4) many thin
cross-cutting white calcite veins, green shale intraclast/vein, glauconite (??) on
oolite surface. stylolitic piece (sampled). large core piece (6").

64-64.25": med to dark grey (N4/N3) shale, some thin carbonate intervals. pink
calcite vein, looks bed parallel. Bottom piece has small black minerals {(Mn ox?)
64.25-64.75": oolite, same as top interval, heavy Fe staining on small pieces. Mn
oxide.

64.75-65": HEAVILY FE STAINED shale, original core clay covered. Mostly small
pieces, clay discarded.

Min samples:

PW samples:
Interval: 65-70" (wet Length: 2.25° True interval: 67.75-70’
drill)

67.75-68": HEAVILY FE STAINED calcite veins, elongated crystal growth, in shale.
some carb layers up to 1/4" thick. Shale fine-grained, shaly bedding but well
indurated. medium to dark grey, carb intervals brownish grey (5YR4/1).

68-69': predom shale with carb interlayers. calcite with preferred elongation on
many surfaces.

69-69.5": oolite with thin white cross cutting calcite veins, black mineral on
surface. shale intraclasts, iron staining along rinds. Some Fe staining along veins.
69.5-70": Very fissile shale, clay-covered, few larger pieces.

Min samples:
PW samples:




Core log for GW-823

depth drilled: 70’

casing: ~ 25’

drilling with water begins: 27’

water table at ~11.5’
competent bedrock: ~25" (?)

mineralogy samples: 34
PW samples: 4

Interval: 0-3’ Length: 3’ True interval: 0-3'

0-0.5": dark brown organic clay soil, twigs.

0.5-1’: dark yellowish orange (10YR6/6) to moderate yellowish brown (10YR5/4)
clay core.

1-3’: same color as above, dry and crumbly, clay/silt/fine sand, shaly
bedding/weathering structures observed.

Min samples: O

PW samples: O
Interval: 3-5’ (pushed Length: 2’ True interval: 3-5’
w/H20)

3-4': same as above, moderate yellowish brown (10YR5/4) silty sand, crumbly,
few pieces of stained shale.

4-5’: same as above, but consolidated core, laminations and weathering structures
observed.

Min samples: O
PW samples: O

Interval: 5-7° Length: 2’ : True interval: 5-7’

Top 3" dark grey/black, organic smell, some twigs.

5-6": moderate yellowish brown saprolite, WET (probably from above interval
pushed out with water). Heavily stained, very few small shale fragments.
6-7': dry and crumbly.

Interval: 7-9’ Length: 2’ True interval: 7-9’

7-8.4": olive gray (5Y3/2) silty sand with dark red/black staining, dry, crumbly.
8.4-9': same as above but more reddish staining.




Min samples: 1 (8’ stained shale/saprolite)
PW samples: O

Interval:9-11" {pushed Length: 3' True interval: 9?-11’/
w/H20)

9-11": same as above but consolidated core (5 pieces), weathered, moist to wet,
no competent pieces, heavily stained.

Min samples: O

PW samples: O

*****************WATER at ~‘11’.5**************************
Interval: 11-13’ Length: 2.5’ True interval: 11?2-13’

WETHI

top 6": brown clay (slough)

11-11.5": dusky yellowish brown {10YR2/2) clay and shale fragments.
11.5-13": dark brown silty MUSH; WET, some staining, many shale pieces.
12': Large {4") piece of heavily STAINED shalel!

Min samples: 2 (12.5-13’: stained shale; 12': heavily stained shale)
PW samples: O

Interval: 13-1%’ Length: 1.7’ True interval: 13.3-15%’

13.3-13.8’: dark brown silty MUSH, WET

13.8-14.3": grayish olive (10Y4/2) weathered shale/clay, top 13.8-13.9 WET
{brown clay); rest is moist in crumbly grayish olive clay. Shale fragments stained.
14.3-15": grayish olive weathered shale core, not as heavily stained as above,
moist.

