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Saltwater Intrusion in the Surficial Aquifer System of
the Big Cypress Basin, Southwest Florida, and a Plan
for Improved Salinity Monitoring

By Scott T. Prinos

Abstract

The installation of drainage canals, poorly cased wells,
and water-supply withdrawals have led to saltwater intru-
sion in the primary water-use aquifers in southwest Florida.
Increasing population and water use have exacerbated this
problem. Installation of water-control structures, well-
plugging projects, and regulation of water use have slowed
saltwater intrusion, but the chloride concentration of samples
from some of the monitoring wells in this area indicates that
saltwater intrusion continues to occur. In addition, rising sea
level could increase the rate and extent of saltwater intrusion.

The existing saltwater intrusion monitoring network was
examined and found to lack the necessary organization, spatial
distribution, and design to properly evaluate saltwater intru-
sion. The most recent hydrogeologic framework of southwest
Florida indicates that some wells may be open to multiple
aquifers or have an incorrect aquifer designation. Some of the

sampling methods being used could result in poor-quality data.

Some older wells are badly corroded, obstructed, or damaged
and may not yield useable samples. Saltwater in some of the
canals is in close proximity to coastal well fields. In some
instances, saltwater occasionally occurs upstream from coastal
salinity control structures.

These factors lead to an incomplete understanding of the
extent and threat of saltwater intrusion in southwest Florida.
A proposed plan to improve the saltwater intrusion monitor-
ing network in the South Florida Water Management District’s
Big Cypress Basin describes improvements in (1) network
management, (2) quality assurance, (3) documentation,

(4) training, and (5) data accessibility. The plan describes
improvements to hydrostratigraphic and geospatial network
coverage that can be accomplished using additional monitor-
ing, surface geophysical surveys, and borehole geophysical
logging. Sampling methods and improvements to monitoring
well design are described in detail. Geochemical analyses that
provide insights concerning the sources of saltwater in the
aquifers are described. The requirement to abandon inactive
wells is discussed.

Introduction

In the early to mid-20th century, saltwater began to
intrude the aquifers of southwest Florida (fig. 1) because of
(1) lateral encroachment from the Gulf of Mexico caused by
over drainage and water supply withdrawals; (2) infiltration
from tidal marshes, estuaries, and bays; (3) direct leakage
of saltwater from canals; (4) movement of residual or con-
nate saltwater; and (5) upward or downward leakage through
poorly cased boreholes or leaky semiconfining units. This
saltwater eventually contaminated the first well field of the
city of Naples located between Naples Bay and the Gulf of
Mexico. Water with concentrations of sodium greater than
160 milligrams per liter (mg/L) or chloride greater than 250
mg/L exceeds drinking water standards (Florida Department
of Health, 2005; U.S. Environmental Protection Agency,
2011a, b).

Saltwater intrusion in southwest Florida remains a
concern because population has continued to increase and
water use has generally also increased, except for recent years,
when water restrictions have been in place (fig. 2). These
changes can potentially affect the extent and magnitude of
saltwater intrusion in coastal aquifers in this area. During
1970 to 2008, estimated population in Collier County (fig. 1),
for example, increased from 38,040 to 321,520 (U.S. Census
Bureau, 2011) and water use in the county increased from
5.0 to 80.6 million gallons per day (Mgal/d; fig. 2; Marella,
2009; Richard Marella U.S. Geological Survey, written com-
mun., August 25, 2011). The surficial aquifer system, includ-
ing the lower Tamiami and water-table aquifers, provided
about 46 percent of the water used in Collier County in 2005
(Marella, 2009). Some of the public water supply well fields
that provide water from the surficial aquifer system are close
to the Gulf of Mexico (fig. 1) and may be particularly vulner-
able to contamination by encroaching saltwater. The city of
Naples Coastal Ridge well field (fig. 1), for example, in which
wells are completed in the lower Tamiami aquifer, is within
1.5 miles (mi) of the Gulf. Evidence of saltwater intrusion dur-
ing this period is seen in monitoring wells open to the water-
table and lower Tamiami aquifers (fig. 3).
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Salinity information is collected through the South entitled “Phase 1 Examination of Existing Salinity Monitor-
Florida Water Management District Saltwater Intrusion ing in Southwest Florida” (henceforth called the NE1, which
Monitoring and Management (SFWMD-SWIMM) network, stands for network examination 1). This examination evalu-
the U.S. Geological Survey Cooperative Saltwater Intrusion ated the JSWIM network in the water-table, lower Tamiami,

Monitoring (USGS-COOP-SWIM) network, and monitoring sandstone, and mid-Hawthorn aquifers in Lee and Collier
networks operated by the city of Cape Coral, Collier County Counties (fig. 1). The intent of the NE1 was to determine if
Pollution Control and Prevention Department (CCPCPD), any additional issues should be addressed by a more extensive
and Lee County Natural Resources Division (LCNRD). Each hydrologic study. The NE1, completed on October 3, 2008,
organization has different goals in collecting this information,  identified a number of deficiencies in monitoring that limited

but the combined network could be considered to be a joint the ability of water managers to accurately evaluate saltwater
saltwater intrusion monitoring (JSWIM) network. Most of the  intrusion. The preliminary findings were presented in a meet-
information from this JSWIM network has been entered into ing at the completion of phase 1 so that decisions concerning
local, State, or Federal databases and is used by water man- additional phases could be considered. The USGS, in coop-
agers to guide their decisions as they work to preserve fresh eration with the SFWMD, conducted a study to formally
groundwater resources in southwest Florida, including the Big ~ document the findings of the NE1 and to develop a network
Cypress Basin. improvement strategy that would address the deficiencies in
If the information required by managers for evaluating the existing monitoring network in the surficial aquifer system
saltwater intrusion is not provided, public water supply well within the Big Cypress Basin (fig. 1).
fields may unexpectedly become contaminated. If saltwater Throughout this report, “salinity” is a general term used
intrudes into the well fields, it may take decades before the to describe the concentration of dissolved solids or chloride
affected water once again becomes potable. The JISWIM concentration of water samples, which may be directly
network, therefore, was the focus of a previously unpub- measured by electrical conductivity of water, determined by

lished SFWMD and USGS cooperative geospatial assessment ~ chemical analysis of water samples, or indirectly detected
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Figure 2. Population and groundwater use in Collier County. Based on data from the U.S. Census
Bureau (2011), Marella (2009), and Richard Marella (U.S. Geological Survey, written commun.,
August 25, 2011).
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by geophysical measurements of bulk resistivity/conductiv-
ity. In some instances, salinity is expressed either in practical
salinity units (PSU) or in parts per thousand (ppt). The term
“saltwater intrusion” refers to saltwater that has entered previ-
ously fresh portions of the aquifer regardless of the sources
of this saltwater. The term “saltwater encroachment” is used
specifically to describe the gradual lateral movement of
saltwater along the base of the aquifer from the sea as a result
of decreases of the freshwater head in the aquifer relative to
sea level. In most instances as water from the Gulf intrudes or
encroaches into an aquifer, it becomes mixed with freshwater
so this water is referred to as saltwater rather than seawater.
The term “seawater” is reserved for water that has a chemical
composition similar to seawater. The term “saltwater front”

is used to describe the leading edge of a body of saltwater in
an aquifer, generally near its base. Most frequently this term
is applied to saltwater that has laterally encroached from the
Gulf of Mexico. The “saltwater interface” is the zone of mix-
ing of freshwater and saltwater at the periphery of a body of
encroached or intruded saltwater.

Purpose and Scope

This report documents the relevant findings of the NEI,
which evaluated monitoring in Lee and Collier Counties. The
history of saltwater intrusion and the development of the salt-
water intrusion monitoring network in southwest Florida are
described. A detailed network improvement plan is proposed
for monitoring the surficial aquifer system in the Big Cypress
Basin that addresses the following:

» Design, construction, condition, and documentation of
monitoring wells

» Sampling or monitoring methodologies

+ Evaluation of the sources of saltwater
 Characterization of the hydrostratigraphy
* Spatial coverage of monitoring sites
 Data accessibility

* Quality assurance

Prioritization of network improvements is described.
This proposed plan is designed to address all of the previously
stated deficiencies in the existing network and to take advan-
tage of recent advancements in technology that can improve
the quality of monitoring.

As part of the NE1, monitoring efforts in the water-table,
lower Tamiami, sandstone, mid-Hawthorn, lower Hawthorn,
and Floridan aquifers in Lee and Collier Counties are consid-
ered and evaluated. The current study documents some of the
findings of this broader examination, but the proposed network
improvement plan is designed specifically for the surficial
aquifer system, which includes the water-table and lower
Tamiami aquifers of the Big Cypress Basin.

Introduction 5

Description of the Study Area

The study area is the 2,500 square mile (mi*) Big Cypress
Basin of the SFWMD (South Florida Water Management Dis-
trict, 2010), which includes all of Collier County and a small
part of Monroe County. Prior to urban development, the Big
Cypress Swamp covered most of Collier County, except the
northernmost part of the county, which consisted of sandy flat-
woods, and the coastal margins, which were covered by salt-
tolerant mangrove marshes (fig. 4). As population increased,
urbanization spread to areas that were Big Cypress Swamp,
sandy flatwoods, or coastal mangrove marshes.

Land-surface altitudes range from about 1 to 2 feet (ft) in
south and southwest coastal Collier County to approximately
40 ft in northern Collier County, north of Immokalee. A little
less than half of the county has a land-surface altitude of less
than 10 ft. A low coastal ridge in western Collier County has
an altitude of approximately 10 to 17 ft. The city of Naples
Coastal Ridge well field was constructed on or just east of this
ridge (fig. 1).

