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1.0 Introduction

Martin Marietta Aggregates, Inc. (MMA) is evaluating the feasibility of operating a limestone
aggregate quarry in southern Beaufort County near the border with Craven County, North Carolina
(Figure 1-1). MMA has completed wetlands evaluations, exploratory drilling to map the depth and
quality of the limestone ore, and has secured a long-term lease for the quarry property. MMA
proposes to operate an approximately 650-acre open-pit mine that will be excavated to a depth of
approximately 120 feet below land surface. Successful mining of this type requires depressurization
and dewatering of the limestone. Prior to pursuing mining permits, MMA contracted Groundwater
Management Associates, Inc. (GMA) to perform a detailed hydrogeologic evaluation of the property.
The focus of GMA’s evaluation was to determine the volume of water to be withdrawn, and to define
the size and magnitude of the drawdown resulting from groundwater withdrawals needed to support
operation of the open-pit mine. A secondary focus was to evaluate the potential for part of the
dewatering withdrawals to be made available for public use by public water systems. This document
presents GMA’s findings.

2.0 Scope of work

GMA'’s scope of work involved the following major tasks:

) Research into the regional hydrogeologic setting of the property. GMA gathered regional
hydrostratigraphic data from available publications, reviewed on-line data from the North
Carolina Division of Water Resources (NCDWR), and reviewed data provided by the Potash
Corporation of Saskatchewan (PCS Phosphate) from their phosphate mine facility located near
Aurora, NC.

I1) Permitting and construction of a production well and a monitoring well. GMA assisted MMA
in acquiring a well construction permit from the North Carolina Division of Water Quality. In
addition, GMA assisted with acquiring a Central Coastal Plain Capacity Use Area Permit from
the NCDWR to allow for conducting a high-volume pumping test. Upon receipt of permits,
GMA constructed a production well and a monitoring well so that detailed aquifer testing could
be performed.

[I)  Aquifer testing. GMA performed a constant-rate aquifer pumping test for a period of 24 hours,
during which GMA collected water levels and measured the pumping rate of the production
well. The intent of the testing was to characterize the hydraulic properties of the aquifer.

IV)  Groundwater flow modeling using Visual Modflow. GMA integrated data on the
hydrostratigraphy and aquifer properties to develop a three-dimensional model of the regional-
and local-scale groundwater flow systems. The model was calibrated and numerous
simulations were performed to estimate the volume of water that must be withdrawn to allow
for open-pit mining. The model also simulated the size and magnitude of the area of drawdown
that would result from the mine dewatering.

V) Preparing a report of findings of the studies.
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3.0 Regional Hydrogeologic Setting

The property (Figure 1-1) lies within the Coastal Plain Physiographic Province of North Carolina
(NCGS, 1985). The Coastal Plain is a broad, relatively flat region comprising the eastern third of the
State. Local topography is very flat, with local relief of only about 20 feet between upland plateau
areas and tributaries (Figure 3-1). Maximum relief between the property and the Pamlico River is
approximately 40 feet. The land surface largely owes its origin to a number of sea level advances and
retreats that occurred throughout the Pleistocene Epoch (<1.8 million years ago). These sea level
fluctuations created broad and generally flat terraces that slope gently to the east. Streams and rivers
have incised these terraces to create the current topographic character of the area.

The Coastal Plain Province is underlain by marine, estuarine, and terrestrial sediments (up to 10,000
feet thick at Cape Hatteras) that were deposited over the past 200 million years. The property is
underlain by approximately 1700 feet of Jurassic to Recent aged sediments and sedimentary rocks that
were deposited on top of pre-Mesozoic aged (>250 million years) volcanic basement rocks (Lawrence
and Hoffman, 1993).

The Mesozoic-aged sediments beneath the property are dominantly clastic in nature, and include
sequences of silt and clay interbedded with sand and gravel zones with minor amounts of shell. These
sediments are associated with deltaic and marginal marine depositional environments that
predominated at the time along the eastern margin of North America from about 145 to 65 million
years ago. These sediments have been hydrostratigraphically subdivided into four principal aquifers of
the Cretaceous Aquifer System (CAS). The CAS includes (from deep to shallow) the Lower Cape
Fear Aquifer, the Upper Cape Fear Aquifer, the Black Creek Aquifer, and the Peedee Aquifer. The
CAS is extensively used as a source of water supply in the central portion of the Coastal Plain.
However, in the vicinity of the property, the CAS is not extensively used because of the proximity of
the freshwater-saltwater interface and the significant depth (>300 feet) to these deposits.

Overlying the CAS is a sequence of Cenozoic-aged (<65 million years) sediments of dominantly
marine origin. These include significant beds of sands, shelly clays and fossiliferous sandy limestones.
These sediments have been hydrostratigraphically subdivided into five aquifers, including (from deep
to shallow): the Beaufort Aquifer, the Castle Hayne Aquifer, the Pungo River Aquifer, the Yorktown
Aquifer, and the Surficial Aquifer. Many of these aquifers contain fresh water and are important
sources for local and regional water supplies. Table 3-1 lists the principal aquifers that occur beneath
the property and describe the characteristics of these aquifers.
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Table 3-1: Regional Aquifer Framework, Beaufort County

Aquifer

Formations and Ages

Character and Use in Beaufort County

Surficial/Yorktown

Surficial Sediments
(Pleistocene to Recent)

Yorktown Formation
(Pliocene)

This aquifer occurs as a veneer (up to 70 feet thick)
of sandy to clayey sediments, locally fossiliferous
with shells, bone, and teeth. The aquifer covers the
entire County, except in areas where deeply incised
streams and rivers cut into underlying units. Clays
within the unit tend to serve as confining layers
and restrict recharge to underlying aquifers. The
aquifer is not currently used as a significant
groundwater source. It may be used sporadically
for irrigation and private residential water supply.

Pungo River
Aquifer

Pungo River Formation
(Miocene)

This fine-grained unit is composed of interbedded
phosphatic clays, diatomaceous clays, phosphatic
limestones, silty claystones, coquinas, calcareous
clays, and phosphatic sands. It is not a major
water-producing aquifer, but can supply usable
quantities of water to some local wells. Phosphate
from this formation is obtained by open-pit mining
at PCS Phosphate.