Min samples: O
PW samples: O

Interval: 15-20° Length: 3’ True interval: 17?7-20'

Top 1': dark brown WET silty mush

1-2’: greenish grey shale/saprolite, fissile, moist to wet, weathered, some pieces.
2-3": MAJOR STAINING, reddish brown saprolite, very weathered and stained,
DRY.

Min samples: 2 (~19-20": stained saprolite; ~18-19’: stained shale/saprolite)




PW samples: 1 (tcp 1’ ~16/17'7)

Interval: 20-21’ Length: 18" {6" slough) True interval: 20-21°

20-21": moist to wet saprolite, same as below, crumbly, moist, no farge rock
pieces, very heavy dark staining.

Min samples: O
PW samples: 1 (20-21")

Interval: 21-22.5' Length: 3’ True interval: 21?-22.5'

21-22.5": moderate to dark yellowish brown, same as below, dry, crumbly
saprolite. Heavily stained competent shale pieces.

Min samples: 1 (21-22.5": stained shale/saprolite)
PW sampies: 1 (21-22.5")

Interval: 22.5-23.5’ Length: 2’ True interval: 22.57?-
23.5’

Very HEAVILY STAINED AND WEATHERED!

Same as below, dark brown silty sand/clay with shale fragments.
22-22.5": Heavily stained shale, many large pieces.

22.5-23": mostly weathered, less competent.

Min samples: 1 (22-22.5’: stained shale)
PW samples: O

slough)

Interval: 23.5-24.5' Length: 1.7’ (0.5’ True interval: ~23.5-24.5

Top 6": brown clay {slough)

23.5-23.75": heavily weathered and stained shale pieces in clay, saprolite.
23.75-24.25": slightly moist, crumbly, darker than below. HEAVILY STAINED
weathered shale. some small pieces of competent shale.

24.25'-25%’: consolidated weathered shale/saprolite, can see shaly bedding
structures.

Min samples: 1 (23.75-24.25’: stained/weathered shale)
PW samples: 1 (23.5-24.5')

Interval: 24.5-25’ Length: 1.3" {top 0.7’ True interval: 24.5-25’
slough)




Top 0.7": brown clay with shale fragments {slough?), moist.

24.5-24.6": consolidated weathered shale/clay (saprolite), staining.

24.6-25": dark yellowish brown, dry, crumbly, silty sand with weathered shale
pieces (saprolite), no competent shale, all extremely weathered.

Min samples: O
PW samples: O

Interval: 25-26' Length: 1.5’ (top 6" True interval: 25-26’
slough)

Top 6": dark grey weathered shale covered by brown silty clay, soft, no staining.
25-26": same as below, dark yellowish brown to light olive grey, dry and crumbly,
dark grey shale pieces with weathering rinds, staining on many pieces, no specific
zone of staining. no competent shale, all extremely weathered.

Min samples: O
PW samples: O

Interval: 26-27’ Length: 1.5" (top 6" True interval: 26-27'
slough)

Top 6": brown clay with shale fragments (siough?)

26-26.5": dark yellowish brown (10YR4/2) to light olive gray (5Y5/2), dry, crumbly
silty sand with pieces of heavily weathered shale. some pieces heavily stained,
can’t tell placement of staining.

26.5-27': same as above but lighter, more pale yellowish brown {10YR6/2)

27': competent piece of shale, moderate staining.

Min samples: 2 (26.5’: heavily weathered/stained shale; 27’: stained shale)
PW samples: O

FrExxxxxxxxxxx**WET DRILLING BEGINS AT

27’***************************

Interval: 27-35’ Length: ~3’ True interval: ??

**SLOUGH DISCARDED

Top 2": weathered, Fe stained calcite vein.

0-~2’: dark grey shale, some calcite veining, indurated, LARGE PIECE. carbonate
intervals. HEAVY FE STAINING at 1°.

2-~2.75": oolite, small shale intraclasts, stylolite features., black minerals.
2.75-3": shale, no veining. Medium size {few " length, 1/2" thick) pieces.