Hydrogeologic Setting

Currently, there are a number of interpretations of the
hydrostratigraphy of the Big Cypress Basin. The hydrostrati-
graphic interpretation depicted in figure 54 is a combination
of the hydrostratigraphic interpretation of Schmerge (2001),
the “historical” interpretation of hydrostratigraphy described
by BEM Systems Inc. (2003, p. 12), and the interpretations of
DuBar (1991) and Missimer (2001). Historically, the aquifers
of southwest Florida have been divided into the surficial aqui-
fer system, the intermediate aquifer system, and the Floridan
aquifer system (fig. 54; Southeastern Geological Society Ad
Hoc Committee on Florida Hydrostratigraphic Unit Defini-
tion, 1986). The surficial aquifer system includes two aquifers:
the water-table aquifer and the lower Tamiami aquifer. The
intermediate aquifer system includes the sandstone and mid-
Hawthorn aquifers. Where the lower Tamiami and sandstone
aquifers are not confined, they have historically been con-
sidered to be part of the water-table aquifer (BEM Systems
Inc., 2003).

BEM Systems Inc. (2003) implemented an alternate
hydrostratigraphic interpretation that was “developed with
rules that better reflect continuity of geologic and hydrogeo-
logic layers rather than based on the presence or absence of
a confining unit.” BEM Systems Inc. (2003) defined a series
of hydrostratigraphic units designated “aquifer layers” and
“aquitard layers” associated with specific stratigraphic units
(fig. 5B; table 1). The hydrostratigraphic interpretation of
BEM Systems Inc. (2003) was used for the development of
some of the hydrologic models in southwest Florida, such
as the Regional MIKE SHE model developed for the South-
west Florida Feasibility Study (Clyde Dabbs, South Florida
Water Management District, written commun., September 28,
2012) and the Picayune Strand Restoration PIR Mike She\
Mike 11 Model (U.S. Army Corps of Engineers, and the
South Florida Water Management District, 2004; Kent Feng,
South Florida Water Management District, written commun.,
September 28, 2012).
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Figure 5. Hydrostratigraphic interpretations considered during the current study. A, Generalized geology and hydrology
of southwest Florida (modified from Schmerge, 2001). B, Definition of aquifers for modeling of aquifers (from BEM Systems
Inc., 2003).
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Table 1. Description of hydrostratigraphic units defined by BEM Systems Inc., 2003, and equivalent geologic and hydrogeologic names
used by the U.S. Geological Survey.

Equivalent geologic (and hydrogeologic) names
used by the U.S. Geological Survey

Description by BEM Systems, Inc. (2003)

Aquifer Holocene to Pleistocene sands and Late Pliocene (Pinecrest) limestone Undifferentiated Holocene to Pleistocene de-
Layer 1 where present. posits and/or Pinecrest Sand Member of the
Tamiami Formation (water table aquifer)
Aquitard  Bonita Springs Marl and Caloosahatchee Clay, where present. Bonita Springs marl member of the Tamiami
Layer 1 Formation (Tamiami confining unit from
Reese and Cunningham, 2000 ) and/or
Caloosahatchee Marl .
Aquifer Early Pliocene (Ochopee Limestone). This unit conforms to the historical definition Ochopee Limestone Member of the Tamiami
Layer 2 of lower Tamiami aquifer where confined and to the lower part of the water-table Formation, and potentially permeable por-
aquifer where unconfined. The vertical extent of the unit is defined from the top tions of the Buckingham Limestone Member
of Ochopee Limestone to the top of the Peace River Formation. The unit is miss- and medium to coarse unnamed sand of the
ing in the northern part of the study area and outcrops in the southern part of the Tamiami or Peace River Formations (lower
study area. Tamiami aquifer where confined or water-
table aquifer if unconfined.)
Aquitard  Upper clays in Miocene Peace River Formation, referred to locally as the Cape Upper part of the Peace River Formation, where
Layer 2 Coral Clay. Clays between the base of the Ochopee Limestone and top of the imperiable.
Miocene were included in this unit.
Aquifer Sandstone aquifer. This unit is defined from the top of the first sandstone unit Middle Peace River Formation (sandstone
Layer 3 (Lehigh Acres Sandstone) in the Peace River Formation to the top of the basal aquifer where confined or water-table aquifer
clay in the Peace River Formation. This definition conforms to the historical if unconfined.)
definition of the Sandstone aquifer except where the formation is unconfined.
The Sandstone aquifer contains clay beds within the aquifer. Total thickness of
sandstone and internal clay were calculated from WRS [Water Resources Solu-
tions Inc.] data. The unit outcrops in the northern part of the study area where
the Tamiami Formation is missing.
Aquitard  Basal clays in the Peace River Formation, referred to locally as the Fort Myers Basal part of the Peace River Formation.
Layer 3 Clay. The unit extends vertically to the top of the Arcadia Formation, which we

[BEM Systems Inc. (2003)] presumed to be equivalent to the top of the Mid-

Hawthorn aquifer.

The hydrostratigraphic interpretation of BEM Systems
Inc. (2003) is based on a compilation of existing information
from the Bureau of Oil and Gas (BOG), Florida Geological
Survey (FGS), SFWMD, USGS, and private firms, including
available information from the SFWMD’s Well Inventory and
Lithological Geophysical Maintenance Application (WILMA)
database (now incorporated into SFWMD’s DBHYDRO
database (South Florida Water Management, 2012)) and the
Water Resources Solutions, Inc. (WRS) database. DBHYDRO
also includes much of the stratigraphic information from the
files of the USGS. These sources provided more information
than was available for the hydrostratigraphic interpretations of
Knapp and others (1986) in Collier County and Wedderburn
and others (1982) in Lee County. The hydrostratigraphic cross
sections depicted in this report are based on the hydrostrati-
graphic interpretation of BEM Systems Inc. (2003). The con-
struction of these cross sections is described in greater detail
in the section “Lower Tamiami Aquifer.”

Although the hydrostratigraphic interpretation of BEM
Systems Inc. (2003) has defined aquifers and aquitards based
on “continuity of geologic and hydrogeologic layers,” the
hydrostratigraphy of the aquifers in southwest Florida can be

more complex. Confining units or “aquitards” may be absent,
and strata that are poorly transmissive in some areas may be
transmissive in other areas. The water-table aquifer gener-
ally consists of undifferentiated deposits and the upper part of
the Tamiami Formation of Pliocene age (Reese, 2000, p. 21)
including the Pinecrest Sand Member (Hunter, 1968). In most
areas, a confining unit consisting of the Caloosahatchee Marl
or Bonita Springs marl member of the Tamaimi Formation lies
between the water-table and lower Tamiami aquifers, (fig. 54;
table 1; BEM Systems Inc., 2003). Where the Bonita Springs
marl member of the Tamiami Formation (Missimer, 1993) and
Caloosahatchee Marl (fig. 54; Missimer, 1993) are absent,
however, the lower Tamiami aquifer and the water-table aqui-
fer become one aquifer.

The lower Tamiami aquifer generally coincides with
the strata of the lower part of the Tamiami Formation includ-
ing the Buckingham Limestone Member (DuBar, 1991) and
Ochopee Limestone Member (DuBar, 1991). In some areas,
however, the lower Tamiami or water-table aquifers extend
downward into unconsolidated coarse siliciclastics at the top
of the Peace River Formation (Reese, 2000, p. 21) of the Haw-
thorn Group (fig. 54).



A confining unit is generally present between the sur-
ficial aquifer system and the intermediate aquifer system; in
some areas this confining unit is thin and leaky (Campbell,
1988; Shoemaker and Edwards 2003). The sandstone aqui-
fer includes the permeable sand and sandstone strata of the
Peace River Formation and is separated from the underlying
mid-Hawthorn aquifer by clayey dolosilts, locally interbed-
ded with thin seams of porous limestone, sand, and dolomites
(Wedderburn and others, 1982). The mid-Hawthorn aquifer
includes the upper part of the Arcadia Formation (fig. 54).

It is beyond the scope of the current study to evaluate the
hydrostratigraphic interpretation of BEM Systems Inc. (2003),
but the differences between the hydrostratigraphic interpreta-
tion of BEM Systems Inc. (2003) depicted in figure 5B and
that of previous researchers (fig. 54) may have led to inconsis-
tencies that are described in subsequent sections of this report,
such as differences in the classification of wells by aquifer.
The organizations conducting monitoring in southwest Florida
have generally classified the monitoring wells by the aquifer
to which the well is open. These classifications may have
followed the interpretations depicted in figures 54, 5B, or pos-
sibly some of the older hydrostratigraphic interpretations that
have been developed for this area. It was beyond the scope of
the current study to reclassify each well by aquifer, but some
of the discrepancies observed during the analysis have been
noted. The hydrostratigraphic interpretation of BEM Systems
Inc. (2003) was delineated using a different set of rules than
previous interpretations; therefore, the remaining text of this
report denotes when hydrostratigraphic interpretation of BEM
Systems Inc. (2003) is being used or discussed.

Saltwater Intrusion in South Florida

Improvement of saltwater intrusion monitoring strategies
requires an understanding of the mechanisms and history that
led to the present-day distribution and extent of saltwater in
the aquifers of south Florida. Incorrect interpretation of the
origin of saltwater in a given area may lead to implementa-
tion of remediation or preventative measures that do not
prevent the saltwater from intruding. Continual monitoring,
for example, of a mass of saltwater that leaked from a canal
decades ago and is slowly dissipating is generally not as use-
ful as monitoring saltwater that is currently moving along the
base of the aquifer toward the intakes of a well field. If the
mechanisms and history of saltwater intrusion within the study
area are understood, this knowledge can be used to effectively
direct monitoring activities.