Castle Hayne Aquifer System

Castle Hayne Formation
(Eocene)

Beaufort Formation
(Paleocene)

The Castle Hayne Formation is a sandy limestone
and is characteristically highly fossiliferous
(molluscan mold to bryozoan/echinoid skeletal).
The aquifer typically has a hard cap rock of well-
indurated limestone. The upper limestone unit has
very high permeability. Middle to lower sections
of the unit may be less indurated and have higher

| sand and clay contents.
The Beaufort Formation includes fine- to medium-
grained glauconitic sand with admixtures of shell
fragments, gray clay, and local lenses of skeletal
limestone.

In Beaufort County, the Castle Hayne and Beaufort
Formations do not appear to be separated by a
recognizable confining layer, and are, herein,
grouped as a single aquifer system. The aquifer is
a major source of water supply to wells operated
by Beaufort County and the City of Washington.

In the vicinity of the PCS Phosphate Mine, the
aquifer is very prolific and can support individual
well withdrawals of more than 2500 gallons per

minute.
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Table 3-1: (Continued) Regional Aquifer Framework, Beaufort County

Aquifer

Formations and Ages

Character and Use in Beaufort County

Peedee Aquifer

Peedee Formation
(Upper Cretaceous)

The Peedee Formation is composed of dark
greenish-gray sand (glauconitic and argillaceous),
fossiliferous marine clays, and calcareous
sandstone. Due to its shallow occurrence, low
yield potential, and lateral heterogeneity, the
Peedee Aquifer has not been extensively utilized
for industrial or public water-supply systems in the
County.

Black Creek Aquifer

Black Creek Group [Tar Heel,
Bladen, and Donoho Creek
Formations].

(Upper Cretaceous)

The Black Creek Group is comprised of complexly
interbedded sands, sandstones, and clays that were
deposited in a deltaic to prodelta marginal marine
environment. Black clays, lignite, and pyrite are
common in the upper confining layer. Prolific
sand sequences produce substantial quantities of
water from the aquifer. These sand beds are often
locally divided within the aquifer by thick
interbeds of clay. These imbedded clays can
locally act as confining layers within the aquifer.
Saltwater intrusion can be a problem in this unit in
Beaufort County.

Upper Cape Fear
Aquifer

Cape Fear Formation
(Upper Cretaceous)

The Upper Cape Fear Aquifer comprises
permeable zones in the upper part of the Cape Fear
Formation. The Upper Cape Fear Aquifer may
also include some of the Middendorf Formation.
The aquifer is comprised of marginal marine
interbedded fine to coarse sands, gravels, and
clays. The aquifer is not extensively used due to
the aquifer depth and brackish water quality. In
addition, Fluoride concentrations are often elevated
in the Upper Cape Fear Aquifer.

Lower Cape Fear
Aquifer

Cape Fear Formation
(Upper Cretaceous)

The Lower Cape Fear aquifer is comprised of
permeable sands and sandstone layers of the lower
section of the Cape Fear Formation. These
sediments are distinguished from the overlying
younger sand units of the Cape Fear Formation
based upon hydraulic head and water quality. The
aquifer is unused in Beaufort County due to the
depth of the aquifer and its brackish water quality.
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Table 3-1: (Continued) Regional Aquifer Framework, Beaufort County

Aquifer | Formations and Ages Character and Use in Beaufort County

The Bedrock Aquifer is poorly understood and is
unutilized as a groundwater resource in Beaufort
County. Its lack of use is primarily due to the

tremendous depth across most of the County, along
Basement Rocks with the availability of shallower, high-yielding,
(Pre-Mesozoic) good-quality aquifers that overly the bedrock.

Groundwater in the Bedrock Aquifer flows through
fractures in the generally massive, impermeable
rock matrix. Wells of the Piedmont of North
Carolina commonly tap the Bedrock Aquifer for
private residential, and industrial use. Seldom is
bedrock used for large-scale public water supply.

Bedrock Aquifer

The Castle Hayne Aquifer is the most extensively used aquifer in the area. The largest user of the
Castle Hayne Aquifer is the Potash Corporation of Saskatchewan (PCS Phosphate), which operates a
phosphate mine near Aurora, approximately 10 miles east of the proposed MMA mine (Figure 1-1).
PCS Phosphate currently withdraws approximately 60 million gallons of water per day from the Castle
Hayne Aquifer. This withdrawal has developed a regional cone of depression that extends
approximately 3 miles west of the proposed MMA mine. Because MMA intends to mine limestone
from the Castle Hayne Aquifer, dewatering operations must integrate the effects of the PCS Phosphate
cone of depression on the area of drawdown that will result from groundwater withdrawals at the
MMA mine.

4.0 Site Exploration and Well Construction

GMA obtained a permit from the North Carolina Division of Water Quality to construct a water-supply
well (MMAU1) on the property (Appendix I). The water-supply well was intended to provide data on
the depth and thickness of the Upper Castle Hayne Aquifer. In addition, the production well served as
a test well for determining the hydraulic characteristics of the Castle Hayne Aquifer on the property.
The production well was also intended to be available as a future point of withdrawal to aid with mine
depressurization/dewatering. Well construction and exploration involved the following procedures:
e Dirilling a pilot hole to 150 feet depth using mud rotary drilling techniques
e Obtaining Natural Gamma, SP, and Resistivity geophysical logs of the pilot hole
e Installing an 8-inch diameter steel production well to 106 feet depth, including 50-slot
stainless steel screen placed from 66 to 106 feet depth. The well was equipped with a water
level drop tube to allow for accurate monitoring of water levels in the well.
e Developing the well until the water produced was sand-free and low turbidity
e The production well was equipped with a temporary locking aboveground well cover.

Following completion of the production well, GMA directed the well drilling contractor to install an
observation well (OW1) 75 feet away from the production well. The observation well was constructed
of 4-inch diameter PVC casing installed to 66 feet depth. The observation well was then advanced as
an open hole well to a depth of 106 feet. The observation well remained open without collapse or
excessive sand production, demonstrating that open-hole well construction is viable and may be
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appropriate for future production wells on the property. Figure 4-1 presents the drilling and
geophysical logs of the production well installed on the property. Figure 4-2 is an as-built drawing of
the production well. Appendix I includes copies of well construction records for the production well
and observation well.