4




Min samples: 4 (top 1": weathered calcite; 1’: stained and unstained shale, 2':
oolite)

Interval: 35-40’ Length: 3.25’ True interval: 36.75-40’

36.75-37.75": oolite, yellow mineralization ~37’. Mica(?) and black minerals
observed, shale intraclasts. Black staining on some pieces.

37.75-38.75": shale, some large 1/2" length pieces. FE stained zone at ~38’. most
pieces medium size. Burrow structures (?) . Fe staining along calcite vein. Thin
white cross-cutting calcite veins.

38.75-40": clay-rich zone, much Fe staining in clay.

Min samples: 1 (~37": stained oolite)

Interval: 40-45' Length: 3’ True interval: 42-45’

42-43’: oolite, some calcite veins, one vein lined with black mineral (stylolitic),
larger pieces , up to 2-3" in length.

43-44': HEAVILY STAINED SHALE, medium size pieces with carbonate
interlayers.

44-45’: clay-rich shale, mostly clay. some small shale pieces.

Min samples: 2 (42-43': oolite with stylolite; 43-44': heavily stained shale)

Interval: 45-49° Length: 1" (48-49’) True interval: 48-49’

48-48.5": small pieces of stained and unstained shale, bits of oolite.

48.5-49’: oolite with shale intraclasts, looks stylolitic. oolite breaks along these
planes of weakness. Major FE staining along shale stylolite. FE STAINING IN
THIS INTERVAL

Min samples: 2 (48-49': heavily stained shale, colite with shale clasts.

Interval: 49-54" "top" Length: 2' | True interval: 49-51°

49-49.25": oolite with thin white cross-cutting veins; dark staining on side. Some
dark stained pieces between 49 and 498.5’; can’t tell placement.

49.25-51': dark grey shale and carbonate interlayer pieces, no clay. Several
stained pieces at ~50.3’, but hard to tell placement. More stained pieces at 50.5";
part of same fracture?

Min samples: 3 (49-49.5": stained shale; microfault in shale; 50.3-50.5": stained

5




shale)

Interval: 49-54’
"bottom"

Length: 3’

True interval: 51-54'

51-54': small pieces of shale; rest is weathered clay-ric

Min samples: 1 (top zone: small pieces of shale)

h shale.

Interval: 54-65" "top"

Length: 1.5’

True interval: ??

Oolite carbonate interval, one large pink calcite vein, black minerals, one red
mineral (hematite?), elongated calcite crystals. Some shale pieces at bottom.

Min samples: 3 (top zone: oolite with calcite vein; bottom zone: shale and

oolite/shale)

Interval: 54-65’ _
"bottom"

Length: 3’

True interval: ??

top 1’: dark grey shale pieces, some up to 3" long, no staining observed in

silt/clay.

1-1.5": dark grey fissile weathered shale in clay matrix, no staining.

1.5-2": greenish grey shale, fissile, weathered shale in clay, some larger pieces. no

staining, weathered calcite vein.
2.25-2.5": dark grey, very clay-rich , small pieces of shale
2.5-2.75": dark grey and fissile

2.75-3’: dark grey shale/clay with pieces.
***no staining observed, but very weathered.

Min samples: O

interval: 65-70" "top"

Length: 1’ (~4’ original)

True interval:??

Mostly broken up shale, small pieces, soft, shaly bedding. Iron stained pieces at

top. Some oolite pieces; not sure about placement.

**SLOUGH DISCARDED

Min samples: 3 (top zone: stained shale; bottom zone: stained shale; ?: colite with

shale intraclasts

Interval: 65-70’
"bottom"

Length: 1.5’ (~4’ original

True interval: 77




**SLOUGH DISCARDED

Top 6": 2" long disk of oolite, veining and shale intraclasts/stylolite.
) middle 6": dark grey shale, same as "top" interval, very soft, calcite at bottom of
one piece.
next 6": clay-rich shale, mostly clay. shale structure seen when broken, very
crumbly, fissile, soft.
bottom 2": oolite.

Min samples: 4 (top zone: oolite; middle zone: unstained shale; 70’: oolite, ?7?:
interesting pieces)




APPENDIX C: POINT DILUTION CURVES
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