Mechanisms of Saltwater Intrusion

Beginning in the early 1940s, USGS studies conducted
in south Florida identified the following causes of saltwater
intrusion: (1) lateral encroachment of saltwater along the
base of aquifers caused by reductions in freshwater head by
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water-supply withdrawals or canal drainage (Cross and Love,
1942, p. 501); (2) infiltration from tidal marshes, estuaries, and
bays; (3) the migration of saltwater upstream in unregulated
canals or streams during drought periods and the leakage of
this water into the surficial aquifer system (Cross and Love,
1942, p. 501; Parker and others, 1955); (4) movement of
residual saltwater that entered the aquifer during previous
sea-level high stands of interglacial periods (Matson and
Stanford, 1913, p. 261; Parker, 1945, p. 533); and (5) upward
seepage through leaky confining units and poorly sealed wells
(McCoy, 1962, 1972) (fig. 6).

These mechanisms of saltwater intrusion have combined
or overlapped to create the current distribution of saltwater in
the aquifers of southwest Florida. It is difficult to differenti-
ate between the various sources of saltwater because some
areas may have been intruded by multiple sources of saltwater.
For example, saltwater that has leaked from a canal may sink
to the base of the aquifer and combine with saltwater that is
gradually encroaching from the Gulf of Mexico, or saltwa-
ter that is leaking upward from a deeper aquifer through the
casing of a corroded well. Episodes of contamination from
multiple sources may increase the difficulty of determining the
source of saltwater.

Sea-level rise may exacerbate saltwater intrusion by
increasing saltwater encroachment along the base of the
aquifer as a result of a decrease in freshwater head relative
to sea level or enhanced leakage of saltwater from surface-
water features. On the basis of data collected between 1965
and 2006, the National Oceanic and Atmospheric Adminis-
tration (NOAA) estimated that mean sea level at Key West,
Naples, and Ft. Myers, Florida, increased, respectively, at
rates of 0.7, 0.7, and 0.8 ft per 100 years (National Oceanic
and Atmospheric Administration, 2012). Some predictions of
sea-level rise for this area suggest an increasing rate of rise
(Intergovernmental Panel on Climate Change, 2007; South
Florida Water Management District, 2009). Even given cur-
rent rates of sea-level rise, the potential for saltwater intrusion
is increasing.

Effects of Surface-Water Drainage

Much of the saltwater intrusion in southwest Florida
is a consequence of changes to the hydrology of this arca
during the late 19" and early to mid-20"™ centuries. Surface
water in the Big Cypress Swamp once flowed predominantly
southward through the Okaloacoochee Slough and Faka-
hatchee Strand (fig. 4; Swayze and McPherson, 1977). The
first major change to the drainage of southwest Florida was
the extension of a drainage canal from Lake Okeechobee to
the Caloosahatchee River (fig. 1) in 1888, which reversed the
groundwater gradient near the river and reduced southerly
flow through Okaloacoochee Slough and Fakahatchee Strand
(fig. 4; Swayze and McPherson, 1977). Drainage canals
associated with State Road 29 (fig. 1) completed in 1926,
and the Tamiami Trail (U.S. Highway 41; fig. 1) completed
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SOURCES OF SALTWATER
2. Infiltration from
tidal marshes, boat basins, Well field 3. Leakage from Well field
estuaries, and bays unprotected canals

Figure 6. The saltwater in the aquifers of southwest Florida has entered these aquifers through various pathways,
including (1) encroachment from the ocean, (2) infiltration from tidal marshes, estuaries, and bays, (3) leakage from

unprotected canals, (4) upward leakage from deeper aquifers, and (5) movement of residual saltwater from previous
sea-level high stands.

in 1928, re-routed and increased drainage in the Big Cypress
Basin. Drainage canals and boat basins were installed to drain
land and allow navigational access to the Gulf of Mexico
(Klein, 1954; fig. 1). In Naples, the boat basins and drainage
canals led to saltwater intrusion within the aquifer south of
Broad Avenue (Klein, 1954, p. 32) (fig. 1). Klein (1954) found
that on September 2 and October 2, 1951, seawater had flowed
up the Gordon River (fig. 1) and caused salty water to flow lat-
erally into the water-table aquifer. McCoy (1962) reported that
saltwater from the Gordon River had infiltrated downward into
the aquifer to a depth of 25 ft below land surface (bls) and had
reportedly caused the loss of several rows of litchi trees near
the river in the Caribbean Botanical Gardens (fig.1). McCoy
(1962, p. 54) noted that saltwater had moved inland beneath
the Gordon River, presumably as a result of local lowering of
the groundwater level in the adjacent drainage area.

Drainage increased during the 1960s when the major
drainage canals were installed, including (1) borrow canals
adjacent to State Road 846 and County Road 856, (2) the
Cocohatchee Canal adjacent to State Road 846 (also called
Immokalee Road), (3) a borrow canal adjacent to State Road
856 that is no longer evident in maps of the drainage sys-
tem, (4) a canal that runs around the perimeter of the Naples
Airport and into Naples Bay, (5) extension of the natural
Henderson Creek (fig. 4) that is connected to the borrow ditch
along County Road 951 (fig. 1), (6) the Golden Gate Canal
system (fig. 4), consisting of approximately 70 mi of canals in a
120 mi? area, and (7) the installation of the FAKA Union Canal
System (fig. 4) in central Collier County in what had once been
the western portion of the Big Cypress Swamp (South Florida
Water Management District, 2006; Swayze and McPherson,
1977). These drainage efforts lowered water levels in the Big
Cypress Basin and allowed saltwater to encroach inland along



the bases of the water-table and lower Tamiami aquifers. To
mitigate saltwater intrusion, salinity control structures were
installed in most of the canals that lead to the coast. These
structures prevent saltwater from flowing inland where it can
leak into the aquifer and increase the hydraulic head both

in the canals and the aquifer adjacent to the canals, which
reduces the potential for saltwater encroachment along the
bases of the aquifers.

Effects of Groundwater Withdrawals

Water levels in the surficial aquifer were reduced by
the withdrawals of municipal water supply well fields. This
decline became evident in 1945 when the city of Naples well
field, consisting of three closely spaced and heavily pumped
wells located between Naples Bay and the Gulf of Mexico
(Sherwood and Klein, 1961, p. 8) became salty and had to
be abandoned (Klein, 1954, p. 2). In the mid-1940s the city
of Naples installed a new municipal water supply well field
further north that included 22, 3- and 4-inch-diameter wells
spaced about 400 ft apart (McCoy, 1962, p. 33). Klein (1954,
p. 32) noted that during the dry season, water levels near
this well field could be reduced to a level that would allow
saltwater encroachment on a broad front. In 1954, new public
water-supply wells were installed in the area between the
Atlantic Coast Railway Line (now Goodlette-Frank Road)
and the Gordon River and between 500 and 1,400 ft north of
Caribbean Gardens (fig. 1; McCoy, 1962, p. 33-34). In 1962,
McCoy (1962, p. 58) indicated that a water supply could
be developed in northwestern Collier County on the eastern
side of the coastal ridge. The city of Naples Coastal Ridge
well field was installed in this area. In 1967 the USGS was
requested to identify areas farther inland that would provide
sufficient water quality for public water supply (McCoy, 1972,
p- 3). The Collier County Public Water Supply Golden Gate
and city of Naples East Golden Gate well fields were installed
in the areas identified. The city of Naples Coastal Ridge well
field is still in operation, but increasing chloride concentration
of water samples from wells C-489 ,C-516, C-525, and C-526
(fig. 3) likely indicates that the saltwater from the Gulf of
Mexico is encroaching farther inland in this area.

Residual Saltwater

Klein (1954), Sherwood and Klein (1961), McCoy
(1962), Klein (1980), and Schmerge (2001) described areas
within the Big Cypress Basin of brackish or highly mineral-
ized groundwater not associated with recent saltwater intru-
sion. Klein (1954, p. 35) indicated that the brackish water in
the shallow non-artesian aquifer is residual seawater of Pleis-
tocene age trapped in sediments of lower permeability. McCoy
(1962) created a cross section showing the extent of brackish
water in low permeability strata extending from just east of the
Naples Coastal Ridge well field to about 10 mi inland. He also
indicated that because groundwater altitudes in the area range
from 5 to 15 ft, this saltwater could not be associated with
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recent encroachment from the Gulf of Mexico. McCoy (1962,
p. 55) noted the presence of brackish water in the shallow
aquifer extending 10 mi east of the Naples Coastal Ridge well
field but that the shallow aquifer 15 mi east of the Naples area
appeared to contain large quantities of groundwater that was
similar in quality to that of coastal areas.

Upward Leakage of Saltwater

Klein (1980, p. 22) indicated that a possible source of
saltwater in the area east of Naples is upward leakage of arte-
sian water from the Floridan aquifer system or through open
well bores or corroded casings of artesian wells. Schmerge
(2001) analyzed samples from wells in the aquifers of Lee
and Collier Counties for strontium isotopes and found that the
strontium-87/strontium-86 ratio in water from some of wells
open to the lower Tamiami aquifer resembled that of water
from the sandstone, mid-Hawthorn, lower Hawthorn, and even
Floridan aquifers. Shoemaker and Edwards (2003, p. 1) mod-
eled the lower Tamiami aquifer just north of Collier County
in the vicinity of the Bonita Springs well field and concluded
that upconing of saltwater through the semiconfining lay-
ers at the base of the lower Tamiami aquifer was of utmost
concern and that lateral encroachment of saltwater was of
second-most concern.

