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ABSTRACT

The investigations reported herein were undertaken
between 1997 and 2015 as part of the South Carolina
Department of Environmental Control’s contribution
to the Georgia Coastal Sound Science Initiative and
were conducted in cooperation with the U.S.
Geological Survey-South Carolina Water Science
Center, the South Carolina Department of Natural
Resources, and the Beaufort-Jasper Water and Sewer
Authority. Data were obtained, in part, from 49 test
wells completed in the Upper Floridan aquifer and
included geophysical logs and lithologic samples
used to interpret the depth and thickness of
hydrogeologic units. The distribution of chloride,
principally in the Upper Floridan aquifer, was
determined at each well site in the vicinity of Hilton
Head Island, South Carolina and adjoining parts of
Savannah, Georgia.

Hydrogeologic strata relevant to this investigation
are, in descending order, the surficial aquifer, the
upper confining unit, the Upper Floridan aquifer, the
middle confining unit, the middle Floridan aquifer,
and the Lower Floridan aquifer. These units are
thickest in the southwestern part of the study area,
near Savannah, Georgia, and thin as they near the
underlying Beaufort Arch to the northeast in the
vicinity of Beaufort, South Carolina. Uplift of strata
overlying the Beaufort Arch resulted in erosion and
less deposition of the upper confining unit, leaving
the underlying Upper Floridan aquifer susceptible to
saltwater intrusion.

Salt water is migrating downward from the bottom
of the surficial aquifer into the upper confining unit
because of downward gradients created by
withdrawals from the Upper Floridan aquifer. Five
test wells were specifically constructed to determine
the regional extent of downward migration.
Determination of chloride concentration in the upper
confining unit was accomplished by extracting pore
water from core sediment at selected depths:
chloride was present in the upper confining unit at
all locations sampled and generally decreased with
depth.

For selected wells completed in the Upper Floridan
aquifer, water levels were monitored hourly to
determine hydraulic gradients. Specific-
conductance profiles were taken in the open well
bore to determine the computed chloride
concentration and monitor the movement of the
freshwater-saltwater interface (chloride plumes).
Relict salt water, present before groundwater
withdrawals, is distinguished from modern salt water
that entered the system after groundwater
withdrawals had begun. The age of salt water, or
time since entering the groundwater system, at the
bottom of the Upper Floridan aquifer within the
plume boundaries was dated using atmospheric
tracers that included dissolved-oxygen concentration
data and anthropogenically-derived
chlorofluorocarbon and tritium concentrations.

Eleven chloride plumes have been identified at the
bottom of the Upper Floridan aquifer in the South
Carolina part of the study area. Two chloride
plumes, mapped in earlier investigations, are named
herein the Parris Island and Port Royal chloride
plumes, and consist of relict brackish to salt water.
Seven previously unknown chloride plumes formed
by modern saltwater sources were discovered
southwest of the Port Royal Sound area as part of
this investigation. The plumes are named herein
according to nearby geographic locations and are the
Hilton Head Island, Pinckney Island, Colleton River,
Sawmill Creek, Jenkin’s Island, Broad Creek, and
Bull Island chloride plumes. The tenth chloride
plume, also believed to be formed by relict and
modern salt water, was inferred from seismic data
that indicated a large area where the upper confining
unit may be absent six miles east of Hilton Head
Island beneath the Atlantic Ocean. The hypothetical
plume is named herein the Hilton Head High
chloride plume. The eleventh plume known herein
as the 8-mile chloride plume, also located beneath
the Atlantic Ocean east of Hilton Head Island, was
discovered during offshore drilling by the U.S.
Geological Survey and is believed to have formed
from modern salt water moving downward where
the confining unit is thin or absent.



Southwest of Port Royal Sound, the Hilton Head
Island, Pinckney Island, and Colleton River chloride
plumes emanate from source areas beneath Port
Royal Sound, the Chechessee River, and the
Colleton River, respectively. Generally, chloride
concentrations were highest near the estimated
source areas and ranged between 8,000 and 12,000
milligrams per liter with decreasing concentrations
away from the source areas. Analyses of
atmospheric tracers showed a similar pattern and
indicated that the time-since-recharge age of the
Hilton Head Island chloride was at least 52 years
prior to 2005. Thus, recharge of modern salt water
to the Upper Floridan aquifer began during or about
1953. Independent tritium analyses provided similar
recharge dates. These age data are consistent with
historic water-level data that indicate potentiometric
levels in the Upper Floridan aquifer had declined to
near mean sea level during the mid to late 1950’s at
northern Hilton Head Island, thereby providing
conditions for salt water to move down from
overlying sources.

Relict salt water comprising the Parris Island and
Port Royal Sound chloride plumes probably
underlay most of Port Royal Sound by 2007, partly
from unflushed relict salt water and later from a
southwest movement of the plumes caused by
groundwater withdrawals at Savannah, Georgia and
Hilton Head Island, South Carolina. Modern salt
water comprising the Hilton Head Island, Pinckney
Island, and Colleton River plumes had migrated
inland as far as 2 miles south of their estimated
saltwater source areas near the Port Royal Sound
estuary by 2007. The Pinckney Island chloride

plume had migrated more than 4 miles inland
because of a second source area suspected farther to
the southwest near the mid-part of the island. By
2007, the five plumes had merged with a combined
area of about 80 square miles and were advancing
southwestward as a general front designated herein
as the greater Port Royal Sound chloride plume. The
average rate of movement of the greater Port Royal
Sound chloride plume between 1953 and 2007 is
estimated to be greater than 195 feet per year based
on the distance (2 miles) between the plume’s
leading edge and saltwater source areas divided by
an estimated recharge time of about 54 years.

Farther to the southwest of Port Royal Sound, the
Sawmill Creek, Jenkins Island, Broad Creek, Bull
Island, Hilton Head high, and eight-mile chloride
plumes are located west and east of Hilton Head
Island beneath tidal channels, saltwater estuaries,
and the Atlantic Ocean. Here, the plumes are
indicated by high computed chloride concentrations
and greater downward hydraulic gradients at
monitoring well sites. However, model simulations
were used because data were not available to map
the geographical extent of these southwestern
plumes. The eleven chloride plumes were simulated
with the South Carolina Department of Health and
Environmental Control's three-dimensional variable-
density groundwater flow and solute-transport model
to further investigate the formation and expansion of
the plumes from predevelopment conditions (1885)
through the year 2050.

INTRODUCTION

This investigation was designed to evaluate the
sources and extent of saltwater intrusion occurring in
the Upper Floridan aquifer in southern Beaufort
County, South Carolina and part of coastal Chatham
County, Georgia (fig. 1), and was conducted as part
of the Georgia Environmental Protection Division’s
(GaEPD) Coastal Sound Science Initiative (CSSI).
The South Carolina Department of Health and
Environmental Control (SCDHEC) continued with
additional investigations in cooperation with the
USGS - South Carolina Water Science Center and
the Beaufort-Jasper Water and Sewer Authority.
Further evaluation included fieldwork to determine

the location of areas where seawater enters the
Upper Floridan aquifer; time that saltwater intrusion
began; the extent of chloride contamination in the
aquifer; and the direction and rate of saltwater
movement through the aquifer.

The Upper Floridan aquifer is a primary water
source for public supply, agriculture, and industry;
exceptions occur where surface water supplies are
available. The aquifer comprises the top part of the
Floridan aquifer system, which underlies nine
counties in southwestern South Carolina and extends
throughout large areas of the Georgia Coastal Plain



and all of Florida. Concern over water-level
declines and the potential for saltwater
encroachment because of unrestricted and increasing
groundwater withdrawals from the aquifer at
Savannah, Ga., and at Hilton Head Island, S.C., led
the states of Georgia and South Carolina to pass
legislation in 1972 and 1982, respectively, creating
Capacity Use Areas to manage groundwater
withdrawals.

Prior to groundwater withdrawals from the Floridan
aquifer system in southeast Georgia, the direction of
groundwater flow in the Upper Floridan aquifer was
southwest to northeast. Freshwater discharged
upward into the upper confining unit and discharged
in the vicinity of Port Royal Sound and other areas
near the axis of the Beaufort Arch, where the upper
confining unit was absent or thin. The seaward
hydraulic gradient maintained the
freshwater/saltwater interface offshore of Hilton
Head Island and the nearby mainland. Development
of public and industrial water supplies from the
Floridan aquifer system began at Savannah about
1885 and increased to about 88 million gallons per
day (Mgal/d) by the end of the 20" Century.
Groundwater withdrawals for public supply and
irrigation at Hilton Head Island began in the 1960’s,
and average withdrawals peaked at about 14.8
Mgal/d by 1986. Total groundwater withdrawals in
the Savannah-Hilton Head Island area remained
about 100 Mgal/d between 1988 and 1998 (Fanning,
2003). During the period between 1885 and 1998,
the potentiometric surface in the Upper Floridan
aquifer declined as much as 185 feet from
predevelopment levels near the center of Savannah;
at the northeast end of Hilton Head Island the
potentiometric surface declined approximately 9
feet; and the cone of depression centered at
Savannah, Ga., encompassed approximately 2,300
square miles (mi?) where aquifer heads were below
mean sea level.

By 1952, groundwater withdrawals in Savannah had
probably begun to reverse the northeast trending
predevelopment hydraulic gradient in the Upper
Floridan aquifer. Groundwater that originally

flowed northeast and from the Savannah area and
discharged into Port Royal Sound now flowed from
the area of Port Royal Sound toward the cone of
depression centered at Savannah, Ga. A reversal of
hydraulic gradients in the Upper Floridan aquifer
from northeast to southwest diminished fresh
groundwater discharge into the Port Royal Sound
area, and relict salt water in the aquifer comprising
the Parris Island and Port Royal Sound chloride
plumes began migrating southwestward. Modern
seawater also began migrating downward through
the upper confining unit and, where the unit was thin
or absent, salt water migrated directly down into the
Upper Floridan aquifer.

Groundwater-use permits issued by the SCDHEC as
required by the South Carolina Low Country
Capacity Use program (Groundwater Use Act of
1969) reduced average daily groundwater
withdrawals at Hilton Head Island from 14.8 to 9.7
Mgal/d as alternative sources were developed and
water-conservation programs took effect. The
Beaufort-Jasper Water and Sewer Authority
provided surface water from the Savannah River to
most of Beaufort County, S.C., and made available 6
Mgal/d to supplement the reduced groundwater
supply at Hilton Head Island. Irrigation permits for
golf courses at Hilton Head Island prohibited
withdrawals from the Upper Floridan aquifer.
Consequently, public utilities and golf-course
owners began using treated wastewater, shallow
ponds, and the middle Floridan aquifer for irrigation.
The Town of Hilton Head Island prohibited the use
of Upper Floridan domestic wells and required
irrigation installers to be licensed. To investigate an
alternative source of potable water, a 3,800 ft
Cretaceous aquifer test well (BFT-2055) was funded
by the town in 1993 and completed on the northern
part of the island (Landmeyer and Bradley, 1998).
The data obtained from the test well was promising
and, in 1998, South Island Utilities proceeded with
construction of a public supply well in the
Cretaceous aquifer on the southern part of Hilton
Head Island. The well was about 3,800 feet (ft) deep
and yielded about 2 Mgal/d: the mineralized water
required reverse-osmosis treatment.



Figure 1. Location of study area.

In 1997, the Georgia Environmental Protection
Division (GAEPD) responded to concerns that
groundwater withdrawals from the Floridan aquifer
system in the Savannah area were contributing to
saltwater encroachment at Hilton Head Island. The
GAEPD organized a joint effort with the Georgia
Legislature, U.S. Geological Survey (USGS), South

Carolina Department of Health and Environmental
Control (SCDHEC), and local stakeholders to
develop an interim strategy for the sustainable use of
the Floridan aquifer system in the 24 coastal
counties of Georgia. The strategy mandated that no
new permits would be issued to withdraw water
from the Upper Floridan aquifer; imposed a 10



Mgal/d reduction in groundwater pumpage in the
Savannah area; and implemented the Georgia
Coastal Sound Science Initiative (CSSI) to further
investigate the hydrogeology of the Floridan aquifer
system.

Purpose and Scope

The objectives of this investigation were to: (1)
compile the history of water-level declines in the
Upper Floridan aquifer in the study area; (2)
document the distribution and sources of saltwater
contamination in the Upper Floridan aquifer near
Hilton Head Island, S.C.; (3) determine a year or
range of years during which seawater entered the
Upper Floridan aquifer; and (4) estimate the
direction and rate of saltwater migration into and
through the Upper Floridan aquifer at Port Royal
Sound and Hilton Head Island through the year
2050.

Location of Study Area

The primary study area (fig. 1) lies in the lower
Coastal Plain of southern South Carolina and
includes parts of Beaufort and Jasper Counties and
adjacent areas of Georgia. To the northeast,
southwest, and east, the study area is bounded by
Parris Island and St. Helena Island, S.C.; Chatham
County, Ga.; and the Atlantic Ocean, respectively.
Land-surface topography is generally flat, and tidal
streams and saltwater marshes extend 15 to 20 miles
inland. Sea Islands characterize much of the area,
and land-surface elevation ranges from mean sea
level to about 25 ft NGVD 29.

Previous Investigations and History
of Saltwater Intrusion

The following overview summarizes the history of
groundwater investigations spanning more than 100
years and how it shaped present day knowledge of
the Upper Floridan aquifer in Chatham County, Ga.,
and southern Beaufort County, S.C. This section has
been expanded, in part, from Spigner and Ransom
(1979), with updates where appropriate, but does not
include all investigations. The names Upper
Floridan aquifer and upper confining unit are used

for consistency and replace the various but generally
comparable names used in the cited reports.

The quest for a freshwater supply in Beaufort
County, S.C., began more than 400 years ago on
Parris Island. Here, the first known European
settlement was the French settlement of Charlesfort,
established in 1562. Charlesfort was replaced in
1566 by the Spanish settlement of Santa Elena (fig.
2) where the first documented use of groundwater
came with the discovery and excavation of wooden
barrel wells (South, 1985).

Early settlers obtained water by excavating 5- to 9-ft
diameter holes and positioning open-ended wooden
barrels from several feet below the water table to
land surface. (fig. 2, inset). The wells provided
potable water but were susceptible to contamination
and drought. Evidence suggest that an epic drought
persisted in North America during the middle of the
16" Century (University of Arkansas, 2000). The
number of well sites on Santa Elena suggests that
many wells had been replaced in search of potable
water. The discovery of brick-lined excavations on
Parris Island indicate that bricks eventually replaced
wood barrels, probably around the 19" Century, as
they were more durable. Shallow wells were
common throughout the Georgia and South Carolina
coastal area until mechanical drill rigs began to drill
deeper and more dependable wells. The City of
Savannah, Ga., relied on about 150 shallow brick
wells prior to 1854 (Conant, 1918) and used the
Savannah River for potable supply between 1854
and the early 1880’s. The city completed their first
deep well into the Floridan aquifer in 1882 (Conant,
1918). Surface-water use diminished and was
discontinued in 1886 as groundwater pumpage
increased. By the end of 1887, fifteen wells had
been completed in the Floridan aquifer and were
supplying about 3 Mgal/d. Three years later,
twenty-three Floridan aquifer wells had failed to
meet the increased water demand and the Savannah
River water plant was temporarily placed in service
to provide additional volume (City of Savannah
Mayor’s Report, 1890: Appendix A2). As Savannah
continued to grow into a major port city, more wells
were needed for increasing municipal and industrial
water use (Appendix A).



Figure 2. Location of the Spanish settlement Santa Elena (c.1566) and inset showing
sketch of typical barrel-well construction with 400-year-old barrel excavated

from a site at Santa Elena (South, 1985).

Northeast of Savannah, Ga., the demand for potable
water on Parris Island, S.C. increased after the
military established a training base during the latter
19" Century; however, efforts to develop a reliable
groundwater source for the larger population were
unsuccessful. T.L. Burnette, Mechanical Engineer,
detailed the water-supply history of the Parris Island
Marine Corps Recruit Depot (MCRD) in 1952 while
stationed on Parris Island (Appendix Al). His
review began with the first three wells drilled into
the Upper Floridan aquifer in 1899. After a few
years, these wells produced unacceptable chloride
concentrations as salt water moved toward the
pumping wells. Several other wells drilled in 1907
also became salty and were abandoned. By 1916,
the groundwater supply on Parris Island was
depleted owing to chloride contamination and
further efforts to obtain a potable supply from wells
on Parris Island were abandoned. With the onset of
World War I, the demand for potable water
increased and from 1916 to 1919 and groundwater

was transported by
barge to Parris
Island from wells
owned by the
railroad and the
Town of Port
Royal (fig. 3).
After 1919, water
was piped from
eight new 6-inch
wells in the Town
of Port Royal.
The wells were
abandoned by
1930 because of
hydrogen sulfide
in the water and
potential chloride
contamination. A
second well field
(the Jericho well
field) was drilled
on Jericho Point
near the south end
of Port Royal
Island in 1927.
Pumping was
eventually
reduced because
wells near Battery
Creek were contaminated with chloride. The Jericho
well field was placed on standby in 1942, and use
was discontinued after World War I1. During and
following World War 11, water was obtained from
two wells in the Burton community, west of the
Town of Port Royal, S.C.

The first scientific investigation of the Floridan
aquifer system in Savannah, Ga., and adjacent areas
of South Carolina was begun by the USGS in 1938
to address declining water levels in the aquifer
(Warren, 1944a, 1944b). The study area
encompassed the twelve coastal-most counties
within the Georgia Coastal Plain and part of
Beaufort and Jasper Counties, S.C. The report
included a structure contour map for the top of the
Upper Floridan aquifer in Georgia and provided
estimates for Floridan aquifer transmissivity and
storage obtained from aquifer tests conducted on
five wells in Savannah. Three potentiometric-
surface maps for the Floridan aquifer were



Figure 3. Locations of former well fields in the Beaufort, S.C., area.

constructed by Warren and showed (1) the estimated
potentiometric surface prior to 1880, before
groundwater development, (2) the measured
potentiometric surface in 1943 when groundwater
withdrawals were estimated to total about 41
Mgal/d, creating water-level declines of about 78
feet near the center of the cone of depression at
Savannah, Ga., and (3) the predicted potentiometric
surface if groundwater withdrawals in the Savannah
area increased to 60 Mgal/d. The report also
discussed water-level declines and their relationship
to salt water that might encroach toward Savannah
from the east and northeast near Parris Island and
Port Royal Sound. Warren estimated that
groundwater withdrawals needed to be maintained at
less than 25 Mgal/d in Savannah if a divide in the
potentiometric surface between Savannah and the

natural freshwater discharge from the aquifer near
Port Royal Sound was to be maintained. He noted
that chloride concentrations in the aquifer increased
with depth and suggested that low permeability in
the lower parts of the aquifer had prevented the
complete flushing of relict salt water.

Beginning in the early 1940’s, officials representing
the Beaufort County municipalities and nearby
military installations believed that a more
dependable water supply was needed because of
increasing groundwater pumpage locally and at
Savannah, Ga. Wells at the Burton field were not
contaminated; however, chloride concentrations had
increased in a municipal well near the Beaufort
River (BFT-28) during World War 1. The Bureau
of Yards and Docks, Department of the Navy,



requested that the USGS investigate groundwater in
the area of Parris Island and the Marine Corps Air
Station and make recommendations for a future
water supply. The USGS investigation (Mundorff,
1944) provided the first potentiometric surface map
of the Upper Floridan aquifer for the Beaufort
County area. Mundorff’s map indicated that the
aquifer was probably in hydraulic connection with
Port Royal Sound, nearby tidal channels, and
marshes, suggesting that the source of salt
contamination to the wells at Parris Island was
brackish water intruding from Port Royal Sound and
the Beaufort River to the south and east,
respectively. He noted that the rapid water-quality
changes at Parris Island demonstrated the fragility of
the freshwater/saltwater balance near the island and
speculated that the probable source of chloride
contamination at the Jericho well field was Battery
Creek (fig. 3). The wells at Beaufort, the Burton
well field, and the Marine Corps Air Station also
were discussed. Recommendations were made to
avoid saltwater contamination by limiting water-
level declines in wells to a few feet, drilling new
wells as far as possible from saltwater channels, and
abandoning wells that showed increasing chloride
concentrations. Although the report concluded that
the Upper Floridan aquifer groundwater supply near
Beaufort was limited, the extent of the supply was
not assessed.

The status of the existing Parris Island groundwater
supply was further evaluated after Kendall (1948)
submitted a report to the Bureau of Yards and
Docks, Department of the Navy, Kendall provided
estimates for future water-use requirements on the
island and alternatives were proposed for attaining
the maximum safe yield from freshwater aquifers.
He also made recommendations regarding new well
construction and water-system modifications to meet
future needs and noted that the existing Parris Island
groundwater demand would nearly double. The
report concluded that saltwater contamination was
influenced by water-level declines at Savannah, Ga.
and elsewhere and that the declines were impossible
to control: a study of the Combahee River water-
supply potential was recommended.

The Combahee River, approximately 20 miles north
of Beaufort, S.C. (fig. 1), gained additional support
for a water supply source after Barber, Keels &
Associates, Inc. prepared a water-supply report in

1955 for the Beaufort County Water Authority. This
report and a supplemental report (Barber, Keels, &
Assoc., 1955) included descriptions of the chemical
quality and availability of surface water and
groundwater in the Beaufort County area and
provided estimates of water-supply needs for major
users. B. P. Barber & Associates (1956) agreed that
groundwater supplies on Port Royal Island were
inadequate for future demands, particularly during
war, and recommended the Combahee River as the
best alternative for water supplies to Beaufort
County municipalities and military installations.

At the request of the Department of the Navy, the
USGS prepared a more comprehensive report
describing the geology and groundwater of the Parris
Island area. The report by Siple (1956) referenced
other aquifers in the area but focused primarily on
the Upper Floridan aquifer. Siple installed water-
level recorders on selected wells to obtain
continuous measurements. He reported relatively
high-water levels in some Upper Floridan aquifer
wells at Parris Island and concluded that the
potentiometric highs were caused by freshwater
recharge from the overlying surficial aquifer. Water
levels and chloride concentrations in selected wells
were compared to groundwater withdrawals, but a
definitive correlation between withdrawals and
chloride concentrations was not apparent. Siple also
noted surface depressions (sinkholes) present
throughout the area and suggested that they were
caused by the collapse of the underlying upper
confining unit, possibly creating a connection
between the Upper Floridan aquifer and saltwater
channels: he concurred with Mundorff (1944) on the
source of brackish water intruding from nearby
saltwater channels and marshes. Unknown tidal
effects and discrepancies regarding measuring point
elevations in previous studies prevented a definitive
analysis of historical water-level declines,
particularly at the Burton well field. Estimates were
made regarding the total supply of groundwater
available to Parris Island from the Upper Floridan
aquifer, and Siple hypothesized that the mineralized
water from existing deep wells completed at Parris
Island might yield fresh water northwest of Burton.
The report concluded that increasing demand for
public supply and irrigation would diminish the
supply of groundwater available for military
installations. Siple recommended that future wells
be drilled northwest of Burton, west of the Broad



River, and north of Spring Island, and that routine
measurements of water levels and chloride
concentrations continue.

Hazen and Sawyer Engineers (1956) disagreed with
B.P. Barber & Associates’ (1956) recommendation
that the Combahee River was the best alternative
water supply. Based on their interpretation of USGS
stream flow records, the Combahee River was prone
to extreme low flows during drought and could only
be used 90 percent of the time unless reservoirs were
constructed; thereby making the project too costly.
As an alternative, Hazen and Sawyer Engineers
recommended a well field west of the Broad River.
B. P. Barber & Associates (1956) defended their
earlier conclusion that the Combahee River was the
best alternative water source. Their estimates
showed the cost of developing and distributing
surface-water supplies from the Combahee River
was only slightly greater than the cost of a well field
west of the Broad River and disputed Hazen and
Sawyer’s (1956) conclusion that flows in the
Combahee River would be inadequate during a
drought. B.P. Barber & Associates (1956) again
emphasized that Savannah-area pumping would
endanger a well field west of the Broad River
because Beaufort-area authorities had no control
over groundwater use in Georgia.

Bowen (1956) also prepared a report that
recommended future sources of water supply for
Parris Island. He favored development of the
Combahee River over a well field west of the Broad
River, reasoning that the increasing demand for
irrigation wells and the resulting competition for
groundwater would steadily degrade the Parris
Island water supply. He recommended that the
Beaufort County Water Authority was the best
agency to undertake development of the Combahee
River and that no further funds be expended by the
Navy for a proposed well field west of the Broad
River.

Hazen and Sawyer Engineers (1957) presented
additional reasons for constructing a well field west
of the Broad River; however, the South Carolina
General Assembly passed an Act that prohibited the
transfer of more than 5,000 gallons per day of
groundwater beyond the boundaries of Jasper
County (Section 70-421, 422, 1962 S.C. Code of
Laws), thereby ending further consideration of the

Broad River well field. Hazen & Sawyer Engineers
subsequently recommended that the Savannah River
would be a more reliable source.

A more expansive report by Siple (1960) included
well records, water-quality analyses, a geologic
section, and a 1959 potentiometric surface map of
the Upper Floridan aquifer in Beaufort and Jasper
Counties, S.C. The 1959 potentiometric surface
indicated that increased groundwater withdrawals
from the Upper Floridan aquifer at Savannah had
lowered water levels in Beaufort and Jasper
Counties, S.C., since 1943. However, the declines
(Appendix D3-D5) did not extend to northern Hilton
Head Island; Siple suggested that the aquifer was
receiving local recharge on the northern part of the
island. His map showed a cone of depression in the
Upper Floridan aquifer around the Burton well field
and, like Mundorff’s map, also showed areas of
anomalously high water levels. The most notable
being near the Marine Corps Auxiliary Air Station.
He believed that the anomalous water levels were
possibly caused by local recharge through breaks in
the upper confining unit. Siple concluded that
saltwater contamination was less extensive than
previously thought, but the problem would worsen if
groundwater development continued in certain areas.
He recommended that, if new well fields were
drilled, including one west of the Broad River, the
water needs of the civilian and military population
could be met for many years without fear of
saltwater contamination. His recommendation
agreed with Hazen & Sawyer Engineers (1956 and
1957).

Groundwater withdrawals continued to increase in
Savannah, Ga., and by 1957 had reached 60 Mgal/d.
The subsequent decline in the potentiometric surface
caused concern that saltwater was encroaching from
the Beaufort-Parris Island area toward Hilton Head
Island and Savannah to the southwest. Additional
investigations by the USGS in cooperation with the
Georgia Department of Mining and Geology, the
City of Savannah, and Chatham County were
initiated to acquire a better understanding of the
hydrogeology, to determine where salt water was
present in the aquifer, and to monitor its movement.
Several reports were published including Warren
(1955), Herrick and Wait (1955), Counts and
Donsky (1963), Counts and McCollum (1964) and
McCollum (1964).



The report by Counts and Donsky (1963) included
data from test wells in Savannah, Ga. and three test
wells in southern Beaufort County: they included
borehole geophysical logs, water-quality analyses,
water-use inventories, aquifer tests, and a 1957
potentiometric surface map of the Savannah, Ga. —
Hilton Head Island, S.C. area that showed water
levels had declined 10 ft at the center of Hilton Head
Island. They concluded that, since the first wells at
Savannah were drilled in the late 19" Century, there
had been little change in Upper Floridan aquifer
water quality near Savannah. However, salt water
was present in the Upper Floridan aquifer to the
northeast of Savannah near the Parris Island area,
S.C., and in the middle and lower Floridan aquifers
throughout the coastal area east of Savannah. The
authors noted that salty water encroaching toward
Savannah represented less than one-third of the total
water withdrawn at the center of pumping and that it
would take years before salt water reached Savannah
at the current pumping rate of 62 Mgal/d. The
potential for salt water to move downward from
overlying sources and upward from deeper sources
was also discussed. And they recommended future
groundwater supplies for the Savannah area be
developed from well fields 15 to 20 miles northwest,
west, and southwest of Savannah.

McCollum and Counts (1964) focused on
delineating specific water-bearing (permeable) zones
within the Floridan aquifer system between Hilton
Head Island and the Savannah area to determine the
rate of saltwater movement associated with each
zone. The authors modified a deep well in Savannah
and conducted flow meter test on other monitoring
wells. Five principle permeable zones were
identified in coastal Chatham County of which four
extended northeast to Daufuskie Island and three to
the northern end of Hilton Head Island. They noted
that chemical analyses showed increasing chloride
concentration in the lower part of the aquifer,
supporting Warren’s (1944) and Counts and
Donsky’s earlier conclusion that lower permeability
in the lower sections of the Floridan aquifer system
prevented relict seawater from being completely
removed. McCollum and Counts concluded that the
overall direction of groundwater movement in the
Floridan aquifer system in Beaufort and Jasper
Counties, S.C. was toward Savannah and that the
rate of movement varied in each permeable zone.
Although the rate of saltwater movement was
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uncertain, flow-meter tests suggested that most
water moves through the more permeable upper part
of the aquifer and that further water-level declines
would hasten the lateral movement of saltwater
through the upper part toward Hilton Head Island
and Savannah. They calculated that it would take
about 400 years for salt water near Port Royal Sound
to move through the uppermost permeable zones of
the aquifer and reach Savannah; but wells at
Savannah would probably become contaminated
first from salt water present in the lower water-
bearing zones because it was closer to Savannah as
opposed to salt water near Port Royal Sound.
Recommendations included moving future
municipal and industrial wells 15 to 20 miles west of
the city, consistent with previous investigations.

McCollum (1964) summarized findings of his earlier
1964 investigation and provided additional
information on the rate of saltwater movement
through the five permeable zones in the Upper
Floridan aquifer. His report documented an increase
of groundwater withdrawals to 65 Mgal/d in 1962,
and a 1963 potentiometric-surface map was
constructed for the aquifer. McCollum believed that
a slight increase in chloride concentration had
occurred in the lower zones of the Floridan aquifer
near Savannah compared to previous studies and
stated that salt water in the lower zones would reach
Savannah in about 75 years. He concluded that the
threat of saltwater contamination at Savannah would
be minimal because only 20 percent of the
groundwater captured by wells at Savannah was
flowing from contaminated areas.
Recommendations included monitoring the
permeable zones for changes in chloride
concentration.

In 1962, amid debate over increasing demand for
water supplies and concern about saltwater intrusion,
federal funding became available, and development
of a surface-water supply from the Savannah River
was considered the best option. Thus, a surface-
water supply from the Savannah River was chosen to
replace both the military and the City of Beaufort’s
reliance on groundwater: The Savannah River
Project was completed in 1964. Afterwards, the
Burton well field and wells at the Beaufort Naval
Air Station that had served the area since 1942 were
taken out of service and maintained as standby
systems.



In the late 1960’s, the mining of phosphate deposits
from the upper confining unit in coastal Chatham
County, Ga. was considered. Studies were
undertaken to evaluate the potential for saltwater
intrusion into the Upper Floridan aquifer because
dredging operations would reduce the thickness of
the upper confining unit. Carver (1968) summarized
the results of test drilling in the upper confining unit
overlying the aquifer in the proposed mining area.
Based on interpretations of borehole and geophysical
logs from the test wells, Carver concluded that
mining operations were probably feasible if
environmental safeguards were followed. A later
report by Furlow (1969) discussed the economic
potential for mining phosphate from the upper
confining unit in eastern Chatham County, Ga. As
part of this investigation, he estimated the potential
impact that dredging would have on water quality in
the underlying Upper Floridan aquifer if the top
section (approximately 40 to 50 ft) of the upper
confining unit was removed. Fifty-two cores from
the upper confining unit were collected and analyzed
to obtain hydraulic conductivity and evaluate
phosphate deposits. Furlow used Darcy’s Law to
calculate the downward saltwater migration
assuming: (1) an average hydraulic conductivity of
9.6 x 10 gpd/ft?, (2) that 40 ft of upper confining
unit sediment would remain after dredging, and (3) a
-15 ft average head difference across the upper
confining unit caused by pumping the underlying
Upper Floridan aquifer 63 Mgal/d. Based on his
calculations, salt water would migrate downward at
a rate of about 160 gallons per acre per day
(gal/acre/day) or 102,400 gpd/mi2. Furlow
concluded that the increased rate of saltwater
leakage would not significantly affect wells at
Savannah and further stated that even without
dredging; salt water was currently migrating
downward at a similar rate over the coastal areas
near Savannah.