5.0 Regional Monitoring Well Data Collection and Pre-Pumping Conditions

Prior to conducting on-site aquifer tests, GMA contacted PCS Phosphate to obtain data on the regional
groundwater-monitoring network operated by PCS Phosphate. PCS Phosphate provided coordinates,
elevations, and well construction details for four (S-28, S-29, S-30, S-31) nearby monitoring wells
(Figure 3-1). GMA was also given permission to open the four PCS Phosphate regional monitoring
wells and measure water levels in these wells. Water level data collected by GMA are summarized in
Table 5-1.

Table 5-1: Groundwater Level Data from Regional Monitoring Wells

Well Well TOC DTW (ft) | GW Elev. DTW (ft) GW Elev.
Depth (ft) | Elevation | 7/31/07 (ft) 7/31/07 | 8/6/07 (ft)

8/6/07

MMA1 106 38.9% 18.92 19.98 19.14 19.76

S-28 239 38.93 32.00 6.93 32.06 6.78

S-29 155.8 37.32 23.18 14.14 23.10 14.22

S-30 84.5 40.45 10.88 29.57 11.25 29.20

S-31 217.6 39.51 19.47 20.04 19.39 20.12

MMAL is the 8-inch diameter production well installed at the Martin Marietta Aggregates site.
TOC — Top of Casing of the well

DTW — Depth to Water

GW Elev. — Groundwater Elevation above Mean Sea Level

* Assumed elevation based upon topographic maps

Figure 5-1 illustrates the potentiometric surface of the Castle Hayne Aquifer on August 6, 2007. The
potentiometric surface exhibited an average hydraulic gradient of 0.0008 ft/ft toward the east-
southeast. The potentiometric surface slope is consistent with the pumping influence from
depressurization at the PCS Phosphate mine near Aurora.

6.0 Aquifer Testing

Predictive modeling of groundwater flow systems requires an accurate understanding of the hydraulic
properties of the aquifers being modeled. Carefully performed aquifer tests can provide data necessary
for determining these aquifer properties.

6.1 Field Testing and Data Collection
On August 6, 2007, GMA performed a constant-rate pumping test at MMAT1. The test involved

pumping the well at a rate of 524 gpm for a period of 24-hours. GMA personnel were on site
throughout the pumping period to monitor the pumping rate and make adjustments, as necessary, to
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maintain a constant withdrawal. Flow from the well was measured using a 6” x 5” orifice weir. GMA
deployed pressure transducers/data loggers and used electronic water level meters to accurately
measure water levels in the pumping well (MMAT) and the on-site observation well (OW1) throughout
the pumping test. In addition, GMA collected water levels at the PCS Phosphate monitoring wells at
the end of the pumping period to determine drawdown affects at those locations. No significant
drawdown influence was observed at the PCS Phosphate wells. Wells S-30 and S-31 exhibited water
level declines of 0.08 and 0.05 feet, respectively. The small declines in water levels at these wells are
not definitive evidence of drawdown that can be attributed to withdrawal from PW1. After 24-hours of
pumping, GMA shut off the pump and recorded recovering water levels in the pumped well and the
observation well for a period of 2 hours.

Pre-pumping water level data collected at the site and from the PCS Phosphate wells demonstrate that
water levels were relatively stable prior to the start of the pumping test. Therefore, GMA did not
correct the drawdown data for regional water level changes. Appendix II includes all field data
collected from the aquifer testing.

6.2 Aquifer Test Data Analysis

Since the 1930’s, hydrologists have developed a variety of methods for evaluating the hydraulic
properties of aquifers. These various methods are based upon derivations of, and modifications to, the
Theis equation (1935). The Theis equation allows for determination of the aquifer transmissivity and
storage coefficient for a fully confined aquifer that is homogeneous, isotropic, and of infinite aerial
extent. Advancements in aquifer test data analyses have led to methods that can determine hydraulic
properties of aquifers that do not meet the ideal assumptions of the Theis method. Understanding the
regional hydrogeologic setting and hydrostratigraphy of aquifer systems is essential to selecting the
appropriate methodology(ies) for aquifer test data analyses. A standard approach is to first perform
analyses using the Theis non-equilibrium reverse type curve method. This method involves graphing
drawdown versus time values from an observation well on a logarithmic graph and matching with a
type curve. If the water level data match well with the type curve, then a match point is selected on the
graph, and calculations of transmissivity and storage coefficient are made. Appendix II includes the
results of the Theis analysis for the observation well data.

GMA recognized that the drawdown data from the observation well deviated from the Theis type curve
after about one hour of pumping. The observation well exhibited less drawdown in the well than
would be predicted by the Theis equation for a fully confined aquifer. This “flattening” of the
drawdown curve is indicative of a leaky aquifer condition where a portion of the water produced by the
pumped well is derived from leakance across the confining layer(s) for the aquifer. GMA interprets
the leakance to be a result of vertical flow of water from the Surficial/Yorktown Aquifer downward
into the underlying Castle Hayne Aquifer. To more accurately characterize the aquifer properties in
this “leaky aquifer” setting, GMA used the Hantush-Jacob (1955) method. The Hantush-Jacob method
provides values of transmissivity and storage coefficient, and it also provides data on the degree of
leakance of the aquifer. These are fundamental details that are important for successful predictive
modeling. To supplement and confirm our estimations derived from the Theis and Hantush-Jacob
methods, GMA analyzed the pumping well drawdown data using a simplification of the Theis method
developed by Cooper and Jacob (1946). The Cooper-Jacob method can provide a reliable estimate of
transmissivity of an aquifer, but it does not provide a reliable storage coefficient for data from a
pumped well because it cannot account for the effects of well loss in a pumped well. We also analyzed
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the recovering water level data from the pumped well and the observation well using the Theis residual
drawdown/recovery method (1935). Results of all aquifer test analyses are included in Appendix II.

All methods applied resulted in hydraulic property estimates were similar. Table 6-2 presents a
summary of the aquifer test results from each method.