Delineation of Saltwater Intrusion

Several studies have delineated the extent of saltwater
intrusion in the surficial aquifer in and around the Big Cypress
Basin. Knapp and others (1986) and Schmerge (2001) pro-
vided maps showing saltwater content in the lower Tamiami
aquifer. Knapp and others (1986) found that chloride concen-
tration in the lower Tamiami aquifer ranged from less than
5 mg/L to more than 10,000 mg/L, with the highest values
occurring along the coast. Knapp and others (1986) also found
that immediately south of Bonita Springs, chloride values
ranged from 100 to 500 mg/L, which they considered to have
been caused by saltwater intrusion associated with the Coco-
hatchee Canal (fig. 4). Another area of saltwater intrusion near
the Henderson Creek Canal was also identified (Knapp and
others, 1986). In 2011, the SFWMD created maps showing the
landward extent of the 250-mg/L isochlor in the water-table
and lower Tamiami aquifers (figs. 1-1, 1-2) based on salinity
data collected from the JSWIM network monitoring wells in
April and May 2009.

One concern with these maps is that many of the monitor-
ing wells used do not fully penetrate the aquifer, so there was
no way of determining the chloride concentration of the water
at the base of the aquifer. Another concern is that it is difficult
to differentiate between leakage of saltwater from canals or
rivers, recent saltwater encroachment along the base of the
aquifer, upward leakage of saltwater from deeper aquifers, or
pre-existing saltwater when the only results available from
groundwater samples are measurements of total dissolved
solids, chloride concentration, and specific conductivity.
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Joint Saltwater Intrusion Monitoring
Network Description and Examination

The JSWIM network, depicted in figure 7, was evaluated
during the NE1. This network includes approximately 1,600
sites. The city of Cape Coral, the CCPCPD, LCNRD, and the
USGS monitored about 30 percent of the sites of the JSWIM
network (fig. 7). Seventy percent of the sites were monitored
under the auspices of the SFWMD-SWIMM program. As
withdrawals from the aquifers of southwest Florida and the
information required to evaluate the effects of these with-
drawals increased the JSWIM network gradually expanded to
provide necessary monitoring.

Network Development and Evaluations

During 1937-1990 the USGS developed a cooperative
monitoring network (USGS-COOP-SWIM) in southwest
Florida. The size of this network varied from 0 to 59 wells,
and averaged 14 wells during 1937-1972. This monitoring
included several reconnaissance efforts to evaluate freshwater
resources. Between 1973 and 1990 the network was increased
to include a maximum of 330 sites. Existing domestic,
industrial, irrigation, or water-supply wells were monitored to
evaluate freshwater resources and saltwater intrusion. Most
of these wells were not ideally suited for saltwater intrusion
monitoring because they did not fully penetrate the aquifer
and had long open intervals. A limited number of test wells
were installed to evaluate the water quality and stratigraphy
of deeper parts of the aquifer. The test well C-123 (formerly
designated well “123”) is one of the only wells that fully
penetrates the lower Tamiami aquifer near the city of Naples
Coastal Ridge well field. These test wells were widely dis-
tributed throughout the county and were used for a variety of
hydrologic and stratigraphic evaluations.

In 1980, a cooperative USGS and the Big Cypress Basin
Board study (Klein, 1980) identified a number of deficien-
cies in available hydrologic information including (1) poor
delineation of the extent of saltwater intrusion along the
southern coastal area, (2) inadequate information concern-
ing the areal extent and depth of the bottom of the shallow
aquifer, and (3) insufficient groundwater quality information
for most of Collier County except near Naples, an area of
mineralized water east of Naples, and an area further inland
that was being explored as a future water supply for the city of
Naples (Klein, 1980). Klein (1980, p. 23) described the need
for (1) replacement of wells that had been destroyed, (2) new
monitoring wells that bracket the position of water containing
500 mg/L of chloride near the base of the aquifer, and (3) new
monitoring wells that monitor the bases of the water-table and
lower Tamiami aquifers.

A subsection of the USGS-COOP-SWIM network,
consisting of 74 wells jointly supported by the SFWMD and
the USGS in Collier County, was examined by Burns and Shih

(1984) to classify all the existing USGS monitoring wells by
aquifer, and identify any major gaps and redundancies The
network analysis resulted in a recommendation of an addi-
tional 62 monitoring wells, and discontinuation of 7 of the
original USGS-COOP-SWIM network wells. Their analysis
also noted that the SFWMD-SWIMM network consisted
primarily of wells that were “clustered around the well field”
(p. 41) whereas the USGS-COOP-SWIM network “monitors
the regional flow system” (p. 41). Eventually, new wells were
installed at most of the locations recommended by Burns and
Shih (1984), and monitored under the USGS-COOP-SWIM
program. The data from these wells improved the water-level
monitoring spatial coverage but did not address most of the
issues raised by Klein (1980).

In 1994, the USGS-COOP-SWIM monitoring program
was reduced from 296 to 57 surface-water and groundwater
monitoring sites. Another network examination was con-
ducted by the South Florida Water Management District
(Hosung Ahn, written commun., June 1996) to evaluate reduc-
tions in the groundwater-level monitoring part of the USGS
network. This examination did not affect the remaining USGS-
COOP-SWIM monitoring sites, but did spur a new study to
reevaluate the network while also considering trends in water
levels and salinity. This new study began during the drought of
1998-2002 (Abtew and others, 2003; Verdi and others, 2000).
During this study: (1) the USGS-COOP-SWIM network was
temporarily expanded for the duration of the drought using
wells that had previously been discontinued, (2) trends in
water-level and salinity were evaluated, (3) a real-time water
level monitoring network was designed and implemented, and
(4) a Web-based data analysis package was developed that
included graphical and statistical evaluations of water levels
and salinity (Prinos and others, 2002; U.S. Geological Survey,
2012a). The evaluation of trends in salinity using chloride
concentration data collected during the period 1974 to 1999
indicated upward trends in chloride concentration of 1.5, 2.8,
8.9,0.5,7,and 1.1 mg/L per year, respectively, in samples
from wells C-489, C-492, C-525, C-528, C-977, and C-998
(fig. 1), which are open to the lower Tamiami aquifer (fig. 54),
and increases of about +1 mg/L per year during respective 15-
and 12-year periods, from wells C-953 and C-1063 (fig. 1),
open to the water-table aquifer (fig. 54, Prinos and others,
2002). No permanent additions were made to the USGS-
COOP-SWIM network.

Recent Monitoring (2007-2008)

The NEI required the compilation of data from the city of
Cape Coral, the CCPCPD, the Florida Department of Environ-
mental Protection (FDEP), the LCNRD, the SFWMD, and the
USGS collected in southwest Florida (Lee and Collier Coun-
ties) during the period 2007-2008. Data from approximately
1,600 monitoring sites had been collected by these organiza-
tions during this period to evaluate the salinity of surface-
water bodies, the water-table aquifer, the lower Tamiami
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aquifer, the sandstone aquifer, the mid-Hawthorn aquifer,

the lower Hawthorn aquifer, and the Floridan aquifer system
(fig. 7). Some wells are monitored by multiple agencies or the
data collected from them are stored in multiple databases.

Collier County Pollution Control and Prevention
Department

The CCPCPD network is designed for pollution detec-
tion rather than saltwater intrusion monitoring; however, the
water samples or measurements collected are evaluated for
specific conductance and chloride concentration. During Janu-
ary 23, 2007 to July 24, 2007, the CCPCPD collected samples
and (or) measurements from 75 surface-water sites and 71
wells, (table 2-1). Fifty-four of the wells sampled are listed as
being screened in the surficial aquifer system. Only 17 wells
are screened in deeper aquifers, including 10 in the lower
Tamiami, 4 in the mid-Hawthorn, and 3 in the sandstone.

Florida Department of Environmental Protection

Data from the FDEP are available through the FDEP
STORET online database utility (Florida Department of Envi-
ronmental Protection, 2012) and the U.S. Environmental Protec-
tion Agency (USEPA) STORET data warehouse. Data stored in
the FDEP STORET database for the period 2007-2008 included
results of water quality sampling of 75 sites surface-water sites
(table 2-2), and 87 groundwater wells. Almost all of these sites
were monitored by the CCPCPD.

SFWMD-SWIMM Network

The SFWMD-SWIMM network includes wells monitored
by water-use permittees. Salinity data collected by numer-
ous organizations, including private and public water supply
utilities, golf courses, agricultural interests, and communities,
were provided by the SFWMD as a series of tables retrieved
from the SFWMD-SALT database. One of the most common
evaluations of water salinity available from SFWMD-SWIMM
network sites was the chloride concentration of water samples,
so this constituent was used for the NE1. The SFWMD-
SWIMM network included data from 1,143 sites (table 2-3),
including 171 wells open to the water-table aquifer, 96 wells
open to the surficial aquifer system, 252 wells open to the
lower Tamiami aquifer, 101 wells open to the sandstone
aquifer, 190 wells open to the mid-Hawthorn aquifer, 198
wells open to the lower Hawthorn aquifer, 45 wells open to the
Floridan aquifer, and 90 surface-water monitoring sites (data
collected January 1, 2007, to December 31, 2008).

Most of the 96 wells classified as being open to the
surficial aquifer system were located in central Lee County at
the Lee County Utilities Corkscrew well field, and in southern
Collier County south of I-75 and near U.S. Highway 41. Based
on the hydrostratigraphic interpretation of BEM Systems Inc.
(2003), most of these wells are open to “Aquifer Layer 2”

which generally corresponds to the lower Tamiami aquifer
(fig. 5B; table 1). Some of these wells in the Lee County
Utilities Corkscrew well field, however, are open to “Aquifer
Layer 3” which generally corresponds to the sandstone aquifer
(fig. 5B; table 1). Data from wells 302D and 323D sampled in
January and February of 2011 by the city of Naples are also
included because data from these wells were not available in
the retrieval from the SFWMD-SALT database yet these data
are important to evaluating saltwater intrusion near the city of
Naples Coastal Ridge well field.