In Beaufort County, S.C., dredging to expand the
Port of Port Royal was also considered for parts of
Battery Creek and the Beaufort River; the proposed
dredging became an issue with respect to the
potential for saltwater intrusion into the Upper
Floridan aquifer. In 1970, the South Carolina Water
Resources Commission (SCWRC) in cooperation
with other State and Federal agencies addressed the
problem by conducting an environmental impact
study of the Port Royal Sound area. The study
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included a seismic survey of the channels in the Port
Royal Sound area and 19 boreholes drilled adjacent
to the channels to evaluate the depth and thickness
of the upper confining unit overlying the Upper
Floridan aquifer. The data showed that the Upper
Floridan aquifer lay at shallow depths and could be
breached in parts of the river during dredging
operations. These interpretations were like those of
Mundorff (1944) and Warren (1944), who
hypothesized that the aquifer occurred at shallow
depths beneath several navigation channels in in the
vicinity of Port Royal Sound. The study concluded
that “No further dredging should be allowed in the
Beaufort River unless reliable investigations can
demonstrate that additional dredging to deepen the
shipping channel can be conducted without
jeopardizing the groundwater resource.” A technical
committee overseeing the study recommended that a
groundwater investigation be conducted under the
provisions of the South Carolina Ground Water Use
Act of 1969 to answer the dredging question and to
provide direction for groundwater management
(South Carolina Water Resources Commission,
1972).

Southwest of Port Royal Sound near Hilton Head
Island, the presence of salt water in the Upper
Floridan aquifer had not been documented.
However, increasing demand for groundwater at
Hilton Head Island and a proposed industrial
development west of the island at nearby Victoria
Bluff caused concern for the long-term sustainability
of the resource. The Victoria Bluff area also was
considered as a possible alternative groundwater
supply for Hilton Head Island if island wells became
contaminated. Nuzman (1970, 1972) evaluated
water-supply potential at Victoria Bluff and Hilton
Head Island: his report provided a review of the
groundwater conditions, results of aquifer tests, and
recommendations to manage the resource. Using
Darcy’s Law, he estimated that salt water known to
be present in the aquifer beneath Parris Island was
moving toward Hilton Head Island at a rate of about
62 feet per year (ft/yr). Aquifer tests were
conducted on Hilton Head Island and Victoria Bluff
to determine the hydraulic properties of the aquifer
and to assess the relationship between pumping and
drawdown. The aquifer test at Victoria Bluff
consisted of pumping well BFT-499 at a rate of
3,000 gpm and measuring drawdown in an
observation well 100 ft from BFT-499. After 186



hours of pumping, the measured drawdown in well
BFT-499 was 10 ft with only 1 foot measured in the
observation well. Water samples taken near the end
of the test showed chloride concentration to be 9
mg/L. Based on the high transmissivity calculated
from the aquifer tests and the water-quality analysis,
Nuzman concluded that, with pumping limits, proper
well spacing, and an alternative groundwater supply
from the Victoria Bluff area, the island could obtain
large volumes of groundwater from the Upper
Floridan aquifer without threat of saltwater intrusion
for 40 to 70 years.

Completion of the Port Royal Sound Environmental
Study (1972) convinced local officials representing
Beaufort, Jasper, Hampton, and Colleton Counties,
S.C. to request a Capacity Use Investigation under
the Ground Water Use Act of 1969. The request
was made amid concerns that saltwater intrusion
could only be controlled by a greater understanding
of the aquifer and requiring permits for large
groundwater withdrawals. The Low Country
Capacity Use Investigation was conducted by the
USGS in cooperation with the SCWRC. The
resulting report (Hayes, 1979) produced numerous
technical maps including a 1976 potentiometric
surface map of the Upper Floridan aquifer for the
Low Country area and for Hilton Head Island that
incorporated surveyed wellhead elevations and tidal-
correction factors; a structure map for the top of the
Upper Floridan aquifer based on geologic
descriptions and natural gamma-ray logs; and two
1976 chloride-distribution maps that documented the
water quality from pumping wells completed in the
Upper Floridan aquifer for southern Beaufort County
and Hilton Head Island. The report provided
estimates for groundwater withdrawals at Hilton
Head Island, S.C., and Savannah, Ga., which were 8
and 75 Mgal/d, respectively. Estimates of the rate of
saltwater movement in the aquifer beneath Port
Royal Sound from Parris Island toward Hilton Head
Island were revised to 140 ft/year after updating the
average potentiometric gradient beneath the Port
Royal Sound to 1.5 feet per mile (ft/mi). Hayes
noted that chloride concentration had increased in
several monitoring wells on the northeastern part of
Hilton Head Island and suggested that the increase
was caused by salt water moving from Parris Island
as a result of groundwater withdrawals on Hilton
Head Island, S.C. and Savannah, Ga. The study
concluded that where the confining unit overlying
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the Upper Floridan aquifer was absent, freshwater
head was the primary factor controlling saltwater
intrusion. Recommendations were made to better
estimate the benefits of increasing the freshwater
head by developing digital models of the aquifer to
simulate distribution of new well locations and
changes in pumpage. Following completion of the
study, the SCWRC declared the Lowcountry area of
Beaufort, Jasper, and Colleton Counties a Capacity-
Use area (Hampton County was included later). In
1982, regulations were implemented by the South
Carolina legislature to permit large capacity wells
and a regional office was established in Beaufort to
oversee the permitting program.

In Georgia, the USGS in cooperation with the City
of Savannah, Ga., Chatham County, Ga., and the
Georgia Department of Natural Resources,
completed the first groundwater flow model (Counts
and Krause, 1976) in the Savannah area to simulate
the potentiometric surface of the Upper Floridan
aquifer. The study as defined by the authors was:
(1) to develop and calibrate a groundwater-flow
model that would simulate the response of the Upper
Floridan aquifer in the Savannah area to various
pumping rates, and (2) to demonstrate the usefulness
of the model as a management tool for evaluating
and predicting water-level changes in the aquifer to
2000. The model simulated hypothetical changes in
pumping and redistribution of wells to predict
changes in the potentiometric surface of the Upper
Florian aquifer. The report included three
simulations that showed changes in the
potentiometric surface caused by adding to the 1970
pumpage: (1) 10 Mgal/d at hypothetical well sites on
Hilton Head Island, S.C., (2) 10 Mgal/d at
Hutchinson Island, Ga., about 3 miles east of
Savannah, and (3) 6 Mgal/d at Monteith, Ga., about
7 miles northwest of Savannah. Two other
simulated potentiometric surfaces for the year 2000
included: (1) transferring 10 Mgal/d of the 1970
pumpage from Savannah, Ga., to Bloomingdale,
Ga., 10 miles to the west of Savannah, and (2)
reducing 1970 pumpage by 20 Mgal/d at the center
of the cone of depression at Savannah. The authors
concluded that, even though the model did not
exactly duplicate conditions in the Upper Floridan
aquifer, the modelling efforts were successful, and
their model could be a useful tool for managing the
aquifer in the Savannah area.



In October 1979, the U.S. Army Corps of Engineers
(USACE) authorized Bernard Johnson Incorporated
(BJI) to proceed with a groundwater investigation as
part of the Metropolitan Savannah Water-Resources
Management Study and investigate water-supply
alternatives for the Savannah area. At the request of
the SCWRC, the study was expanded to include the
adjoining area of Beaufort, Jasper, Hampton, and
Colleton Counties, South Carolina. Eventually, a
cooperative effort developed that included the U.S.
Environmental Protection Agency, the Georgia
Environmental Protection Division under the
Georgia Department of Natural Resources, the South
Carolina Water Resources Commission, the
Chatham County-Savannah Metropolitan Planning
Commission, the Coastal Area Planning and
Development Commission, the Low Country
Council of Governments, and citizen advisory and
executive committees. The USACE evaluated many
options proposed by the participating groups and
concluded that there was a water-supply problem in
the most sensitive part of the study area near
Savannah and Hilton Head Island where water-level
declines and potential for saltwater intrusion were
greatest. Sensitivity analyses by the USGS
groundwater model showed that increased
groundwater pumpage outside the sensitive area
would have negligible impact on water levels at
Hilton Head Island. Final recommendations from
the study presented in December 1983 allowed
Savannah to increase up to 62 Mgal/d from the
Savannah River for industrial use and to increase
groundwater pumpage up to 5 Mgal/d for domestic
use in areas west of Savannah. For Hilton Head
Island, the study recommended that 50 percent of
future domestic use come from groundwater pumped
west of the island on the mainland near Victoria
Bluff and the Town of Bluffton. South Carolina did
not agree with the long-term plan and maintained
their position that Savannah needed to reduce
groundwater withdrawals. The level of cooperation
brought about by this study to address interstate
issues between South Carolina and Georgia was
unprecedented in the study area and set the trend for
the two states to continue their cooperative effort to
manage and share the resource.

Groundwater withdrawals continued to increase
through the early 1980’s at Hilton Head Island, S.C.,
and Savannah, Ga. Beginning in 1974, chloride
concentrations increased in an Upper Floridan well
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(BFT-315) monitored by the USGS near the
northwest shoreline of Hilton Head Island. The
increases raised the possibility that salt water from
Parris Island had moved beneath Port Royal Sound
and had reached Hilton Head Island. Amid
guestions as to where the salt was originating, the
USGS in cooperation with SCWRC and the U.S.
Army Corps of Engineers constructed nine
temporary offshore test wells in the Upper Floridan
aquifer beneath Port Royal Sound and the Atlantic
Ocean in 1984. As part of the study, Burt and others
(1987) published a base-data report for the nine test
wells that included well locations, well construction,
geophysical logs, lithologic descriptions of geologic
cores and drill cuttings, and water quality data.

Following the Port Royal Sound drilling, further
groundwater investigations continued by the USGS
and the SCWRC. Smith (1988) developed a
groundwater-flow model for the Upper Floridan
aquifer that included data from the 1984 offshore
drilling in Port Royal Sound. The 1984 model
simulations were based on groundwater withdrawals
of about 70 and 9.5 Mgal/d in Savannah, Ga. and
Hilton Head Island, S.C., respectively. The model
was used to predict changes in the potentiometric
surface in response to (1) redistribution of wells, (2)
changes in pumping rates, and (3) simulating
freshwater injection wells to raise the potentiometric
surface in the aquifer and slow the advancement of
salt to brackish water toward Hilton Head Island.
Total dissolved solids were mapped at the bottom
and top of the aquifer beneath Port Royal Sound, the
resulting plume map for the bottom of the aquifer
showed salt water and brackish water about 4,000 ft
and 2,500 ft from the northeastern shore of Hilton
Head Island, respectively. Along the northwestern
shoreline, brackish water at the bottom of the aquifer
was already beneath the shoreline of the island.
Smith used Darcy’s Law to estimate the movement
of brackish water in the aquifer beneath Port Royal
Sound: the average rate of brackish water movement
across Port Royal Sound at the bottom of the aquifer
was 50 to 80 ft/yr.

Data from the drilling beneath Port Royal Sound
was also included as part of the studies conducted by
the Beaufort regional office of the SCWRC. Hughes
and others (1989) summarized groundwater
conditions, mechanisms for saltwater intrusion, and
mapped hydrogeologic strata in Beaufort and Jasper



Counties S.C. The report discussed formation of the
Beaufort Arch and breaches in the upper confining
unit caused by erosion, sinkhole development, and
dredging, noting that the Upper Floridan aquifer was
directly exposed to seawater in the channels of
Beaufort River and Battery Creek. Using Darcy’s
Law, the authors estimated about 200 years for 100-
percent seawater from Port Royal Sound to move
downward and break through the upper confining
unit assuming hydraulic heads remain unchanged:
dispersion was not considered. A similar calculation
was made near the Broad Creek area midway on
Hilton Head Island where greater head differences
between mean sea level and the Upper Floridan
aquifer had existed since the 1960°s. Here,
calculations showed an estimated breakthrough time
of about 40 years.

Clarke and others (1990) summarized the
geohydrologic framework of the late Eocene to
Miocene formations in Georgia’s eastern Lower
Coastal Plain Province. Their work included the
construction and modification of 23 test wells,
review of lithologic and geophysical logs from about
500 wells, and laboratory analyses of 178
groundwater samples. The authors constructed
potentiometric maps (see Clarke, 1987), presented
USGS hydrograph data, and identified three
geophysical-log signatures that coincide with the
bottoms of the lower, middle, and upper Miocene
(markers A,B, and C) near their study area;
discussed head differences and groundwater
movement between aquifers; presented a regional
Upper Floridan aquifer isochlor map; and described
the effects of local structural features on geothermal
gradients, water levels, and saltwater contamination.

By 1990, groundwater withdrawals from the Upper
Floridan aquifer at Savannah and Hilton Head Island
had reached about 88 and 14.5 Mgal/d, respectively.
Citizens and officials with the Town of Hilton Head
Island had followed the groundwater investigations
and were concerned about the future of their potable
supply after learning that salt water was present in
the Upper Floridan aquifer near the northern edge of
the island. In response, the Hilton Head Island
Water Management Task Force was created in 1990
to review the issue with state and local officials and
provide the town with recommendations. After
extensive review and public discussion, the task
force recommended that the town proceed with a test

well designed to penetrate the deeper Cretaceous
formations and evaluate their potential as an
alternative groundwater source. Atlanta Testing and
Engineering (AT&E) was contracted to oversee the
Cretaceous test well (BFT-2055), the well was
completed through the full thickness of the Coastal
Plain sediment to the top of bedrock encountered at
a depth of 3833 feet in 1992. The Department of
Energy contributed funding for sophisticated
geophysical logging on the well to evaluate the
geology and hydraulic properties of the sediment.
Sidewall core samples were taken and used to
determine laboratory permeability of potential water
bearing zones and to extract pore water to assess the
quality of water at selected depths. Temples and
Waddell (1996) reported on data obtained from the
geophysical logging and sidewall cores that included
identification of permeable zones and water quality:
their efforts assisted AT&E’s decision to place 18
screened intervals totaling 195 ft in the Cape Fear
and Middendorf Formations. Landmeyer and
Bradley (1998) reviewed the data and provided a
discussion on the well construction, water-quality
data, aquifer tests, and a flow-meter test. They
reported that 75 percent of the natural flow (253
gpm) came from permeable zones above 3,100 ft
and that the total dissolved solids were about 1,400
mg/L. The Cretaceous aquifer system was not
considered for a new source of water supply on
Hilton Head Island at that time, but the data would
prove invaluable for a future water supply.

Following the Port Royal Sound offshore drilling
project, Smith (1993 and 1994) completed a solute-
transport model to better estimate the rate of
saltwater to brackish-water movement along a
northeast-southwest trending vertical section across
Port Royal Sound for the underlying upper confining
unit and Upper Floridan aquifer. The model
simulation for the predevelopment position (1885)
showed that saltwater stabilized along the
northeastern part of the sound prior to 1885.
Afterwards, three pumping rates were simulated
between 1885 and 1984 to account for changes to
the hydraulic gradient and to measure the rate of
movement and position of brackish water near the
bottom of the aquifer as it advanced toward Hilton
Head Island. The combined model simulations,
through 1984, indicated that the toe of the brackish-
water front had moved 8,400 ft, placing brackish
water about a half mile from the northeastern shore



of Hilton Head Island: the position of the freshwater-
brackish water interface correlated reasonably well
with the data from the offshore test wells.
Simulating 1984 pumpage to 2032 showed that
brackish water near the bottom of the aquifer would
move beneath Hilton Head Island between 2000 and
2016 and would advance about one mile beneath the
island by 2032: Smith noted that the rate of
brackish-water movement would increase if
pumpage increased. Even if pumpage on the island
ceased, brackish water would continue to move
southwest at a rate of about 65ft/yr because of
existing gradients created by pumpage in Savannah,
Ga. Vertical saltwater leakage through the upper
confining unit from the surficial aquifer was also
simulated along the vertical section across the sound.
The simulation showed that brackish water would
enter the top of the aquifer at the north shore of
Hilton Head Island at about the same time the toe of
the brackish-water wedge would pass beneath the
north shore of the island at the bottom of the aquifer.

The offshore test drilling in Port Royal Sound also
contributed to an investigation by the USGS (Burt,
1993) to study the geochemical evolution of
groundwater and how these reactions affected the
diagenesis of the Upper Floridan aquifer. Burt
published geologic and water-quality data and
mapped the distribution of salt water within the
aquifer beneath Port Royal Sound and nearby areas.
The study defined two distinct zones of water quality
in the study area; a downgradient zone of influence
near the coast where seawater mixed with fresh
groundwater and a zone of freshwater further inland,
upgradient, and outside the influence of seawater
mixing. The two zones were modeled along a single
flow line along which groundwater flowed from the
zone of freshwater toward the zone of freshwater-
seawater mixing. The conceptual model
incorporated seven chemical processes; with some
exceptions to the observed variation in the
groundwater chemistry, the model produced
plausible results across a segment of the aquifer.
Burt noted that the groundwater chemistry changed
as it moved down gradient, but the evolutionary
pattern was consistent, suggesting that the
groundwater chemistry along each flow line is
controlled by similar chemical processes, including
the net dissolution or precipitation of calcite, the
major component of the aquifer. To better explain
the distribution of calcite, Burt considered carbon
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dioxide input as an eighth chemical process.
Possible mechanisms contributing to carbon dioxide
are atmospheric influx, respiration, fermentation,
oxygen reduction, nitrate reduction, and sulfate
reduction; however, local recharge was shown to be
transporting carbon dioxide to the Upper Floridan
aquifer and causing a net dissolution of carbonate
minerals. The highest concentrations were associated
with seawater recharge. Burt noted that the
dissolution of carbonate minerals has probably been
a factor in the evolution of hydraulic conductivity
where high values are apparent in the Port Royal
Sound area as opposed to lower values where calcite
precipitation is taking place. The dissolution of
carbonate material in the aquifer can be observed
also by the significant number of sinkholes in the
areas surrounding Port Royal Sound.

The water chemistry of the Upper Floridan aquifer in
the vicinity of Port Royal Sound was investigated by
Landmeyer and Belval (1996) who provided a
historical data base to (1) document trends and
changes in water chemistry and chloride
concentrations that occurred after groundwater
withdrawals began, (2) assess the effect of changes
in chloride concentration in response to tides, and
(3) compile a review of water chemistry between
1917 and 1993 from selected wells primarily in
Beaufort County, S.C. Data from offshore test wells
in Port Royal Sound were included in the study, and
additional water samples were collected for chemical
analysis at discrete depths from selected wells on
nearby Sea Islands. The data were plotted on a
graph to show the relationship between chloride
concentration and specific conductance in the Upper
Floridan aquifer for the Port Royal Sound area. The
authors noted that specific conductance near the
bottom of the Upper Floridan aquifer at well BFT-
1810 (near well BFT-315), at the northwest
shoreline of Hilton Head Island, had increased from
4,000 to 10,000 microsiemens per centimeter
(US/cm) between 1987 and 1993. Applying the
multiple (see METHODS section), chloride
concentration was computed to be 1,400 mg/L and
3,500 mg/L in 1987 and 1993, respectively.

Groundwater withdrawals remained at peak levels
throughout the 1990’s, and chloride concentrations
continued to increase in wells near the northern part
of Hilton Head Island and west of the island. Efforts
to mitigate water-level declines in the Upper



Floridan aquifer had been ongoing and SCDHEC
(responsible for the Capacity-Use program
beginning in 1994) had begun negotiating alternative
sources with permitted users to include surface
water, deeper aquifers, and reclaimed water for
irrigation use. Eventually, only two-year permits
were issued for golf-course irrigation; afterwards, an
alternative source for long-term use was required.
As a result, many irrigation wells began to exploit a
deeper stratum of the Floridan aquifer system
identified as permeable zone 4 (McCollum and
Counts, 1964). Gawne and Park (1992) released an
open-file report informally naming permeable zone 4
the middle Floridan aquifer in South Carolina. Both
SCDHEC and SCDNR considered the middle
Floridan aquifer a possible long-term alternative for
golf course irrigation because 300 ft of less
permeable sediment (middle confining unit)
separated the two aquifers. Using geophysical logs
and current-meter tests, the authors mapped the
middle Floridan aquifer in the Hilton Head Island
area; they reported that the middle Floridan aquifer
thinned from about 40 ft near Hilton Head Island to
about 7 ft at Parris Island: transmissivities decreased
from 27,000 ft?/day to 2,000 ft?/day at Hilton Head
Island and Parris Island, respectively. Water in the
aquifer was fresh beneath the mainland west of
Hilton Head Island, brackish at Hilton Head Island,
and moderately saline at Parris Island. Measured
chloride concentration in the middle Floridan aquifer
ranged from 160 milligrams per liter (mg/L) on
Daufuskie Island and increased northeastward to
4,250 mg/L at Parris Island. Smith’s (1988) flow
model for the Upper Floridan aquifer was modified
by Gawne and Park (1992), who included the middle
confining unit and middle Floridan aquifer to
simulate the impact of pumpage from the middle
Floridan aquifer to the Upper Floridan aquifer. The
model simulated about 0.3 ft of decline in the Upper
Floridan aquifer at Hilton Head Island when 1.14
Mgal/d of middle Floridan aquifer pumpage was
distributed throughout Hilton Head Island: simulated
inflow from beneath Port Royal Sound increased 4
to 5 percent.

By the mid-1990’s South Carolina officials and local
water users had renewed their discussions on how to
best manage the groundwater resource, including
possible legal action; eventually, representatives of
the GaEPD and the SCDHEC met in 1995. The
meeting focused on the rate of saltwater intrusion
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and the sustainability of the Upper Floridan aquifer
to support future generations that depend on the
Floridan aquifer the Savannah-Hilton Head Island
area. SCDHEC emphasized that South Carolina had
expended approximately fifty-million dollars for
research, expansion of the surface water supply from
the Savannah River to much of southern Beaufort
County for public supply, and development of
alternative sources such as the middle Floridan
aquifer and treated-effluent use for golf course
irrigation. The States ultimately agreed that more
study was needed to document the rate of saltwater
intrusion. The GaEPD proceeded to coordinate with
the Georgia Legislature, USGS, SCDHEC, and local
stakeholders to develop an interim strategy for the
sustainable use of the Floridan aquifer system in the
24 coastal counties of Georgia and adjoining parts of
South Carolina. The interim strategy mandated an
immediate 10 Mgal/d reduction in groundwater
pumpage in the Savannah area and implemented the
CSSl at a cost of about five million dollars to further
investigate the hydrogeology of the Floridan aquifer
system. The CSSI provided the most comprehensive
study to date and comprised multiple investigations
in the study area including offshore and onshore test
drilling, offshore seismic surveys, water-use
accountability, groundwater models, and options for
alternative sources.

SCDHEC was preparing to restrict water use from
the Upper Floridan aquifer to 9.7 Mgal/d for
permitted wells on Hilton Head Island. The looming
restrictions raised further concern with island
utilities that the States of Georgia and South
Carolina would not reach an agreement in time to
avoid saltwater contamination of public supply
wells. South Island Utilities decided to investigate
their own options for an alternative water supply
and, using data from the earlier 1992 deep-well
project initiated by the Town of Hilton Head Island,
decided to complete a 3,800 ft well in the
Middendorf and Black Creek aquifers (Cretaceous
system). The well was permitted by the SCDHEC in
1998 through the Capacity Use and Public Supply
permitting programs and included reverse-osmosis
(R/O) treatment to filter dissolved solids. The
Cretaceous well was successful and became an
important supplemental water source for the
southern part of the island.



Initially, the CSSI funded the SCDHEC to oversee
construction of test wells in the Upper Floridan
aquifer near the northern part of Hilton Head Island,
and later funded additional wells west of the island.
Monitoring included water-level measurements and
vertical specific-conductance profiles to compute
chloride concentrations. The data were used to
construct a 1998 potentiometric surface map of the
Upper Floridan aquifer (Ransom and White, 1999)
and led to the discovery of three large chloride
plumes mapped by SCDHEC as part of this
investigation. Geophysical logs and geologic
samples showed that the greatest chloride
concentrations in the Upper Floridan aquifer were
found closest to Port Royal Sound where there was
little or no confining sediment above the aquifer.
Offshore seismic-reflection surveys between
Wassaw Sound, Ga., and Port Royal Sound, S.C.,
conducted by Foyle and others (2001), identified
areas where the upper confining unit was thin or
absent in parts of the Port Royal Sound estuary and
offshore of Hilton Head Island. The new track lines
added 415 miles to the existing 800 miles of
archived data. Interpretation of the data led the
authors to identify eleven Areas of Concern (AOC)
where the upper confining unit was absent. The
potentiometric surface of the Upper Floridan aquifer
was below mean sea level and subject to seawater
intrusion in ten AOC that included two areas where
SCDHEC had identified three new chloride plumes.
The most prominent offshore area was located about
six miles east of Hilton Head Island: here, the Upper
Floridan aquifer had been uplifted to a height of
about -60 ft mean sea level (Msl) and the thickness
of the overlying upper confining unit was between 0
and 10 ft. The area was informally named the Hilton
Head High by Foyle and others (1999).

In 1999, the AOCs identified east of Hilton Head
(Foyle, 1999 and 2001) Island during the offshore
seismic surveys were further investigated with funds
from the CSSI. The investigation was a joint effort
between the GaEPD, USGS, SCDHEC, and the
USACE to determine water quality in the Upper
Floridan aquifer at five offshore sites: one site
beneath Calibogue Sound and four beneath the
Atlantic Ocean seaward of Hilton Head Island, S.C.,
and northeast of Tybee Island, Ga. Falls and others
(2005) reported on seven temporary offshore Upper
Floridan aquifer boreholes of which five were
completed as temporary test wells. The locations
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were named the Calibogue Sound, the 7-mile, the 8-
mile, the 10-mile, and the 15-mile sites,
corresponding to their distance northeast of Tybee
Island, Ga. The investigation found that the upper
confining unit ranged in thickness from 0.8 to 32 ft
at the four offshore sites and compared favorably
with interpretations from the seismic surveys.
Potentiometric heads ranged from -17.4 ft NAVD 88
for the most southwestern well (7-mile site) to 1ft
NAVD 88 for the most northeastern well (15-mile
site) and corresponded favorably with extrapolations
from the onshore measurements reported by Peak
and others (1999) and Ransom and White (1999),
who reported elevations for NGVD 29. Pore water
extracted from upper confining unit core samples at
four sites was analyzed for chloride. Brackish to salt
water was found at the top of the unit and decreased
downward at all four sites (Calibogue Sound site and
three offshore sites), elevated chlorides were found
in the top of the Upper Floridan aquifer at two of the
four sites where the aquifer was penetrated and were
attributed to downward migration of modern
seawater (Appendix G). The report concluded that
the hydrogeologic conditions offshore of Hilton
Head Island were comparable to other near-shore
areas where saltwater intrusion had occurred.

As groundwater investigations progressed, both
South Carolina and Georgia officials agreed that
management of the Upper Floridan aquifer included
reducing groundwater withdrawals to slow or stop
saltwater intrusion and predicting when public
supply wells would be abandoned because of
increasing chloride concentration. To address these
issues the GaEPD, as part of the CSSI, contracted
the USGS to construct a groundwater-flow model
(Payne and others, 2005) to simulate water levels in
the Lower and Upper Floridan aquifers for a 42,000
square mile area of Georgia and adjacent parts of
South Carolina and Florida. Later, a variable-
density groundwater-flow and solute-transport
model was used (Provost and others, 2006) to
simulate saltwater movement. Concern focused on
three recently discovered saltwater plumes mapped
by SCDHEC as part of the CSSI near the northern
shores of Hilton Head Island, Pinckney Island, and
the Colleton River. Model simulations projected
changes in the position of the 250 mg/L isochlor
under varying pumping conditions for the Savannah,
Ga., and Hilton Head Island, S.C., area through
2800. Simulations showed that, if pumpage for the



year 2000 was uninterrupted, the three saltwater
plumes would continue to move and expand across
Hilton Head Island and west of the island toward
Savannah. The estimated rate of lateral movement
for the 250 mg/L isochlor was between 144 and 190
ft/yr and could reach Savannah in 800 years.

SCDHEC and the USGS continued to investigate the
downward movement of seawater through the upper
confining unit because the aquifer was overlain by
about 1,200 square miles (mi?) of sea water within
the 0 ft Msl potentiometric contour of the Savannah
— Hilton Head Island area cone of depression.
Preliminary work started about 1996 and, beginning
in 1999, pore water was extracted from selected core
from the upper confining unit at offshore sites as
part of the previous study by Falls and others (2005).
In 2001, a temporary borehole was completed on the
causeway (Ga. Highway 80) near Bull River, Ga.
(Ransom and others, 2006). The site was
surrounded by a large saltwater estuary between
Wilmington Island and Tybee Island, Ga. Pore
water was extracted at 5-ft intervals from ground
surface to a depth of 200 ft at the top of the Eocene
limestone. Laboratory analyses showed that the
distribution of chloride concentration across the
upper confining unit ranged from about 8,000 mg/L
near the top to about 50 mg/L near the bottom,
indicating that sea water in tidal marshes, channels,
and the Atlantic Ocean was moving downward
through the upper confining unit where water levels
in the Upper Floridan aquifer were below mean sea
level. Concentrations in the top part of the Upper
Floridan aquifer (Oligocene limestone) were above
background concentrations. The authors used a one-
dimensional solute transport model to estimate the
breakthrough times of salt water entering the top of
the Upper Floridan aquifer. Model simulations
estimated that, in a 382 miZarea where the confining
unit was thin, 7.7 Mgal/d would migrate downward
into the top of the Upper Floridan aquifer with a
chloride concentration of 500 mg/L for times that
ranged from 25 to 113 years from the year 2005.
Differences in breakthrough times for this model
depended on thickness of the upper confining unit
and head difference across the unit for a given model
cell. The model did not consider varying chloride
concentration at the source area (bottom of the
surficial aquifer) which in most intracoastal areas
would be less than salt water nor did the model
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consider changes in hydraulic conductivity of the
upper confining unit.

To determine the source concentration of chlorides
at the bottom of the surficial aquifer, an
investigation of chloride concentrations at the
bottom of the surficial aquifer beneath saltwater
channels and estuaries was undertaken by SCDHEC
in cooperation with the SCDNR (Ransom and Park,
2011). Offshore concentration of chloride in the
surficial aquifer is dependent on the degree of
mixing between seawater migrating downward from
overlying sources and lateral discharge of freshwater
from nearby landmasses that include the mainland,
Sea Islands, and barrier Islands. The study used an
offshore drill platform to complete 27 temporary
boreholes between Port Royal Sound, S.C., and
Ossabaw Sound, Ga. Fifty-six discrete water
samples were obtained while the sealed drill stem
was advanced by direct push or hammer method to
reach the desired sampling depth. Field analyses for
specific conductance of overlying surface water
showed a range between 26,700 to 55,800 uS/cm.
Chloride concentrations at the bottom of the surficial
aquifer unit ranged between 160 and 18,500 mg/L
and generally decreased with depth and increased
with distance from landmasses. The data indicated
that future groundwater models designed to simulate
downward migration of seawater across the upper
confining unit should consider the distribution of
chloride concentrations expected to at the bottom of
the surficial aquifer beneath saltwater channels,
estuaries, and offshore areas near the coastline.