Table 6-2: Hydraulic Properties of the Upper Castle Hayne Aquifer from Aquifer Testing

Observation Well Pumped Well
Method Transmissivity Storage Transmissivity Storage
(ft*/day) Coefficient (ft*/day) Coefficient
Theis 4843 0.000209 NA NA
Cooper-Jacob 4963 0.000204 5140 NA
Hantush-Jacob 5031 0.000203 NA NA
Theis Recovery 5062 S/’ =2.39 5155 S/S*=2.33
Averages 4975 0.000205 5148 NA

NA = Not Applicable

Based upon the close agreement of estimates of transmissivity and storage coefficient for the aquifer
test analyses, GMA used an average transmissivity of 5000 ft’/day and average storage coefficient of 2
x 10 as representative for the Upper Castle Hayne Aquifer investigated at the site. Considering that
aquifer testing was performed for the 40-feet-thick limestone of the Upper Castle Hayne Aquifer,
GMA used an average hydraulic conductivity of 125 ft/day and specific storage of 5.1 x 10 as
characteristic properties of the upper limestone unit to be modeled. Also, GMA utilized information
on leakance from the Hantush-Jacob method to estimate the vertical hydraulic conductivity of the
confining layer overlying the Castle Hayne Aquifer to be 0.0035 ft/day.
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7.0 Hydrogeologic Framework Analysis

GMA collected regional and local data on hydrostratigraphy, including reviewing publications from
the United States Geological Survey, the North Carolina Division of Water Resources, Master of
Science Theses by Geologists from East Carolina University, data provided by PCS Phosphate, as well
as on-site drilling results. These data were used to develop a framework of data on the depths,
hydraulic properties, and head pressures of aquifers that could be affected by the mining operation.
The framework analysis included all aquifers and confining layers occurring from the land surface
downward to the confining layer of the Peedee Aquifer at a depth of about 400 feet beneath the

property.

GMA mapped the elevation of the top of each aquifer and confining layer for an area of approximately
1800 square miles surrounding the proposed MMA mine. This mapping effort provided the
framework of layers to be integrated into the regional groundwater flow model as discussed in Section
8.
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8.0 Predictive Modeling

GMA has constructed a 3-dimensional groundwater flow model, utilizing the program Visual
MODFLOW, to simulate the dewatering of the proposed quarry. Visual MODFLOW is a graphical
user interface for programming MODFLOW 2000, a modular, 3-dimensional, finite-difference,
groundwater flow model developed by the United States Geological Survey (USGS) (Harbaugh and

others, 2000).
The purpose of this portion of the report is to:

1) Review the model design and input parameters
2) Describe the calibration techniques employed and,
3) Present a synopsis of pertinent simulations.

We do not attempt in this report to provide a full-scale presentation of the model and all of its
implications. Our goal is to provide information that can be utilized by Martin Marietta Aggregates to
make informed decisions regarding the future development of the proposed quarry site.

8.1 Previous Studies

Several MODFLOW models have been completed for this region of the North Carolina Coastal Plain.
Sherwani (1973) performed the first significant modeling of the depressionization associated with
phosphate mining at Aurora, based on data collected from the Joint Study (1971). Giese and others
(1997) constructed a 3-dimensional MODFLOW model of the North Carolina Coastal Plain as part of
the USGS Regional Aquifer-Systems Analysis (RASA) Program. Their model incorporates the
calibration and simulation of flow for all regional aquifers in the North Carolina Coastal Plain. Their
model also simulated the cone of depression in the Castle Hayne Aquifer associated with the 1980 PCS
Phosphate withdrawals. Hargis (1982) performed predictive modeling of the Aurora mine for different
pumping centers and pumping rates.

Reynolds (1992) also performed predictive modeling of the PCS Phosphate withdrawals, as part of an
East Carolina University Master of Science Thesis in Geology, under the direction of Dr. Richard
Spruill. Reynolds’ MODFLOW model was used to predict the effects of increased pumping and to
estimate the pumping rates required for the future mine advance to the northeast (Reynolds, 1992).
GMA reviewed input parameters and results of previous models to assist in developing a model of the
proposed quarry for Martin Marietta Aggregates. Table 8-1 lists various model properties reported in
prior model reports as they pertain to GMA’s model for the proposed quarry. Layers one through ten
in this table refer to aquifers and confining layers that characterize the area near the PCS Phosphate
mine.
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Table 8-1: Aquifer Properties from Previous Models

Model Layer

Aquifer/Confining Layer Name

Hydraulic Conductivity

Layer One

Surficial Aquifer

From Reynolds = Hydraulic Conductivity of Surficial Aquifer is 50
to 80 ft/day dependant on location;
Not listed in Giese;
NCDWR = 12.5 ft/day Average Hydraulic Conductivity from Nine
Surficial Aquifer Wells

Confining Layer Above the Yorktown

Vertical Hydraulic Conductivity from Giese = 0.002 to
0.00087ft/day
Vertical Hydraulic Conductivity from Reynolds = Combined
Yorktown and Pungo River and Upper Castle Aquifer Confining

Layer Two Aquifer Layer = 0.015 to 0.00015 ft/day
Yorktown Aquifer/ Pungo _River Giese Transmissivity ranges <500 to 1000+ ft¥/day
Layer Three Confining Layer & Aquifer Based on thickness of <100 feet
. Vertical Hydraulic Conductivity from Giese = 0.015 to 0.00015
Confining Layer Above the Upper Y f:/yday >
Layer Four Castle Hayne Aquifer Vertical Hydraulic Conductivity from GMA Test = 0.0035 ft/day
Hydraulic Conductivity = 125 ft/day GMA test
Hydraulic Conductivity = 162 ft/day nearby NCDWR test
. Reynolds quotes 200 ft/day for Upper Castle Hayne Aquifer
Layer Five Upper Castle Hayne Aquifer Giese and Reynolds lump Upper and Lower CHAq
. Hydraulic Conductivity known to be significantly less than the
Less Permeable Zone in ‘the Upper | more permeable zone of Upper Castle Hayne Aquifer by GMA.
Layer Six Castle Hayne Aquifer Giese and Reynolds lump Upper and Lower CHAq

Layer Seven

Confining Layer Above the Lower
Castle Hayne Aquifer

Not reported in Giese or Reynolds; equivalent to Confining Layer
above the Upper Castle Hayne Aquifer.

Less Permeable than the Upper Castle Hayne as a whole.