USGS Cooperative Monitoring Network

The USGS Cooperative Monitoring network includes
wells that are owned by local utilities, or city or county
organizations. Well construction information, if available, and
data collected by the USGS are available through the National
Water Information System (NWIS) Web database (U.S. Geo-
logical Survey, 2012b) or by request. In Lee and Collier Coun-
ties, 636 groundwater sites had been monitored for salinity by
the USGS since 1975, including 155 wells open to the water-
table aquifer, 105 wells open to the lower Tamiami aquifer,

78 wells open to the sandstone aquifer, 99 wells open to the
mid-Hawthorn aquifer, 55 wells open to the lower Hawthorn
aquifer, 14 wells open to the Floridan aquifer system, and

130 sites for which the aquifer was not specified (table 2-4).
About 40 percent of the wells in this network were only
sampled once or twice. Nine of the sites for which no aquifer
or well construction information was specified are water plants
rather than individual wells. Salinity information from inactive
USGS wells was used during the NEI to indicate areas where
saltwater had previously been detected.

Salinity monitoring at all but 29 of the wells in this
network has been discontinued. Of the active wells, salin-
ity is monitored in the water-table (5 wells), lower Tamiami
(10 wells), sandstone (3 wells), mid-Hawthorn (10 wells),
and Floridan (1 well) aquifers. Fourteen of these sites were in
Collier County and 15 were in Lee County. During the NE1,
electromagnetic induction logs were collected from six active
or inactive USGS monitoring sites to evaluate this method for
monitoring salinity in southwest Florida. Water samples were
also collected from these sites and analyzed for salinity.

Phase 1 Examination of Existing Salinity
Monitoring in Southwest Florida

During the NE1, the JSWIM network coverage was
spatially evaluated, and included analysis of (1) the spatial
distribution of salinity monitoring in surface-water bodies
and the water-table, lower Tamiami, sandstone, and mid-
Hawthorn aquifers in Lee and Collier Counties, (2) the design
of monitoring wells, (3) ambient and dynamic well-bore flow,
(4) hydrostratigraphy, and (5) data-collection techniques. The
distribution of monitoring sites was also compared to the loca-
tions and depths of water-supply wells (table 2-5). Findings
from this analysis include:
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Surface-water salinity monitoring is insufficient in
some areas to evaluate the occurrence of saltwater in
some canals near coastal well fields.

Although there are some gaps, monitoring in the water-
table aquifer is generally sufficient to approximate the
inland extent of saltwater in the water-table aquifer in
western Collier County and southwest Lee County near
the coast.

JSWIM network wells completed in the lower
Tamiami, sandstone, and mid-Hawthorn aquifers are
typically too shallow for evaluation of lateral saltwater
encroachment from the Gulf of Mexico along the bases
of these aquifers.

The JSWIM network includes a large percentage of
public or private water-supply wells or irrigation wells
that were neither designed nor intended to be used
specifically for monitoring of saltwater intrusion and
evaluation of the sources of saltwater.

Existing monitoring generally is sufficient to warn
water managers and utility operators if the water
supply or irrigation wells are becoming contaminated
by saltwater.

Well construction information is missing for some of
the JISWIM wells.

The locations of some monitoring wells are uncertain.

Some of the JSWIM network wells being monitored
are damaged or obstructed and cannot provide
information that is fully characteristic of salinity in
the aquifer.

Purging methods being used by some organizations
may not provide samples that are fully characteristic of
salinity in the aquifer.

Many JSWIM network wells have very long open-
borehole or long screened intervals, which may be
causing variability in salinity data.

Existing monitoring is inadequate to fully evaluate
sources of saltwater.

Some of the public water-supply wells and JSWIM
network wells currently are listed as being in a differ-
ent aquifer or confining unit than would be determined
using the hydrostratigraphic interpretation of BEM
Systems Inc. (2003).

Some of the monitoring is redundant.

The network is dense in some areas and sparse in
others, and it does not tightly bracket the saltwater
front within the lower Tamiami aquifer.

* Development of and adherence to a JSWIM network
quality-assurance plan would improve the quality of
information available.

* Most of the monitoring conducted is in or close to
public water supply well fields or other water-
supply wells.

» Some technological advances that can improve the
quality of salinity monitoring are not being imple-
mented.

To determine if the JSWIM monitoring network is still
largely “clustered around the well field[s]” (Burns and Shih,
1984, p. 41), monitoring sites within 100 ft of public water-
supply wells were identified. This examination revealed that,
as of July 2008, 64 percent (or 675 of 1,053) groundwater
monitoring wells in the SFWMD-SWIMM network were
either the public water-supply wells or monitoring wells
within 100 ft of the public water-supply wells. Many of the
wells in the SFWMD-SWIMM network that were not within
100 ft of public water-supply wells were private water-supply
wells or irrigation wells. This monitoring would likely warn
water managers and utility operators if the water-supply or
irrigation wells are becoming contaminated. Although the
existing monitoring fulfills a specific need, if the first warning
of saltwater intrusion within a well field is the contamination
of the water-supply wells, it could be too late to implement
measures necessary to avoid contamination.

Analysis of Monitoring and
Development of a Saltwater Intrusion
Monitoring Network Improvement Plan

The proposed network improvement plan considers the
current state of the existing monitoring networks, and the steps
that could be taken to improve saltwater intrusion monitor-
ing in the Big Cypress Basin. The following sections describe
the well design and monitoring criteria. The JSWIM network
includes many wells that are active water-supply wells. Some
of the activities/steps indicated may not apply to these types
of wells.

Well Design, Construction, Documentation, and
Identification

Common types of monitoring wells are (1) long- or short-
screened interval wells that have a filter pack, (2) open ended
wells, and (3) wells that have a long interval of open borehole
(fig. 8). Variations of these designs also exist, such as screened
wells without filter packs, wells that have a short interval of
open borehole, or wells that have multiple open intervals.
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Figure 8. Types of monitoring wells and sampling: (A) Examples of wells that are unsuited for salinity monitoring.
(B) Examples of wells that, if sampled correctly, can provide meaningful salinity results.

Some of the wells of the JISWIM were designed follow-
ing USEPA and FDEP guidelines, but others were not. Guide-
lines for monitoring-well installation include:

* The FDEP monitoring-well design and construction
guidance manual (Florida Department of Environmen-
tal Protection, 2008a).

» The USEPA handbook of suggested practices for the
design and installation of groundwater-monitoring
wells (U.S. Environmental Protection Agency, 1991),
and

» USGS guidelines and standard procedures for studies
of ground-water quality: Selection and installation of
wells, and supporting documentation (Lapham and
others, 1997).

Open boreholes are vulnerable to collapse; accordingly,
wells with screens and filter packs would likely prolong the
utility of monitoring wells in the network. The FDEP (2008a,
p. 29) indicates that “cach well should be constructed with a
new, machine slotted or continuously wound screen section”
and that “the extra cost for screen installation can be more
than offset by the assurance of an unobstructed opening to the

required depth during repeated usage”. Screens generally are
installed with filter packs. FDEP (2008a), USEPA (1991), and
Lapham and others (1997) describe the installation of filter
packs that will ensure that the well will not become clogged
with sediment from the aquifer.

In south Florida, wells have historically been cased with
a variety of materials including black iron, stainless steel, Tef-
lon®, or polyvinyl chloride casing (PVC). Historically, black
iron was used extensively because it was a common plumbing
material prior to the 1960s. Black iron or steel well casings
are generally strong and resist collapse or separation, but are
susceptible to corrosion in saline conditions, which has been
reported for thousands of wells in southwest Florida (Boggess
and others, 1977; Fitzpatrick, 1986; and La Rose, 1990).
These corroded casings contributed to intrusion of saltwater
into previously fresh portions of aquifers through leakage;
therefore, the remaining iron and steel well casings in the
JSWIM network may eventually result in additional problems
if not replaced, or properly plugged and abandoned.

PVC is a better alternative to meet the needs of the
JSWIM network in the surficial and intermediate aquifer
systems, because of the potential for corrosion of black iron
and steel casings in saline environments. If PVC casing is
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used, the FDEP requires that “Couplings with the casing

and between the casing and the screen must be compatibly
threaded. Thermal- or solvent-welded couplings on PVC shall
not be used.” Lapham and others (1997) indicate that threaded
joints with O-rings or Teflon tape are preferable to glued joints
because PVC primer and adhesives used to join sections of
PVC have been shown to leach volatile organic compounds
into the water.

During well installation, curing of cement used to form
an annular seal can potentially generate enough heat to melt
PVC casing as a result of heat of hydration (Lapham and
others, 1997). The USEPA (1991, p. 100) notes that the more
cement that surrounds the casing the greater the temperature
increase during curing. This heat of hydration can be in
excess of 170 degrees Fahrenheit for 12 inches of grout. This
possibility is reduced by minimizing the amount of cement
emplaced at a given time and by keeping the annular space
between the casing and the wall of the boring to a minimal
thickness.

PVC casings can also bend when installed, which
can prevent sampling equipment or geophysical logging
equipment from progressing down the well. For this reason
FDEP (2008a) specifies that “riser sections should be installed
as straight and level as possible” and that “for deep instal-
lations (greater than 40 feet) centralizers should be used to
ensure a constant annular spacing between the borehole and
well materials.”