The deep Cretaceous well had been successful as an
alternative source of water supply for southern part
of Hilton Head Island, but on the northern part of the
Island, Hilton Head Island Public Service District
No. 1 (HHIPSD#1) was also confronted with
increasing water demand amid a cap on groundwater
withdrawals from the Upper Floridan aquifer. To
develop a solution, HHIPSD#1 contracted with
Groundwater Management & Associates (GMA) to
evaluate the middle Floridan aquifer as an
alternative source of potable water supply for the
northern part of the island: the GMA investigation
produced favorable results. In 2013, SCDHEC
permitted three middle Floridan wells that included
R/O treatment to remove dissolved chloride, the well
field was originally designed to supply 3 Mgal/d but
later increased to 4 Mgal/d.



The Lower Floridan aquifer was also evaluated in
Georgia as an alternative to the Upper Floridan
aquifer. A test well was completed at Hunter Army
Airfield, Savannah, Ga., in 2009 by the USGS in
cooperation with the Department of the Army. The
well was drilled to 1,168 ft bgs and open to both the
Upper and Lower Floridan aquifers (Lower Floridan
includes S.C.’s middle Floridan aquifer). Williams
(2010) used a flow meter and packer assembly to
isolate individual permeable zones during testing
and conducted geophysical surveys, flowmeter
surveys to determine yield of individual zones,
packer-slug tests, water-quality analyses, and aquifer
tests at up to 1 Mgal/d. The report concluded that
the Upper Floridan aquifer supplied 83.5 percent of
the total yield from five permeable zones and the
Lower Floridan aquifer supplied the remaining 16.5
percent from six permeable zones. One Lower
Floridan aquifer zone at 768 to 785 ft bgs produced
47 percent of the total yield from the Lower Floridan
aquifer and probably corresponds to the middle
Floridan aquifer in South Carolina. The test findings
were comparable to those of McCollum and Counts
(1964), who concluded that 70 percent of the yield
was from the Upper Floridan aquifer. Following
field testing, the USGS modified their steady-state
regional groundwater flow model (Clarke and
others, 2010) to simulate changes in drawdown in
the Upper Floridan aquifer caused by leakance from
pumping the Lower Floridan aquifer at Hunter Army
Airfield. A second Lower Floridan aquifer well was
drilled at Pooler, Ga., and the model was likewise
used to simulate interaction between the two
aquifers (Cherry and Clarke, 2013). The model
simulations indicated that an overall increase in
withdrawals is feasible if a permittee’s Upper
Floridan aquifer pumpage is partially reduced to
offset leakage loss and water-level decline caused by
Lower Floridan aquifer pumpage. The net gain in
permitted capacity would depend on limitations of
the model and whether GaEPD based their permit
decisions on maximum drawdown in, or leakage
from, the overlying Upper Floridan aquifer.

Over the years, new projects in various areas had
increased the Floridan aquifer data base. These data
provided a platform for Williams and kuniansky
(2015) to revise Miller’s (1986) hydrogeologic
framework for the southeastern states. They defined
the major and minor hydrogeologic and litho-
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stratigraphic units and zones; described new units
and zones; revised parts of the regional and sub-
regional hydrostratigraphic nomenclature; estimated
the elevations of salt water with well-log data; and
discussed the influences of geology and pumpage on
groundwater behavior and salinity variation. Section
(G-G’) provided a regional perspective of the
hydrogeologic units along the Atlantic coast from
Beaufort County, S.C., to Volusia County, Fla.

The States of Georgia and South Carolina continue
to work closely through their respective agencies,
GaEPD and SCDHEC, to manage by reducing
groundwater withdrawals in the Upper Floridan
aquifer by conservation and alternative sources. The
City of Savannah in cooperation with GaEPD has
decreased permitted withdrawals from the Upper
Floridan aquifer to 1950 levels through conservation
and increased use of surface water. Farther south,
the Town of Tybee Island, Ga. began construction of
a deep well in 2015 to evaluate the feasibility of R/O
treatment of the Cretaceous aquifer system if their
Upper Floridan aquifer wells become contaminated
with salt water. SCDHEC continues to hold Hilton
Head Island’s permitted withdrawals from the
aquifer at 9.7 Mgal/d since 1998.
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METHODS

Test well construction

As part of this investigation, 51 Upper Floridan
aquifer test wells were constructed between 1997
and 2015 in southern Beaufort and Jasper Counties,
S.C., and Chatham County, Ga. (Appendix B). Test-
well construction was accomplished by mud-rotary
drilling techniques to penetrate the surficial sediment
and upper confining unit to the top of the Upper
Floridan aquifer. Afterwards, the borehole was
reamed to 8 inches and 4 or 4 Y-inch (ID) PVC well
casing was lowered to the top of the aquifer with
centralizers installed at 20-foot intervals. The casing
was sealed with a continuous pressure grout installed
by lowering a tremie pipe to the bottom of the casing
with a pressure seal secured at the top of the well
casing. Grout was pumped through the tremie pipe
and returned through the well annulus to the surface;
the casing was then flushed with water to remove
excess grout and pressure sealed for 24 to 48 hours.
In some cases, a plug was inserted into the casing

Figure 4. Well BFT-2408 showing standard
monitoring-well construction, natural
gamma-ray log, and chloride concentration
computed from specific-conductance

20



behind the grout and advanced by water pressure to
the bottom of the well casing. Prior to advancing the
borehole beneath the casing, measurements were
taken inside the casing to determine if the grout had
remained outside the casing. A 4.5-inch open
borehole advanced to the bottom of the Upper
Floridan aquifer completed the well (fig. 4).

Data collection

Data used in this investigation were obtained from
new test wells, published reports, and well records
on file with SCDHEC, SCDNR, and the USGS. For
each test well, electrical-resistivity and natural
gamma-ray logs were completed in the borehole to
identify the thicknesses of major strata and to verify
that the well casing was positioned at the top of the
Ocala Limestone (late Eocene). A measuring-point
elevation was surveyed at the wellhead of each test
well completed for this project (Appendix B), with
reference to Msl defined as 0 ft, to an accuracy of
0.01 ft NGVD 29 prior to installing monitoring
probes. The probes initially recorded hourly
measurements of specific conductance at the bottom
of the aquifer and water levels.
Hourly specific-conductance
measurements were eventually
discontinued and replaced with
vertical specific-conductance
profiles that were conducted
through the full thickness of the
Upper Floridan aquifer for
selected depths. Depth of
measurements was accomplished
with an optical depth reader
installed on a cable reel with an
accuracy of 0.1 ft. The accuracy
of conductance measurements was
generally less than 10 uS/cm. For
this study, most chloride
concentrations were computed
from specific conductance data
from Landmeyer and Belval
(1996) who graphed the
relationship between chloride
concentrations and specific
conductance for the Upper
Floridan aquifer (fig. 5) in the
study area. Based on their graph,
the former SCWRC used a
multiplier of 0.35 to compute
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estimated chloride concentrations from specific-
conductance measurements for values greater than
1,000 pS/cm (Gawne and Crouch, SCWRC file
data), the multiplier was used also by Provost and
others (2006). Extraction of pore water for chloride
analysis was accomplished on 5 test wells. These
wells were completed without drilling fluid by using
the roto-sonic drilling method to advance the
borehole with continuous cores sealed in plastic
liners to prevent contamination. Pore water was
extracted at selected depths from near surface to
total depth of the borehole and a laboratory analysis
was obtained for chloride concentration. Continuous
water-level recorders are maintained for selected
wells as part of SCDHEC's program with the USGS
and SCDNR who also maintain continuous water-
level monitoring for wells in the study area.

Environmental tracers

Groundwater samples were collected in 25 monitor
wells to determine the ages of saltwater at the
bottom of the Upper Floridan aquifer during 2004—
2005 and 2009 sampling events. The specific

Figure 5. Chloride concentration vs. specific conductance in the Upper
Floridan aquifer (Landmeyer and Belval, 1996).



conductance of seawater was measured in four
surface-water sample sites in Port Royal Sound and
nearby channels and was compared to groundwater
samples from the bottom of the aquifer. Samples
were analyzed for physical and chemical properties
(temperature, specific conductance, dissolved
oxygen, etc.), and tested for stable isotopes (as §°H
and &80), tritium (®H), and chlorofluorocarbon
(CFC). Groundwater levels were measured with an
electrical tape prior to sample collection. Unfiltered
groundwater samples at the bottom of the aquifer
were collected with a peristaltic pump and Nylon®
tubing where the depth to water was less than 30 ft
below land surface and with a Fultz® submersible
pump and dedicated Teflon® tubing where the depth
to water was greater than 30 ft. USGS sampling
protocols (USGS National Field Manual, variously
dated) were followed for the low-flow sampling
process. The pump discharge was monitored in a
flow-through cell for temperature, turbidity, specific
conductance, dissolved oxygen (DO), and pH with a
YSI@ (Yellow Springs Instruments) 6920 multi-
parameter sonde: samples were bottled after water
quality stabilized. The multi-parameter sonde was
calibrated each day prior to sampling, and pH
standards of 4 and 7 were used. The four surface-
water samples were collected by attaching a weight
to the end of Nylon® tubing and throwing the
weight as far as could be achieved from the bank.
The tubing was attached to the peristaltic pump and
sample collection was conducted as previously
described for groundwater. To reduce the possibility
of cross-contamination, the pump was
decontaminated between samples using a soapy
water scrub and rinses with tap water, deionized
water, and methanol, after which the equipment was
given time to dry. The pump wiring was
decontaminated in the same manner, but without the
methanol rinse except for wiring nearest the pump.
The Teflon® tubing was discarded between wells.

Water samples for °H and 880, °H, and CFC’s
analysis were collected only after the physical
properties and chemical constituents of temperature,
DO, specific conductance, and pH had stabilized in
the flow-through cell. Samples were collected in 60
mL glass bottles and sealed with a polyseal cap and
shipped at ambient temperatures to the USGS
Reston Stable Isotope Laboratory in Reston, Va.
Ground- and surface-water samples for *H analysis
were collected in 250 milliliter (mL) polyethylene
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bottles and capped with a polyseal cap. The *H
concentration was analyzed by electrolytic
enrichment and gas counting by the University of
Miami Tritium Laboratory (Miami, Fla.). The
method reporting level (MRL) was 0.30 picocuries
per liter (pCi/L). Groundwater and surface-water
samples collected for CFC and dissolved gas
analysis were required to be collected such that the
samples did not contact air during sampling. To
accomplish this, 250 mL glass vials were filled
beneath a column of groundwater pumped from the
well into a deep bucket. The sample tubing, made of
Nylon® to eliminate contact of the sample with air,
was placed in each vial under water, allowed to
overflow; afterwards, each sample vial was capped
with a metal screw cap with an aluminum foil liner,
also under water. Sample vials were then removed
from the bucket, checked for the presence of air
bubbles, and sealed with electrical tape. The sample
bottles for CFC analysis were stored on ice and
shipped directly to the USGS Reston
Chlorofluorocarbon Laboratory in Reston, Va. The
concentrations of CFCs, in picograms per kilogram
(pg/kg) detected in the samples were used to
interpret the recharge date of the sample, based on a
piston-type flow model (for groundwater samples)
according to Plummer and Friedman (1999).

SCDHEC groundwater model

The South Carolina Department of Health and
Environmental Control constructed a three-
dimensional variable-density groundwater-flow and
solute-transport model using Visual MODFLOW.
The model was designed to evaluate the
potentiometric surface and saltwater intrusion in the
Upper Floridan aquifer from 1885 through 2050 for
the Savannah, Georgia and Hilton Head Island,
South Carolina area (Appendix J). The model was
constructed with a grid consisting of % mile cells
that extended through thirty layers representing the
surficial aquifer, upper confining unit, Upper
Floridan aquifer, middle confining unit, and the
middle Floridan aquifer. Data input into the model
included data collected as part of this study and that
of previous investigations. Water-use data were
taken from early reports, by permitted groundwater
users, estimates for unpermitted water use for the
Upper Floridan aquifer in Georgia and South
Carolina, and permitted water use for middle
Floridan wells in South Carolina.



GEOLOGY

The study area lies in the southern part of the Lower
Coastal Plain of South Carolina and adjoining parts
of Georgia; here, the sedimentary deposits are
superimposed over the Southeast Georgia
Embayment (Toulmin, 1955; Stringfield and
Legrand, 1964; Colquhoun and Johnson, 1968;
Huddlestun, 1988). The sequence of sedimentary
deposits is part of a stratigraphic wedge that extends
from the fall line where the sediment are only a few
feet thick, to the shoreline where the sediment
thickness exceeds 4,000 ft in southern South
Carolina (Siple, 1959). Well BFT-2255 on the
southern part of Hilton Head Island penetrated about
3,800 ft of Coastal Plain sediment (Temples and
Waddell, 1996). The sediment in the study area
range from late Cretaceous to Holocene; however,
for this investigation only sediment from the early
Eocene to Holocene are discussed. In ascending
order, they are: the early, middle, and late Eocene,
the Oligocene, the Miocene, and the Holocene and
Plio-Pleistocene series (fig.6). The sediment were
deposited in a marine environment influenced by
transgressive and regressive shorelines that later
were subjected to tectonic uplift and erosion (Clarke
and others, 1990; Weems and Edwards, 2001).

The stratigraphic relationship of sediment has been
the subject of numerous investigations that utilized
geologic core for lithologic descriptions, geophysical
logs to determine contacts between geologic strata,
and fossil assemblages to assign geologic ages to
sediment.

Eocene Series

The Eocene lithologic units in southern South
Carolina and adjoining parts of Chatham County,
Ga. considered in this investigation include the early
Eocene Fishburne Formation equivalent to the
Oldsmar Formation in Georgia, the middle Eocene
Santee Limestone equivalent to the Avon Park
Formation in Georgia (Clarke and others, 1990), and
the late Eocene (Jackson age) Ocala Limestone
(Herrick, 1961). The Ocala limestone is time-
equivalent to the Parkers Ferry and Harleyville
members of the Cooper Formation in South
Carolina. Generally, the carbonate sediment consists
of bioclastic limestone; silty to clayey limestone;
calcarenite; calcilutite and dolomite. The Eocene
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sediment attain a combined thickness of about 1,100
ft in the southwestern part of the study area near Fort
Pulaski (fig. 1) (Clarke and others, 1990). The
sediment were deposited in warm, shallow, open-
marine waters of a carbonate-bank environment
(Miller, 1986).

Early (Lower) Eocene Oldsmar Formation

The early Eocene Oldsmar Formation in Georgia
was described by Miller (1986) as a glauconitic
limestone and dolomite. Three well sites drilled in
the Savannah area near the South Carolina border
penetrated the early Eocene, and Clarke and others
(1990) described the sediment as being consistent
with the Oldsmar Formation. They reported
thicknesses of 120 ft and 180 ft at the Hutchinson
Island and Fort Pulaski sites, respectively. In
southern South Carolina, few wells have penetrated
the early Eocene. Well BFT-2473, located about
midway on Hilton Head Island, was drilled by the
USGS as an open borehole to a depth of 1,248 ft bgs
to obtain geologic core; here, indurated calcified
sediment was encountered from about 700 ft bgs to
the bottom of the borehole.

Middle Eocene Santee limestone

The middle Eocene Santee Limestone in South
Carolina is time-equivalent to the Avon Park
Formation in Georgia. The Santee Limestone was
originally assigned to the late Eocene by Cooke
(1936) and later to the middle Eocene (Cooke and
MacNeil, 1952: Pooser, 1965). The middle Eocene
sediment in Georgia consist mostly of glauconitic
dolomite and limestone and unconformably overlie
the early Eocene Oldsmar Formation (Miller, 1986).
Clarke and others (1990) report that the basal
sediment of the Avon Park Formation are difficult to
distinguish from the underlying early Eocene
Oldsmar Formation because the lithology of the two
units are similar but can be differentiated on the
basis of fossil evidence. In Chatham County, Ga., at
the Hutchinson Island and Fort Pulaski test sites,
Clarke and others (1990) report that the thickness of
the middle Eocene sediment are 700 and 540 ft,
respectively. In southern South Carolina, the Santee
Limestone was described by Hughes and others
(1989) from cuttings and cores collected from four



wells in the vicinity of Port Royal Sound as a foraminifera, and bryozoa. Most samples were

yellowish-gray, glauconitic and fossiliferous poorly consolidated and interbedded with thin layers
calcarenite (with fine-grained interstitial calcite) or of hard limestone. The upper part of the Santee
calcilutite with sparse biota that consist of bivalves, Limestone is more permeable: Gawne and Park

Figure 6. Stratigraphic and hydrogeologic column for the study area (Counts and Donsky (1963); McCollum
and Counts (1964); Huddlestun (1988); Weems and Edwards (2001); Williams and Gill (2010);
Williams and Kuniansky (2016). *Reported to partially extend into South Carolina only by
McCollum and Counts (1964). **Not reported in South Carolina.
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(1992) describe the top 30 to 60 ft as originally
consisting of whole shell fragments (mainly
gastropods, bivalves, and bryozoans) in a matrix of
lime-mud. They hypothesized that the original lime
mud, consisting mostly of aragonite, was dissolved
by freshwater flow thereby leaving a hard,
permeable limestone with a high proportion of
interconnected cavities. The surface elevation of the
Santee Limestone is about -400 ft Msl near Parris
Island and dips to the southwest where the elevation
is about -600 ft Msl: thickness increases from Parris
Island to the south-southeast and ranges from 300 ft
to 500 ft (Hughes and others, 1989: Gawne and
Park, 1992).

Late (Upper) Eocene Ocala Limestone

The late Eocene Ocala Limestone (Jackson Group)
was first described and named by Dall and Harris
(1892) from exposures in Ocala, Florida. Puri
(1953, 1957) raised the Ocala Limestone to group
status, recognizing its component formations based
on foraminiferal fauna. The Ocala Limestone has
since been reduced to formational status (Scott,
1991) in accordance with the North American
Commission on Stratigraphic Nomenclature (1983).
The Ocala Limestone can be found in the subsurface
throughout most of Florida, southeast Alabama, the
Georgia Coastal Plain, and southernmost South
Carolina (Furlow, 1969; Miller, 1986, p. b30). The
limestone overlies the Avon Park Formation in

Figure 7. Structure contours showing top of lower unit of the late Eocene Ocala
Limestone near Savannah, Ga., and Hilton Head Island, S.C.
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Georgia and Santee Limestone in South Carolina.
Based on lithology, geophysical logs, and
hydrologic properties, Counts and Donsky (1963)
divided the Ocala Limestone into an upper and lower
unit in the Savannah area. The two units are
distinguished in adjoining parts of South Carolina
with natural gamma-ray logs (SCDHEC files) and
geologic core.

The lower unit of the Ocala Limestone in the
Savannah area was first described by Counts and
Donsky as primarily a buff granular calcitized
limestone, fossiliferous throughout, containing thin
layers or stringers of dense pale-blue limestone and
sandy, silty, or argillaceous limestone or marl, with

glauconite present near the bottom of the unit. Near
Hilton Head Island, the unit was described by
Gawne and Park (1992) from geologic core and drill
cuttings. They described the unit to consist of a
matrix of silty, clayey, glauconitic limestone
interbedded with fine calcarenite and calcilutite;
identifiable macrofossils are uncommon; the sand-
size shell fragments and microfossils are worn and
altered leaving identification difficult; and most of
the calcarenite and calcilutite are poorly
consolidated and interbedded with thin layers of
hard limestone. About 15 miles north of Hilton
Head Island, Rine (2003) studied cores of the lower
unit of the Ocala Limestone taken from well BFT-
2370 at the Marine Corps Air Station in northern

Figure 8. Structure contours showing top of the upper unit of the late Eocene Ocala
Limestone near Savannah, Ga., and Hilton Head Island, S.C.
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Beaufort County. Based on petrographic
examination, he described the sediment as a
packstone consisting primarily of foraminiferal tests
and shell fragments with micrite infilling of
intergranular spaces. The contact between the lower
unit and the upper unit is easily distinguished by the
natural gamma-ray log signatures that average
between 10 and 25 cps and 2 and 10 cps (counts per
second), respectively. Clarke and others (1990)
reported that the relatively high radiation present in
what they identified as the lower part of the Ocala
Limestone is caused by the presence of Potassium
40 in the glauconite. Natural gamma-ray logs used
to construct a structure map of the lower unit show
the unit at an elevation of about -70 ft Msl a few
miles northeast of Parris Island and dipping to about
-350 to -290 ft Msl in the southwestern part of the
study area (fig. 7). The thickness of the lower unit
was reported by Gawne and Park (1992) to range
from 220 ft northeast of Hilton Head Island to 300 ft
toward the southwestern part of the island.The upper
unit of the Ocala Limestone in the study area has
been described by Counts and Donsky (1963) to
consist of white to grey limestone, somewhat
calcitized, crystalline, and abundantly fossiliferous.
Certain zones consist almost entirely of bryozoan
fragments, echinoid spines, sponge spicules, and
foraminifers; there are thin zones of very dense
limestone consisting of macroshells and fragments
that have been compacted, cemented, contain
numerous solution channels and, in some cases,
cavities. Deposition occurred in a near-shore,
shallow-marine environment where higher energy
and active biota contributed to increased
permeability of the unit. Geophysical logs (SCDNR
files) indicate that the highest documented elevation
of the upper unit is about -20 ft Msl near the western
side of Lady’s Island 8 miles north of Parris Island,
S.C. (Hayes, 1979, fig. 10); here, the unit has a

27

thickness of about 60 ft. Farther to the northeast, the
upper unit thins and is generally absent north of the
Coosaw River and St. Helena Sound. To the
southwest of the study area between Hilton Head
Island and the Savannah River, the upper unit dips
downward and thickens to about 100 ft. Near
Savannah, Ga., geophysical logs indicate the surface
elevation of the unit is about -300 ft Msl and is about
-180 ft Msl near Tybee Island, Ga. (fig. 8).

Oligocene Series

The Oligocene limestone unconformably overlies
the late Eocene Ocala Limestone (Counts and
Donsky, 1963) in the study area. In southeastern
Georgia, Oligocene sediment are, from oldest to
youngest, the early Oligocene Suwannee Limestone
(Cooke and Mansfield, 1936), the early Oligocene
Lazaretto Creek Formation (Huddlestun, 1993) and
late Oligocene Tiger Leap Formation (Weems and
Edwards, 2001). To the northeast of Savannah, Ga.,
the Oligocene sediment dip upward toward the crest
of the Beaufort Arch until the unit pinches out
northeast near Port Royal Sound (fig. 9). Huddlestun
identified the Lazaretto Creek Formation in
northeast Georgia and believed the formation was
the age equivalent of the lower Oligocene Suwannee
Limestone in Florida. Weems and Edwards (2001)
later concluded that the Lazaretto Creek Formation
was early Oligocene but slightly younger than the
Suwannee Limestone. They also recognized a late
Oligocene stratum in Huddlestun’s Tiger Leap
member within the overlying Miocene Parachucla
Formation. Based on faunal assemblages, Weems
and Edwards (2001) removed the Tiger Leap
Member from the Parachucla Formation and raised it
to formation status with four unnamed members
within the Hawthorn Group (fig. 6).



Hayes (1979) considered the Oligocene limestone to
be the facies equivalent of the Cooper Marl (Malde,
1959) and described it as a “very sandy, calcareous,
slightly to moderately phosphatic clay to a silty,
sandy, phosphatic, clayey limestone to a light gray
to white limestone.” Ward and others (1979)
determined that the Ashley member of the Cooper
Formation northeast of the study area was equivalent
to the Oligocene sediment in the study area. They

described the Oligocene limestone in the study area
of South Carolina to consist of “calcareous, clayey,
very fine quartz sand containing abundant glauconite
and phosphate.” The late Oligocene Tiger Leap and
Lazaretto Creek Formations and the Suwannee
Limestone were traced from the Tybee Island
reference site to four offshore tests well sites
southeast of Hilton Head Island and a fifth site in
Calibogue Sound (Falls and others, 2005).

Figure 9. Structure contours showing top of the Oligocene limestone near Savannah, Ga., and

Hilton Head Island, S.C.
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Figure 10. Isopach map showing thickness of the Oligocene limestone near Savannah, Ga.,

and Hilton Head Island, S.C.

However, the Oligocene limestone throughout much
of the project area is undifferentiated.

The Oligocene limestone can be identified from
geologic samples or by natural gamma-ray log
signatures as reported by Hayes (1979), Clarke and
others (1990), Weems and Edwards (2001), Falls
and others (2005), and Ransom and others (2006).
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Natural gamma-ray logs are used to identify the
Oligocene limestone bottom on a signature of 15 to
25 cps (Note: drilling fluid can diminish the
Oligocene signature). By contrast, the overlying
Miocene sediment have a signature of about 200 cps
at the bottom of the overlying upper confining unit
(Parachucla Formation in Georgia, or the Marks
Head Formation in South Carolina), and the



Figure 11. Structure contours showing top of the Hawthorn Group near Savannah, Ga., and Hilton

Head Island, S.C.

underlying Eocene limestone generally has a
gamma-ray signature of less than 10 cps. The
structure map (fig. 9) for the Oligocene limestone
was constructed using gamma-ray logs and shows he
surface elevation near Savannah at about -200 ft
Msl; to the northeast toward Beaufort, S.C., the
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sediment slope upward and the surface elevation
ranges from -60 to -100 ft Msl near the northern part
of Hilton Head Island. Near Savannah, Ga., the
Oligocene sediment have a maximum thickness of
about 80 ft but thin northeastward and pinch out near
Port Royal Sound (fig. 10). Lucy McCartan (USGS)



inspected cores taken from test wells beneath Port
Royal Sound and reported 1 to 2 ft of possible
Oligocene section at only one of nine well sites
(written communication to B.W. Hughes, 1984).

Miocene Series

The Hawthorne (Hawthorn) Formation was first
recognized by Dall (1892) for Miocene exposures
near Hawthorne, Fla., that he referred to as
Hawthorne beds; and later, Madison and Clapp
(1909) raised the rank of Hawthorne beds to
Hawthorne Formation. Cook (1936, page 101)
extended the name to lower Miocene sediment in
southern South Carolina. Later, the Hawthorn
Formation was subdivided into three members
identified in descending order as the Coosawhatchie
clay (Heron and others (1965), Marks Head (Marks
Head Marl; Sloan, 1908), and Parachucla
(Parachucla marl and shale; Sloan, 1908).
Huddlestun (1988) revised the stratigraphic
framework of Miocene sediment by raising the
Hawthorn Formation to group status in Georgia and
raising the members of the Hawthorn Formation to
formation status with several members. Hence, the
Hawthorn Group in Georgia, beginning with the
youngest deposits, was comprised of the middle
Miocene Coosawhatchie Formation, to include the
Ebenezer Member, the Berryville Clay Member, and
the Tybee Phosphorite Member; the early Miocene
Marks Head Formation; and the earliest Miocene
Parachucla Formation, to include the Porter Landing
and the Tiger Leap Members. Weems and Edwards
(2001, fig. 2) followed Huddlestun’s stratigraphic
nomenclature with the following exceptions: (1) the
Ebenezer Member of late Miocene was removed
from the middle Miocene Coosawhatchie Formation
and raised to formation rank within the Hawthorn
Group to include five unnamed members, (2) the
early Miocene Marks Head Formation was
recognized to include three unnamed members and,
(3) the Tiger Leap Member of latest Oligocene to
earliest Miocene was removed from the overlying
Parachucla Formation of earliest Miocene and raised
to formation rank within the Hawthorn Group to
include four unnamed members, and (4) the Porters
Landing Member of the Parachucla Formation was
abandoned (fig. 6).
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In southern South Carolina and adjoining parts of
Georgia it is difficult to distinguish the lithology of
the Miocene formations where more than one exists,
but the sediment comprising the dominant Marks
Head Formation generally can be recognized by
light- to dark-olive green clayey to silty sand and
sandy to silty clay with varying amounts of mica,
sparse fish scales, and phosphatic sand. Sand and
phosphatic sand may range from very fine to coarse.
Heron and others (1965) described the
Coosawhatchie clay (Berryville Clay Member) west
of the study area in Jasper County, S.C., as light
yellow-grey to light-blue clay with a “cheesy”
texture characterized by a zone of diatomaceous
earth; Huddlestun (1988) provided a more detailed
lithology of the middle Miocene Berryville Clay
Member and discussed the thickness and lateral
extent from Jasper County, S.C., to the coastal area
of southern Beaufort County, S.C., throughout the
Georgia Coastal Plain, and along the continental
shelf to northeast Florida. Clarke and others (1990)
describe the middle Miocene sediment beneath the
Coosawhatchie clay in Georgia as generally
composed of carbonates, clay, very-fine clayey to
silty sand, and sandy to silty clay, with various
amounts of fine-to medium-, phosphatic sand grains:
minor constituents include very fine mica, dolomite
rhombs, and shark teeth. They reported that the
sediment were deposited in a nearshore marine
environment during three transgressive-regressive
episodes and that the beginning of each episode can
be identified with natural gamma-ray log signatures
that they designated as markers C, B, and A. The
Parachucla, Marks Head, and Coosawhatchie
Formations, as recognized by Woolsey (1977) and
Huddlestun (1988), correlate with Markers C, B, and
A, respectively. Each episode formed a geologic
unit that progressively grades upward from (C) a
basal carbonate layer, to (B) a clay layer, and to (A)
a clastic sandy layer. Offshore seismic surveys
conducted by Foyle and others (2001) found that,
where present, gamma-A and gamma-B marker
horizons are typically associated with indurated
high-phosphate carbonate beds that generally lie just
above the Miocene-A and Miocene-B basal
unconformities, respectively (Furlow. 1969; Clarke
and others, 1990).



Figure 12. Isopach map showing thickness of the Hawthorn Group near Savannah, Ga., and Hilton

Head Island, S.C.