Layer Eight Lower Castle Hayne Aquifer Giese and Reynolds lump Upper and Lower
o . Least permeable section in Castle Hayne Aquifer System
Layer Nine | Beaufort Confining Layer/Aquifer 30 to 100 ft/day from Giese
Confining Layer Above the Peedee
Layer Ten Aquifer Vertical Hydraulic Conductivity from Giese = 0.0075

Reynolds = Reynolds, 1992
Giese = Giese and others, 1997
NCDWR = Groundwater Management Section of the North Carolina Division of Water Resources

8.2 Model Description

GMA has constructed a 10-layer groundwater model that represents the post-Cretaceous aquifers and
confining layers underlying the region of the proposed quarry. The majority area represented by the
model is in Craven and Beaufort Counties, while the model area also includes portions of Hyde,
Pamlico, and Pitt Counties. The model represents an area that is 200,000 by 250,000 feet or
approximately 1,800 square miles (Figure 8-1). The model area was chosen to encompass the area of
the cone of depression associated with the withdrawals at PCS phosphate, and the potential area that
could be affected by withdrawals at the proposed quarry. Figure 8-2 illustrates the model grid. GMA
has designed a model grid that is more closely spaced in the areas near the proposed quarry. The cell
dimensions are 500 by 500 feet in this tighter portion of the grid.

The ten model layers, which represent the major aquifers and confining layers, are shown in Table 8-2.

The base of the model corresponds with the top of the Peedee Aquifer, which is also the top of the
Cretaceous Aquifer System (CAS).
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Table 8-2: Model Layers

Model layer Aquifer/Confining Layer
Layer 1 Surficial Aquifer
Layer 2 Confining Layer Above the Yorktown Aquifer
Layer 3 Yorktown Aquifer
Layer 4 Confining Layer Above the Castle Hayne Aquifer
Layer 5 High Permeability Zone in the Upper Castle Hayne Aquifer
Layer 6 Low Permeability Zone in the Upper Castle Hayne Aquifer
Layer 7 Confining Layer Above the Lower Castle Hayne Aquifer
Layer 8 Lower Castle Hayne Aquifer
Layer 9 Beaufort Confining Layer and Aquifer
Layer 10 Confining Layer Above the Peedee Aquifer

GMA developed a 3-dimensional framework for each of the model layers based on previous model
reports, published USGS reports, and published data from the PCS Phosphate mine (Giese and others,
1997; Joint Study Report, 1971; Reynolds, 1992; and Leggette, Brashears, and Graham, 1991). GMA
also utilized information available online at the North Carolina Division of Water Resources’ website
(NCDWR) (http://www.ncwater.org/Data_and_Modeling/Ground Water Databases/).

The elevation of the land surface was imported into the model framework from USGS digital
elevations available online (http://data.geocomm.com/dem/). Figure 8-3 illustrates the land surface
elevations utilized in the model framework.

Elevation maps for the top of each model layer were constructed by contouring interpreted data
utilizing the Golden Software program, Surfer, and these surfaces were imported in Visual
MODFLOW. Figure 8-4 is a cross-sectional view depicting the orientation and thickness of the 10
model layers. Figures 8-5 through 8-12 illustrate the elevations of the nine model layer surfaces (not
including the land surface) relative to mean sea level.

8.3 Model Properties

The two most important hydraulic properties that must be assigned to each cell in the model are
hydraulic conductivity and storage coefficient. GMA has assigned to each model layer at least one
value for hydraulic conductivity and one value for storage coefficient. Hydraulic conductivity is a
measure of an aquifer’s ability to transmit water. It is a measure of the volume of water transmitted
through a unit width of the aquifer under a hydraulic gradient of one. It is equal to the transmissivity
of an aquifer divided by the aquifer thickness (Heath, 1983).

As presented in section 6.0, GMA performed aquifer testing at the proposed quarry site and derived the
transmissivity of the Upper Castle Hayne Aquifer through the analysis of aquifer test data. The
transmissivity of the zone tested by GMA in the Upper Castle Hayne Aquiferis 5000 ftz/day, and this
transmissivity equates to an average hydraulic conductivity of 125 ft/day, based on an interpreted
aquifer thickness of 40 feet.

The hydraulic conductivity values for the other aquifers and for other areas of the Castle Hayne

Aquifer were not tested by GMA, but were compiled from the literature, previous model studies, and
the DWR’s online groundwater database. The calibrated values of hydraulic conductivity utilized for
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each layer are illustrated in Figures 8-13 through 8-22. These values were modified during steady-
state calibration within a reasonable range for each initial hydraulic conductivity value. The value of
hydraulic conductivity of the Upper Castle Hayne Aquifer (Layer 5) was reduced during the transient
calibration.

Storage coefficient is another important model property that must be assigned to each cell. GMA has

assigned each model layer one value for storage coefficient for all cells within that layer. Storage
coefficient is a measurement of the volume of water that is released from, or taken into, storage per 7
foot of hydraulic hgad change per unit surface area of aquifer multiplied by the aqulfer thickness. ¢

Specific storage is equal to storage coefficient divided by aquifer thickness.” Visual MODFLOW
requires that each cell be assigned a value of specific storage. GMA utilized our best estimate of
specific storage derived from the analysis of aquifer-test data from the testing performed at the
proposed quarry site. The specific storage values of other model layers were derived from the
literature, previous model studies, and the DWR’s online groundwater database. Storage coefficient
primarily affects transient simulations, and is therefore calibrated during the transient calibration.
Consequently, GMA made minor adjustments to specific storage values during the transient calibration
process. Table 8-3 lists the calibrated storage coefficient utilized for each model layer.
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Table 8-3: Calibrated Specific Storage Values Utilized For Each Model Layer

1}:}:? Aquifer/Confining Layer | Specific Storage Avecr:;gf;fit:,:?ge 'H_”‘;‘E,“M
Layer 1 Surficial Aquifer 0.02 0.2 (O
Layer 2 Confining Layer Above the 0.0005 0.0075
Yorktown Aquifer
Layer 3 Yorktown Aquifer 5x107 0.00001
Layer 4 Confining Layer Aboye the 0.0005 0.0075 (S
Castle Hayne Aquifer

Layers | High Permeability Zone in the 5x10° 0.000001 2o

Upper Castle Hayne Aquifer ,

Low Permeability Zone in the 5x 10 0.00001
Layer 6 Upper Castle Hayne Aquifer e
Layer 7 Confining Layer Above t.he 0.0005 0.0075 ) S

Lower Castle Hayne Aquifer
Layer 8 Lower Castle Hayne Aquifer 5x 107 0.00001
Layer 9 Beaufort Confining Layer and 5x107 0.00001

Aquifer
Layer 10 Confining Layer Above the 0.0005 0.0075
Peedee Aquifer

A value of specific yield must also be assigned to each model layer and is important during dewatering
simulations of the proposed quarry. Specific yield is a measurement of the amount of water that a unit
volume of saturated permeable rock will yield when drained by gravity. GMA utilized a specific yield
of 0.2 feet/day for the Surficial Aquifer and the Castle Hayne Aquifer layers.