Well Identification and Location

Clear identification or marking of a well will prevent
accidental sampling of incorrect wells. FDEP guidelines indi-
cate that “each well at a site should have a unique label that
distinguishes it from all other wells located at the installation”
and that “a metal tag containing the well designation should
be attached to the protective casing of each monitoring well”
(Florida Department of Environmental Protection, 2008a,

p- 24). This practice was not always followed or, if it was,
some of these metal tags are now missing from many JSWIM
wells. If wells are not clearly labeled and if technicians do not
have maps providing exact distances from fixed landmarks,
experience has demonstrated that it is possible for the wrong
well to be sampled.

During the NE1 and other recent studies, it was noted that
for some wells, geographic coordinates provided by different
organizations differed, in some instances by a substantial dis-
tance. For example, locations of Collier County public water-
supply wells 33 and 34 were about 4 mi from the coast near
U.S. Highway 41 and State Highway 951 in the 2007 retrieval
of information from the SFWMD-SALT database. These wells
are actually located about 17 mi inland in the Collier County
Utilities Golden Gate well field. This error was subsequently
corrected, but errors of this nature are not uncommon, particu-
larly in very large networks. Some of the smaller differences
in location that were identified during the NE1 may have
resulted from the difference between recently obtained global

positioning system (GPS) coordinates and coordinates that had
been obtained manually from topographic maps, or differences
in the horizontal datum used.

Well identification and location problems can be
addressed by:

* labeling the well as specified by the FDEP;

* ensuring that all the well construction and location
information is properly recorded and stored when a
new well is being installed;

* creating detailed site maps that show the location
of each well relative to several nearby permanent
structures;

* collecting GPS coordinates and recording the datum to
which the GPS is set. Differences between horizontal
datums, such as North American Datum of 1983 and
North American Datum of 1927, can be large enough
in some areas to prevent technicians from finding
wells; and

* ensuring that each well in a well nest is clearly identi-
fied and depths documented. A well nest is a group of
wells that are clustered at one location, but open to an
aquifer, or aquifers, at different depths.

The FDEP established the Florida Unique Well Identifi-
cation (FLUWID) program to simplify the identification and
exchange of well information between State agencies and
interested parties. Under this program, each well is assigned a
unique alphanumeric code that is printed on a weather resis-
tant adhesive label that is attached to the well casing (Florida
Department of Environmental Protection, 2008a). Alterna-
tively, a metal tag or a brass disk can be stamped with the well
information and attached directly to the protective casing of
the well or embedded in the cement well pad. Paint or decals
could be used to label a well but they would likely wear off
through time, and in south Florida decals or stickers that are
continuously exposed to the sun tend to become bleached out.
Borehole camera examinations and well depth measurements
can aid in identifying wells.

Missing Well Construction Information

Well open intervals were not listed for 25 wells of the
SFWMD-SWIMM network, 49 wells of the CCPCPD net-
work, 213 wells of the inactive USGS-COOP-SWIM network,
and 2 wells of the active USGS-COOP-SWIM network. If
well depths or open intervals of wells are unknown, it is dif-
ficult to evaluate the quality of data being provided. If the well
depth is unknown, for example, it is not possible to compute
the proper purge volume. If the open interval is unknown, it
may not be possible for a technician to determine the most
appropriate sampling technique.

Some well construction information may be obtained dur-
ing field inspections. The above-ground part of the well casing
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can be examined to confirm casing diameter and material. In
some instances, however, this information may not represent
the well construction below ground. For example, some old
large-diameter black iron wells in south Florida have smaller
diameter PVC casings installed and cemented into place
within the large-diameter casing. So even though the well may
appear to be cased with 2-inch-diameter PVC, this information
may not be fully representative of the construction of the well.
Borehole camera examinations and well depth measurements
can be used to obtain some of the information that is missing.

In some instances, additional well construction records
may be available through municipal, State, or Federal organi-
zations. Much of the well construction information may exist
in internal databases and documents at individual organiza-
tions in the JSWIM network. Some of these organizations
have recorded much of the well construction and location
information in relational, spatial databases or spreadsheets
that can be queried by location, aquifer, well depth, or other
properties of the well.

The JSWIM network could be improved by obtaining
well construction information for existing wells, and better
documentation of well construction information when new
wells are added to the network. Well information folders
can be created and organized for each new monitoring site.
These folders can include (1) well location and construction
information provided by the driller or others, (2) detailed sites
maps with measured distances from the well to permanent
objects, (3) street maps showing the general location of the
site, (4) copies of lithologic or geophysical logs collected
during installation, (5) permits or property access docu-
ments, (6) copies of survey notes (unless filed elsewhere), and
(7) papers documenting well repairs.

Wells That Were Not Designed to Provide
Optimum Salinity Sampling or Monitoring

Monitoring of active public or private water-supply wells
is important, but these wells cannot provide all the information
needed to evaluate saltwater intrusion. The JSWIM network
can be improved by installing new wells specifically designed,
located, and monitored to evaluate saltwater intrusion and
differentiate between the various sources of saltwater in the
aquifers of the Big Cypress Basin.

Damaged or Obstructed Monitoring Wells

Damaged or obstructed well casings can prevent accurate
and precise measurements of salinity in the aquifer (fig. 84).
Wells with damaged casings may allow saltwater to mix with
freshwater from above the saltwater interface. Wells with
obstructed casings may prevent sampling equipment from
being lowered to the necessary depth. Some wells in south
Florida become filled with fine sand that flows up into the

well casing under hydrostatic pressure. In many instances, the
USGS has used air lifting to clear the sediment from wells,
but frequently the sediment flows back into the well casing to
the same depth that it had previously filled the well. This sand
may be transmissive enough to allow sampling of the well,
but it may also make it difficult to determine whether the well
is merely filled with sediment or if the casing has ruptured or
separated. Thus, even if samples can be collected from these
wells, there is no assurance that these samples are indicative
of salinity in the aquifer at the depth of the well’s designed
open interval. Wells are better suited for long-term monitoring
if filter packs and screens can be installed that prevent the fine
sand from flowing into the well.

If a well is clogged, it may be difficult to distinguish
between a damaged or obstructed well and a less transmissive
aquifer or a confining unit. The FDEP indicates, therefore,
that “immediately following well development, estimates of
hydraulic conductivity can be obtained by conducting specific
capacity tests” (Florida Department of Environmental Protec-
tion, 2008b, p. 49). This helps to establish a baseline condition
to which subsequent measurements can be compared. FDEP
Standard Operating Procedure FS2200 describes the need
for water-level measurements prior to and during purging
to ensure that water levels have stabilized, and that if a well
“does not sustain pumping rates of at least 0.5 gallons per
minute without excessive drawdown, other aquifer tests, such
as slug tests should be performed” (Florida Department of
Environmental Protection, 2008b, p. 49). The FDEP provides
instructions for conducting these tests (Florida Department
of Environmental Protection, 2008a, appendix C). Informa-
tion concerning slug tests is available from ASTM Interna-
tional, (19964, b), the California Environmental Protection
Agency (1995), and the USGS (Halford and Kuniansky, 2002;
U.S. Geological Survey, 2012¢).

Some of the wells currently being monitored are dam-
aged. For example the USGS has discontinued monitoring
of some wells because damage or obstructions in wells could
not be corrected using available resources, but a few of these
wells, such as well C-977, are currently being monitored by
other organizations. Many wells monitored by the USGS
are owned by other organizations, these wells may still be
monitored at the discretion of those organizations. Communi-
cation between organizations concerning well integrity could
improve the quality of the JSWIM network.

One of the simplest improvements that could be made
to the existing network is to periodically evaluate all existing
wells to detect any problems that may prohibit the collection
of samples that are representative of salinity in the aquifer at
the well’s designed open interval. Methods of evaluation could
include total well-depth measurements, slug tests, pump tests,
borehole video examinations, hydrographic comparison, geo-
chemical sampling, and geophysical logging. Documentation
of known well condition problems helps to ensure that these
problems are addressed.
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Annual Well Depth Checks

Measured and recorded on an annual basis, the total well
depth can provide a periodic check on well integrity and may
help to verify well identification. Many of the monitoring
wells in southwest Florida are installed in nests consisting
of two or more wells that are open to different depths of an
aquifer, or aquifers. Well depth measurements can be used to
help distinguish between wells in these nests. If the measure-
ment differs from the documented well construction or from
previous measurements, further examinations may determine
if (1) the correct well is being sampled, (2) the well construc-
tion documentation is correct, (3) the well casing has separated
or is broken, (4) the well was reconstructed, or (5) the well is
obstructed by sediment or foreign objects.

Borehole Camera Inspections of Obstructed or
Damaged Wells

Where the open interval of a well is unknown or where
an annual well depth check indicates a difference between
the listed depth and actual depth, a borehole camera exami-
nation can provide the information needed to evaluate these
discrepancies. Borehole camera inspections have been used
to identify problems that include (1) incorrect information in
well construction records, (2) separated, broken, or corroded
well casings, (3) collapsed sections of unscreened boreholes,
(4) sampling devices that have become lodged in the well,
(5) wells that have been reconstructed without proper docu-
mentation, and (5) screened or cased well segments that have
become filled with debris. The information provided by these
examinations makes it possible to determine whether a well
can be rehabilitated or must be abandoned.

Old wells can potentially be added to a network if
borehole camera logs can verify and document that the well
construction and condition meet network requirements. Some
organizations have conducted borehole camera examinations
on all of their monitoring wells. Considering the expenditure
of resources required for long-term monitoring, early identifi-
cation of well construction or condition issues could be benefi-
cial to the quality and efficiency of the JSWIM network.