In the study area, the sediment comprising the
Hawthorn Group may be represented by one or more
of the following: the late Miocene Ebenezer
Formation, the middle Miocene Coosawhatchie
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Formation, the early Miocene Marks Head
Formation, and the earliest Miocene Parachucla
Formation. The surface of the Hawthorn Group was
altered in the study area by post-depositional erosion



and reworking of the sediment during episodes of a
regressive and advancing sea. Paleochannels formed
during times of lower sea level thinned, and in some
areas completely removed the sediment, leaving
only the underlying Oligocene or Eocene limestone
beneath the Plio-Pleistocene sediment that served as
a source of infill. Paleochannels were identified
during offshore seismic surveys near Port Royal
Sound; southeast and east of Hilton Head Island
(Duncan, 1972; Foyle and others, 2001); and near
the Savannah River between the river mouth and the
City of Savannah, Ga. (U.S. Army Corps of
Engineers, 1998). Toward the crest and flanks of the
Beaufort Arch northeast of Savannah, lack of
deposition also reduced the thickness of the Miocene
sediment. Erosion of the Hawthorn Group is
apparent in geologic cores recovered from seven
offshore test wells reported by Falls and others
(2005): one test well was completed in Calibogue
Sound (BFT-2297) and six test wells at four sites
(BFT-2258 and -2251; -2250 and -2251; -2249, -
2295) were completed beneath the Atlantic Ocean
east and southeast of Hilton Head Island. Here, the
Marks Head Formation was absent at BFT-2297 but
was present at the offshore sites with thicknesses
that ranged from 1 to 32 ft; the Ebenezer,
Coosawhatchie, and Parachucla Formations were
absent at all five sites. Offshore seismic surveys
(Foyle and others, 2001) did not identify the
Parachucla Formation; however, Clarke and others
(1990) reported 10 ft and 3 ft of the lower basal
carbonate layer at Hutchinson Island and Fort
Pulaski, respectively. The possible presence of the
Ebenezer and Coosawhatchie Formation in the
extreme southern part of South Carolina is based on
the Fort Pulaski test site (Clarke and others, 1990)
and the Tybee Island reference site (Weems and
Edwards, 2001); both sites are near the Savannah
River in Chatham County, Ga. The Coosawhatchie
Formation was encountered at the Fort Pulaski site
and Tybee Island reference site and was 20 ft and 10
ft thick, respectively; the Ebenezer Formation was
encountered at the Tybee Island reference site and
was 23.5 ft thick. Offshore, along the flank of the
Beaufort Arch, Foyle and others (2001) reported that
the Coosawhatchie Formation (Marker A) was
interpreted in their seismic survey. Other evidence
was provided by Paul Huddlestun, who recognized
middle and early Miocene faunal assemblages in
cores collected during the 1984 offshore drilling
beneath Port Royal Sound (Personal
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Communication; Hughes and others, 1989). Except
for scattered remnants of late and middle Miocene
(Ebenezer and Coosawhatchie Formations), the early
Miocene Marks Head Formation remains the
predominate sediment representing the Hawthorne
Group in South Carolina.

The structure map for the Hawthorn Group shown in
Figure 11 was based on geophysical logs, published
reports, and augered boreholes by the SCDNR
(Doar, SELECTED REFERENCES, S.C.
Geological Survey; Appendix C). Here, the
contours show a complex erosional pattern across
the surface of the Hawthorn Group. The highest
elevation shown in the study area is about -10 ft Msl
in parts of South Carolina decreasing to about -70 ft
Msl near Savannah, Ga. Other structure maps in the
study area were completed by Hughes and others
(1989); Clarke and others (1990); Foyle and others
(2001); and Falls and others (2005). The isopach
map (fig. 12) shows that the thickness of the
Hawthorn Group ranges from about 20 to 40 ft in the
northeastern part of the study area but is thin or
absent near the crest of the Beaufort Arch. In the
southwestern part of the study area, the Hawthorne
Group is about 50 ft in thickness at Tybee Island and
is about 165 ft and 150 ft near Savannah, Ga.
(USACE Savannah River cores SHE-9 and SHE-
19), respectively. The Duplin Marl of the Pliocene
has no characteristic geophysical signature and the
Miocene structure and isopach maps herein may
include Duplin Marl locally.

Holocene and Plio-Pleistocene Series

Undifferentiated clastic sediment of the Pliocene,
Pleistocene, and Holocene form surficial deposits
having an average thickness of 50 ft in southern
Beaufort County, S.C. and adjoining parts of
Chatham County, Ga. Miller (1986) interpreted
these undifferentiated sediment to be a basal
sequence of marginal to shallow marine beds
overlain by a series of sand and terrace deposits.
Where paleochannels have incised the underlying
Miocene sediment, thicknesses near 75 ft are
present, as seen in well BFT-2313 (fig.43) on the
north end of Pinckney Island S.C.

In general, deposition occurred during episodes of
marine transgression and regression that produced
varied and discontinuous lithologies over short



distances. Marine deposits in the study area are
dominated by well-sorted to poorly sorted, fine- to
medium-quartz sand but also include clay, sandy
clay, clayey-to-silty sand, offshore and estuarine
mud, shell beds, and calcareous to shelly quartz sand
and mud. Alluvial deposition caused by erosion of
sediment at higher elevations is also present as
medium- to coarse-grain sand and gravel with less
silt and clay than found in delta plains, flood plains,
and channels. Where present as surface deposits, the
sediment display various geomorphological and
topographic features that characterize the study area:
beaches, dunes, estuaries, channel bars, sinkholes,
and terrace deposits.

The Pliocene Duplin Marl, where present,
unconformably overlies the Miocene Hawthorn
Group (Furlow, 1969). Hughes and others (1989)
reported that sediment comprising the Duplin Marl
in South Carolina consists of phosphatic sandy clay
that is difficult to distinguish from the underlying
Miocene sediment because the lithology is similar
and geophysical logs do not exhibit a characteristic
signature. Near the Beaufort Arch, in the vicinity of
St. Helena and Port Royal Islands, the Duplin Marl
is thin or absent: Siple (1960) noted that, in the
Beaufort area, the Duplin Marl was limited to only a
few small, isolated exposures. The SCGS does not
recognize significant deposits of Duplin Marl in the
South Carolina part of the study area. There is
evidence that the ancient flood plain of the Savannah
River covered much of the area and might have
migrated 10 to 30 miles to the northeast (Doar,
2014; verbal communication, Oct. 20, 2016) and
therefore eroded most of the Duplin Marl (Hudson
and others, 2003; Doar, 2008a, 2008b, and 2008c).
By comparison, Furlow (1969) reported a thickness
of about 50 ft in eastern Chatham County, Ga., and
described the Duplin Marl as olive-green sand,
sandy clay, and clayey sand. He noted that the
Duplin Marl was locally difficult to distinguish from
the underlying Hawthorn Group other than by the
phosphate concentration (13%) at the base of the
Duplin Marl compared to the concentration (3%) in
the underlying Hawthorn Group. Foyle and others
(2001) interpreted Pliocene sediment in an elongated
embayment stretching northward from the Savannah
River to areas behind Hilton Head Island and
southward behind the Tybee Island shoreface and
are consistent with Furlow (1969).
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Pleistocene scarps and terraces are surface features
found in the South Carolina Coastal Plain, first
mapped by Cooke (1936), and represent elevations
of past shorelines and plains formed during high
stands of sea level. Identification of terrace deposits
is difficult owing to younger oceanic high stands
eroding and reworking the landward extent of
previous deposits and later geomorphic processes
that further modify the deposits. Consequently,
beginning with the concepts put forth by Shattuck
(19014, 1901b, and 1906), terrace deposits in South
Carolina have been revised by more recent
investigators (Dubar and others, 1974; Colquhoun,
1974 and 1991; Weems and Edwards, 1987). The
SCGS recognizes eight Pleistocene terrace deposits
(Doar, 2014; verbal communication, Oct. 20, 2016)
in the South Carolina Coastal Plain and the current
transgression; four terrace deposits are recognized in
the study area and include the Ten Mile Hill, the
Pamlico, the Princess Anne, and the Silver BIuff, in
addition to the current transgression (Doar and
Kendall, 2014).

Structure

The Beaufort Arch (Colquhoun and others, 1969)
and the Ridgeland Trough, first identified as the
Ridgeland Basin by Heron and others (1966), are
prominent tectonically related structural features
(fig. 13) caused by uplift of overlying sediment that,
in turn, interrupted the generally southeastward
regional dip of Coastal Plain sediment in the study
area. The presence of the Beaufort Arch is plausible
based on geophysical logs, seismic surveys, and
geologic samples that show higher elevations of
overlying sediment relative to surrounding areas.
Additionally, gravity and magnetic anomalies can
detect the presence of underlying intrusive rock.
The axis of the Beaufort Arch trends northeast to
southwest, generally parallel to the present-day
coastline. It has been mapped onshore to the
northeast as far as Lady’s Island, S.C., and is
believed to extend 90 miles southwest to
Cumberland Island, Ga., based on offshore seismic
surveys (Woolsey, 1976). Perpendicular to the axis
of the Beaufort Arch across Hilton Head Island, the
northwest-southeast extent of the arch is estimated to
span about 20 miles (Provost and others, 2006, fig.
1).



A Bouguer anomaly map shows a gravitational high
below St. Helena Island, S.C. caused by greater
density of an intrusive body (igneous rock) and the
magnetic map shows a strong magnetic field caused
by high iron content characteristic of a mafic
intrusive body (Hughes and others, 1989). Northeast
of Beaufort, S.C., gravity and magnetic anomalies in
the St. Helena Sound area were interpreted by
Daniels and others (1983) to be the result of an
intrusive body that McCartan (oral commun. in
Hughes and others, 1989, p. 16) suggested as a cause
of uplift and subsequent formation of the Beaufort
Arch. Heron and Johnson (1966) reported that the
Coosawhatchie clay of the upper Miocene was
absent near crest of the arch, indicating that the
uplift took place during the early to middle Miocene.
Hughes and others (1989) noted that Oligocene
sediment also were absent northeast of Hilton Head
Island and they suggested that an earlier uplift took
place during or after the late Eocene and prior to
deposition of Miocene sediment.

Along the axis and toward the crest of the Beaufort
Arch, sediment comprising the late Eocene (Ocala
Limestone), unnamed Oligocene limestone, and
Miocene Hawthorne Group are found at higher
elevations and are thinner or absent compared to
similar sediment on the flank of the arch and to the
southwest. Thinner sediment near the arch are
attributed to limited deposition and to erosion that
created complex surface structure on the late
Eocene, Oligocene, and Miocene strata during lower
sea-level stands. The surface of the Eocene
limestone overlying the arch displays several areas
of higher elevation. Siple (1956) identified the
Burton High, later named by Heron and Johnson
(1966) as the Beaufort High. Nearby, Hayes (1979)
used geophysical logs to map the top of the Eocene
limestone at an elevation of -20 ft on Ladies Island
S.C. To the southwest, Furlow used geologic core
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(1969; fig. 3) to identify an area near Tybee Island,
Ga. where the top of the Oligocene limestone is at
about -110 ft Msl, which he called the Tybee High.
Offshore seismic surveys by Foyle and others (1999)
identified a structural high five miles southeast of
Hilton Head Island where the top of the Oligocene
lay at about -60 ft Msl, which they designated the
Hilton Head High. Test drilling near Broad Creek on
Hilton Head Island, as part of this report, identified
another high where the top of the Eocene limestone
lies at -60 ft Msl and is designated herein as the
Broad Creek High (figure 13).

Sinkholes can be observed as topographic features
near the crest of the Beaufort Arch (fig. 13) and are
found where the Eocene limestone lies close to the
surface. Here, the limestone is dissolved by
recharge water that has been acidified by carbon
dioxide (carbonic acid) in the atmosphere and soil
prior to moving down through the overlying
sediment column. Dissolution of the limestone
causes cutters and channels to form, increasing
porosity in the upper part of the limestone. Given
sufficient time, the voids may become large enough
to cause overlying sediment to collapse slowly or
rapidly inward, resulting in the formation of a
sinkhole. Eventually, overlying sediment are
transported into the topographic depression causing
infilling. In areas near the crest of the Beaufort Arch
and associated highs, seismic surveys have found
evidence of sinkholes beneath tidal channels and the
Atlantic Ocean (SCWRC, 1972; Foyle and others,
2001).

The Ridgeland Trough (fig. 13) lies northwest of the
Beaufort Arch in South Carolina and is an east-
northeast-trending basin in central Jasper County,
S.C. Clark and others (1990, fig. 2 and plt. 4)
extended the Ridgeland Trough southwest of the
town of Ridgeland from the Savannah River into
northwestern Chatham County, Ga.



Figure 13. Prominent structural and geomorphic features in the study area. Inset: sinkholes
at Colleton River Plantation near Colleton River, S.C.
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HYDROGEOLOGY

Hydrogeologic strata are classified as
aquifers or confining units depending
on the strata’s potential to transmit or
impede the flow of water. Aquifers
and confining units may consist of
only part of a geologic formation or
include one or more formations that
share common hydraulic properties.
Groundwater flow through the strata
occurs laterally and vertically; the
direction of flow depends on hydraulic
head, elevation of landmasses,
rainfall, and evapotranspiration,
pumpage, and confining sediment.

The hydrogeologic units most
important to this investigation follow
those of previous investigators
(Counts and Donsky, 1963;
McCollum and Counts, 1964; Smith,
1988; Clarke and others, 1990; Gawne
and Park, 1992; Falls and others,
2005; Williams and Kuniansky, 2010)
and include (1) the Pliocene to recent sediment
identified herein as the surficial aquifer; (2) the
Miocene Hawthorne Group identified herein as the
upper confining unit; (3) the Oligocene limestone
and the upper unit of the late Eocene Ocala
Limestone identified herein as the Upper Floridan
aquifer; (4) the lower unit of the late Eocene Ocala
Limestone identified herein as the middle confining
unit of the Floridan aquifer; and (5) the upper part of
the middle Eocene Santee Limestone identified
herein as the middle Floridan aquifer in South
Carolina. The stratigraphic column (fig. 6) shows
the geologic formations and hydrogeologic units in
the study area.

Surficial Aquifer

The surficial aquifer commonly includes a water-
table aquifer and, in some areas, a discontinuous
semi-confined basal aquifer. Dale and Park (1999)
reported two sandy permeable units in the surficial
aquifer beneath parts of Hilton Head Island: a
shallow water-table aquifer in the upper 15 to 25 ft
and a confined, basal aquifer overlying the upper
confining unit. Clarke and others (1990) and Leeth
and others (2003) also reported that the surficial

Figure 14. Schematic representation of groundwater flow in the

surficial aquifer in response to recharge and discharge.
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aquifer in parts of Chatham County, Ga., can be
divided into a water-table aquifer and a semi-
confined aquifer.

Where the surface of the surficial aquifer underlies
landmasses, most recharge will occur directly from
rainfall. Water levels fluctuate depending on the
amount of rainfall but generally will mimic the
topography (to a lesser extent) as groundwater flows
down gradient from higher elevations toward areas
of lower elevation where fresh water discharges into
streams. Near the coast, the surficial aquifer
underlies and is hydraulically connected to saltwater
marshes and tidal channels. Where heads are lower
in the Floridan aquifer, brackish to saltwater in the
surficial aquifer migrates downward through the
upper confining unit (fig. 14).

The surficial aquifer is not widely used for potable
supply and data are limited for individual wells.
Dale and Park (1999) conducted a five-day aquifer
test at Hilton Head Island for a well screened
between 16 and 28 ft bgs in the surficial aquifer:
they reported a hydraulic conductivity between 5
and 20 ft/day, a transmissivity of 210 ft?/day, and a
specific yield of 0.2. Wells open to the surficial



aquifer in the Port Royal Sound area typically yield
10 gpm or less but may be greater if the aquifer is
fully developed, and specific capacities are about 1
gpm/ft of drawdown. Local confining units are
composed of organic-rich, poorly to well-sorted clay
and silt deposited in offshore and back-barrier
environments (Dale and Park, 1999).

Siple (1960), noted that the potentiometric surface of
the Upper Floridan aquifer remained unchanged on
the north end of Hilton Head Island in contrast to the
southern part of the island where the potentiometric
surface declined in response to increased pumpage at
Savannah, Ga. He hypothesized that a hydraulic
connection exists between the surficial aquifer and
the Upper Floridan aquifer, and that local recharge
on the northern part of the island prevented further
declines. Carbon-14 and tritium analyses also
indicate that recharge from the surficial aquifer to
the Upper Floridan aquifer occurs in the vicinity of
northern Hilton Head Island (Back and others, 1970;
Landmeyer and Stone, 1995). Dale and Park (1999)
measured water levels in the surficial aquifer at
northern Hilton Head Island and compared those
measurements to water-level fluctuations in wells
open to the Upper Floridan aquifer. Their data
showed that the water table (surficial aquifer)
responds to changes in groundwater withdrawals
from the Upper Floridan aquifer, their conclusion
further supports a hydraulic connection between the
two aquifers.

Upper Confining Unit

The upper confining unit of the Floridan Aquifer
system in the study area includes one or more
formations of the Hawthorne Group
(undifferentiated), and in some areas the upper
confining unit may also include the overlying Duplin
Marl (Colghoun and others, 1969; Furlow, 1969;
Hughes and others, 1989; Foyle and others, 2001).
Where the upper confining unit overlies the Upper
Floridan aquifer, the lower permeability of the unit
provides a barrier that inhibits flow between the
surficial aquifer and the underlying Upper Floridan
aquifer. Prior to groundwater withdrawals, the
direction of groundwater flow across the upper
confining unit was upward in most of the study area,
the result of higher heads discharging water from the
underlying Upper Floridan aquifer. However, as
groundwater withdrawals increased, heads declined
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and the direction of groundwater flow across the
upper confining unit reversed. The surficial aquifer
now recharged the Upper Floridan aquifer and where
the surficial aquifer existed beneath the coastal
marshes, tidal channels, and the Atlantic Ocean,
brackish to salt water would move downward. The
hydraulic parameters that control direction and
volume of flow across the upper confining unit are:
(1) thickness, (2) hydraulic conductivity, (3)
porosity, and (4) the hydraulic gradient across the
unit.

The thickness of the upper confining unit varies
greatly in the study area. It is thinnest, less than 10
ft, where it overlies the crest of the Beaufort Arch.
It is thickest to the northwest around the Ridgeland
Trough (Hughes and others, 1989), and southwest
near Savannah, Ga., where it may exceed 150 ft (fig.
12). Geophysical mapping by Foyle and others
(2001) identified eleven areas where the confining
unit has been thinned or removed offshore of Hilton
Head Island and in nearby tidal channels. Where the
confining unit is removed, a vertical pathway is
created for water (salt water) of higher head in the
overlying surficial aquifer to flow directly
downward. As part of this study, vertical specific
conductance profiles were conducted in test wells to
detect brackish to saltwater: other methods included
geophysical logs and geologic cuttings. Seven new
source areas were identified where the upper
confining unit is believed to be absent. Relict
sinkholes also breach the confining unit over the
crest of the Beaufort Arch between Pinckney Island
and St. Helena Sound, S.C. (fig. 13). Potentiometric
surface maps of the Upper Floridan aquifer
constructed for 1976 (Hayes, 1979), 1991, 1992,
1993 (Gawne, 1993), and 1998 (Ransom and White,
1999) show a high along the crest of the Beaufort
Arch west of Hilton Head Island near Pinckney
Island (Appendix D: figs. D21, D8a, D14-20). The
higher heads are attributed to relatively greater
downward recharge where the upper confining unit
is thin or absent.

Vertical hydraulic conductivity of the upper
confining unit will vary at individual well sites;
however, it generally increases from areas southwest
of Savannah to the northeast in the vicinity of Port
Royal Sound. In coastal Chatham County, Ga.,
Furlow (1969, page 23) reported an average value
for vertical hydraulic conductivity of 1.3%2 ft/day



based on 52 laboratory analyses of core taken from
the upper confining unit. Hughes and others (1989)
reported values of hydraulic conductivity and
porosity for the upper confining unit based on
laboratory analyses of 22 core samples taken from
seven boreholes in Port Royal Sound to be 62 ft/day
and .45 percent, respectively. Converting leakance
taken from Smith’s flow model (1988) to hydraulic
conductivity for the area west of Savannah where the
upper confining unit is about 150 ft thick, the central
area between Savannah and northern Hilton Head
Island, and the northeastern area beginning near Port
Royal Sound where the thickness of the upper
confining unit averaged about 30 ft, revealed values
for hydraulic conductivity of 1.5, 3.0%°, and 3.0%3
ft/day, respectively. Hydraulic conductivities
derived from calibrating SCDHEC’s model
(Appendix J5) were 0.6%° ft/day for the area west of
Savannah, 8.0%° ft/day for the central area, and 2.5
t0 0.03 ft/day for Port Royal Sound and areas to the
northeast: values similar to those used in other
investigations. Two methods were considered by
Ransom and others (2006) to estimate a value for
vertical hydraulic conductivity and porosity for the
upper confining unit where the potentiometric
surface within the eastern half of the Savannah cone
of depression was less than 0 ft Msl. The first
method varied the vertical hydraulic conductivity
and porosity assigned to a one-dimensional solute-
transport equation to match simulated and measured
chloride concentrations moving down through the
confining unit. The second method used Darcy’s
Law to compute an average vertical hydraulic
conductivity that, when used with estimated
gradients across the confining unit in the Savannah —
Hilton Head Island area approximated the water
budgets for downward flow (leakage) through the
upper confining unit published by Smith (1988) and
Garza and Krause (1992). The vertical hydraulic
conductivity and porosity determined from the first
method was 2.0%* ft/day and 0.35 percent,
respectively; and the second method calculated an
average hydraulic conductivity of 3.0%* ft/day.

As part of this study, five monitoring well sites
(BFT-2410, BFT-2411, South Tybee Island, Bull
River 2, and Shipyard Road) were selected near
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Savannah, Ga., and southwestern South Carolina
(Appendix B). Data included continuous, sealed
core throughout the borehole depth for laboratory
analyses of pore water and hydraulic parameters. A
sixth well was similarly completed by the USACE
as part of a separate study (laboratory analyses of
cores were included in this study). A total of two-
hundred and ninety core samples from selected
depths in the six wells (including Bull River 3
completed by the USACE) were analyzed by the
USGS laboratory. Eighty samples from the upper
confining unit at four sites had hydraulic
conductivity values between 1.6%* and 922 ft/day:
the average value for vertical hydraulic conductivity
and effective porosity was 8.2%2 ft/day and 51.9
percent, respectively (Appendix F). Overall, the
laboratory values were higher than those derived
from SCDHEC’s model calibration (Appendix J).

Floridan Aquifer System

The names Upper Floridan aquifer and upper
confining unit are used here for consistency and
replace the various but generally comparable names
used in the cited reports.

The Floridan aquifer system is one of the most
extensive and productive groundwater reservoirs in
the United States (Miller, 1990), supplying up to
4,020 Mgal/d during drought conditions that
occurred about 2000 (Marella and Berndt, 2005).
The aquifer comprises a vast sequence of Tertiary
carbonate rock that underlies the entire state of
Florida, the Coastal Plain of southeast Georgia, part
of southern Alabama and southeastern Mississippi,
and extends into southern South Carolina
(Stringfield 1936; Warren, 1944; Parker and others,
1955; Miller, 1986). For this study, except for a
brief discussion of the lower Floridan aquifer, only
part of the Floridan aquifer system was considered:
the middle Eocene Santee Limestone, the late
Eocene Ocala Limestone, and the mostly
undifferentiated Oligocene limestone that probably
is equivalent to the Tiger Leap and Lazaretto Creek
Formations in Georgia (Weems and Edwards, 2001)
and offshore of Hilton Head Island, S.C. (Falls and
others, 2005).



Figure 15. Permeable zones in the Floridan aquifer (after McCollum and Counts, 1964, pl. 4,

and Hughes and others, 1989).

The hydrogeologic framework in the South Carolina
part of the study area somewhat differs from
adjoining parts of Georgia. In southern South
Carolina, the late Eocene Ocala Formation is divided
into an upper and lower unit (Counts and Donsky,
1963); only the upper unit is considered to represent
the Upper Floridan aquifer. The lower unit is
considered to represent the middle confining unit
(McCollum and Counts, 1964; Miller, 1986). The
middle Eocene Santee Limestone lies beneath the
middle confining unit; here, the top part of the
Santee Limestone represents the middle Floridan
aquifer (Gawne and Park,1992). Beneath the middle
Floridan aquifer lie undifferentiated indurated early
Eocene limestones comprising the lower Floridan
aquifer; no productive lower Floridan aquifer wells
have been completed in South Carolina. The USGS
(Williams and Kuniansky, 2016) revised the
hydrogeologic framework of the Floridan aquifer
system that is followed in Georgia. It differs from

40

South Carolina in that the top of the middle Eocene
Santee Limestone (middle Floridan aquifer in South
Carolina) is included in the lower Floridan aquifer.
The combined thickness of the Floridan aquifer
system is about 700 ft in the northeastern part of
Port Royal Sound and increases to about 1,200 ft in
adjoining Chatham County, Ga.

In the study area, five permeable zones were
identified in the Floridan aquifer system that are
separated by semi-confining units comprised of
carbonate sediment of lower permeability
(McCollum and Counts, 1964; McCollum, 1964).
Four of the five permeable zones identified in
Chatham County, Ga., were identified in South
Carolina. Identification of permeable zones was
determined primarily from flow-meter tests but
included geophysical logs, and geologic samples
from five test wells open to the Floridan aquifer
system in Chatham County, Ga., and three test wells



in southern South Carolina (fig. 15). Permeable
zones 1 and 2 were identified in the upper unit of the
Ocala Limestone and mapped to the northern part of
Hilton Head Island at well BFT-315: Hughes and
others (1989) noted that zones 1 and 2 may merge
and rise close to the surface near the Beaufort Arch.
Permeable zone 3 was identified in the middle
confining unit in well BFT-304 on the northern part
of Daufuskie Island. Permeable zone 4 (middle
Floridan aquifer in South Carolina) was identified at
the top of the middle Eocene Santee Limestone
(equivalent to the Avon Park Formation in Georgia)
and mapped to the northern part of Hilton Head
Island. Gawne and Park (1992) used a flow-meter
test at well BFT-1840 to extend permeable zone 4
farther north to Parris Island where they estimated a
thickness of 7 ft. Permeable zone 5, identified about
250 ft below zone 4 in Chatham County (Williams,
2010), has only been mapped in Georgia.

The SCDHEC model (Appendix J), designed to
predict the development and movement of chloride
plumes, was calibrated using isochlor maps
constructed from vertical-conductivity profiles
(Fig.5: Appendix I). The model simulations suggest
that permeable zone 1 might not extend to the
northern part of Hilton Head Island and areas west
of the island. Initial model simulations included
both permeable zones 1 and 2 at the northern part of
Hilton Head Island: here, the simulations showed a
large chloride plume in each of the two zones.
However, numerous vertical specific-conductance
profiles and electrical-resistivity logs conducted in
test wells in the area have only detected significant
lateral movement of brackish to salt water in
permeable zone 2 near the bottom of the aquifer
(Appendix ). Therefore, it is plausible that
permeable zone 1 may pinch out near the northern
part of Hilton Head Island before encountering a
chloride source area. Removing permeable zone 1
in the northern part of Hilton Head Island and areas
to the west allowed the simulated chloride plumes to
develop and more closely match the field data.

The depths and thicknesses of permeable zones
reported in McCollum and Counts (1964) are used
herein. The top of permeable zone 1 lies at an
elevation of about -200 ft Msl at well CHA-484 (fig.
76) 6 miles east of Savannah and attains a maximum
thickness of about 50 ft. To the northeast, the zone
shallows to about -100 ft Msl as it nears the northern
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end of Hilton Head Island and might have a
thickness of about 20 ft as it approaches the Port
Royal Sound area (fig. 15). The top of permeable
zone 2 lies at an elevation of about -270 ft Msl near
Savannah (well CHA-484) and has a thickness of
about 50 ft at well CHA-484 and 70 ft at CHA-487
on Tybee Island. At the northern part of Hilton
Head Island, zone 2 lies at the bottom of the Upper
Floridan aquifer and has a thickness of about 30 ft.
Its thickness decreases to less than 20 ft north of
Port Royal Sound, and both permeable zones 1 and 2
are absent 18 miles to the northeast, near the Coosaw
River and St. Helena Sound.

Permeable zone 3 has an elevation of about -470 ft
Msl at well CHA-484 and a thickness of 10 to 30 ft
in the Savannah area. McCollum and Counts (1964)
mapped permeable zone 3 with geophysical logs
from their Savannah-area test wells to wells BFT-
304 and BFT-101 at northern Daufuskie Island and
mid Hilton Head Island, respectively. Flow-meter
traverses in well BFT-315, on the northern part of
Hilton Head Island, indicated permeable zone 3 is
absent. Flow-meter traverses by Gawne and Park
(1992, fig. 2) in wells that penetrated permeable
zone 4 (middle Floridan aquifer) at Hilton Head
Island and Parris Island failed to detect flow from
the expected depths of permeable zone 3. McCollum
and Counts (1964) reported that the elevation of
permeable zone 4 increases from about -620 to -450
ft Msl between Cockspur Island, Ga., and the
northeastern part of Hilton Head Island, the zone has
a thickness of about 60 ft at Savannah. Gawne and
Park (1992) reported thicknesses between 30 and 60
ft for zone 4 near the center of Hilton Head Island
and noted that zone 4 is absent or of negligible
thickness north of Port Royal Sound. Permeable
zone 5 lies at an elevation of about -700 ft Msl near
Cockspur Island, Ga., where the zone is about 40 ft
thick but was not extended into South Carolina.

Flow-meter tests in wells open to most of the
Floridan aquifer system near Savannah indicated that
permeable zones 1 and 2 produced more than 70
percent of the water discharged to wells. Zone 3
yielded between 2 to 8 percent and zones 4 and 5
each yielded 3 to 20 percent (McCollum and Counts,
1964). Gawne and Park (1992) calculated
transmissivities between 27,000 ft?/d and 7,000 ft?/d
for permeable zone 4 at five wells on and near
Hilton Head Island, suggesting comparatively



greater yield could be achieved southwest of Port
Royal Sound than to the northeast, where they
calculated the transmissivity to be 2,300 ft?/d on
Parris Island. Since at least the 1930’s, some
municipal and industrial wells at Savannah were
deep enough to obtain water from one or more of the
three deepest permeable zones (zones 3, 4, and 5).
Five miles south of Savannah, Ga., at Hunter Army
Airfield, flow-meter surveys were conducted by
Williams (2010) on a Floridan aquifer test well

initially open to both the Upper and Lower Floridan
aquifers between 333 and 1,168 ft bgs. The flow-
meter surveys indicated that 5 permeable zones in
the Upper Floridan aquifer and 5 permeable zones in
the Lower Floridan aquifer supplied 83.5 and 16.5
percent of the total yield, respectively. One zone
between 768 and 785 ft produced about half of the
total yield originating from the Lower Floridan
aquifer and probably correlates to permeable zone 4
(middle Floridan aquifer) as used in this report.

Figure 16. Structure contours for top of the Upper Floridan aquifer near Savannah, Ga., and Hilton

Head Island, S.C.
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Figure 17. Isopach map showing thickness of the Upper Floridan aquifer near Savannah, Ga., and Hilton

Head Island, S.C.

Upper Floridan Aquifer

The Upper Floridan aquifer?, as the term is used in
this report, comprises only the Oligocene limestone
and the upper unit of the Ocala Limestone (Counts

11 Millers (1986) terminology, related to the Oligocene and late Eocene
limestone, is more widely used by USGS and other investigators.
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and Donsky, 1963). The upper unit includes
permeable zones 1 and 2 (McCollum and Counts
(1964) and a denser, lower permeability limestone
between the two permeable zones: this denser
limestone may also yield water from fractures and
conduits (Counts and Donsky, 1963). Names used
in previous investigations, which may also include a
greater thickness of limestone, are “principle



artesian aquifer” Counts and McCollum (1964),
“upper permeable zone of the Principle Artesian
Aquifer” of Hayes (1979), Tertiary limestone
aquifer (Miller, 1982) and, later, the “Upper
Floridan aquifer” of Hassen (1985), Smith (1988),
Hughes (1989), Ransom and White (1999), and
Ransom and others (2006).

The surface of the Upper Floridan aquifer is
irregular owing to uplift by the Beaufort Arch and
erosion as shown on the surface-contours of the
Upper Floridan aquifer by Hayes (1979, fig. 10),
who used natural gamma-ray logs to pick the top of
the late to middle Eocene limestone in Beaufort,
Jasper, Hampton and Colleton Counties, S.C.