8.4 Model Boundaries

Recharge to the Surficial Aquifer is a major boundary in the model. A recharge rate of 1 inch per year
was assigned to the Surficial Aquifer. This rate is consistent with previous models in this region
(Giese and others, 1997; Reynolds, 1992). GMA did not vary the recharge rate during model
calibration.

Two other major boundaries are utilized in the model. One boundary type, the General Head
Boundary, is utilized to represent the continuation of an aquifer beyond the model area. General head
boundaries are assigned by defining a hydraulic head and a conductance. The general head boundary
will remove or add water to adjacent cells with lower hydraulic head, based on an assigned hydraulic
head, and a threshold conductance, expressed in feetz/day. The flow to adjacent cells is not allowed to
exceed the conductance of the general head boundary. Visual MODFLOW has a default formula that
calculates the conductance of a general head boundary based on the distance to the hydraulic boundary
to be represented, and on the average hydraulic conductivity of the aquifer in which the boundary
occurs. General head boundaries were utilized for the eastern limits of the model area to represent the
continuation of each aquifer layer. The more deeply buried aquifers that extend beyond the western
limit of the model area were also assigned general head boundaries at the western limit of the model.
These general head boundaries were adjusted during the steady-state calibration.
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Constant head boundaries were utilized in the Surficial Aquifer to represent large water bodies, such as
the Pamlico River, where the hydraulic head is relatively constant and provides a consistent source of
water. MODFLOW will continue to add or take water from cells adjacent to a constant head boundary
based on the assigned hydraulic head. Constant head boundaries are not limited by a conductance
value.

8.5 Steady-State Calibration

The initial hydraulic properties and boundary conditions were assigned to the model and steady-state
model runs were utilized to simulate background conditions in the modeled area. GMA performed a
steady-state calibration for the model that is based on the reported 2006 water levels in the Castle
Hayne Aquifer, which includes the cone of depression associated with the PCS Phosphate withdrawals.
This water level information was taken from PCS Phosphate’s recent reporting based on their sentinel
well network (PCS, 2007). Withdrawals from the PCS Phosphate mine were simulated through a
series of model wells in the Upper Castle Hayne Aquifer layer. These modeled withdrawal rates were
based on the average 2006 daily withdrawal of 60 MGD that was reported to the NCDWR at
http://www.ncwater.org/Permits and_Registration/.

GMA assigned head observation wells in the model to represent monitoring wells in the PCS sentinel
well network. Each observation well is assigned a water level that represents an actual water level
measured in 2006 in a monitoring well completed in the Castle Hayne Aquifer. GMA assigned eight
pumping wells in the model to represent the reported 2006 withdrawals at the PCS Phosphate mine.
&Boundary conditions and hydraulic conductivities of the aquifers and confining units were adjusted
until there was good agreement between observed water levels and those calculated by the model at
head observation wellgF_&S -23 shows a calibration graph for the steady-state calibration that
compares the observed water levels with those calculated by the model for the 11 head observation
wells that represent monitoring wells in the PCS sentinel network. An additional head observation
well was added to Layer 1, the Surficial Aquifer, to aid in model calibration. The simulation of the
cone of depression in the steady—state calibration is shown in Figure 8-24. The depth, shape, and
extent of the cone of depression compares favorably with observed water level maps from 2006 PCS

report.

8.6 Transient Calibration

GMA performed a transient calibration utilizing information obtained from the pumping test at the ™\
proposed quarry site. The goal of the transient calibration was to obtain a calculated drawdown \
response in the simulated pumping well that closely matches the drawdown observed in the actual é \
pumping test performed at the proposed quarry location. GMA adjusted the storage coefficient of the

Castle Hayne Aquifer to achieve agreement between the aquifer test data from the proposed quarry and
calculated drawdown from the simulated pumping test. Itw&eg_e,s_sm_ _;Qdugcﬁﬂlc value of

acmdown observed durmg the pumping test at the proposed quarry.

Figure 8-25 is a transient calibration graph that illustrates the simulation of the pumping test at the
proposed quarry location. MODFLOW does not account for well efficiency loses. Screen-and-gravel
packed wells, such as the well that was tested at the proposed quarry location, typically have well
efficiencies of 70 to 80%, and drawdown in the aquifer at the radius of the well is less than inside the
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well. GMA set a goal of achieving 75% of the observed drawdown in the transient calibration to
account for efficiency losses.

8.7 Dewatering Simulations

GMA has performed numerous simulations of potential dewatering operations for the proposed quarry.
GMA modified the model framework to represent the quarry operation, after the steady state and
transient calibrations were completed. This was accomplished by assigning an elevation of 50 feet
below mean sea level (MSL) for the quarry footprint, or an average of 20 feet into the limestone of the
Upper Castle Hayne Aquifer. All layers above the Upper Castle Hayne Aquifer were eliminated
within the quarry footprint. Dewatering simulations utilized a series of wells both outside the quarry
footprint and within the quarry footprint, simulating what is essentially a sump pump. Wells outside
the quarry footprint simulate proposed wells that have the potential to be utilized as public water
supply wells.

Several dewatering simulations were attempted by GMA utilizing a variety of well locations. Figure
8-26 shows the simulated wells that were utilized in the majority of the quarry dewatering simulations.
Five wells are located outside the quarry footprint, they are completed in the entire thickness of the
Upper Castle Hayne Aquifer, and they are labeled wells West, West 2, MMAL, East, and South. Well
names reflect their location relative to the quarry footprint. Well MMAL is at the location of the well
constructed and tested by GMA at the proposed quarry site, and it is located north of the quarry
footprint. Three wells (DW1, DW2, and Center) are located within the quarry footprint. These wells
represent withdrawals that could be accomplished through a quarry sump pump system. Table 8-4 lists
the pumping rates utilized for each simulated well that resulted in dewatering of the quarry footprint.
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Table 8-4: Pumping Rates for Simulated Castle Hayne Aquifer Dewatering Wells

Well . Pumping Rate Millions of
Identification Wl Locwiio (gpm) Gallons Per Day
West West of Quarry Footprint 750 1.080
West 2 West of Quarry Footprint 750 1.080
MMAT1 North of Quarry Footprint 600 0.864
South South of Quarry Footprint 1000 1.440
East East of Quarry Footprint 1200 1.728
Center Centered Within Quarry 2000 2.880
Footprint

DW1 Within Quarry Footprint 750 1.080
DW2 Within Quarry Footprint 750 1.080

Total 7,800 gpm 11.2 MGD

Dewatering the quarry footprint results in a cone of depression within the Upper Castle Hayne Aquifer
that interacts with the cone of depression associated with the PCS Phosphate withdrawals. Figure 8-27
shows the resultant water levels in the Upper Castle Hayne Aquifer during dewatering of the quarry
footprint and simultaneous depressurization pumping at PCS Phosphate. The cone of depression
created by quarry dewatering has intersected the PCS Phosphate cone, however it is a much smaller
than the PCS Phosphate cone. Figure 8-28 shows a more detailed view of the water levels in the Upper
Castle Hayne Aquifer in the area of the cone of depression associated with the proposed quarry.