Abandonment of Wells that could Allow Aquifer
Contamination

Wells that could allow aquifer contamination or wells
that are not considered useful because of problems with their
condition or integrity should be properly abandoned by fol-
lowing guidelines provided by the FDEP (2008a, p. 56). Test
borings drilled to locate the saltwater interface are required to
be abandoned by FDEP guidelines unless they are completed
as monitoring wells that will be used for future tracking of
the saltwater interface (Florida Department of Environmental
Protection, 2008a). It is helpful to evaluate the network on
a routine basis to identify wells that should be abandoned,
ensure they are abandoned on a timely basis, and prevent a
back log of wells requiring abandonment.

Sampling Methodologies

Salinity monitoring methods used in south Florida
include: (1) collection and analysis of groundwater samples
using high volume or low volume suction pumps, submersible
pumps, thief samplers, double valve bailers, or kemmerers,
(2) continuous conductivity monitoring using a conductiv-
ity probe and internal or external data logger, and (3) water
conductivity profiling using manual measurements or water-
quality logging devices.

Sample Collection Using Pumps

Variable speed centrifugal or peristaltic suction pumps
are some of the easiest devices that can be used to collect
water samples from a well. Suction pumps have an absolute
theoretical limit of 34 ft of fresh head differential. Submers-
ible pumps can be used where the head differential is greater
than this, because they push water up an intake line rather
than drawing it up by suction. Most of these pumps still have
a maximum operating head differential, but generally this dif-
ferential is not exceeded in south Florida.

The FDEP (2008b, p. 9) specifies that three consecutive
measurements of temperature, pH, specific conductance, dis-
solved oxygen, and turbidity must fall within a specified range
to ensure that stagnant water has been completely purged from
monitoring wells. Other requirements such as stabilization
of water level and amount of water purged are based on well
design (2008Db, p. 8). The USGS typically removes three to
five well volumes of water prior to collecting water-quality
samples from a well. The USGS measures stabilization param-
eters for some but not the majority of water samples for evalu-
ation of chloride concentration or specific conductance.

The FDEP stipulates that “a variable speed centrifugal
pump can be used to purge groundwater from 2-inch and
larger internal diameter wells” but they state: “do not use this
type of pump to collect groundwater samples” (2008b, section
FS 2201, p. 2). Many of the organizations that collect salinity
data follow this restriction. Although the USGS uses sub-
mersible pumps for some types of water-quality monitoring,
variable-speed centrifugal pumps have been used for many
years in south Florida to collect the majority of samples for
analysis of chloride concentration and specific conductance.
The procedures of the USGS differ from the FDEP FS2201
(2008b, p. 2); consequently, comparison of these two methods
for the purposes of salinity monitoring would be helpful.

A limited survey of sampling procedures conducted
during this study found that prior to sampling some of the
monitoring wells were purged for 5 minutes using a peristaltic
pump, at a rate of 4.5 gallons per minute (gal/min) to remove
22.5 gallons of water. The inlet hose of the pump was placed
2 ft below the water surface. The volume of the water column
of these wells ranges from 9 to 30 gallons. The FDEP (2008b,
p- 8—11) specifies that the amount of water purged prior to
sampling should be based on well design, the volume of
water in the well, and monitoring of stabilization parameters,
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rather than pumping for set period of time. The FDEP (2008b,
p. 8—11) requires that at least one well volume must be purged
prior to collection of stabilization parameters, three consecu-
tive measurements of the stabilization parameters must be
within the stated limits, and that at least one quarter of a

well volume must be purged between subsequent measure-
ments. The 22.5 gallons removed prior to sampling, there-
fore, is insufficient in some instances because the minimum
purge volume ranges from 13.5 to 45 gallons for these wells.
Additional purging may also be needed before the stabilization
parameters are within required limits. Some of these samples,
therefore, may not be representative of the water in the aquifer
at the well’s screened interval. An expanded survey of sam-
pling procedures used for the JSWIM program is considered
to be an important tool to better understand the quality of
information that can be obtained through this network. Direct
observation of sampling procedures being used would be even
more informative.

Improved Sampling Guidelines

If applied without modification, the sampling guidelines
established by the FDEP (Florida Department of Environmen-
tal Protection, 2008b) may include some samples that are not
representative of the maximum salinity in the aquifer at the
open depth well interval. FDEP standard operating procedures
(SOPs) for groundwater sampling (Florida Department of
Environmental Protection, 2008b) divides wells into two main
categories: (1) wells without plumbing (typically monitor-
ing wells sampled with portable pumps); and (2) wells with
in-place plumbing, such as water-supply wells typically found
in well fields, industrial facilities, and private residences that
have fixed pumps. Section FS2213 of these SOPs describes
purging of wells without plumbing and specifies: “Do not
lower pump or intake hose (tubing) to the bottom of the well.
Pump or tubing placement procedures will be determined
by the purging option selected...” This section also specifies
that if the following conditions are met, the pump intake hose
should be positioned in the screened or open borehole interval.

* The same pump is used for both purging and sampling.

e The well screen or borehole interval must be less than
or equal to 10 ft.

» The well screen or borehole must be fully submerged.

Only 19 percent of the JSWIM network wells have
documented open intervals of less than or equal to 10 ft. About
70 percent of the documented well have open intervals that
are greater than or equal to 20 ft and about 30 percent have
open intervals greater than or equal to 100 ft. The majority
of the wells of the JSWIM network, therefore, have to be
purged as described in sections FS 2213.1.2 or FS 2214 of
the FDEP SOPs. Section FS 2213.1.2 entitled “Conventional
Purging”, specifies: “Position the pump or intake tubing in the
top one foot of the water column or no deeper than neces-
sary for the type of pump.” Section FS 2214 entitled “Purging

Large-Volume, High-Recharge Wells with Portable Pumps”
specifies that the well is purged by “placing the pump at the
top of the open borehole segment of the well.” Based on these
sampling procedures, it appears that the majority of wells
lacking in-place plumbing in the JSWIM network would be
sampled with the pump or intake tubing placed near the top of
the screen or the top of the water column. This type of sam-
pling has been demonstrated to yield salinity samples that are
not representative of maximum salinity in the aquifer in the
depth interval to which the well is open.

Kohout and Hoy (1963) observed additional sampling
difficulties associated with long open-interval wells. When
a freshwater-saltwater interface occurs within the long open
interval of a well, and the intake of the pump is placed above
this interface, “water tends to come from the upper part of the
open borehole because less energy is expended by removal of
low-density water from this region than by removal of high-
density water from the lower part of the open borehole.”

Data collected by the USGS from many wells in south-
west Florida show an increase in specific conductance with
depth associated with the saltwater interface (fig. 9). In some
of the examples provided, the maximum specific conductance
occurs some distance above the bottom of the well, but in all
of these examples the salinity at the bottom of the open inter-
val is higher than near the top of the open interval.

Kohout and Hoy (1963) also determined that samples
taken from long open intervals preferentially represent salinity
of the most permeable strata rather than the depth of maxi-
mum salinity in the borehole, and that the amount of dilution
within the well bore was variable as a result of hydrologic
conditions. They concluded that the overall quality of data
collected by this method was poor. Salinity data obtained from
well L-5723 (fig. 10) provide an example of misinterpretation
of the position of the saltwater interface caused by sampling
long open-interval wells when using pumps that draw water
from the upper part of the water column. Well L-5723 has an
open interval from 55 to 140 ft bls and was sampled periodi-
cally from March 27, 1986, to March 9, 1999, by withdrawing
water near the top of the water column with a suction pump.
Specific conductance and chloride concentration sampled
during this period averaged 877 microsiemens per centimeter
(uS/cm) and 94 mg/L, respectively, and was not changing
(fig. 104). Specific conductance profiles collected from this
well between November 1998 and May 2000 showed that a
saltwater interface intersected the open interval of the well in
the depth interval 85 to 100 ft bls and that the specific con-
ductance near the bottom of the well was about 4,050 pS/cm
(fig. 10B). During the period April 9, 1999, to April 21, 2004,
this well was sampled by using a kemmerer sampler that was
lowered to near the bottom of the well. Water samples indi-
cated an average specific conductance and chloride concentra-
tion of 3,880 uS/cm and 890 mg/L, respectively. Application
of an alternative sampling procedure resulted in nearly an
order of magnitude change in the chloride concentration of
samples. Data collected prior to April 9, 1999, could have led
to an underestimate of the extent of saltwater intrusion at this
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Figure 9. Specific conductance profiles collected in selected long open-interval wells monitored by the
U.S. Geological Survey in Lee and Collier Counties of southwest Florida.

location, leading to poor management decisions. These data
could also have resulted in poor model calibrations.

Vertical flow within the well may also prevent collection
of a sample representative of the maximum salinity. Geophysi-
cal and geochemical logging conducted at various locations in
south Florida, and elsewhere reveals that ambient flow com-
monly occurs within the open bore of long-screened wells
and that this flow has the potential to bias the results of water
samples or conductivity profiles (Johnson and others, 2002;
Shapiro, 2002; Oki and Presley, 2008; Runkel and others,
2008; Shalev and others, 2009). Oki and Presley (2008), for
example, describe alterations of the saltwater interface induced
by vertical flow in long open-interval wells in Hawaii. They
demonstrated that a naturally occurring saltwater interface can
be distorted in several ways. Divergent vertical well-bore flow
at the same depth as the interface can thicken the interface
within the well. Downward or upward vertical flow can also
shift the depth of the interface in the water column of the well
relative to that in the aquifer. Shalev and others (2009) col-
lected continuous salinity records at depths of 62.0, 67.8, 73.4,
79.2, and 85.0 ft bls in a borehole near the coast in Tel-Aviv,
Israel. Information collected quantified oscillations in the depth
of the saltwater interface within a borehole resulting from tidal
oscillations in aquifer water levels. Using a 3-dimensional

numerical model, they determined that fluctuations in the depth
of the interface occurring within long open boreholes were an
order of magnitude larger than those in the porous media of the
aquifer. Shalev and others (2009) attribute this difference to the
anisotropy and hydraulic conductivity of the aquifer, relative to
the hydraulic conductivity of the borehole. Church and Granato
(1996) compared induction logs and sample results from nests
of short open-interval wells to the sample results from proximal
(maximum spacing 32 ft) long open-interval wells. They found
that even in a relatively homogeneous, unconfined sand and
gravel aquifer, the sample results from the long screened wells
were not fully representative of water quality in the aquifer.