Hayes” map shows the highest elevation to be about
-20 ft Msl beneath northern-most Lady’s Island,
S.C., and the Coosaw River; lower elevations occur
in the Ridgeland Trough (fig. 13) and to the
southwest near Savannah, where Hayes reported
elevations of about -160 ft Msl. With the exception
of Hughes and others (1989), later investigators
(Foyle and others, 2001; Falls and others, 2005),
including this report, consider the top of the
Oligocene limestone to represent the surface of the
Upper Floridan aquifer and consequently have
assigned higher elevations (by as much as 70 to 80 ft
for areas near Chatham County, Ga.) for the Upper
Floridan aquifer in areas southwest of Port Royal
Sound where the Oligocene limestone thickens (fig
16). The thickness of carbonate strata comprising
the Upper Floridan aquifer in the study area is
shown in Figure 17. Generally, the aquifer thickens
from about 50 ft in the northeast to as much as 200 ft
in the southwest. Hydraulic parameters of the Upper
Floridan aquifer most important to well yield include
transmissivity, porosity, and storage coefficient;
these are known to vary greatly across the study
area. The degree of variation depends on the
depositional environment and post-depositional
changes to include biological activity (burrowing) of
marine organisms, dissolution from acidic water
resulting in minute conduits and cavities, calcite
precipitation, and faulting/fracturing of the sediment.
Agquifer tests conducted in the field and laboratory
analyses of geologic cores are the most common
technique for determining hydraulic properties of the
aquifer, but these are compromised by formulas that
assume ideal conditions such as the isotropic
distribution of sedimentary properties; however,
sediment comprising the aquifer varies both
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vertically and laterally over short distances. Clarke
and others (2004) noted that core recovery may
affect samples that have secondary permeability
features such as fractured, solution-riddled, and
friable rocks, resulting in bias toward samples of
lower permeability that were more easily recovered
for analysis. While ambiguities may exist within
localized data, the preponderance of tests conducted
over a large area can provide average values for the
hydraulic properties of the aquifer.

Transmissivity values for the Upper Floridan aquifer
have been estimated in the study area by Warren
(1944a), Hazen and Sawyer, (1957), Counts and
Donsky, (1963), Nuzman (1972), Hayes, (1979),
Smith (1988), and Newcome (1993, 2005). The data
were summarized by Hughes and others (1989), who
constructed a transmissivity map of the Upper
Floridan aquifer in southern South Carolina. The
average transmissivity north and northeast of Parris
Island was between 5,000 and 10,000 ft?/d and
progressively increased to the southwest where the
highest value was 60,000 ft?/d on at Hilton Head
Island. Newcome (1993, 2001) reported
transmissivity values at individual well sites to range
from 50,000 to 100,000 ft?/d on Hilton Head Island
and between 10,000 and 50,000 ft?/d west of the
island. Additional data on the hydraulic properties
of the aquifer were prepared by Clarke and others
(2004) for southern South Carolina, Georgia, and
Florida. For adjoining parts of Chatham County,
Ga., they reported values for transmissivity between
20,000 and 46,000 ft?/d; Counts and Donsky (1963)
reported an average transmissivity of 33,000 ft?/day
from six tests conducted by Warren (1944a) in
Chatham County, Ga. The locations where
transmissivity test values are reported for the Upper
Floridan aquifer in southern Beaufort and Jasper
Counties, S.C., are shown on Figure 18.

As part of this study, laboratory measurements of
effective porosity in the Oligocene limestone were
performed on 27 core samples taken at two test wells
(BFT-2410 and BFT-2411) in South Carolina and
two test wells (Bull River Il and south Tybee
Island) in Chatham County, Ga. Measurements also
were taken in five core samples from the underlying
Ocala Limestone at well BFT-2410, Hilton Head
Island, S.C. (Appendix F), and three effective-
porosity measurements were reported by Counts and
Donsky (1963, Table 4) for the Ocala Limestone at



well BFT-304, Daufuskie Island, S.C. Effective
porosity in the Oligocene limestone cores ranged
from about 0.15 to 0.36 with an average of 0.26.
The average effective porosity values at wells BFT-
2411, BFT-2410, Bull River 111, and south Tybee
Island, were 0.15 (one sample), 0.3, 0.31, and 0.36,
respectively. Presuming that the one sample at well

The three core samples from well BFT-304 had an
average effective porosity of 0.25.

The storage coefficient for the Upper Floridan
aquifer was calculated from 16 tests in Beaufort
County, S.C., (Newcome, 1993; 2005) where values
ranged from 0.0016 to 0.00004 and averaged

Figure 18. Transmissivity distribution in the Upper Floridan aquifer, southern Beaufort County,

S.C. (from Newcome 1993).

BFT-2411 could not adequately represent the site,
the average effective porosity for the remaining
three sites was 0.32. Effective porosity in the eight
Ocala Limestone core samples from well BFT-2410
ranged from 0.26 to 0.42 with an average of 0.34.
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0.00025. In adjoining Chatham County, Ga., Clarke
and others (2004) reported storage coefficients from
nine wells where values ranged from .001 to .00009
and averaged 0.00095. Yield from storage was
estimated by Hughes and others (1989) for the



Figure 19. Upper Floridan aquifer water use in Chatham County, Ga., and southern
Beaufort County, S.C., 1886-2006, and water levels in well BFT-101, Hilton
Head Island, S.C., 1955-2007.

Savannah area cone of depression by using an Water Use

average storage coefficient of 0.0001 and an average

drawdown of 35 ft over an area of 1,244 miZ they The Upper Floridan aquifer can yield more than
estimated that about 903 million gallons had been 2,000 gpm (gallons per minute) of potable water
removed from storage since pumping began. from a single well in some areas and is the primary

source of water for the Savannah — Hilton Head
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Island area. Water-use estimates presented herein
were taken from published reports and reported use
for permitted wells; unpermitted wells were
estimated based on unincorporated areas requiring
potable water or irrigation use, and historical
population growth rates.

Counts and Donsky (1963) reported that the first
artesian well for the City of Savannah was drilled in
1885, and, in 1886, the city completed a well field
thereby initiating the large-scale public use of the
aquifer. By 1888 the artesian wells were producing
about 5.8 Mgal/d (fig. 19). Annual production of
groundwater at Savannah increased to 10 Mgal/d by
1895, to 19.0 Mgal/d from 1900 to 1935, to 31
Mgal/d by 1938, and 42 Mgal/day by 1943 (Warren,
1944, p. 114), and, by 1958, water use had increased
to 68 Mgal/d to meet the demand for public supply
and industrial growth (Counts and Donsky, 1963).
Dale (2001) reported pumpage for municipal and
industrial use in the Chatham County area of about
70, 73, and 80 Mgal/d in 1971, 1977, and 1985,
respectively. Withdrawals peaked in 1990 at about
90 Mgal/d (Payne and others, 2005; Provost and
others, 2006). In 1997, annual groundwater use had
decreased to about 76 Mgal/d (Fanning, 1999), to
about 70 Mgal/d by the year 2000 (Fanning, 2000),
and to about 57 Mgal/d in 2006 (GaEPD, permitted
pumpage - written communication). The
withdrawals mainly reflect Upper Floridan pumpage
from permeable zones 1 and 2 but also include wells
open to permeable zones 3, 4 (middle Floridan
aquifer in South Carolina), and 5 (Lower Floridan
aquifer; not identified in South Carolina).

Groundwater withdrawals from the Upper Floridan
aquifer at Hilton Head Island began in the 1960’s
and increased as the island experienced rapid growth
as a resort and retirement area. Average daily
pumpage increased to about 8.6 Mgal/d by 1976
(Hayes, 1979), to about 10.1 Mgal/d by 1984
(SCDNR file data), to about 13.3 Mgal/d by 1987
(McCready, 1989), and peaked at about 14.5 Mgal/d
in 1990 (SCDHEC water use reporting and file
records). Seasonal pumpage varied on the island
and peak summer months possibly exceeded 17
Mgal/d.

The combined groundwater withdrawals from the
Upper Floridan aquifer in Chatham County, Ga., and
Hilton Head Island, S.C. peaked in 1990 at an
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average of 104.5 Mgal/d; 90 Mgal/d and 14.5
Mgal/d, respectively. Between 1990 and 1998
withdrawals decreased in Savannah (Provost and
others, 2006) but increased at Hilton Head Island,
thereby remaining close to 100 Mgal/d through
1998. Permitted groundwater withdrawals on Hilton
Head Island were reduced to 9.7 Mgal/d after
alternative sources were placed in service, and
pumpage in the combined areas decreased to about
67 Mgal/d (unpermitted pumpage estimated) by
2006 (fig. 19). Permitted groundwater withdrawals
do not include users who pump less than 100,000
gallons per day (gal/d) or withdrawals from wells
open to the middle Floridan aquifer in South
Carolina. The decrease was in response to efforts by
state and local officials to place withdrawal limits on
the Upper Floridan aquifer because of saltwater
intrusion issues; alternative sources and water
conservation measures were implemented to
compensate for reductions. Average daily
groundwater withdrawals, mostly from the Upper
Floridan aquifer on Hilton Head Island and in
Chatham County, Ga. (where some wells include the
Lower Floridan aquifer) for the years 1886 to 2006
are shown on Figure 19). The hydrographs illustrate
the relationships between water levels in the Upper
Floridan aquifer at well CHA-36Q008 (Savannah,
Ga.) and well BFT-101 (mid Hilton Head Island,
S.C.) and regional water use from 1955 through
about 2008, water use was interpolated if data were
incomplete. Water levels began to partly recover in
about 1990 at Savannah and in about 2000 on Hilton
Head Island. The recovery was in response to
discontinued permits and the adoption of alternative
sources for golf course irrigation (treated effluent,
lagoons, and the middle Floridan aquifer) and public
supply systems (conversion to middle Floridan
aquifer wells and reverse osmaosis treatment).

Potentiometric-Surface Maps and
Groundwater Movement

Prior to groundwater pumping in the study area,
recharge to the Upper Floridan aquifer southwest of
Savannah was balanced by the volume of water
discharging from the aquifer to the northeast near
Hilton Head Island, Parris Island, and Port Royal
Sound. Where the hydraulic heads remain greater in
the Upper Floridan aquifer than those in overlying
sediment, discharge from the aquifer will be upward
into the upper confining unit or, if the upper



confining unit is absent, discharge will occur directly
into the surficial aquifer. Where the upper confining
unit is absent, a larger volume of water will
discharge leading to lower hydraulic heads in the
aquifer. Potentiometric-surface maps constructed for
1885 (predevelopment surface) to 1999 by various
investigators documented changes in response to

Potentiometric contour, circa 1880. Shows altitude in

feet above mean sea level - dashed where approximate

Contour interval 10 feet.
National Geodetic Vertical Datum 0f 1929

groundwater withdrawals (Appendix D).

The estimated predevelopment potentiometric
surface of the Upper Floridan aquifer in Georgia,
mapped first by Warren (1944), showed the
potentiometric surface at Savannah to be about 35 to
40 ft Msl (fig. 20). Counts and Donsky (1963)

Figure 20. The estimated pre-1880 potentiometric surface of the Floridan aquifer in the
Savannah, Ga., area and adjoining parts of South Carolina (after Warren, 1944;

Counts and Donsky, 1963, pl. 5B).
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extended Warren’s map to the middle of Hilton beginning with Counts and Krause (1974) and

Head Island (fig. 21), where they estimated the followed by Johnson and Krause (1980), Bush
potentiometric surface to be about 10 ft Msl. (1988), Smith (1988), Garza and Krause (1992), and
Smith’s groundwater-flow model (1988) extended the SCDHEC model included in Appendix J, closely
the simulated predevelopment surface to the match Warren’s, and Counts and Donsky’s

northern shoreline of the island near Port Royal estimated predevelopment surfaces; these models
Sound, where the estimated surface was about 5 ft also simulated reasonable matches with later

Msl (fig. 22). Other predevelopment simulations, pumping conditions which add credibility to the

Potentiometric contour. Shows altitude in feet above and
below mean sea level - dashed where approximate.
Contour interval 5 and 10 feet.

National Geodetic Vertical Datum 0f 1929

Figure 21. The 1957 potentiometric surface and direction of groundwater flow for the Floridan aquifer,
Savannah, Ga., area and adjoining parts of South Carolina (Counts and Donsky, 1963).
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estimated predevelopment potentiometric-surface
maps.

In 1957, groundwater pumpage, mostly from the
Upper Floridan aquifer at Savannah, was
approximately 60 Mgal/d. A corresponding
potentiometric-surface map constructed by Counts
and Donsky (1963) shows that the potentiometric
surface at the center of the cone of depression in
Savannah was at about -120 ft Msl, and total water-
level decline from predevelopment conditions was
about 155 ft. Twenty miles to the northeast, near the
middle of Hilton Head Island, S.C., the
potentiometric surface had declined from about 10 ft
Msl to 0 ft Msl (fig. 21).

Potentiometric-surface maps of the Upper Floridan
aquifer, particularly those for the period between
1943 and 1961, show that the cone of depression
around Savannah expanded more toward the
northeast than toward the west and southwest
(Counts and Donsky, 1963). The predevelopment
hydraulic gradient between Savannah and

Port Royal Sound began to reverse in the early
1900’s. Former discharge areas (fig. 22) in the Port
Royal Sound estuary and Atlantic Ocean became
areas of saltwater recharge. Simultaneously,
freshwater recharge from landmasses increased as
Floridan aquifer water levels declined, most
noticeably at northern Hilton Head Island.

The isodecline map for the Upper Floridan aquifer
(Counts and Donsky, 1963) shows less change near
the northern part of Hilton Head Island than areas of
similar distance south of Savannah. Siple (1960)
noted that the position of the 0-ft potentiometric
contour had moved little from its position near the
middle of Hilton Head Island and attributed the fact
to greater recharge rates near the northern Hilton
Head Island area. Siple's observation was quantified
by Smith (1988), who simulated changes in recharge
and discharge areas between the potentiometric
surface of the Upper Floridan aquifer prior to
groundwater development and during 1984 pumping
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conditions (not shown) for southern Beaufort and
Jasper Counties S.C. During predevelopment
conditions, the simulated northern Hilton Head
Island recharge was 0- to 3-inches per year, with 3-
to 6-inches per year rate in a small area where land-
surface elevations were highest (fig.22). The higher
surface elevations created greater surficial-aquifer
heads that, in turn, induced greater rates of
freshwater recharge. For 1984 pumping conditions,
recharge increased from 3- to 6-inches per year for
the same area (Smith, 1988). The greater recharge
from the surficial aquifer resulted from a greater
head difference, caused by lower pumping heads in
the Upper Floridan aquifer.

Recharge of modern water to the Upper Floridan
aquifer near the northern part of Hilton Head Island
has also been shown by Landmeyer and Stone
(1995). They determined the approximate
groundwater age using radiocarbon concentrations
(as Percent Modern Carbon) and stable carbon
isotope ratios (as 8'3C in dissolved inorganic carbon)
at the southern part of the island and compared their
data with those of Back and others (1970) and Burt
(1993) for the northern part of the island. The
authors concluded that the age of water in the Upper
Floridan aquifer in the southern part of the island
was at least 16,000 years before present (BP)
compared to groundwater that was no older than
4,000 years BP on the northern part of the island.
The groundwater age in the northern part of the
island probably represents modern groundwater
from the surficial aquifer recharging the Upper
Floridan aquifer and mixing with relict groundwater
where the confining unit is thin or absent. Using a
different approach, Back and others (1970),
Landmeyer (1992), and Landmeyer and Stone
(1995) collected water samples from the Upper
Floridan aquifer on the northern part of Hilton Head
Island and based on tritium analyses and carbon-14
dates, also concluded that modern water was
recharging the aquifer.



Figure 22. Simulated 1888 potentiometric surface, recharge areas, discharge areas, and flow paths for
the Upper Floridan aquifer near Hilton Head, S.C. (after Smith, 1988, fig. 10)

Maximum water-level declines in the Upper
Floridan aquifer occurred in 1990 for the Savannah
area and continued to 1998 for Hilton Head Island
(fig. 19). During that period, the potentiometric
surface averaged about -10 ft Msl near the middle of
Hilton Head Island and -3- to -4 ft Msl at the
northern shore of the island (Gawne, 1994; Ransom
and White, 1999). At Savannah, the 1998
potentiometric-surface map (fig. 23) constructed by
Peck and others (1999), show water levels near the
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center of the cone of depression to be about -90 ft
Msl but closer to the center of pumpage in 1970,
Counts and Kraus (1974) reported water levels of
about -150 Msl at a pumping rate of 75 Mgal/d. The
SCDHEC model (Appendix J) simulated 1998
pumpage with declines of -129 ft Msl near the center
of the cone of depression, which had expanded to
encompass 2,300 mi? inside the 0 ft Msl contour
(Ransom, Il and others, 2006).



Potentiometric contour. Shows altitude in feet above and

below mean sea level - dashed where approximate

Contour interval 5 and 10 feet.

National Geodetic Vertical Datum 0f 1929

Figure 23. The 1998 potentiometric surface of the Upper Floridan aquifer in the Savannah, Ga., area
and adjoining parts of South Carolina (Peck and others, 1999).

Mundorff ‘s 1944 and Siple's 1959
potentiometric-surface maps (Appendix D4)
identified potentiometric highs on Port Royal and
Parris Islands; later Hayes (1979) measured the
greatest head on Port Royal Island at about 25 ft
Msl. Siple interpreted these highs to represent areas
of local recharge to the aquifer. Here, the upper
confining unit is thin or absent beneath relatively
high topographic and water-table elevations, thereby
creating a steep vertical gradient between the
surficial aquifer and Upper Floridan aquifer.
Potentiometric highs in the Upper Floridan aquifer
are documented also on Lady’s and St. Helena
Islands, S.C., and are shown on potentiometric-
surface maps (Appendix D) constructed by
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Mundorff (1944), Smith (1988), Hassen (1985),
Gawne (1993), and Ransom and White (1999). On
northern Lady’s Island and St. Helena Island, the
highest heads were measured between November
and March at 18 ft and 6 to 7 ft Msl (Hassen, 1985),
respectively; the lowest heads were measured
between May and September in 1998 and were 10 to
15 ft Msl and 1 to 3 ft Msl, respectively (Ransom
and White, 1999). Here, changes in the
potentiometric surface are the result of fluctuations
in rainfall, increases in agricultural and domestic
water use, and seasonal demand. Regional
potentiometric-surface maps published by Hayes
(1979), Smith (1988), Gawne (1994), and Ransom
and White (1999) show a southwestward trending
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Figure 24. Daily-average water levels in southern Beaufort County observation wells, 1958-2007.

dip in the potentiometric surface west of Hilton
Head Island, in the Pinckney Island — Colleton River
area. Ransom and White (1999) interpreted the
southwestward trending contours to represent an
area of nearby recharge to the aquifer.

Historical trends in water-level fluctuations can be
seen also in six hydrographs constructed with data
from selected monitoring wells open to the Upper
Floridan aquifer in southern Beaufort County, S.C.
(fig. 24). Two hydrographs show the earliest data
from Daufuskie Island (BFT-304) and Hilton Head
Island (BFT-101), beginning in 1958 before
significant groundwater development on Hilton
Head Island. The head at well BFT-315, at the
northwestern end of Hilton Head Island bordering
Port Royal Sound, averaged about 1.4 ft Msl in
1962. The head, exerted by sea water in the sound,
was approximately the same (1.1- to 1.6-ft Msl) after
density correction for a 20- to 40-ft seawater column
(0.5 - 1.0 ft); Mean Tide Level (0.4 ft); and
estimated sea-level rise since 1929 (0.2 ft).
Therefore, the average head in the aquifer at well
BFT-315 and the average seawater level in the sound
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were approximately equal. Under the conditions that
probably existed during the 1950’s, former discharge
areas beneath Port Royal Sound became areas of
saltwater recharge. After about 1960, measurements
show the combined influence of groundwater
withdrawals on the potentiometric surface at
Savannah and at southern Hilton Head Island.
Potentiometric-surface elevations were lowest
between 1990 and 1998, when total permitted
pumpage at Savannah and Hilton Head Island
peaked at about 102.5 Mgal/d. Exceptions to the
downward trend occurred between 1981 and 1982
and in 1990 and 1992 when the potentiometric
surface recovered slightly, perhaps because of the
economic recession that occurred about that time.

The regional flow pattern in the study area
principally has been controlled by pumping at
Savannah, Ga., since the early 1900’s; however,
local pumping centers have deflected the regional
flow pattern in some areas. Smith (1994, fig. 10)
shows the direction of groundwater flow during
1984 in the upper part of the Upper Floridan aquifer
in the area including Hilton Head Island and the



Colleton River, S.C. The flow lines indicate that south-southwestward regional flow direction. West

pumpage near the northern part of the island of Hilton Head Island, near Pinckney Island and the
introduced an easterly component to the generally Colleton River, the direction of groundwater flow is
Area Transect  k (ft/d) Ah L (ft) p Vpore p Vpore
(ft) (ftry) (ftly)

Hilton Head Island A-A 500 1 3,991 025 183 0.35 131

Hilton Head Island A-A 500 3 17,369 0.25 126 0.35 90

Pinckney Island B-B' 500 1 3,707 025 197 035 141

Pinckney Island B'-B" 500 3 13,957 025 157 0.35 112

Colleton River c-C 500 1 2,808 025 260 0.35 186
c-cC 3

Colleton River 10,389 0.25 211 035 151

500

K, horizontal hydraulic conductivity in feet/day.
Ah, head difference through transect, in feet.

L, length of transect, in feet.

p, effective porosity, dimensionless.

Vaaey, K (Ah, in ft/ length of transect, in ft).
Vpore, Vdarey / porosity, in ft/year.

Figure 25. The average potentiometric surface of the Upper Floridan aquifer near Hilton Head Island,
S.C, June 2003-June 2004, and locations of hydraulic-gradient transects used to calculate
groundwater-flow velocities.
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consistent with the overall regional direction and is
mostly southwestward toward Savannah (fig. 25).

The average rate of groundwater flow in the Upper
Floridan aquifer can be estimated with Darcy’s Law
if the hydraulic parameters for transmissivity (T),
hydraulic conductivity (n), hydraulic gradient
(Ah/L), and porosity are known. Darcy’s Law does
not consider dispersion and diffusion of a solute
such as chloride; however, these effects are small
relative to the advective flow in the aquifer.
Dispersion and diffusion are considered in solute
transport models (Appendix J).

Early estimates of groundwater-flow velocity in the
Upper Floridan aquifer were determined along
transects that generally conformed to estimated flow
lines beneath Port Royal Sound, S.C. Counts and
Donsky (1963), Nuzman (1972), and Hayes (1979)
computed respective rates of 18, 74, and 140 ft/yr in
the vicinity of Port Royal Sound. The variation in
rate depended on the hydraulic parameters and
gradients assigned to the transect location. Model
simulations by Smith (1988, 1994), using data
obtained from offshore tests in Port Royal Sound in
1984, estimated rates of 50 to 80 ft/yr between St.
Helena Island and Hilton Head Island and greater
than 200 ft/yr on Hilton Head Island.

Groundwater-flow velocities in the Upper Floridan
aquifer were estimated along six transects (fig. 25)
through the Dolphin Head, Pinckney Island, and
Colleton River chloride plumes. Hydraulic gradients
differed across each transect because of local
pumping distribution, recharge-source areas, and the
hydraulic properties of the aquifer. Darcy’s
equation was used to calculate travel times using
hydraulic gradients from an average potentiometric-
surface map estimated with 2004 average-daily
water levels recorded by local data loggers (fig. 25);
an average horizontal hydraulic conductivity of 500
ft/d; and porosities of 0.25 and 0.35. Horizontal
hydraulic conductivity for the aquifer was computed
using an average transmissivity of 50,000 ft*d and
an average aquifer thickness of 100 ft. Saltwater-
density corrections were not applied to water-level
measurements because of the relatively small
volumes and low concentrations of salt water
compared to seawater. The estimated flow velocities
derived from Darcy’s Law were 90 to 183 ft/yr at the
northeast shoreline of Hilton Head Island; 141 to
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197 ft/yr beneath Pinckney Island; and 151 to 260
ft/yr near the Colleton River.

Middle Confining Unit

The middle confining unit underlies the Upper
Floridan aquifer and corresponds to the lower unit of
the Ocala Limestone (Herrick and Wait, 1955;
Counts and Donsky, 1963; Hughes and others, 1989;
Gawne and Park, 1992). The unit is less permeable
than major water-yielding zones above and below
the unit, thus it impedes vertical flow between the
Upper and middle Floridan aquifers.

Flow-meter tests completed at six well sites in
Chatham County, Ga., and Hilton Head Island, S.C.,
reported by McCollum and Counts (1964), indicated
negligible yield from their permeable zone 3 near the
center of the middle confining unit (identified in one
well on Daufuskie Island). Similarly, Gawne and
Park (1992) observed no inflow from open-hole
flow-meter tests completed through the middle
confining unit at four wells in the vicinity of Hilton
Head Island. Gawne and Park (1992) also reported
the results of drawdown and recovery tests at five
sites using middle Floridan aquifer wells (BFT-
1845, BFT-1840, BFT-1809, BFT-1820, BFT-1813)
paired with Upper Floridan aquifer observation
wells: a sixth middle Floridan aquifer well (BFT-
315) was used as an observation well for BFT-1809
(fig. 26). After pumping the middle Floridan aquifer
150 to 200 gpm for 24 hours, no meaningful
drawdown was measured in the adjacent Upper
Floridan well; the low pumping rate probably
contributed to lack of measurable drawdown. In
another approach, Gawne and Park (1992) modified
Smith's (1988) flow model to include the middle
confining unit and the middle Floridan aquifer: the
authors adjusted the vertical hydraulic conductivity
of the middle confining unit to match simulated and
observed Upper and middle Floridan aquifer water
levels at Hilton Head Island. The best simulation
was produced with a vertical hydraulic conductivity
of 0.009 ft/day for the middle confining-unit.

The most comprehensive multi-well middle Floridan
aquifer test was conducted at Jenkins Island to the
west of Hilton Head Island (fig. 26) by Groundwater
Management and Associates (GMA, 2006). Here,
the pumping well BFT-2479 and the monitoring well
BFT-2478 were cased and grouted near the top of



the middle Floridan aquifer at about 512 ft bgs and
completed as an open-borehole to a depth of 600 ft
bgs; a second well (BFT-2480) completed in the
Upper Floridan aquifer was monitored also. The test
induced about 0.5 ft of drawdown in the nearby
Upper Floridan aquifer after pumping 1,000 gpm for
96 hours from the middle Floridan aquifer well; the
data indicated also that a recharge boundary
occurred after about 7 minutes. Data from the test
was evaluated using the Neuman-Witherspoon
Method (1969) to calculate a vertical hydraulic
conductivity of 2.4 ft/d for the middle confining
unit. GMA concluded that leakage from the middle
confining unit probably accounted for the source of
recharge, and their finding was consistent with
Krause and Randolph (1989) and Gawne and Park
(1992) who concluded that the Lower Floridan and
middle Floridan aquifer, respectively, were
hydrologically connected to the Upper Floridan
aquifer and that the middle confining unit, while less
permeable, was sufficiently permeable to transmit
changes in head between the two aquifers given
enough time. The SCDHEC model (Appendix J) for
the Savannah — Hilton Head Island area was also
used to evaluate the connection between the Upper
and middle Floridan aquifers. The base model used
a more conservative value of 0.05 ft/d for
conductivity and a thickness of about 300 ft for the
middle confining unit. To test the degree of
connection, model parameters configured in the base
model remained unchanged, except that pumpage
from the Upper Floridan aquifer was removed by
lowering the casing to the top of the middle Floridan
aquifer. The resulting simulated potentiometric-
surface map (unpublished) for the Upper Floridan
aquifer with only middle Floridan aquifer pumpage
was similar to the 1998 map (Ransom and White,
1999), supporting the conclusion that the middle
Floridan aquifer is hydraulically connected to the
Upper Floridan aquifer.

Middle Floridan Aquifer

The middle Floridan aquifer was informally named
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by Gawne and Park (1992) in southern South
Carolina, but other reports have included the aquifer
as part of the Upper or Lower Floridan aquifer. The
aquifer is equivalent to the upper part of the middle
Eocene Santee Limestone and corresponds with
permeable zone 4 identified by McCollum and
Counts (1964) in the Savannah area (included in the
Lower Floridan aquifer in Georgia). The aquifer
extends as far south as Rincon, Ga. (Gill and
Williams, 2010), and it is widely used for golf
course irrigation west of Hilton Head Island. Here,
twenty-five production wells open to the middle
Floridan aquifer were drilled between 1993 and
2007 (fig. 26) and pumped an average of 3 Mgal/d
during 2007 (fig. 27). Most pumping occurred
within the April-to-September irrigation season.
Middle Floridan aquifer withdrawals for public-
supply on Hilton Head Island began on Jenkins
Island in 2009 and currently pump an additional 4
Mgal/d: reverse-osmosis treatment (R/O) was
required to remove dissolved chloride. Other uses
included aquifer storage and recovery for treated
surface water and reclaimed water.

The middle Floridan aquifer lies beneath the middle
confining unit near the top of the Santee limestone
and is underlain by limestone of low permeability
that acts as the lower confining unit of the Floridan
aquifer system. In the study area, the aquifer can
sometimes be identified by an electrical-resistivity
log and by a natural gamma-ray log signature having
relatively less radiation compared to the carbonate
sediment above and below; however, identification
is best made by flow-meter tests to determine the
actual depth and thickness of the middle Floridan
aquifer. Depth from ground surface to the top of the
aquifer is between 450 and 600 ft Msl in the study
area. Flow-meter traverses conducted in four wells
indicate that the middle Floridan aquifer ranges from
30 to 60 ft in thickness on Hilton Head Island and
northwest of the island but thins northward and is
generally absent north of Port Royal Sound and the
Broad River (Gawne and Park, 1992).



Figure 26. Middle Floridan aquifer observation and production wells in the study area.

Hydraulic parameters for the middle Floridan aquifer
are problematic in southern South Carolina because
most data are based on single well pumping tests
that cannot identify recharge boundaries. Gawne
and Park (1992) analyzed six middle Floridan
aquifer well sites in the Hilton Head Island area of
which five were single well tests; pumping rates did
not exceed 200 gpm except for well BFT-985 where
the pumping rate was 600 gpm. A sixth site was
tested by pumping well BFT-1809, originally
completed as an open-borehole between 300 and 900
ft Msl. Drawdown was measured also in a nearby
middle Floridan aquifer monitoring well (BFT-315)
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with 30 ft of open borehole located about 1,500 ft
from well BFT-1809. The highest transmissivity,
26,000 ft?/d, was calculated at well BFT-985; the
remaining five sites averaged 7,240 ft/d. Newcome
(1993, 2002, and 2005) calculated transmissivities
from 25 middle Floridan aquifer wells in southern
Beaufort County southwest of Port Royal using
single well pumping tests; another nine sites were
located north of Port Royal Sound. For the
southwestern well sites near Hilton Head Island and
west of the island, with an average reported pumping
rate of 513 gpm, the average value for transmissivity
was 8,630 ft?/d; specific capacity averaged 21 gpm/ft



and ranged between 5.8 and 52 gpm/ft. For the
northern sites, with an average pumping rate of 265
gpm, the average value for transmissivity was 554
ft2/d; specific capacity ranged from 0.5 and 4.7
gpm/ft and averaged 1.6 gpm/ft. These data support
earlier conclusions that the middle Floridan aquifer
pinches out to the northeast and limited well yield is
caused by low permeability of the sediment
compared to similar wells to the southwest of Port
Royal Sound. Two middle Floridan wells (BFT-
2248 and BFT-2255) located on Parris Island were
cased and grouted to the top of the middle Floridan
aquifer thereby eliminating yield in the open-
borehole from the low permeability middle
confining unit; here, the specific capacity of both
wells was 1.1 gpm/ft.