Figure 8-29 illustrates the amount of drawdown associated with the quarry dewatering for the
calibrated model. The drawdown values in this figure represent the amount of drawdown in the quarry
area due solely to the pumping necessary for dewatering the quarry footprint. This amount of
drawdown does include drawdown induced by PCS Phosphate mine withdrawals, as the starting point
for this model simulation included the background water levels from the steady-state calibration. Note
that locations of nearby fish farms have been annotated on this figure and they are outside the 5 feet
drawdown contour. Figure 8-30 is a cross-section view of the simulated quarry dewatering for the
calibrated model.

Calibrated model simulations indicate that, if hydraulic conductivity is 70 ft/day for the Upper Castle
Hayne Aquifer, the total pumping rate from perimeter and sump wells must be 11.2 MGD to dewater
the quarry. In the calibrated base dewatering simulation, the 20-foot drawdown contour extends
approximately 2 miles from the center of the simulated dewatered quarry, the 10-foot drawdown
contour extends approximately 3.1 miles from the center of the quarry, and the 5-foot drawdown
contour extends approximately 4.4 miles from the center of the quarry. No significant drawdown was
predicted in the Lower Castle Hayne Aquifer during any of the dewatering simulations (Figure 8-31).

Any model is limited by the quality of the data that supports it. This model has the benefit of
representing an area that is well studied, however as with any model there is a fair amount of
uncertainty in the hydraulic properties of the aquifers and confining units at the site. GMA has
prepared Table 8-5 to provide potential pumping rates necessary for dewatering the quarry footprint
within the probable range of hydraulic properties at the site.
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Table 8-5: Model Simulations “

Transmissivity of
Layer 5
Hydraulic (High Permeability |Specific Storage| Withdrawal
Conductivity of the | Zone of the Upper | of the Upper |Necessary for
Dewatering Upper Castle Hayne Castle Hayne Castle Hayne Quarry
Simulation Aquifer - Aquifer) Aquifer Dewatering
Base Calibrated Model 70 ft/day [ 3150 ft’/day > 5.00E-08 11.2 MGD
Increased Hydraulic
Conductivity 100 ft/day 4675 ft’/day 5.00E-08 13.3 MGD
Higher Hydraulic
Conductivity 125 ft/day 5800 ft*/day 5.00E-08 15.9 MGD
Increased Specific
Storage 70 ft/day 3150 ft*/day 1.00E-07 11.2 MGD
Increased Specific B
Storage 70-ft/day 3150 ft*/day 5.00E-07 11.2 MGD ?
Increased Specific —_—
Storage 70 ft/day 3150 ft¥/day 5.00E-07 11.8 MGD

If the hydraulic conductivity of the Upper Castle Hayne Aquifer is 125 ft/day, model simulations
indicate that the total pumping rate would need to be 15.9 MGD to dewater the quarry. This
simulation that utilizes the higher conductivity of 125 ft/day is referred to as the ‘higher conductivity
simulation’. Table 8-6 lists the pumping rates utilized for each simulated well that resulted in
dewatering of the quarry footprint in the higher conductivity simulation.

Table 8-6: Pumping Rates for Simulated Castle Hayne Aquifer Dewatering Wells for the Higher
Hydraulic Conductivity Simulation

Well ; Pumping Rate Millions of
Identification Wl Kncagy ?gprgn) Gallons Per Day

West West of Quarry Footprint 1000 1.440
West 2 West of Quarry Footprint 1250 1.800
MMAI1 North of Quarry Footprint 1000 1.440
South South of Quarry Footprint 1200 1.728
East East of Quarry Footprint 1800 2.592
Center Centered Within Quarry Footprint 2000 2.880
DW1 Within Quarry Footprint 1400 2.016
DW2 Within Quarry Footprint 1400 2.016

Total | 11,050 gpm 15.9 MGD

Figure 8-32 shows the resultant water levels in the Upper Castle Hayne Aquifer during dewatering of
the quarry footprint in the higher hydraulic conductivity simulation. The cone of depression created by
quarry dewatering in the higher conductivity simulation is very similar to the cone of depression
resultant from quarry dewatering at the calibrated hydraulic conductivity of 70 ft/day. The resultant
cone of depression in the higher conductivity simulation also intersects the PCS Phosphate cone, and
this cone of depression still much smaller than the PCS Phosphate cone. Figure 8-33 shows a more
detailed view of the water levels in the Upper Castle Hayne Aquifer in the area of the cone of
depression associated with the proposed quarry in the higher conductivity simulation.

Page 18



Hydrogeologic Characterization and Predictive Modeling Analysis, April 2, 2008

Figure 8-34 illustrates the amount of drawdown associated with the quarry dewatering for the higher
conductivity simulation. Again, the drawdown values in this figure represent the amount of drawdown
in the quarry area due solely to the pumping necessary for dewatering the quarry footprint. The
locations of nearby fish farms have also been annotated on this figure. Note that the northern fish
farm, One Fish, Two Fish, LLC., is now inside the 5 feet drawdown contour within the Upper Castle
Hayne Aquifer. There should be no drawdown in the Lower Castle Hayne Aquifer, the aquifer that
supplies the fish farm at this location.

The higher conductivity simulation indicates that, if hydraulic conductivity is 125 ft/day for the Upper
Castle Hayne Aquifer, the total pumping rate from perimeter and sump wells must be 15.9 MGD to
dewater the quarry. In the higher conductivity simulation, the 20-foot drawdown contour extends
approximately 2.3 miles from the center of the simulated dewatered quarry, the 10-foot drawdown
contour extends approximately 3.9 miles from the center of the quarry, and the 5-foot drawdown
contour extends approximately 5.7 miles from the center of the quarry.