The comprehensive multi-well aquifer test
(discussed earlier under middle confining unit)
conducted by GMA (2006) for the middle Floridan
well field on Jenkins Island (west and adjoining
Hilton Head Island) was analyzed to determine
transmissivity of the middle Floridan aquifer.
Because pump-test data indicated a recharge
boundary 7 minutes after pumping started, GMA
used the Neuman-Witherspoon Method (1969)
designed for a leaky confining unit. GMA
calculated the transmissivity and storage coefficient

for the middle Floridan aquifer to be 2,250 ft?/d and
0.00027, respectively. Specific capacity at well
BFT-2279 was 14.2 gpm/ft, and two additional
production wells, BFT-2483 and BFT-2481, had
specific capacities of 14.3 and 11.1 gpm/ft,
respectively. Greater specific capacities computed
by Newcome (2005) may be attributed to greater
open borehole (average casing depth of about 350 ft
bgs as opposed to 512 ft bgs at the Jenkins Island
well field) thereby allowing thin zones of higher
permeability within the lower permeability middle
confining unit to contribute additional discharge.

Water levels were measured in February 1991 at five
sites near Hilton Head and Parris Island; each
included a monitoring well in the Upper Floridan
aquifer and one in the middle Floridan aquifer
(Gawne and Park, 1992, fig. 4). The measurements
taken for each aquifer showed water levels were
nearly equal and that the middle Floridan aquifer
responded to changes in the Upper Floridan aquifer,
including seasonal pumping patterns. Heads in the
middle Floridan aquifer were higher except at the
well pairs closest to Port Royal Sound, where
vertical head gradients ranged from 0.7 to -2.27 for
the Upper Floridan and middle Floridan aquifers,
respectively. Thus, hydraulic gradients in the
middle Floridan aquifer were generally upward;

Figure 27. Groundwater use from the middle Floridan aquifer, southern Beaufort County, S.C., 1983-2013.
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however, post-1992 (fig. 27) pumpage from the
middle Floridan aquifer increased west of Hilton
Head Island and likely reversed the upward
hydraulic gradient in the Colleton River and
Bluffton areas.

Lower Confining Unit — Lower Floridan
Aquifer

In the Savannah, Ga., area, the lower Floridan
aquifer is comprised of sediment equivalent to the
middle Eocene Avon Park Formation (equivalent to
Santee limestone in South Carolina) and includes
permeable zones 4 (informally the middle Floridan
aquifer in South Carolina) and 5 (fig. 6). In southern
South Carolina, the Lower Floridan aquifer is
comprised of sediment that is time-equivalent to the
middle Eocene Santee Limestone and, if present,
would include permeable zones 3 and 5. Permeable
zone 3 has only been identified in one well on
Daufuskie Island and zone 5 appears to be absent.
These two zones were estimated to supply 20 to 30
percent of the combined yield of the Upper and
Lower Floridan aquifer in Chatham County, Ga.
(McCollum and Counts, 1964). Five miles south of
Savannah, at Hunter Army Airfield, Williams (2010)
constructed a test well that penetrated most of the
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Floridan aquifer. He conducted flow meter test on
discrete zones and identified five to six permeable
zones in the Lower Floridan aquifer and measured
their combined yield at 16.5 percent of the total
Floridan aquifer yield. Two investigations by the
USGS and GMA in 2011 and 2012, respectively,
examined the sediment and water-bearing properties
of the lower Floridan aquifer in South Carolina. The
USGS geologic borehole (BFT-2473) completed at
Hilton Head Island (fig. 28) was advanced by
continuous core to a depth of 1,250 ft bgs.
Recovered cores showed that the lower sediment is
comprised mostly of hard calcified carbonate rock.
A second investigation to determine the potential of
the Lower Floridan aquifer as an alternative source
at Hilton Head Island was conducted by GMA for
South Island Utilities. The investigation included a
test well (BFT-2485) cased and grouted to 1,002 ft
bgs and completed to 1,140 ft bgs (fig. 28). The
well was pumped at a rate of 35 gpm for six hours
and produced a total drawdown of 438 ft, resulting
in a specific capacity of 0.08 gpm/ft. Evidence to
date suggests that in South Carolina the top of
middle Eocene sediment lies from about 500 ft bgs
at Parris Island to about 700 ft bgs at Hilton Head
Island, and the sediment primarily function as the
lower confining unit of the Floridan aquifer system.



Figure 28. Location of test wells penetrating the Lower Floridan aquifer.

60



SALTWATER CONTAMINATION

Saltwater contamination as discussed in this report
refers to chloride contamination by relict and
modern seawater. Referring to the U.S.
Environmental Protection Agency (EPA) definitions,
fresh water contains less than 250 mg/L chloride;
brackish water contains between 250 to 9,500 mg/L
chloride (to 50-percent seawater); and salt water
contains between 9,500 to 19,000 mg/L chloride
(100-percent seawater). The American Society for
Testing and Material (ASTM) defines fresh water,
brackish water and salt water as water having total
dissolved-solids concentrations less than 500 mg/L,
500 to 30,000 mg/L, and 30,000 to 50,000 mg/L,
respectively (ASTM D3875 08). The maximum
chloride concentration recommended by the EPA
and enforced by SCDHEC for public water supply is
250 mg/L; most people will taste dissolved chloride
at concentrations of 400 mg/L and greater (Note:
computed chloride used in this section is discussed

in the Methodology section of this report).

The Last Glacial Maximum began about 122,000
years ago when sea level was declining and ended
approximately 26,500 years ago. As sea level
declined, the shoreline retreated toward the east
leaving higher landmasses to the west. Higher
landmasses allowed for increasingly higher
freshwater heads in the Upper Floridan aquifer that,
in turn, created greater lateral and upward discharge
across the hydrogeologic units, eventually purging
relict saltwater from the sediment. After a pause, the
glacial maximum ended, sea level began to rise
about 19,000 years ago from about 400 ft lower than
present (from Wikipedia). A gradual loss of
freshwater head occurred in the hydrogeologic units
as the shoreline advanced westward over landmasses
to about 10 ft above its current position between
10,000 and 5,000 BP (early- to mid-Holocene).
Afterwards, sea level declined to its current position.

Figure 29. Generalized diagram showing saltwater movement in the Upper Floridan aquifer and adjacent
confining units after groundwater withdrawals lowered the potentiometric head.
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Freshwater heads to the southwest of Port Royal
Sound remained sufficient to prevent lateral
saltwater encroachment into the Upper Floridan
aquifer beneath the Savannah - Hilton Head Island
area. Exceptions occur near the Port Royal Sound
and Parris Island areas and northeast of the sound
where areas of freshwater discharge lowered the
potentiometric heads to within a few feet of mean

sea level beneath saltwater tidelands and the Atlantic

Ocean. Here, the relict brackish-to-saltwater
interface remained in equilibrium for the middle

Floridan aquifer, the middle confining unit, the
upper confining unit, and part of the surficial and
Upper Floridan aquifers. Beginning in about 1950,
large groundwater withdrawals in the southwest
reversed lateral and upward hydraulic gradient and
initiated lateral movement of relict brackish to
saltwater toward pumping wells and downward
migration of modern salt water. Rising sea level
continues to contribute to saltwater intrusion.

The paths by which salt water moves through

Figure 30. Test-boring locations and chloride concentrations near the bottom of the surficial aquifer
between Port Royal Sound, S.C., and Ossabaw Sound, Ga. (Ransom and Park, 2011).
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confining units and aquifers in the study area
include: (1) modern seawater migrating from
saltwater estuaries and the Atlantic to the Upper
Floridan aquifer by (a) relatively slow movement
through the upper confining unit and by (b) more
rapid movement where the upper confining unit is
thin or absent; (2) lateral movement of relict
brackish water and modern seawater in the Upper
Floridan aquifer; (3) salt water moving from the
bottom of the Upper Floridan aquifer into the middle
confining unit toward the middle Florida aquifer;
and (4) lateral movement of relict brackish water in
the middle Floridan aquifer (fig. 29).

Surficial Aquifer

The surficial aquifer provides recharge to the
underlying upper confining unit and, where the
upper confining unit is absent, recharge takes place
directly to the Upper Floridan aquifer. Beneath the
mainland and Sea Islands, chloride concentration in
the surficial aquifer is consistently low owing to
rainfall; there, chloride concentrations are about 5 to
25 mg/L (Siple, 1960; Hayes, 1979; Hassen, 1985;
Dale and Park, 1999). Salt water to brackish water
is present in the surficial aquifer beneath the Atlantic
Ocean, tidal streams, and saltwater marshes.

Fresh water discharge from landmasses plays an
important role near intracoastal areas by diluting
seawater as it migrates downward from overlying
sources. Here, fresh water in the surficial aquifer
moves laterally from landmasses where heads are
higher (owing to higher elevation) toward offshore
areas where heads are near 0 ft Msl. Ransom and
Park (2011) collected water samples at 27 offshore
sites beneath intracoastal Beaufort County, S.C., and
Chatham County, Ga. (fig. 30). The observed
chloride concentrations at the bottom of the aquifer
ranged from 167 to 18,000 mg/L. The principle
factors affecting chloride concentrations were (1) the
proximity, size, and elevation of the nearby
landmasses that capture rainfall and discharge fresh
water laterally through the subsurface toward their
boundaries; (2) seawater dilution by discharge from
the Savannah River; and (3) proximity to the
Atlantic Ocean and Port Royal Sound where
seawater dilution is minor. At most of the test sites
chloride concentration decreased with depth and
increased with distance from land, indicating that,
locally, the lower part of the surficial aquifer is
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partly confined and influenced by lateral freshwater
recharge from nearby land. Lower than expected
chloride concentrations were found between Bull
Island and Hilton Head Island (300 mg/L), east of
Wilmington Island (5,600 mg/L), and at the
northwest end of Ossabaw Sound (9,200 mg/L): the
unexpected low chloride concentrations at those sites
might indicate that the confinement of the lower part
of the surficial aquifer was uncommonly effective.
Chloride concentrations were greater than expected
near the confluence of Skull Creek and Broad Creek
(13,300 mg/L), north of Pinckney Island (17,000
mg/L), and south of Jenkins Island (17,000 mg/L).
The upper confining unit is known to be thin at
locales near the three sample sites, and the high
concentrations could result from greater
interconnection between the surficial aquifer and the
Upper Floridan aquifer.

Upper Confining Unit

Downward saltwater migration takes place beneath
about 1,200 mi2 where the Upper Floridan aquifer is
overlain by seawater and the aquifer’s
potentiometric surface is at or below mean sea level.
In the Savannah - Hilton Head Island study area the
upper confining unit generally protects the
underlying Upper Floridan aquifer by slowing the
downward movement of chloride (salt water to
brackish water) from the overlying surficial aquifer.
Sources of chloride in the surficial aquifer include
the Atlantic Ocean, the Port Royal Sound estuary,
and saltwater channels and wetlands between the
sound and northeastern Georgia. Chloride analyses
of pore water extracted from upper confining unit
cores have documented the downward migration and
dispersion of seawater at 17 boreholes (Fig. 31)
taken from sixteen sites as part of this study and
from earlier studies in South Carolina and Georgia
(Falls and others, 2005; Ransom and others, 2006;
U.S. Army Corps of Engineers, 2007).

The rate of downward movement and the chloride
concentration at a given depth in the upper confining
unit depend on (1) the chloride-concentration source
at the bottom of the surficial aquifer, (2) the
thickness of the unit, (3) the vertical hydraulic
conductivity in the unit and, (4) the hydraulic
gradient across the unit that varies principally in
response to (a) recharge from rainfall and (b)
groundwater withdrawals, (5) sea-level rise, and (6)



the time since chloride began to migrate through the location and depth, chloride concentrations in the

confining unit, thereby progressively increasing the upper confining unit will vary greatly and range
chloride concentration and fluid density. Because from about 5 mg/L in uncontaminated water to
the above referenced controlling factors differ with concentrations near that in sea water.

Figure 31. Locations of pore-water samples and chloride-concentration profiles in the upper
confining unit
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Figure 32. Chloride concentrations in pore-water samples from the surficial aquifer, upper
confining unit, and Upper Floridan aquifer at well-site Bull River 1, 2005

(Ransom and others, 2006).

Pore-water extraction to determine chloride
concentrations in the upper confining unit was
performed at the Bull River | test site between
Savannah and Tybee Island, Ga., in 2001 (Ransom
and others, 2006). Twenty-six pore-water samples
were extracted from continuous 4-inch cores
collected between ground surface and 200 ft bgs
(fig. 32). Chloride concentrations in the surficial
aquifer progressively increased from 121 mg/L at 5
ft bgs to 17,100 mg/L at 25 ft bgs. Chloride
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concentration decreased from 17,100 mg/L at 25 ft
bgs to about 8,000 mg/L in a sand-filled
paleochannel between 54 and 74 ft bgs, possibly
owing to lateral freshwater discharge from the Sea
Islands and mainland (see fig. 14 in
HYDROGEOLOGY - Surficial aquifer section).
Chloride contamination was present through the full
thickness of the upper confining unit, and
breakthrough into the Upper Floridan aquifer was



indicated by chloride concentrations of 17 mg/L to
95 mg/L in the Oligocene section of the aquifer.

The estimated time for chloride concentrations to
reach 250 mg/L in the Upper Floridan aquifer from
downward chloride migration through the upper
confining unit was simulated by applying a one-
dimensional solute-transport model to the most
susceptible area located east to northeast of
Savannah Ga (Ransom and others, 2006). The
model covers an area of about 380 mi? where the
upper confining unit is relatively thin, has a steep
hydraulic gradient, and supplies an estimated 7.7
Mgal/d downward recharge to the aquifer. Using the

data from Bull River 1 to assist with model
calibration, breakthrough times (in years from 2005)
at the bottom of the upper confining unit were
simulated for a 500 mg/L chloride concentration for
110 cells (fig. 33). The model used a chloride-
source concentration of 19,000 mg/L at the bottom
of the surficial aquifer, a concentration that is too
high for the intracoastal areas (fig. 30) as
demonstrated by Ransom and Park (2011). Smith
(1988) calculated that, on average, about 50 percent
of the water withdrawn from the aquifer is supplied
by downward recharge and a similar volume of
water flows laterally through the aquifer toward
pumping wells. This suggests that as recharge water

Figure 33. Estimated arrival times of a 500-mg/L chloride concentration at the top of the Upper Floridan
aquifer relative to the year 2005, Savannah, Ga. — Hilton Head Island, S.C., area (Ransom and

others, 2006).
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approaches 500 mg/L at the bottom of the upper
confining unit, the average diluted chloride
concentration in the aquifer will begin to exceed 250
mg/L.

Upper Floridan Aquifer

Nine chloride plumes have been mapped or partly
mapped at the bottom of the Upper Floridan aquifer.
The tenth and eleventh plumes are hypothesized to
exist beneath the Atlantic Ocean based on the
hydrogeology and offshore seismic profiles (Foyle
and others, 200I) and temporary offshore test wells
(Burt and others, 1987; Falls and others, 2005). The
eleven plumes are named according to their source-
area localities and are: (1) the Parris Island chloride
plume, (2) the Port Royal Sound chloride plume, (3)
the Dolphin Head chloride plume, (4) the Pinckney
Island chloride plume, (5) the Colleton River

chloride plume, (6) the Sawmill Creek chloride
plume, (7) the Jenkins Island chloride plume, (8) the
Broad Creek chloride plume, (9) the Bull Island
chloride plume, (10) the Hilton Head High chloride
plume (inferred from seismic data) and, (11) the 8-
mile chloride plume. The plumes lie near the axis of
the Beaufort Arch and are scattered over an area
extending about fifteen miles southwest of Parris
Island and Port Royal Sound (fig. 34).

The Parris Island and Port Royal Sound chloride
plumes contain mostly relict salt water that was not
completely flushed from the aquifer; the nine
remaining plumes began to develop during the early
1950’s and consist primarily of modern salt water.
These plumes originate where aquifer heads are
below mean sea level and the confining unit is thin
or absent, permitting brackish water at the bottom of
the surficial aquifer to migrate into the Upper

Figure 34. Estimated locations of saltwater source areas for the Upper Floridan aquifer, Port Royal

Sound area, S.C.
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Floridan aquifer. Brackish to salty water is present
in the aquifer from top to bottom near source areas.
As distance down gradient from the source areas
increases, fresh water is found in the upper part of
the aquifer and brackish to salt water is found in the
lower 10 to 30 ft of the aquifer (Appendix 1); owing
to seawater density and to freshwater recharge where
plumes migrate beneath landmasses. The SCDHEC
model simulates the position and expansion of
eleven chloride plumes from 1885 to 2050
(Appendix J).

Parris Island Chloride Plume

The first Upper Floridan aquifer wells on Parris
Island were constructed in 1899 to supply water for
the Parris Island Marine Corps Recruit Depot; these
wells produced small quantities of potable water.
But by 1916, the supply was depleted because of
saltwater intrusion and further efforts to maintain a
potable groundwater supply on the island were
abandoned (Burnnett, 1952; Appendix Al).
Saltwater contamination at the Parris Island wells
was first investigated by Mundorff (1944) and later
by Siple (1960): both speculated that the
contamination source was brackish water moving
toward pumping wells from Port Royal Sound, tidal
channels, and marshes to the north and east. They
also reported relatively high water levels in some
Upper Floridan aquifer wells at Port Royal and
Parris Island. Siple concluded that the
potentiometric highs were caused by freshwater
recharge migrating downward from higher heads in
the overlying surficial aquifer. The initial success of
some wells on the island can be attributed to the
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small freshwater lenses at the top of the Upper
Floridan aquifer. Here, the greater head in the
surficial aquifer beneath the island landmasses
moved freshwater into the underlying Upper
Floridan aquifer, displacing salty or brackish water
laterally toward areas of discharge (channels and
estuaries) where heads were lower.

The freshwater/saltwater interface near Parris Island
was sensitive to pumping owing partly to tectonic
uplift that formed the Beaufort Arch (GEOLOGY -
Structure section), leaving the top of the Upper
Floridan aquifer at shallow depths. Where the upper
confining unit was absent, upward discharge from
the underlying Upper Floridan aquifer diminished
predevelopment freshwater head near Parris Island,
Port Royal Sound, and areas to the northeast. Here,
freshwater moving in the aquifer from the southwest
lacked sufficient flow to completely displace relict
brackish to salt water in the aquifer surrounding
Parris Island to the north and east. Colquhoun
(1972) and Foyle (2001) conducted offshore seismic
surveys and reported that the upper confining unit
was absent beneath parts of Battery Creek to the
north, and Foyle reported the unit to be absent
beneath the Beaufort River along the east side of
Parris Island. Itis likely that the increasing demand
for a potable supply on the island had lowered the
potentiometric surface in the aquifer and contributed
to high chloride concentrations caused by (1) the
nearby relic brackish to saltwater interface moving
laterally toward pumping wells, (2) modern salt
water moving downward toward the top of the
aquifer and, (3) brackish water present at the aquifer
bottom moving upward toward pumping wells.



Figure 35. Natural gamma-ray log and vertical specific-conductance profile (2007) for

monitor well BFT-566 at Parris Island, S.C.

Availability of potable groundwater was also limited
on Parris Island by topography; the low-lying island
landmass was composed of four islands and small
hammocks intertwined with saltwater channels and
estuaries. This limited each landmass to a relatively
small geographical area, insufficient to support the
volume of freshwater recharge needed to displace
salty or brackish water in the underlying Upper
Floridan aquifer. Warren (1944) suggested that the
salt water beneath the northeastern part of Port
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Royal Sound and surrounding channels (the Parris
Island and Port Royal Sound chloride plumes)
consisted primarily of relict seawater. Back others
(1970) later calculated a 7,100 year **C (Carbon-14)
age for a Parris Island well sample, and Castro
(1997) calculated 5,600- and 14,800-year *C ages



Figure 36. Isochlors near the bottom of the Upper Floridan aquifer showing
the approximate extent of the Parris Island and Port Royal Sound
plumes, 1984 (Landmeyer and Belval, 1996).

for samples taken from two Upper Floridan aquifer
test wells beneath Port Royal Sound. Exceptions
occurred north and northeast of Parris Island where
similar conditions were offset by the geographically
larger island landmasses with relatively high
elevations. These islands capture greater rainfall
that raise the potentiometric surface of the aquifer by
increasing downward recharge of modern fresh
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water from the overlying surficial aquifer which
support greater groundwater withdrawals from the
Upper Floridan aquifer (Appendix D11).

Hayes (1979) completed and collected pumped
water samples from two test wells (BFT-565 and
BFT-566) on the Parris island and from three
existing wells; he reported chloride concentrations



that ranged from 1,500 and 11,000 mg/L.
Landmeyer and Belval (1996) collected samples
from the bottom of the aquifer at 18 wells in the area
and reported chloride concentrations of 5,000 to
15,000 mg/L in three wells on Parris Island.
Geophysical logs at well BFT-566 (fig. 35) showed
the Upper Floridan aquifer between about 80 ft and
130 ft bgs. Here, a vertical specific-conductance
profile at the well in 2007 indicated a shallow
freshwater lens at about 80 ft bgs near the top of the
aquifer. At about 90 ft bgs, specific conductance
increased to 2,340 uS/cm and the computed chloride
concentration was about 800 mg/L. From 90 ft to
130 ft bgs near the aquifer bottom, computed
chloride concentrations were consistent throughout
the open borehole and were 13,000 mg/L. The
underlying middle confining unit was logged from
130 ft to about 230 ft bgs and computed chloride
concentrations were consistent at about 13,600
mg/L. The data suggest that a massive source area is
present where seawater lies in direct contact with the
Upper Floridan aquifer at Parris Island and in areas
north and northeast of the island. The brackish to
salt water in the Upper Floridan aquifer beneath
Parris Island, Battery Creek, and the Beaufort River
is designated herein the Parris Island chloride plume
(fig. 36).

Port Royal Sound Chloride Plume

Port Royal Sound is bounded to the northeast by
Parris and St. Helena Islands and to the southwest by
Hilton Head Island: the sound averages about 3
miles in width. As Hilton Head Island developed
during the 1960’s, concern arose over the potential
for saltwater encroachment and its effect on the
reliability of the Upper Floridan aquifer as a long-
term potable supply. Nuzman (1970) and Hayes
(1979) applied the Darcy flow equation to estimate
plume velocities beneath the sound and arrival times
at Hilton Head Island; however, data were
insufficient to reach a well-founded conclusion.

In 1984, the SCWRC and USGS retained the U.S.
Army Corps of Engineers to construct seven
temporary wells beneath Port Royal Sound and two
temporary wells beneath the Atlantic Ocean east of
Hilton Head Island (fig. 36). Data were collected to
determine the depth, thickness, and hydraulic
properties of the upper confining unit; and to
measure the hydraulic gradient, chloride distribution,
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and to map the position of the freshwater/saltwater
interface in the Upper Floridan aquifer. These data
showed fresh water in the mid to upper sections of
the aquifer beneath most of the sound. Chloride
concentrations present at the aquifer bottom
decreased from about 10,000 mg/L near the
northeastern part of Port Royal Sound and decreased
to about 100 mg/L to the southwest near the north
shore of Hilton Head Island. Exceptions were found
at wells BFT-1672, BFT-1677, and BFT-1680 near
Parris Island and in the northeastern part of the
sound where brackish to salt water was present
throughout the full thickness of the aquifer (Burt and
others, 1987; Hughes and others, 1989; Smith, 1988,
1993; Landmeyer and Belval, 1996). This area of
high chloride concentration is designated herein the
Port Royal Sound chloride plume.

The Port Royal Sound chloride plume is comprised
mainly of relict brackish water. The age of the
plume is indicated by: (1) the dissolved oxygen
(DO) concentrations of 0.1 mg/L and less found in
the upper section of the aquifer in eight of the nine
1984 offshore test wells (Burt and others, 1987), (2)
the low *C activity at the aquifer bottom beneath
Port Royal Sound (Burt, 1993), and (3) the 7,500-
and 14,800-year (BP) “C ages calculated by Castro
(1997) for the plume at two tests well sites in Port
Royal Sound. The 1984 isochlor map published by
Landmeyer and Belval (1996) shows the
southwesterly extent of relict brackish water at the
bottom of the Upper Floridan aquifer and depicts the
Port Royal Sound and Parris Island chloride plumes
combined (fig. 36).

Dolphin Head Chloride Plume

The USGS constructed three monitoring wells
between 1954 and 1962 on Daufuskie and Hilton
Head Islands to monitor salt water in the Upper
Floridan aquifer believed to be moving beneath Port
Royal Sound toward Hilton Head Island. These
wells were monitored monthly to record changes in
the potentiometric surface and chloride-
concentration (Counts and Donsky, 1963;
McCollum, 1984; McCollum and Counts, 1964)
until 1982. Well BFT-315 was drilled on the
northern-most part of Hilton Head Island in the
Dolphin Head residential area, a decision based on
the belief that salt water would first arrive near
Dolphin Head.



Well BFT-315, completed in 1962, consisted of a
10-inch diameter steel casing grouted to 150 ft bgs; a
10-inch open borehole from 150 to 795 ft bgs; and
two 2-inch diameter steel pipes and sampling points
consisting of 3-ft well screens (fig 37). The first
sample point was set near the bottom of the Upper
Floridan aquifer between 187 and 190 ft bgs and
hung in the open-borehole section between 150 to
410 ft bgs, which included about 200 ft of the
underlying middle confining unit. The second
sampling point was set in the middle Floridan
aquifer between 480 and 483 ft bgs, and the middle
Floridan aquifer screen was isolated by neat cement
plugs placed between 450 ft and 510 ft bgs.

Data collection from well BFT-315 consisted of a
monthly water-level measurement and chloride
analysis; water samples were collected by air lift
method at an estimated 50 gpm for one hour prior to
sampling (O.B. Odom, verbal commun., 1983;
USGS file data). Initial chloride concentrations of
about 70 mg/L at the Upper Floridan aquifer
sampling point remained consistent from 1962
through 1973. Chloride concentration began to
increase at well BFT-315 in 1974, marking the first
increases recorded in the Upper Floridan aquifer
southwest of Port Royal Sound. By 1983, chloride
concentration had increased to 583 mg/L (fig. 38).

The source of the chloride-concentration increase
was evaluated based on whether brackish water
present between 200 ft to 410 ft bgs in the middle
confining unit had moved upward during the
sampling procedure or whether brackish water had
moved laterally from Port Royal Sound along the
bottom of the Upper Floridan aquifer. The middle
confining unit could be the source of chloride owing
to (1) the presence of high chloride concentrations in
the unit, (2) the depth of the Upper Floridan aquifer
sampling point, which was positioned in a borehole
open to both the Upper Floridan aquifer and the
middle confining unit, (3) region-wide declines in
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Upper Floridan head driving water upward in the
well, and (4) sampling procedure, which might have
induced up coning.

Point samples were collected by the SCWRC
(Kemmerer sampler) in the open borehole between
150 and 410 ft bgs in March 1982 and 1983. In
1982, chloride concentrations in the Upper Floridan
aquifer were 50, 50, and 274 mg/L at 150, 162, and
194 ft bgs, respectively: chloride concentrations in
the borehole adjacent to the middle confining unit
were 1,010 and 992 mg/L at 280 and 375 ft bgs,
respectively. Point samples were collected again in
June 1983, and Upper Floridan aquifer chloride
concentrations appeared to have increased and were
66 and 551 mg/L at 175 and 200 ft bgs, respectively;
concentrations in the middle confining unit also
appeared to have increased and were 1,489 mg/L at
220 ft bgs and 1,645 mg/L at 384 ft bgs.
Immediately after the point samples were collected,
the USGS air-lifted water from the Upper Floridan
aquifer sampling point at 190 ft bgs. Seven samples
were collected by the SCWRC between 10 and 99
minutes and during that time chloride concentration
increased from 525 mg/L to 603 mg/L, about one
third of the concentrations found near the top of the
middle confining unit (SCDNR file data). The test
results indicated that the sampling procedure
induced some upward flow in the open borehole;
however, the concentration change was small
compared to the 1,489 mg/L concentration near the
top of the middle confining unit, and the potential
groundwater contribution from the middle confining
unit is small compared to that of the Upper Floridan
aquifer where the transmissivity is about 50,000
ft2/day or more. However, chloride contribution
from the middle confining unit is possible because
chloride concentrations measured from 1962 through
1973 were stable at about 70 mg/L, greater than the
approximately 50 mg/L background concentrations
indicated by Hayes’ (1979) chloride-distribution
map for Hilton Head Island.



Figure 37. Hydrogeology, well construction, and 1983 chloride distribution at BFT-315, northern
Hilton Head Island, S.C.
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Figure 38. Chloride-concentration increases in the Upper Floridan aquifer at well BFT-315, 1962-1982,
northern Hilton Head Island, S.C. (USGS data).

In summary, the sampling procedure at well BFT-
315’s upper sampling point (190 ft bgs) was
consistent from 1962 to 1982, chloride concentration
remained stable at 70 mg/L but greater than
background (less than 50 mg/L) through 1973. The
chlorides likely occurred, in part, from small
volumes of relict brackish water in the middle
confining unit moving upward in the open borehole
and reaching the Upper Floridan sampling point
during the sampling procedure. Beginning in 1974,
chloride concentration at the upper sampling point
progressively increased through 1983. Additional
sampling, including the 1982- and 1983-point
samples in the open borehole, showed that chloride
concentrations were increasing at the bottom of the
Upper Floridan aquifer and in 1983 had increased
also in the borehole adjacent to the middle confining
unit. An explanation for the brackish water at the
bottom of the Upper Floridan aquifer is that lower
potentiometric heads, beginning about 1952, had
reversed the hydraulic gradient in the Upper
Floridan aquifer allowing relict brackish water from
sources in the aquifer beneath Port Royal Sound to
move southwest. Overlying sources of modern salt
water in the sound also began to move downward
into the aquifer where the upper confining unit was
absent. Owing to greater density, modern salt water
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descended through the Upper Floridan aquifer to the
top of the middle confining unit, diluting and
moving laterally through the bottom of the aquifer
toward the northeastern shoreline of Hilton Head
Island near the Dolphin Head area and eventually
into well BFT-315 (SCDHEC model; Appendix J14
and J15). Here, the toe of the brackish-water wedge
was between the middle confining unit and the
overlying Upper Floridan sampling point at 190 ft
bgs. As the toe moved inland beneath BFT-315,
modern brackish water moved closer to the sampling
point where it moved upward during the sampling
procedure, causing progressive increases in chlorides
between 1974 and 1981. The greater chloride
concentrations (averaging 1,611 mg/L) measured
adjacent to the middle confining unit did not result
from upward movement because the unit is believed
to have a lower chloride concentration, averaging
about 1,000 mg/L based on the point samples taken
in 1982. Instead, they were probably caused by
increasing chloride concentrations at the bottom of
the Upper Floridan aquifer moving downward,
owing to greater density, and amassing in the open
borehole adjacent to the middle confining unit.

In 1986, the SCWRC and USGS constructed an
Upper Floridan aquifer monitoring well (BFT-1810)



about 1,800 ft northwest of well BFT-315. Well
BFT-1810 was cased and grouted to the top of the
Upper Floridan aquifer and completed as an open-
borehole well to 202 ft bgs at the bottom of the
aquifer. A comparison of water quality at wells
BFT-315 and BFT-1810 shows that: (1) the1983
point sample at 200 bgs from well BFT-315 had a
chloride concentration of 551 mg/L, similar to the

each well were used to compute chloride
concentrations. The data delineate an area of
approximately 8 mi? beneath northern Hilton Head
Island where chloride concentrations at the bottom
of the Upper Floridan aquifer exceeded 250 mg/L.
The greatest computed chloride concentration,
10,900 mg/L, was present at well BFT-2201 on the
shore of Port Royal Sound about 0.5 miles southeast

Figure 39. Water-level and computed chloride-concentration changes in BFT-315 and BFT-1810,
1962-2014, northern Hilton Head Island, S.C.

approximately 800 mg/L computed for well BFT-
1810 in 1986 (fig. 39); (2) specific-conductivity
monitoring in well BFT-1810 between 1987 to 2014
(USGS data) indicate computed chloride
concentrations increasing from about 1,000 to 6,500
mg/L (fig. 39), which are greater than the
concentrations found in the middle confining unit.

Sixteen Upper Floridan aquifer monitoring wells
were constructed from 1995 to 2003 to further map
chloride contamination in the Dolphin Head area;
specific-conductance profiles in the open borehole of
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of Dolphin Head. Computed chloride concentration
decreased to about 150 mg/L at well BFT-2405,
about 2 miles southwest of well BFT-2201. Owing
to high-capacity pumping wells to the southeast
since the early 1980’s, the direction of plume
movement has a southeastern component, a
departure from the southwestward regional
groundwater gradient. The high concentration
beneath the northwestern part of Hilton Head Island
is herein named the Dolphin Head chloride plume
(fig. 40).



Figure 40.

Isochlors near the bottom of the Upper Floridan aquifer showing extent of the Dolphin

Head chloride plume, 2003, northern Hilton Head Island, S.C.

The Dolphin Head chloride plume appears to be
separate from the Port Royal Sound plume and
originate near the northern shore of the island.
These conclusions are based on the facts that: (1)
computed chloride distribution along the northern
shore of the island has both a southwestern and
southeastern movement relative to the plume source
area, the latter being influenced by pumping; (2)
computed chloride concentrations near the aquifer
bottom at well BFT-2201 that are greater than the
concentrations measured in the leading edge of the
Port Royal Sound chloride plume mapped after
the1984 offshore drilling; (3) the landward extent of
the Dolphin Head chloride plume is about 2 miles
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farther south than simulated by Smith (1984) for the
Port Royal Sound chloride plume; (4) young age of
groundwater samples are indicated by high DO
concentrations (5.8 mg/L) at the bottom of the
aquifer at well BFT-2201, indicating modern
recharge, whereas DO concentrations in the seven
Port Royal Sound test wells were negligible and
indicated relict brackish to salt water; and (5)
chlorofluorocarbon- and tritium-age analyses
(discussed later) indicate water at the bottom of the
aquifer at well BFT-2201 is less than 50 years old.

The chloride-distribution map prepared by Hayes
(1979) for the Upper Floridan aquifer on Hilton



Head Island and nearby areas serves as a water-
guality benchmark to evaluate subsequent changes
and regional trends (fig. 41). Hayes’ analyses were
of composite water samples from production wells
of differing depths relative to the depth of the
aquifer, differing open-bore intervals, and differing
pumping rates (100-1,000 gpm) collected from 1973
to 1976. Chloride concentrations were less than 50
mg/L on the western parts of the island; 50 to 100
mg/L on the eastern half bordering the Atlantic
Ocean; and 50 to 100 mg/L at the northern-most part
bordering Port Royal Sound. Chloride-
concentration data collected from production wells
also were mapped for 2010 (Groundwater
Management Assoc., 2010). Chloride-concentration
changes across Hilton Head Island during the 34-
year period ending in 2010 can be seen by
comparing the two chloride-distribution maps in
figure 41. Differences between the 1976 and 2010

maps include: (1) the more recent data that define
the Dolphin Head chloride plume; (2) the delineation
of the Broad Creek plume; and (3) 50 to 100 mg/L
chloride-concentration increases on the western side
of the island. Many of the wells in the center,
southern, and southwestern parts of the island did
not penetrate to the bottom of the aquifer, which lies
between about 250 ft and 300 ft bgs where greater
chloride concentrations might be present.

Pinckney Island Chloride Plume

The Pinckney Island National Wildlife Refuge lies
west of Hilton Head Island, separated by Skull
Creek (fig. 42). It is bounded by the Chechessee
River to the north, by Mackay Creek and Skull
Creek to the west and east, and encompasses a main
island, several small low-lying islands, hammocks,
salt marsh and tidal channels. Small circular

Figure 41. Chloride concentrations in Upper Floridan aquifer wells, Hilton Head Island, S.C., in
(a) 1976 (Hayes, 1979) and (b) 2010 (Groundwater Management & Associates, 2010).
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depressions and freshwater ponds formed by
sinkholes are scattered across the refuge.

The original ranger-residence water supply at the
northern part of the island, about 100 ft southwest of
a saltwater marsh bordering the Chechessee River,
was provided by an Upper Floridan aquifer well
(BFT-401) drilled to 94 ft bgs. Well BFT-401 was

abandoned in 1989 because of the water’s salty taste
(water-quality data were not available for well BFT-
401) and a new well was completed farther south).
Monitoring well BFT-2189 was drilled near well
BFT-401 in 1999; the computed chloride
concentration was about 1,000 mg/L at the top of the
aquifer and increased to about 3,500 mg/L near the
bottom of the aquifer (Appendix I).

Figure 42. Locations of Upper Floridan aquifer test wells at Pinckney Island, S.C.
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Figure 43. Hydrogeology, geophysical logs, chloride distribution, and well construction at well

BFT-2313, Pinckney Island, S.C.

Six test wells were constructed on Pinckney Island
to investigate the source and extent of salt water in
the aquifer. Drill cuttings and geophysical logs from
monitoring wells BFT-2312 and BFT-2313 indicate
that the upper confining unit is thin on northwestern
Pinckney Island near Mackay Creek. Only about 2
ft of the upper confining unit were observed during
the drilling of well BFT-2312, and the upper
confining unit was not encountered during the
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drilling of well BFT-2313 (fig. 43). Natural gamma-
ray logs averaged about 20 cps between 0 and 70 ft
bgs, indicating no significant presence of the upper
confining unit, and the low electrical resistivity for
the same interval suggests a high chloride
concentration. Foyle and others (2001) conducted
seismic surveys in Mackay Creek along the
northwestern shoreline of Pinckney Island and
concluded also that as little as 0 to 10 ft of the upper



Figure 44. Chloride concentrations (red) and natural gamma-ray logs (blue) in Upper Floridan aquifer wells
BFT-2313, BFT-2166, and BFT-2312, Pinckney Island, S.C., 2007. Concentrations computed

from specific-conductance profiles.

confining unit remained above the aquifer in some
areas.

Vertical specific conductance profiles were
conducted in monitoring wells near Mackay Creek
in 2003 (BFT-2313, BFT-2166, and BFT-2312; fig.
44). Computed chloride concentrations at well BFT-
2313 increased with depth from 2,000 mg/L at the
top of the Upper Floridan aquifer to 12,000 mg/L at
the aquifer bottom. Well BFT-2166 contained fresh
water between about 80 ft and 165 ft bgs with the
greatest computed chloride concentration of about
10,000 mg/L near the bottom of the aquifer.
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Computed chloride concentrations at well BFT-2312
increased from 2,300 near the top to 8,000 mg/L at
the aquifer bottom. At the ranger residence,
monitoring well BFT-2189 had a computed chloride
concentration of about 1,000 mg/L near the top of
the aquifer and about 5,500 mg/L near the bottom of
the aquifer. The high computed chloride
concentrations near the top of the aquifer at wells
BFT-2313 and BFT-2312 indicate multiple nearby
source areas of seawater breakthrough. Fresh water
was present in the aquifer from top to bottom on the
east (BFT-2190) and south end (BFT-2165) of the
island.



To the west and southwest of Pinckney Island near BFT-2304, BFT-1326, and BFT-2310. West of

the bottom of the Upper Floridan aquifer, computed Pinckney Island, well BFT-1326 at Moss Creek
chloride concentrations decrease (fig. 45). Here, Plantation is the only known Upper Floridan aquifer
computed chloride concentration in 2003 were public supply well within the 2003 plume that was
between 1,000 and 2,300 mg/L at wells BFT-429, originally fresh. Well BFT-1326, constructed in

Figure 45. Isochlors near the bottom of the Upper Floridan aquifer centered near Pinckney Island, S.C.
showing the extent of the Pinckney Island chloride plume, 2003.
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1978, was taken out of service in 1991 because of
increasing chloride concentration; the public supply
system is now served by surface water from the
Savannah River.

The Pinckney Island chloride plume (fig. 45), as
designated in this report, underlies an area of about
10 mi2. It is elongated southwest toward the center
of pumpage at Savannah, Ga. and extends about 5
miles south-southwest of the confluence of Mackay
Creek and the Chechessee River.

Colleton River Chloride Plume

Figure 46. Locations of Upper Floridan aquifer test

wells in the Colleton River Plantation area, S.C.
The Colleton River, about four miles northwest of
Hilton Head Island, is a saltwater tidal stream that
runs about 7 miles west from its confluence with the
Chechessee River. The developed tracts of Colleton
River Plantation, the SCDNR Waddell Mariculture
Center, and Belfair Plantation border the river east to
west. The area is part of the Beaufort County
mainland and encompasses saltwater marsh, tidal
channels, and sinkholes (fig. 13, 46, and front
cover).

The first indications that high chloride
concentrations were present in the Upper Floridan
aquifer appeared in 1983 after wells were drilled at

Figure 46. Locations of Upper Floridan aquifer test wells in the Colleton River Plantation area, S.C.
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the newly developed Waddell Mariculture Center.
An Upper Floridan aquifer pond-supply well, BFT-
1389 (fig. 46), constructed near the river, had
increasing chloride concentrations soon after the
well began pumping. Water samples collected in the

open-hole section contained chloride concentrations
of about 140 mg/L near the aquifer top and about
1,800 mg/L at 150 ft bgs. Pumping well BFT-1389
at a rate of 1,600 gpm produced a composite
chloride concentration of 2,400 mg/L, indicating that

Figure 47. Hydrogeology, geophysical logs, specific conductance profile, and chloride distribution
at well BFT-2301, near the Colleton River, S.C., 2003.
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water having yet greater chloride concentrations was
present near the bottom of the well bore at 192 ft bgs
(Spencer and Park, 1984). Spenser and Park also
compared 1970 and 1983 fluid-resistivity logs from
well BFT-501, about 1,500 ft northeast of well BFT-
1389, and found the elevation of the
freshwater/brackish water contact in the wellbore
had increased approximately 15 ft since 1970.
Hughes and others (1989) later reported that public
supply well BFT-493, drilled 300 ft northeast of well
BFT-1389, produced water having a chloride
concentration of 1,700 mg/L. The wellbore was
plugged from -180 to -109 ft Msl and chloride
concentration decreased to 83 mg/L: later sampling
showed that chloride concentration had increased to
470 mg/L. They hypothesized that salt water in the
mariculture center wells represented part of a
localized plume drawn upward in pumping wells as
it migrated toward Savannah, Ga.

Beginning in 2001, additional monitoring wells were
drilled in the Colleton River area to investigate the
chloride contamination. Well BFT-2301, completed
to 162 ft bgs, was drilled at the southwestern edge of
a sinkhole (see front cover) on the bank of the
Colleton River (fig. 47). The presence of the
sinkhole indicated collapse at the bottom of the
upper confining unit and probable enhancement of
the hydraulic connection between the aquifer and
seawater in the Colleton River. This supposition
was supported by (1) a cavern encountered at about
76 ft bgs during drilling, (2) the absence of
confining-unit phosphate zones that are otherwise
ubiquitous to the study area and easily identified in
natural gamma-ray logs, (3) 2003 specific-
conductance profiles in the open borehole that
showed computed chloride concentrations from 100
mg/L near the top of the aquifer to about 13,000
mg/L at 162 ft bgs, and (4) consistent chloride
concentrations of about 100 mg/L at the aquifer
bottom in wells BFT-1689 and BFT-2302 (fig. 46),
which lie up gradient and north to northeast of well
BFT-2301. These wells have been monitored since
1986 and 2003, respectively. Seismic profiles
(Foyle and others, 2001) also indicated the confining
unit was thin or absent beneath the Colleton River
opposite the sinkhole.

To the southwest, at the Waddell Mariculture
Center, monitoring well BFT-1846 was drilled to a
depth of 180 ft bgs in 1986; subsequent testing
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found freshwater near the aquifer bottom (SCDNR
file data). A review of SCDNR file data (Gawne,
2008, unpublished SCDNR report) reported that, in
1991, a pumped sample taken at a depth of 178 ft
had a chloride concentration of 475 mg/L, and a
conductance profile 16 days later showed a
computed chloride concentration of 748 mg/L at the
bottom of the well. Gawne (2008) reported that
chloride concentrations had increased by 1993 to an
estimated 1,580 mg/L based on a fluid-resistivity
log. Vertical specific-conductance monitoring by
SCDHEC at well BFT-1846 began in 1999 and the
computed chloride concentration near the aquifer
bottom had increased to about 2,900 mg/L; by 2007
the chloride concentration had increased to 3,860
mg/L (Appendix I). Gawne (2008) reported that
well BFT-502, a half mile southeast of well BFT-
1846, showed a computed-chloride-concentration
increase near the bottom of the Upper Floridan
aquifer (185 ft bgs) from14 mg/L to 40 mg/L in
1983 and 1993, respectively. However, because two
different instruments (logger truck vs. manual probe)
were used and because chloride concentration was

Figure 48. Computed chloride-concentration
profiles in Upper Floridan aquifer well BFT-502,
Colleton River area, S.C., 1999-2007.



low, the exact increase is uncertain. The most rapid
increases occurred at well BFT-502 (fig.48), where
computed chloride concentrations near the aquifer

bottom increased from 114 to 6,450 mg/L between
1999 and 2007.

The southeastern position of the 4,000 mg/L isochlor
in the Upper Floridan aquifer is partly inferred from
middle Floridan wells in this area that have a
background chloride concentration of about 10
mg/L. Well BFT-2039, an Upper Floridan aquifer
irrigation well (fig. 46), was constructed in 1991 to a
depth of 200 ft bgs but was later backfilled to 119 ft
bgs to decrease chloride concentrations. The well
was discontinued in September of 1991 after a

pumped sample contained a chloride concentration
of 1,291 mg/L (Gawne, 2008). In 1993, well BFT-
2039 was replaced with middle Floridan aquifer well
BFT-2079: however, in 2003, BFT-2079 also was
abandoned after chloride concentrations increased to
about 4,000 mg/L. A second replacement well BFT-
2403 was drilled in 2004 with additional casing. A
comparison of electrical-resistivity logs for BFT-
2079 and BFT-2403 (fig. 73) indicated that the
brackish water originated in the Upper Floridan
aquifer migrated down the well bore through a
casing leak (see HYDROGEOLOGY - Middle
Floridan Aquifer section). Thus, the chloride
concentration in the Upper Floridian aquifer is

Figure 49. Isochors near the bottom of the Upper Floridan aquifer showing the extent of the
Colleton River chloride plume, 2003, Colleton River Plantation, S.C.
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thought to be at least 4,000 mg/L (fig. 49).

Data were not available to evaluate the down-
gradient extent of the 250 mg/L isochlor; however,
compared to the isochlors for the nearby Pinckney
Island plume, which developed under similar
conditions, the southwestern position of the 250
mg/L isochlor for the Colleton River plume could lie
as far as one mile southwest of the 4,000 mg/L
isochlor. The estimated plume area inside the 4,000
mg/L isochlor encompassed about 1.8 mi?in 2003.
The data indicate that brackish to salt water is
moving downward toward the bottom of the aquifer
from the estimated Colleton River source area.
Thereafter, the contaminated water will move

laterally down gradient to the southwest. Movement
is principally influenced by groundwater
withdrawals at Savannah, Ga. and probably began
by the late 1950's (see potentiometric maps,
Appendix D4) when the potentiometric head
declined near mean sea level. The large area of
brackish to salt water is named herein the Colleton
River chloride plume (fig. 49).

Sawmill Creek Chloride Plume

Well BFT-2408 was constructed near Sawmill Creek
at Belfair Plantation in June 2009 to evaluate the
southwestern extent of the Colleton River chloride
plume (fig. 50). The well site was about 3.2-miles

Figure 50. Locations of well BFT-2408, the 5,000-mg/L Sawmill Creek plume isochlor in 2013,
and the 4,000 mg/L Colleton River plume isochlor in 2003, Colleton River area, S.C.
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Figure 51. Hydrogeology, geophysical logs, chloride distribution, and well construction at
well BFT-2408 near Sawmill Creek, S.C.

west-southwest and down gradient of well BFT-
2301 (fig. 34: source area no. 5).

The natural gamma-ray log at well BFT-2408
indicated that the upper confining unit was present
between 50 and 120 ft bgs and the Upper Floridan
aquifer between 120 to 235 ft bgs (fig. 51). The
electrical-resistivity log displayed high resistivity
indicating fresh water in the upper confining unit
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and in the Upper Floridan aquifer to about 190 ft
bgs. Electrical resistivity decreased between 190
and 235 ft bgs, near the aquifer bottom.
Conductivity was within background limits (less
than 500 pS/cm) at the top and middle of the aquifer
but beginning about 200 ft bgs, specific conductance
increased to 2,073 uS/cm and progressively
increased toward the aquifer bottom where specific
conductance was 14,309 uS/cm; computed chloride



concentrations at the aquifer bottom (230 ft bgs)
were about 5,000 mg/L. Electrical resistivity
increased with depth below the top of the middle
confining unit from 235 ft bgs to the bottom of the
borehole at about 250 ft bgs. The increase probably

indicating fresher water in the middle confining unit,

although higher chlorides from above had amassed
in the open borehole adjacent to the unit. The data
suggest that the brackish water at the bottom of the
Upper Floridan aquifer originated from a distant
source area.

It is improbable that the 5,000 mg/L chloride
concentration at the aquifer bottom in well BFT-
2408 is part of the Colleton River chloride plume
because the 5,000 mg/L chloride isochlor for the
Colleton River chloride plume lies about 2 miles
east of well BFT-2408. The brackish water at well

BFT-2408 must instead originate near the
confluence of Colleton River and Sawmill Creek or
in the Sawmill Creek basin. While the geographic
extent of the contamination is unknown, there are
similarities to the Colleton River plume source area
three miles to the northeast: (1) brackish water at the
aquifer bottom, (2) comparable history of water-
level elevations and pumping- induced water-level
declines, and (3) the southwest-trending hydraulic
gradients across both areas. Based on the similar
conditions, the development of a separate plume is
hypothesized and is designated herein as the
Sawmill Creek chloride plume.

Jenkins Island Chloride Plume

Jenkins Island lies west of Hilton Head Island and
south of the Pinckney Island Wildlife Refuge; it is

Figure 52. Locations of Upper Floridan aquifer and middle Floridan aquifer monitoring wells,

Jenkins Island, S.C.
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Figure 53. Hydrogeology, geophysical logs, chloride distribution, and well construction at well
BFT-2478, Jenkins Island, S.C.

bordered by Skull Creek to the northeast, Mackay an Upper Floridan aquifer monitoring well

Creek to the west, and Jarvis Creek to the south. The completed to 200 ft bgs: they are locally known as
Hilton Head Island Public Service District operates the east site (well BFT-2482), the center site (well

three middle Floridan aquifer wells and a reverse- BFT-2480), and the west site (well BFT-2484); the
osmosis plant on the island as part of its public center site also includes a middle Floridan aquifer

supply system. Each of the three well sites include monitoring well (BFT-2478). A fourth Upper
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Floridan aquifer monitoring well (BFT-2314) was
drilled on nearby Hog Island, northwest of Jenkins
Island, as part of this study (fig. 52).

Geophysical logs of well BFT-2478 (fig. 53)

indicated that the upper confining unit was thin, and
that the Upper Floridan aquifer was present between
90 ft bgs and 260 ft bgs. The data support Foyle and

others (2001) who conducted seismic surveys in
nearby Skull Creek and Mackay Creek and
concluded that the upper confining unit beneath
channels north and west of Jenkins Island was
between 0 and 10 ft thick.

Chloride concentrations were computed from
specific-conductance profiles in the four Upper

Figure 54. Hydrogeology, geophysical logs, chloride distribution, and well construction at well
BFT-2500, near Jarvis Creek, Hilton Head Island, S.C.
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Floridan aquifer monitoring wells in 2015. The
greatest concentrations were found at well BFT-
2482 near the eastern end of Jenkins Island where
computed chloride concentrations increased with
depth from 1,910 mg/L near the top of the aquifer
(100 ft bgs) to 2,430 mg/L near the bottom of the
borehole (200 ft bgs). At wells BFT-2480 and BFT-
2484 computed chloride concentrations at the
bottom of the boreholes (200 ft bgs) were 298 and
548 mg/L, respectively. Computed chloride
concentrations at well BFT-2314, after the well was
deepened from 225 to 250 ft bgs, were 700 mg/L
near the aquifer bottom (the aquifer bottom may
have been deeper). Geophysical logs at well BFT-
2478 showed electrical resistivity decreasing with
depth from 200 ft bgs to the bottom of the aquifer at
about 260 ft bgs (fig. 53). The total depths of wells
BFT-2482, BFT-2480, and BFT-2484 were about 60
ft above the bottom of the Upper Floridan aquifer.
Therefore, the chloride concentrations at the bottom
of the aquifer near these wells are unknown but are
expected to be much greater than chloride
concentrations at 200 ft bgs. Monitoring well BFT-
2500, one mile southeast of Jenkins Island on the
south side of Jarvis Creek, was drilled to 256 ft bgs
in August 2015. Here, fresh water was present to
140 ft bgs; at about 210 ft bgs, the computed
chloride concentration was about 400 mg/L and
increased to about 2,550 mg/L at 256 ft bgs near the
aquifer bottom (fig. 54).

The chloride contamination found in the Jenkins
Island monitoring wells appears to originate near
Skull Creek but also might originate from other
nearby areas: reasons include (1) the poor
confinement above the Upper Floridan aquifer
reported by Foyle and others (2001) and observed in
geophysical logs, (2) brackish water present in four
wells drilled along the east-west axis of Jenkins
Island with concentrations decreasing to the west,
and (3) potentiometric data showing south to
southwest-trending gradients beneath the area during
the past 50 years. Brackish water at the top and
bottom of the aquifer at well BFT-2482 indicates
that seawater probably enters the aquifer from Skull
Creek near the east end of Jenkins Island. Lesser
chloride concentrations in the upper- and middle-
aquifer sections occur west of well BFT-2482. The
lowest chloride concentration at the middle section
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was found at BFT-2480 near the center of Jenkins
Island at 200 ft bgs. Here, the lower chlorides might
result from (1) greater distance from the chloride
source area (Skull Creek), (2) freshwater recharge
from the surficial aquifer, and (3) confining unit
effectiveness. Well BFT-2500, one mile southeast
of Jenkins Island, contained high chloride
concentrations in the bottom 20 ft of the aquifer
(fig.54); far lower than the expected chloride
concentrations at the aquifer bottom beneath Jenkins
Island. Here, brackish water at the aquifer bottom
probably moved down gradient from the chloride
source area near Jenkins Island; if not, another
chloride-source area exists nearby.

Reasons for a chloride plume are: (1) a downward
hydraulic gradient in the saltwater channels and
estuaries overlying the Upper Floridan aquifer, (2) a
lateral south to southwest-trending hydraulic
gradient in the aquifer for the past 50 years , (3)
brackish water at the bottom of the aquifer at both
the east and west boundaries of the island, and (4)
the southwestern extent of brackish water found one
mile down gradient of the island at well BFT-2500.
The saltwater plume originating near Jenkins Island
and moving beneath Jenkins Island is named herein
the Jenkins Island chloride plume.

Broad Creek Chloride Plume

Broad Creek forms a saltwater estuary that transects
Hilton Head Island in a northeast-southwest
direction and opens to Skull Creek on the western
side of the island (fig. 55). Historically, wells
completed in the Upper Floridan aquifer south of
Broad Creek produce water with chloride
concentrations less than 50 mg/L and between 50
and 100 mg/L near the Atlantic Ocean (fig. 41).
However, public supply well BFT-678, about 0.4
mile south of Broad Creek, was removed from
service in 2009 after chloride concentrations
exceeded 250 mg/L: the well had pumped 1,000
gpm since 1981. Figure 55 shows the 2010 chloride
concentration measured in pumped samples from
southern Hilton Head Island (Groundwater
Management Associates, 2010).



The possible occurrence of a chloride plume near
Broad Creek was further investigated in 2009 by
constructing test-well BFT-2410 on the south bank
of the Broad Creek estuary (fig. 55). The borehole
was advanced by roto-sonic method with continuous
geologic core in sealed 5-foot sections to a depth of
198 ft bgs: afterwards, the well was cased and
grouted to 130 ft bgs near the top of the Eocene
limestone and completed as an open hole to the
aquifer bottom at 283 ft bgs. Examination of the
geologic core revealed that the upper confining unit
was absent, and the surficial aquifer was in direct
contact with the Upper Floridan aquifer (Oligocene
limestone) at a depth of -60 ft bgs (fig. 56). Based

on geophysical logs and structure-contour maps
(Hayes, 1976; Hughes and others, 1989; Foyle and
others, 2001; Falls and others 2005), the expected
elevation for the top of the Upper Floridan aquifer
would be about -80 ft Msl and the expected
thickness of the overlying upper confining unit
would be about 20 ft. Tectonic uplift and formation
of the Beaufort Arch are probably responsible for the
higher elevation of the Upper Floridan aquifer at
well BFT-2410, designated herein the Broad Creek
high.

Well BFT-2410 was constructed in 2009 on the bank
of the Broad Creek estuary. Pore-water samples

Figure 55. Location of test well BFT-2410 and isochlors showing the extent of the Broad Creek chloride
plume, 2010, Hilton Head Island, S.C. (after Groundwater Management Associates, 2010).
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Figure 56. Hydrogeology, geophysical logs, specific-conductance profiles, chloride concentrations from
pore-water, and well construction at well BFT-2410, Hilton Head Island, S.C., 2009-2015.

were extracted from the geologic core at selected
depths to determine if chloride concentrations at
well BFT-2410 were related to those found at well
BFT-678. Chloride concentrations (analyzed by the
USGS) ranged from 92 to 11,000 mg/L for six
surficial-aquifer samples. The lowest chloride
concentration of 92 mg/L was found near the top of
the aquifer at 7.5 ft bgs (0.57 ft Msl) where fresh
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water would be expected. The remaining five
samples from the brackish section of the surficial
aquifer contained erratically distributed chloride
concentrations that ranged from 4,160 to 11,000
mg/L; 5,270 mg/L was present near the bottom of
the surficial aquifer at a depth of 57.5 ft bgs. The
erratic chloride distribution can be attributed to
heterogeneity in the sedimentary column, lateral



freshwater discharge from the landmass, and
variable freshwater heads resulting from artificial
drainage, rainfall, and tides near the shore of the
saltwater estuary. Near the top of the Upper
Floridan aquifer (Oligocene limestone) pore water
was extracted from seven samples beginning at 90 ft
bgs near the middle of the Oligocene limestone to
the bottom of the unit at 130 ft bgs. Chloride
concentration was 4,241 mg/L at 90 ft bgs and, with
one exception, progressively decreased with depth to
114 mg/L near the bottom of the Oligocene
limestone: the progressive decrease in chloride
concentration indicates vertical migration in
response to a downward hydraulic gradient near the
well site. Near the top of the underlying Eocene
limestone the chloride concentration was 85 mg/L at
134 ft bgs and increased with depth though
permeable zone 1 to 364 mg/L at 170 ft bgs: the
lesser chloride concentrations near the top of the
Eocene limestone were probably the result of higher
concentrations moving downward and diluting into
more permeable sediment. The progressive increase
in chloride concentration that occurred at depth
through permeable zone 1 suggests lateral migration
of chloride from a more distant source area. Two
pore-water samples were collected at 185 and 198 ft
bgs; chloride concentrations were 195 and 178
mg/L, respectively. Here, the lower chloride
concentrations probably are the result of overlying
chlorides of greater concentration migrating
downward in the open borehole, mixing with
freshwater, and diluting.

Specific-conductance profiles at selected depths
beneath the casing at well BFT-2410 were
reasonably consistent throughout the open borehole
for each sampling year. In 2009, specific
conductance averaged 737 uS/cm: equivalent to a
computed chloride concentration of about 200 mg/L
and similar to concentrations at the abandoned
down-gradient public supply well BFT-678. A
second specific-conductance profile in 2013 had an
average value of about 1,030 uS/cm; equivalent to a
computed chloride concentration of about 350 mg/L.
A third specific-conductance profile conducted in
2015 showed an average value of about 1,530
uS/cm; equivalent to a computed chloride
concentration of about 540 mg/L. Computed
chloride concentrations from specific-conductance
profiles at well BFT-2410 in 2009 and 2015
indicated that the chloride concentration in the
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Eocene section of the Upper Floridan aquifer more
than doubled in a span of five years.

The absence of the upper confining unit, the high
elevation of the Upper Floridan aquifer surface, and
the high chloride concentrations in the upper part of
the sedimentary column indicate that the source of
chloride contamination is modern seawater
originating beneath the Broad Creek estuary near the
well site. Saltwater migration from the Broad Creek
estuary may have been retarded from moving into
the Eocene limestone because: (1) the Oligocene
limestone comprising the top of the Upper Floridan
aquifer has a low hydraulic conductivity compared
to the underlying Eocene limestone, (2) a thick
Oligocene section of about 50 to 60 ft underlies the
southwestern part of the Broad Creek estuary, and
(3) a 70 ft thickness underlies the well BFT-2410
test site. Additionally, salt water at the bottom of
the surficial aquifer is diluted because the estuary is
long, narrow, and small relative to the length of its
shoreline, and therefore receives an atypically large
volume of subsurface discharge relative to estuary
surface area. This hydrologic setting would explain
the relatively low chloride concentrations (167 to
1,000 mg/L) measured by Ransom and Park (2011)
in the surficial aquifer beneath Broad Creek (fig.
30).

The authors conclude, on the basis of data from
monitoring well BFT-2410, that the high chloride
concentrations found at well BFT-678 originate at a
source area beneath the Broad Creek estuary owing
to (1) the proximity to Broad Creek, (2) absence or
thinning of the upper confining unit, (3) a
potentiometric surface that ranged from 0 ft Msl
since about 1957 to -10 ft Msl in 1998, (4) brackish
water progressively moving downward and laterally
into the aquifer at the monitoring well site, and (5)
the overall isochlor pattern that indicate a source
area to the north near Broad Creek. The plume is
named herein the Broad Creek chloride plume.

Bull Island Chloride Plume

Bull Island is a relatively large Sea Island that lies
between Hilton Head Island and the mainland and is
surrounded by an expanse of saltwater marsh, small
islands, and tidal channels. Potable water for two
cottages on the island near the bank of Bull Creek
was supplied from a domestic well completed in the



Upper Floridan aquifer; several larger wells were
used seasonally for irrigation. This area was
investigated after a report that an irrigation well
drilled in about 2000, on the southeast side of the
island, encountered brackish to salt water at the top
of the aquifer. Later, in about 2009, the domestic
well, that served the two cottages was reported to
have unacceptable levels of chloride: a replacement
well was attempted but also reported brackish water
at the top of the aquifer. Access to the island was
not possible and it was necessary to construct
temporary offshore test wells BFT-2475 and BFT-
2476 in channels along the east-central and
southwest shores of the island in September 2011
(fig. 57).