The total pumping rate for quarry dewatering could range from 11.2 to 15.9 MGD depending on the
actual values of hydraulic properties of the aquifer

8.8 Model Limitations

The model is limited first by the quantity and quality of the input data. The hydraulic conductivity and
storage coefficient of the Upper Castle Hayne Aquifer at the proposed quarry site are known through
the analysis of recently collected aquifer test data. GMA has utilized hydraulic property values at
other locations in the model and for other aquifers that were either obtained from the literature, or were
based on GMA'’s experience with the hydrogeology of this region. GMA assumed some model input
values that were not available from the literature for other data that were not available. The model
does not accurately predict the amount of drawdown that occurs in the Surficial Aquifer away from the
quarry, because the calibration of the model was focused on the Upper Castle Hayne Aquifer.

The calibrated hydraulic conductivity and storage coefficient of the Upper Castle Hayne Aquifer were
lower than those estimated from the aquifer test data by GMA. For this reason, GMA has modeled a
range of horizontal conductivity values due to the uncertainty of these values. Although there is
uncertainty in the model predictions, GMA contends that this model provides a reasonable estimate of
the amount of pumping that is necessary to dewater the quarry, and it reasonably predicts the regional
drawdown effects created by the dewatering.
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Conclusions and Recommendations

GMA has completed a hydrogeologic characterization and predictive modeling of a limestone
aggregate quarry planned by Martin Marietta Aggregates. The quarry would entail mining an area of
approximately 650 acres to a depth of approximately 120 feet below land surface. Open-pit mining of
this type requires dewatering of the subsurface to extract the ore. GMA’s study focused on
determining the volume of water required for dewatering and predicting the size and magnitude of the
cone of depression that would result from groundwater withdrawals at the mine. Based upon our
studies, GMA concludes the following:

The proposed quarry lies within the Central Coastal Plain Capacity Use Area, wherein the
North Carolina Division of Water Resources administers a water withdrawal permitting
program to manage groundwater withdrawals.

The PCS Phosphate mine near Aurora involves a large-volume withdrawal (at least 60 million
gallons per day) from the Castle Hayne Aquifer that has created a regional cone of depression
that extends to and beyond the proposed Martin Marietta Aggregates quarry site. Permitting of
groundwater withdrawals necessary for dewatering the quarry requires a detailed understanding
of the interactions between the PCS Phosphate cone of depression and the cone of depression
that will result from the MMA quarry.

GMA performed direct field testing of the hydraulic properties of the Castle Hayne Aquifer at
the proposed MMA quarry, and we utilized the results of this direct testing in constructing a
complex 3-dimensional groundwater flow model using Visual Modflow.

Modeling simulations predict that withdrawals of 11.2 to 15.9 million gallons per day will be
required to effectively dewater the approximately 650-acre quarry. These simulations are
based upon a reasonable range of aquifer property values to approximate the water level
responses to withdrawals at the mine.

Drawdown effects of more than 5 feet associated with groundwater withdrawals at the quarry
would be limited to a radius of about 6 miles surrounding the quarry. Because of the remote
location of the quarry and the expanse of timberland owned by Weyerhaeuser around the
quarry site, there are a very limited number of developed properties with wells that could be
affected by the quarry withdrawals. GMA reviewed aerial photographs of the area, and we
believe that the closest residential properties to the quarry site exist along Maul Swamp Road,
about 2.3 miles west-southwest of the proposed quarry. Based upon the high-permeability
dewatering simulation, 20 feet of drawdown would be projected to occur at 2.3 miles from the
quarry. Other developed properties exist approximately 3 miles to the east and northeast of the
proposed quarry. South, southwest, and west of the quarry property, the closest developed
properties appear to be 5 to 6 miles away.

GMA recommends that MMA perform an evaluation of the location and well construction
details for all wells within a 6-mile radius of the quarry. We anticipate that most wells within
this area would withdraw from the Lower Castle Hayne Aquifer because the Upper Castle
Hayne has elevated iron concentrations. Because the model predicts minimal drawdown in the
Lower Castle Hayne Aquifer, it is likely that well users within the 6-mile radius search area
would not be adversely affected by dewatering operations of the proposed quarry. However, if
Upper Castle Hayne Aquifer wells are identified within the 6-mile radius, Martin Marietta
Aggregates should consider the potential for drawdown influence on such wells and determine
if the influences would adversely impact the wells.

Catfish farm operations located north and southeast of the quarry property lie close to the area
where drawdown of about 5 feet is projected in the Upper Castle Hayne Aquifer. However,
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these catfish farming operations have wells that withdraw from the Lower Castle Hayne
Aquifer. Therefore, GMA does not expect that the proposed MMA quarry will significantly
impact the well systems operated by these catfish farming operations.

Based upon the results of this study, and assuming that MMA plans to proceed with mining operations
at the site, GMA makes the following recommendations:

e Contact the North Carolina Division of Water Resources and provide the results of this study
for their consideration. It may be appropriate to meet with representatives of the NCDWR to
determine permitting requirements for dewatering withdrawals.

e Contact regional water service providers to begin dialogue about the availability of water from
the mine dewatering operations.

e Continue dialogue with PCS Phosphate regarding the planned mine dewatering so that a
cooperative management approach can be taken with regard to Castle Hayne Aquifer
withdrawals in the region.

e Proceed with evaluations of water discharge options and permitting of wastewater discharge
from the proposed mining operation.

e Complete a well survey of all properties within a 6-mile radius of the proposed quarry to
determine the location of any wells and the well construction details of these wells. Depending
on the location of wells identified, MMA may want to consider mitigation strategies for any
anticipated impacts on nearby wells.

e Gather supplemental data on groundwater withdrawal responses during initial mining
operations. As a part of this data collection effort, GMA recommends that MMA install a
sentinel well network to assist with monitoring of the drawdown effects of the mine dewatering
and to answer regulatory concerns that are likely to arise in the withdrawal permitting process.
The new data should be integrated into the model to develop refinements in simulations of
groundwater withdrawal effects on the regional aquifer system.
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10.0  Report Certification

This hydrogeologic characterization and predictive modeling report was prepared by Groundwater
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