Owing to the challenges of testing groundwater
quality in wells constructed over saltwater channels,
an account of well-construction and testing
procedures follows. Well BFT-2475 was drilled in
Bryan Creek bordering the eastern part of Bull

Island (fig. 57). Construction began with the
installation of a 6-inch surface casing lowered
through the drill-rig-platform and positioned at
about -10 ft Msl (sea level estimated from visual
tidal observations) and extending to a depth 3 ft
below the channel bottom; afterwards, a six-inch bit
was advanced by mud-rotary drilling to the top of
the Upper Floridan aquifer. Geologic cuttings and
geophysical logs were obtained and used to
determine the depths and thicknesses of
hydrogeologic units prior to final casing installation.
The surficial aquifer was present at about -7 ft Msl
to -35 ft Msl; the upper confining unit was present
between about -35 and -80 ft Msl; and the Upper
Floridan aquifer lay below -80 ft Msl. Three-inch
steel casing was installed by first lowering the drill
rod to the top of the Upper Floridan aquifer
(Oligocene limestone) and filling the borehole with
neat cement grout pumped through the center of the
drill stem. The 3-inch casing was fitted with a
bottom plug and centralizers were installed at 20-ft

Figure 57. Location of test wells near Bull Island, S.C.
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intervals, the casing was then floated to the bottom
of the borehole and the 6-inch surface casing was
removed. After 24 hours, a 27/s-inch diameter
borehole was advanced through the grouted casing
by mud rotary method to about -275 ft Msl, near the
bottom of the aquifer; specific conductance of the
drilling fluid was measured at selected depths as the
borehole advanced. Near the top of the Upper

Floridan aquifer between -90 to -120 ft Msl specific
conductance was field tested and found to be 1,300
pS/cm; at depths below -120 ft Msl, specific
conductance was between 1,000 to 800 uS/cm. The
specific conductance values were typical of the
drilling fluid used. Prior to removing the drill stem,
approximately 300 gallons of fresh water were
injected through the drill stem at the aquifer bottom

Figure 58. Hydrogeology, geophysical logs, specific conductance, chloride
distribution, and well construction at well BFT-2475, Bull Island, S.C.
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to remove drilling fluid from the well bore.
Geophysical logs were run 16 hours later (fig. 58),
afterwards a 3-gpm sampling pump was used to
remove injected water from the borehole.

Specific conductance testing to assure that foreign
water had been evacuated from the borehole prior to
sampling began by setting the pump at -50 ft Msl
and pumping for about 2.5 hours while slowly
lowering the pump to -200 ft Msl. At depths of -
100, -150, and -200 ft Msl, specific conductance

stabilized at 400 uS/cm; the pump was then
positioned at -85 and -195 ft Msl, and, after specific
conductance stabilized, water samples were
collected. Laboratory analyses (SCDHEC Lab)
reported chloride concentrations of 98 and 83 mg/L,
respectively. As a further precaution, an air
compressor was attached to the drill stem on the
final day and used to evacuate a far larger volume of
water from the borehole at about -200 ft Msl. After
purging the well for two hours at an estimated 40
gpm, the specific conductance at the well head was

Figure 59. Bathymetry near the confluence of the May River and Skull Creek, S.C.
(National Oceanic and Atmospheric Administration, 2013), and 1998
potentiometric surface of the Upper Floridan aquifer (after Ransom and White

1999).
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330 uS/cm, and the estimated water level was -13 ft
Msl. After specific conductance measurements
proved the borehole was free of contamination, the
well was abandoned with sand and filled with neat
Portland cement from 10 ft below the casing to the
top of the channel and the top casing joint (reverse
threads) was removed (fig. 58).

Saltwater contamination, albeit comparatively
minor, was present at the well BFT-2475 site where

the predevelopment background chloride
concentration in the Upper Floridan aquifer was less
than 10 mg/L. The electrical-resistivity log
suggested that chloride was present at higher
concentrations in the top part of the upper confining
unit (fig. 58), and laboratory analysis confirmed a
chloride concentration of 98 mg/L at the top of the
Upper Floridan aquifer. The data probably indicate
that breakthrough has occurred at the top of the
aquifer from chloride migrating downward through

Figure 60. Hydrogeology, geophysical logs, specific conductance, chloride distribution, and
well construction at well BFT-2476 near Bull Island, S.C. Bull Island, S.C.
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the upper confining unit from overlying saltwater
sources. Specific conductance measurements,
laboratory analyses, and geophysical logs indicated
that the Upper Floridan aquifer at well BFT-2475
contained fresh water relative to the EPA definition;
however, chloride concentrations were about ten
times greater than the background concentrations
expected for the area. Warren’s (1944) estimate of
1880 head near the test site was approximately 13 ft
Msl (Appendix D1) and vertical head differences
were probably higher during times of lower sea
level, thereby providing greater opportunity to
completely flush relict salt water. Ransom and
others (2006) calculated that breakthrough time for
500-mg/L chloride concentrations could have
occurred in 2004 near the northern part of Bull
Island, and earlier in areas northeast and up gradient
of well BFT-2475 (fig. 33).

The lower chloride concentration at the top of the
aquifer, as opposed to that calculated for
breakthrough, probably represents dilution after
entering the top of the aquifer. Additionally, the
chloride concentration for the source area is
probably less than the 19,000 mg/L used by Ransom
and others (2006) because dilution is taking place in
the surficial aquifer beneath the intracoastal areas
(Ransom and Park, 2011). Further support for
downward migration is evident in pore water
extracted from confining unit core from offshore
well BFT-2297, drilled in 2001 about 1.5 miles
south of offshore well BFT-2475 in Calibogue
Sound. Here, Falls and others (2005) reported that
the confining infill sediment had a chloride
concentration of 1,300 mg/L near the top of the
sediment at -44 Msl (NAVD88) and decreased to
360 mg/L near the bottom of the sediment at -79 ft
Msl (NAVD88).

Evidence does not suggest that the computed
chloride concentrations found in well BFT-2475 are
associated with a specific source area. The
contamination probably is related to a delayed
seawater breakthrough in areas to the east and north
where 20 to 30 ft confining unit thicknesses are
thought to prevail but may be thinner in some areas.
Near Bull Island, seawater has probably migrated
through the upper confining unit for a longer
timespan while driven by greater head differences
across the unit. Indications of a thinner confining
unit include: (1) the locally great channel depths
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noted on navigation charts (59 to 65 ft, mean lower-
low water) between the May River and Broad Creek
(fig. 59), (2) the potentiometric-surface mounding
that indicates an atypically greater recharge rate
northeast of Bull Island compared to surrounding
areas and that is shown on potentiometric maps since
1961 and, (3) the general coincidence of the
recharge mound with the shallow aquifer depth and
confining-unit absence found at Broad Creek well
BFT-2410, and (4) seismic profiles (Duncan, 1972;
Foyle and others, 2001) that estimate confining-unit
thicknesses less than 20 ft, and locally less than 10
ft, near the confluence of May River with northern
Calibogue Sound. Thus, it seems probable that the
chloride concentrations found in well BFT-2475
foretell of wide-spread breakthrough near Bull
Island and the area to the east and northeast (fig. 33).

A second offshore test well (BFT-2476) was
constructed near the southern part of Bull Island in
Bull Creek about 0.3 miles southwest of the
contaminated domestic wells at the cottages. Well-
construction and water-quality sampling procedures
were consistent with those described for well Bft-
2475 with the exceptions that: (1) grout was allowed
to set for 40 hours, (2) the borehole beneath the
casing was drilled using the air-rotary method, and
(3) the top of the confining unit was identified with
core samples. The well was cased and grouted to
about -76 ft Msl at the top of the Upper Floridan
aquifer (Oligocene limestone) and completed as an
open borehole beneath the casing to about -310 ft
Msl, near the bottom of the aquifer. The upper
confining unit was approximately 20 ft thick (fig.
60).

Water-quality data at well BFT-2476 (fig. 60) were
collected by: (1) measuring specific conductance
from composite water samples collected as the
borehole was advanced by air-rotary drilling, (2)
collecting 3-gpm pumped samples at selected depths
for laboratory analysis, (3) measurements of specific
conductance at selected depths in the open-borehole
while pumping 3 gpm from within the casing to
compensation for a small leak, and (4)
measurements of specific conductance at selected
depths under static conditions. Specific conductance
measured in the casing with a Van Essen “CTD
Diver” data logger at about -30 ft Msl was 12,300
pS/cm under static conditions and progressively
decreased to 1,760 puS/cm at -90 ft Msl; below -90 ft



Figure 61. Location of test wells near Bull Island, S.C. and estimated position of the Bull

Island chloride plume.

Msl specific conductance increased with depth. The
high specific-conductance measurement at -30 ft Msl
is attributed to a casing-joint leak. Beginning at -90
ft Msl, specific conductance progressively increased
to the bottom of the Upper Floridan aquifer at a
depth of about -280 ft Msl; here, specific
conductance measured 12,530 uS/cm. Additionally,
nine pumped samples from the Upper Floridan
aquifer were taken at discrete depths in the open
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borehole and analyzed (SCDHEC laboratory) for
chloride concentration; concentrations increased
from 630 mg/L at -85 ft Msl to 4,600 mg/L at -250 ft
Msl. Near the bottom of the Upper Floridan aquifer,
at -270 ft Msl, the specific-conductance
measurements taken with two probes, YSI and
Diver, and were 14,000 and 12,530 uS/cm,
respectively.



Electrical-resistivity logs and water-quality samples
at well BFT-2476 show chloride contamination is
present in the upper confining unit, the Upper
Floridan aquifer, and the top of the middle confining
unit. The relatively low electrical resistivity shown
on the geophysical logs (fig. 60) is consistent also
with the high specific-conductance values. The logs

indicated resistivity was low at the top of the unit
and increased with depth as fresh water was
encountered. The electrical-resistivity logs
corresponded also with the high specific
conductance in the upper part of the middle
confining unit; these data are interpreted to be
chloride migrating downward from the Upper

Figure 62. Geophysical logs and vertical specific-conductance profile at BFT-2245 on northern

Daufuskie Island, S.C.

suggest chloride contamination from downward
migration through the 20-ft thickness of the upper
confining unit and brackish-water breakthrough that
is diluted in the top of the Upper Floridan aquifer.
Underlying the Upper Floridan aquifer, the
electrical-resistivity log signature adjacent to the
middle confining unit between 280 and 310 ft Msl

101

Floridan aquifer and into the top of the previously
freshwater middle confining unit.

The high chloride concentrations reported at the top
of the aquifer near the domestic and irrigation wells
on Bull Island (fig. 61) suggest a nearby direct
chloride source area; other evidence that a more



direct chloride-source area lies close to Bull Island
also includes: (1) the vertical distribution of
computed chloride concentrations at BFT-2476 with
higher chloride concentrations near the bottom of the
Upper Floridan aquifer that indicate a direct but
more distant source to the northeast; (2) an upper
confining unit thickness of 20 ft at the well that
correlates with Foyle and others’ (2001), who
reported the unit’s (Miocene) average thickness to
be 10 to 20 ft beneath Bull Creek and part of
Calibogue Sound near the southwestern tip of
Daufuskie Island; (3) the missing upper confining
unit near the mouth of the May River as mapped by
Duncan (1972); (4) the thinning of the upper
confining unit (Hawthorne Group, fig. 12) near the
axis of the Beaufort Arch (fig. 13) at Bull Island; (5)
the channel depths of 59 to 65 ft Mean Lower Low
Water (about -62 to -68 ft Msl) east of Bull Island
(Fig. 59), where less than 12 ft of sediment might
overlie the top of the aquifer; (6) the area’s
proximity to the source area for the Broad Creek
chloride plume where the top of the aquifer was -52
ft Msl or about -60 ft bgs; here, the upper confining
unit was absent (figs. 55 and 56); and (7) the 360
mg/L chloride concentration near the bottom of the
confining unit at offshore well BFT-2297 (Appendix
I) in Calibogue Sound. The data indicate that a large
saltwater plume (fig. 61), designated herein as the
Bull Island chloride plume, is present in the Upper
Floridan aquifer beneath the southern part of Bull
Island and the surrounding saltwater wetlands.

The source area and extent of the Bull Island
chloride plume are not well defined because few
monitoring wells are available. However, the plume
probably lies between wells BFT-2475 (eastern Bull
Island), the western shore of Hilton Head Island,
BFT-2245 and -2501 (Daufuskie Island), and BFT-
2411 (Long Island). Well BFT-2475, located in
Bryan Creek off the northern shore of Bull Island,
produced water having chloride concentrations of 98
to 83 mg/L, probably the result of downward
migration and are not believed to be a major
contributor to the Bull Island chloride plume.
Monitoring well BFT-2411 was constructed at the
northern tip of Long Island about 2.7 mi. southwest
of the cottages and lies within the southwestern flow
path toward Savannah. Here, a specific-conductance
profile conducted at selected intervals in 2014
measured about 200 uS/cm (Appendix I) and was
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consistent throughout the open borehole of the
aquifer; estimated chloride concentration is expected
to be about 10 mg/L. Monitoring well BFT-2245 is
located at the northern tip of Daufuskie Island about
2 mi southeast of the estimated source area. Figure
62 shows the vertical specific-conductance profile
taken in 2017 that ranged from about 500 uS/cm at
the top of the aquifer to about 900 uS/cm near
aquifer bottom. Here, a discrete water sample taken
at 327 feet bgs found the chloride concentration to
be 240 mg/L. Specific conductance at well BFT-
2245 increased progressively downward from the
top to the bottom of the aquifer and exceeded back-
ground levels for the area. It is probable that the
Bull River chloride plume may be contaminating the
bottom of the aquifer at well BFT-2245 and that
downward migration through the upper confining
unit is contributing to an increase in chloride
concentration near the top of the aquifer, similar to
increases observed in well BFT-2475.

Atlantic Ocean Offshore Chloride Plumes

A large part of the cone of depression centered at
Savannah extends offshore beneath the Atlantic
Ocean where the potentiometric surface of the Upper
Floridan aquifer is at or below mean sea level
(Appendix D). Here, the thickness of the overlying
upper confining unit was generally understood to
vary and could be thin or absent in some areas and
therefore allow salt water to enter the aquifer.

Seismic reflection surveys (Foyle and others; 1999,
2001) were conducted as part of the GSSI in the tidal
channels of the study area and offshore in the
Atlantic Ocean east of Hilton Head Island and
Savannah to determine elevations of the Upper
Floridan aquifer and overlying upper confining unit.
The seismic surveys revealed an area three to seven
miles offshore and southeast of central Hilton Head
Island where the top of Upper Floridan aquifer
occurred at an average elevation of -60 ft Msl, but
elevations as shallow as -48 ft Msl were recorded.
The area was designated the Hilton Head High by
Foyle (1999) and could be both a structural sub-
feature of the Beaufort Arch and an erosional
remnant (fig. 13). Foyle interpreted three areas
overlying the Hilton Head High where he believed
the thickness of the upper confining unit was
between 0 and 10 ft: the combined areas totaled
about 3,700 acres. (fig. 63).



Six temporary Atlantic Ocean boreholes were drilled
at four sites (fig. 63) to the south and southwest of
the Hilton Head High as part of the CSSI (Falls and
others, 2005). This offshore project was designed to
corroborate the findings of the offshore seismic
surveys where the upper confining unit was expected
to be absent, to examine the geologic sediment, and
determine water quality. Four of the six offshore
boreholes were successfully completed as test wells

were abandoned with incomplete data because of
drilling difficulties. Two earlier offshore wells
completed beneath the Atlantic Ocean near the
Hilton Head High, BFT-1675 and BFT-1679, were
part of the 1984 Port Royal Sound study (Burt and
others, 1987; Hughes and others, 1989; Smith, 1988
and 1994). The offshore wells were constructed by
the USACE using their offshore drilling platforms
with specific attention given to preserving the

Figure 63. Locations of temporary offshore test wells near Hilton Head Island, S.C.,
surface contours on top of the Upper Floridan aquifer, and offshore areas
where the Upper Floridan aquifer is overlain by less than 10 ft of the upper
confining unit (after Foyle and others, 2001).

between 1999 and 2001: BFT-2258 (15-mile site),
BFT- 2251(10-mile site), BFT-2249 (7-mile site),
and BFT-2295 (8-mile site). Boreholes identified as
BFT-2257 and BFT-2250 (15- and 10-mile sites)
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integrity of sampling procedures and water quality
testing according to project design. The well casings
were seated and grouted in place to ensure that the
wells remained free of overlying sources of saltwater



contamination; afterwards, the borehole was
advanced using the air-lifted method to avoid the use
of fresh water and drilling fluids. At sites where
casing leaks were found above the sea floor,
sampling procedures were adjusted to avoid
contamination of water samples. Data from the
Atlantic and Port Royal Sounds wells were
referenced to NAV88 and NGVD?29, respectively.

The possibility of the aquifer being directly exposed
to seawater over a large area are discussed below
and suggests that two chloride plumes, named herein
the Hilton Head High and 8-mile chloride plumes,
have developed. This section includes the authors’
interpretations, and data and interpretations from
Burt and others (1986), Hughes and others (1989),
Foyle and others (1991 and 2001), Falls and others
(2005), and the SCDHEC model (Appendix J).

Hilton Head High Chloride Plume

Offshore drilling has not been attempted above the
Hilton Head High. However, a comparison can be
inferred from similar hydrogeologic conditions at the
Broad Creek High (Broad Creek chloride plume) to
the west on Hilton Head Island. Here, continuous
geologic core recovered from monitoring well BFT-
2410 revealed that the upper confining unit was
absent and the top of the Upper Floridan aquifer
(Oligocene limestone) lay at -54 ft Msl, thereby
allowing for a direct hydraulic connection between
the surficial aquifer and underlying Upper Floridan
aquifer. Given the similar elevations at the Hilton
Head High, it is plausible that the upper confining
unit could be absent over a significant area. As a
result, conditions would be favorable for seawater to
move downward into the aquifer as the
potentiometric surface declined below Msl in the
early 1950s. A review of the northernmost offshore
test wells BFT-1679, BFT-1675, and BFT-2258 (fig.
63) and groundwater modeling (Appendix J) provide
additional support for the presence and continued
expansion of the Hilton Head High chloride plume.

Well BFT-1679 was constructed in 1984 (Burt and
others, 1987) about 5 miles north of the Hilton Head
High (fig. 63). Initially, the wellbore was advanced
by mud-rotary method until the upper confining unit
was encountered; here, the unit was continuously
cored through a thickness of about 30 ft to the top of
the Upper Floridan aquifer, encountered at -102 ft

104

Msl; steel casing was installed and grouted to the sea
floor (top of surficial aquifer). After 24 hours, the
borehole was advanced by the air-lift method to -120
ft Msl, drilling was paused, and a packer was
installed to seal the borehole at -108 ft Msl near the
top of the Upper Floridan aquifer. Afterwards, a
composite water sample was pumped from the open
borehole between -108 ft and -120 ft Msl. The
analyses revealed a DO concentration of 0.0 mg/L, a
chloride concentration of about 260 mg/L, and a
specific conductance of 1,450 uS/cm (computed
chloride concentration was 507 mg/L). As the
borehole advanced, composite water samples were
air-lifted and collected at 10 ft intervals through the
open borehole to a depth of -210 ft Msl. Chloride
concentration progressively decreased with depth
and was 220 mg/L at about -175 ft Msl; from -175 ft
Msl chloride concentration increased to 270 mg/L
near the bottom of the borehole. Specific-
conductance measurements were made at 10-ft
intervals on the following day and found to be 1,488
uS/cm at the top of the aquifer, progressively
decreased to 1,423 uS/cm at about -175 ft Msl;
below -175 ft Msl specific conductance increased to
1,517 uS/cm at -206 ft Msl. Because well Bft-1679
was near the predev@lopment freshwater-saltwater
interface, where heads were about -1 ft Msl in 1984
(Hughes and others, 1989), and DO was absent, the
chloride contamination probably represented
unflushed relict brackish water remaining in the in
the bottom of the aquifer. The higher specific
conductance and chloride concentration at the top of
the aquifer were thought to indicate a casing-joint
leak, but, with the potential threat of Tropical Storm
Isidore, the well was abandoned with neat Portland
cement without further testing.

Well BFT-1675, located about three miles southwest
of well BFT-1679 and two miles northwest of the
Hilton Head High, was completed in 1984 using
construction methods similar to those for well BFT-
1679 (fig.63). The upper confining unit was at -51 ft
Msl and continuously cored through about 40 ft to
the top of the Upper Floridan aquifer encountered at
-91 ft Msl; afterwards, the well was cased and
grouted to the top of the aquifer at -91 ft Msl.
Drilling was paused at -103 ft Msl and a pumped
water sample was collected near the top of the
aquifer, between -91 and -103 ft Msl, prior to
advancing the borehole. The analyses revealed a
DO concentration of 0.0 mg/L, a chloride



concentration of about 100 mg/L, and a specific
conductance of 526 uS/cm. Air-lifted composite
water samples were collected at 10 ft intervals as the
borehole was advanced to -212 ft Msl near the
bottom of the aquifer: chloride concentration at -97
ft Msl was 270 mg/L and progressively increased
from 110 to 290 mg/L at depths from -113 to -212 ft
Msil, respectively. The following day a Kemmerer-
type point sampler was used to obtain discrete water
samples at -50, -90, -130, and -200 ft Msl; chloride
concentrations were found to be 2,320, 429, 154, and
160 mg/L, respectively. The high chloride
concentrations present in the casing (2,320 and 429
mg/L) were thought to be caused by a casing-joint
leak that might also have contaminated the two
lower point samples. However, a pumped sample
was later collected after isolating the interval
between -186 and -212 ft Msl: DO concentration
was found to be 0.0 mg/L, chloride concentration
was 300 mg/L, and specific conductance was 838
uS/cm.

The hydraulic head at well BFT-1675 in August
1984 was -4.58 ft Msl (Burt and others, 1987)
compared with a head of about -8 ft Msl measured
by Crouch and others (1986, Appendix D13) on
Hilton Head Island about 2 miles northwest of well
BFT-1675. The lesser head at well BFT-1675
supports Foyle’s (2001) interpretation that the upper
confining unit may be absent in areas two to six
miles southeast of well BFT-1675 near the Hilton
Head High. Here, predevelopment heads were
lowered by the upward discharge of fresh water into
the Atlantic Ocean where the upper confining unit is
thin or absent; the lower heads limited the
northeastward movement of the predevelopment
freshwater-to-saltwater interface as
recharge/discharge reached equilibrium. However,
during the early 1960’s (see Appendix D6) the head
was reversed by groundwater withdrawals and these
areas are now presumed to be recharging the aquifer
with modern seawater that is probably mixing with
relict brackish water remaining in the aquifer as part
of the freshwater/brackish water interface.

The low chloride concentration (100 mg/L) and
absence of DO in the top of the aquifer at well BFT-
1675 may denote unflushed relict brackish water
migrating downward through the upper confining
unit and breaking through at the bottom of the unit,
whereas the higher concentrations near the bottom of
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the aquifer are thought to be relict-brackish to
modern-brackish water that migrated from a more
distant source nearer the Hilton Head High. The
absence of DO in samples collected at the top and
bottom of the aquifer as opposed to the presence of a
tritium value of 4 TU at the bottom of the aquifer
suggest that the water may be a mix of modern and
relict brackish water.

Well BFT-2258, about one mile south-southeast of
the Hilton Head high, was completed in 1999 and
followed construction methods similar to those
described for well BFT-1679). The well was cased
and grouted to -89.4 ft Msl, placing the bottom of
the casing about 9 ft into the Upper Floridan aquifer
(Oligocene limestone) encountered at -80.7 ft Msl.
The upper confining unit, encountered at -61.6 ft
Msl in nearby well BFT-2257 was continuously
cored and had a thickness of about 17 ft. Drilling
continued to a depth of -154 ft Msl, and the well was
completed as an open borehole in the Oligocene
limestone. A composite water sample pumped from
the open borehole revealed a chloride concentration
of 5,800 mg/L, and the density-corrected mean daily
water level measured in the open borehole was about
1 ft Msl (NAVD 88) in September 1999 (Falls and
others, 2005). The 1885 predevelopment freshwater
head in the Upper Floridan aquifer near well BFT-
2258 (Appendix D1) was estimated to be about 8 ft
Msl based on predevelopment potentiometric surface
maps (Counts and Donsky, 1963, Appendix D1,
Smith, 1988) but could have been less depending on
the volume of freshwater discharge occurring near
the Hilton Head High. It is plausible that some
flushing occurred as the higher freshwater heads
advanced the freshwater-to-brackish water boundary
in the aquifer to the northeast and purged brackish to
saltwater upward in the overlying upper confining
unit. By the mid-1950s, offshore heads at well BFT-
2258 were estimated to be about 0 ft Msl (Counts
and Donsky, 1963; Appendix D4), thereby reversing
the gradient and allowing (1) previously displaced
relict brackish water in the Upper Floridan aquifer to
advance toward the southwest, (2) relict and modern
brackish to salt water to move downward though the
upper confining unit, and (3) seawater to move
directly downward into the top of the Upper
Floridan aquifer (Oligocene limestone) where the
upper confining unit was absent. Given that the -0.9
ft Msl (NAVD 88) head measured in 1999 showed
little change from the estimated head since the mid-



1950s, it is probable that the aquifer is being
recharged from a nearby source at or near the Hilton
Head High.

Based on the data, the authors surmised that
predevelopment discharge at the Hilton Head High
lowered the local hydraulic head, thereby limiting
the lateral northeast advancement of the freshwater-
brackish water interface; after pumping began, the
gradient eventually reversed to the southwest toward
pumping centers. Owing to problems during the
drilling of BFT-2258, DO was not measured, but the
brackish water (5,800 mg/L chloride) found in the

top of the Upper Floridan aquifer (Oligocene
limestone) probably is relict brackish water
displaced to the northeast prior to groundwater
development (Falls and others, 2005): however, it is
also possible that mixing with modern water from
the upgradient areas is occurring where confinement
is poor and absent. But considering the thickness,
and the small 1-ft head difference across the upper
confining unit, it is unlikely that there has been
significant chloride breakthrough at the well site.
The bottom of the Upper Floridan aquifer (Eocene
limestone) was not penetrated in well BFT-2258, but
chloride concentrations probably increased

Figure 64. Simulated 2007 potentiometric surface contours and isochlors at the bottom of the Upper
Floridan aquifer near the Hilton Head High, Port Royal Sound area, S.C.
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progressively with depth.

The SCDHEC model was used to simulate direct
downward saltwater movement above the Hilton
Head High where the upper confining unit has been
completely eroded. Estimated source areas were
simulated by adjusting the conductivity of the unit to
that of the overlying surficial aquifer to represent
infill sediment for an area covering one model cell
(40 acres). Three source areas were centered within
the three areas of interest and represent about 3 % of
the total area (3,700 acres) defined by Foyle and
others (2001) where the upper confining unit was
between 0 and 10 ft (fig. 63). The model simulated
the possible position of the Hilton Head High
chloride plume in 1998, 2007, and 2050 by
projecting 2007 pumping (fig. 64; Appendix J18,
J19, and J20).

The simulation for 2007 conditions showed that
saltwater at the three source areas originating over
the Hilton Head High moved downward and merged
at the bottom of the Upper Floridan aquifer and are
moving laterally down gradient to the west and
southwest toward pumping centers at Hilton Head
Island and Savannah, respectively. The model
indicated a close relationship between the Hilton
Head High and brackish water at well BFT-2258
(fig. 64); however, the model only simulated modern
saltwater entering the aquifer. Relict salt water
believed to be present, near and northeast of the
high, was not inputted into the model.

8-Mile Chloride Plume

The southern offshore test well group was about 7
miles southwest of the Hilton Head High and
included wells BFT-2251, BFT-2295, and BFT-
2249. Here, the estimated 1880 predevelopment
freshwater head was about 10 ft Msl in the Upper
Floridan aquifer (Appendix D1) compared to the
mean daily head of -13 ft Msl in June 2000 as
measured in well BFT-2251, (Falls and others,
2005). Itis plausible that the predevelopment
freshwater heads in this area were sufficient to flush
the Upper Floridan aquifer and overlying upper
confining unit and move the freshwater-to-brackish
water interface farther to the northeast. Test-well
construction methods followed those previously
described for well BFT-1679.
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Well BFT-2251, constructed farthest to the east of
the southern well group in 2000 (fig. 64), was cased
and grouted to -92.5 ft Msl and penetrated 32 ft of
the upper confining unit encountered between -56.0
ft Msl and -88.0 ft Msl. Pore-water samples
extracted from geologic core at selected depths
through the upper confining unit revealed chloride
concentrations progressively decreasing with depth
from 17,500 mg/L near the top to 510 mg/L at the
bottom of the unit. The well penetrated the full
thickness of the Oligocene limestone (uppermost
part of the Upper Floridan aquifer) at about -170 ft
Msl; here, pore water extracted from geologic core
revealed chloride concentrations progressively
decreasing from 88 mg/L near the top to 31 mg/L at
the bottom (Appendix G). The borehole was
advanced into the underlying late Eocene limestone
(Ocala Limestone) to -221 ft Msl. A composite
water sample pumped from -197 to -221 ft Msl
revealed a chloride concentration of 25 mg/L
compared to a pore-water sample extracted from -
221 ft Msl that had a slightly greater chloride
concentration of 47 mg/L. The open borehole was
advanced to -699 ft Msl and a composite water
sample pumped from middle Eocene limestone
(middle confining unit) at -587 ft Msl had a chloride
concentration was 740 mg/L.

Pore-water analyses at well BFT-2251 revealed high
chloride concentration in the upper confining unit
and lower chloride concentration at the top of the
Upper Floridan aquifer (Oligocene and late Eocene
limestone). The chlorides can be attributed to
modern seawater migrating downward, under about
a -10-ft head difference across the upper confining
unit. Chloride concentrations determined from
pore-water analysis increased from 31 mg/L near the
bottom of the Oligocene limestone to 47 mg/L at -
221 ft Msl in the late Eocene limestone, a departure
from the decreasing trend measured for chloride
concentrations in the overlying sediment.
Concentrations might be higher near the bottom of
the Upper Floridan aquifer, estimated to be at about -
271 ft Msl. If so, the chlorides probably originated
from a distant source. The greater chloride
concentration at -587 ft Msl in the middle confining
unit can be attributed to relict brackish water.

Well BFT-2295 was constructed in 2001, west of
well BFT-2251, where the predevelopment head was
about 10 ft Msl (Appendix D1). Here, pore water



from the surficial sediment was extracted from
geologic core at about -81 ft Msl (paleochannel
infill); chloride concentration was found to be
15,300 mg/L. The well was cased and grouted to -
99.3 ft Msl and completed as an open borehole to -
208.4 ft Msl; the thickness of the upper confining
unit was less than 1 foot, encountered between -78.6
ft and 79.4 ft Msl. A discrete, pumped water
sample with a chloride concentration of 8,400 mg/L
was obtained by isolating the Oligocene limestone
between -99 to -111 ft Msl. Two pore-water
samples were extracted from geologic core within
the late Eocene carbonate sediment between -161
and -171 ft Msl. The chloride concentration of the
upper sample was 600 mg/L and that of the lower
sample 560 mg/L. A plausible explanation for the
high chloride concentrations found in well BFT-
2295 is downward migration of modern seawater.
Given the virtual absence of the upper confining
unit, it is probable that predevelopment heads
flushed the aquifer with freshwater; and groundwater
withdrawals later reversed the head creating a
difference between heads in the surficial aquifer and
the Upper Floridan aquifer that ranged between -14
ft and -10 ft Msl (Falls and others, 2005). The
bottom of the Upper Floridan aquifer was not
penetrated to the estimated depth of about -270 ft
Msl, leaving about 100 ft of the aquifer untested. If
chloride concentration is much greater near the
bottom of aquifer, it is probable that brackish water
is moving downward and laterally from a distant
source area where the upper confining unit is abs