Some of the long open-interval wells examined in the
NE1 may penetrate confining units between aquifers (BEM
Systems Inc., 2003), which could cause movement of saltwater
between aquifers. An evaluation of hydrostratigraphy, water
quality, and well-bore flow on a well-by-well basis would indi-
cate where this is a problem.

In a report describing guidelines and standard procedures
for studies of groundwater quality, Lapham and others (1997,
p. 28) recommend wells with screen lengths of 5 ft or less for
studies on the fate and transport of groundwater constituents
for the following reasons:
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* A short-screened well generally provides measure-
ments of hydraulic head and groundwater quality that
more closely represent point measurements in the aqui-
fer than measurements provided by a long screen.

» Samples obtained from wells with long screened inter-
vals could exhibit smaller concentrations or a higher
frequency of samples with nondetectable concentra-
tions (leading to a ‘false negative’ assessment) in
comparison to water samples from wells with short
screened intervals (Mcllvride and Rector, 1988).

* Along well screen also can induce mixing of waters of
different chemistry as compared to a short well screen
due to vertical groundwater flow and head differences
in the screened interval (well-bore flow). Well-bore
flow has been reported even in homogeneous aqui-
fers with small vertical head differences (Reilly and
others, 1989). Well-bore flow may contribute to aquifer
contamination by providing a pathway for contaminant
movement along the screened interval(s).

Improvements to the JISWIM network require develop-
ment of a set of custom-designed SOPs for salinity sampling
to which all organizations in the JSWIM network will adhere.
Subsequent sections of this report will discuss additional
sampling considerations that would be helpful to consider dur-
ing development of SOPs. Where long open-interval wells are
being used primarily for saltwater intrusion monitoring, the
network can potentially be improved by quantifying the effects
of mixing and vertical flow within the boreholes of these wells
using borehole geophysical methods described in subsequent
sections of this report. These examinations provide the most
detailed information if conducted under varying hydrologic
conditions. The JSWIM network could also be improved
by installing new monitoring wells with 5-ft open intervals,
screens, and filter packs.

In many instances, it will not be possible to improve the
sampling protocols because many long open-interval wells
being sampled are public or private water-supply wells with
permanently installed pumps. While sampling helps ensure
that the quality of water being withdrawn for public supply
meets acceptable standards, sampling difficulties associated
with long open-interval wells impairs accurate mapping,
modeling, or monitoring of saltwater intrusion.

Alternative Methods of Sampling Long-Open
Interval Wells

There are several alternative methods for monitoring
salinity change in long open-interval wells which may help
to mitigate previously described problems. These include
(1) micro-purging using a low speed pump that draws water
from near the bottom of the well’s open interval, (2) collection
of samples using double check-valve bailers or kemmerers,
(3) a combination of purging from near the water surface and
collection of samples using a pump or sampler from the bot-
tom of the well, and (4) conductivity profiling.

Micro-Purging

Micro-purging consists of pumping a well with the intake
of the pump located within the screened interval of a well to
remove a minimum amount of water at flow rates of approxi-
mately 0.1 gal/min. Pumping at these rates theoretically with-
draws water from along a single flow line (through the screen
of the well) and does not induce negligible drawdown in the
well. This method assumes that groundwater can flow freely
through the open interval of a well. Kohout and Hoy (1963)
described a similar method for purging a minimum volume of
water from a well to collect a sample from the depth of maxi-
mum salinity. Various organizations have developed protocols
for micro-purging (Indiana Department of Environmental
Management, 1998; New Mexico Environment Department,
2001). Kearl and others (1994) showed that water from the
aquifer that flowed through the screened interval during micro-
purging did not mix with water in the casing of the well. This
sampling technique may be used to provide representative
samples of maximum salinity from some long open-interval
wells in southwest Florida. For example, profiles of specific
conductance collected in wells L-581, L-742, and L-1110
indicated that salinity was at a maximum and was relatively
constant in the depth intervals of 130-170, 140-220, and 150—
180 ft bls, respectively (fig. 9). Based on these thicknesses and
the volumes or rates of water removed by micro-purging, it is
unlikely that enough vertical flow would be created within the
borehole to dilute the resulting samples from these wells.

The New Mexico Environment Department (2001) points
out that “Micropurging does not have a mechanism to verify
that the sample results are indicative of water quality in the
formation surrounding the well. The water obtained has the
potential to be stagnant...” In addition, samples may still be
affected by ambient vertical flow within the borehole. The
applicability of this sampling technique could be tested in the
Big Cypress Basin.

Discrete Depth Samplers

Discrete-depth sampling using nonisokinetic thief sam-
plers was proposed as an alternative method of sampling salin-
ity in long open-borehole wells in south Florida by Kohout
and Hoy (1963). A number of nonisokinetic thief samplers are
commercially available (Lane and others, 2003, p. 33-34),
including double check-valve bailers and kemmerers. Cur-
rently the USGS is using kemmerers to collect samples from
long open-interval wells in south Florida. Kemmerers are
lowered on a line to the desired depth, and a weight called
a messenger is sent down the line. The messenger triggers
a mechanism on the top of the kemmerer that causes the
stoppers on both ends of the sampler to snap shut and trap a
sample in the bottle. The kemmerer can prematurely close,
however, so care must be taken in lowering the sampler. It is
also helpful to test a portion of the sample with a conductivity
meter prior to departing from the site to ensure the sample is
in reasonable agreement with the history of previous measure-
ments. Nonisokinetic thief samplers can be used to collect a
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sample from near the bottom of the well’s open interval, but
care should be taken to avoid contacting the bottom of the
well with the sampler because this could stir up sediments that
adversely affect the sample and impair the seal of the sampler.
The FDEP (2008b, p. 34) describes the use of bailers for
sampling. The FDEP recommends that if bailers are used that
they be constructed with dual check valves and that they not
be used for purging (2008b, p. 34-35). The FDEP specifies
that it is necessary to “Lower and retrieve the bailer slowly
and smoothly” (Florida Department of Environmental Protec-
tion, 2008b, p. 16). Disposable bailers can be advantageous
because they prevent cross contamination between wells and
are recommended by the FDEP for sampling grossly contami-
nated sample sources (Florida Department of Environmental
Protection, 2008b, p. 4). Like mirco-purging, there is no way
to verify that sample results are indicative of water quality
in an aquifer, and vertical well-bore flow could potentially
affect samples.

Sampling Using a Combination of Techniques

A disadvantage of using discrete depth samplers is that
they do not draw water from the aquifer into the well to clear
out any stagnant water. This disadvantage could be overcome
by purging the well using a suction pump with a shallow
intake line prior to sampling with a discrete depth sampler.
One potential problem with this method is that when purging
is completed, the salinity may continue to decrease after purg-
ing (Kohout and Hoy, 1963).

Another technique is to use two pumps to collect the
sample. One pump with its intake near the surface could be
used for purging and maintaining an upward flow in the well,
while a second pump with its intake located near the bottom
of the long open interval could be used to collect the sample.
This method of sampling removes stagnant water from the
well while also ensuring upward flow within the borehole.
The highest salinity usually occurs at the bottom of the well,
because saltwater is denser than freshwater; however, this may
not be true in every instance (fig. 9).

Specific Conductance

Specific conductance measurements can be used to
evaluate salinity. Specific conductance can be measured in
a discrete water sample, or vertically along a borehole using
a submersible probe. Conductivity profiles are much easier
to collect than a series of discrete-depth sampler profiles.
Some of the submersible probes being used can collect a large
number of individual measurements in a short period of time.
Some probes can collect a data point every tenth of a foot or
less. The data provided by these profiles are less ambiguous
than results from groundwater samples collected using suc-
tion pumps in long open-interval wells because the amount
of mixing of freshwater and saltwater induced by passage of
the probe is minimal. Specific conductance profiles of long
open-interval wells like those shown in figures 9 and 10B have
been used to measure changes in the depth to the top of the

saltwater interface and changes in the salinity of water in the
well. There is, however, still the potential for uncertainty in
these data because water conductivity profiles can be affected
by ambient vertical flow in the borehole.

Distinguishing Sources of Saline Groundwater

Determining the source of salinity (fig. 6) may allow vari-
ous distinctions, such as the differentiation between encroach-
ing saltwater that threatens the viability of a well field, and
residual saltwater that is dissipating. Making those distinctions
could require the collection of additional types of water-
quality data. Some of these types of data have already been
collected in south Florida and proven to be useful. These types
of data include (1) strontium-87/strontium-86 ratio (Schmerge,
2001), (2) oxygen and hydrogen stable isotopes (Schmerge,
2001), (3) tritium-helium age dating (Schlosser and others,
1988), and (4) major and trace ion geochemistry (Richter
and Kreitler, 1993, p. 103—107). Schmerge (2001) used the
strontium-87/strontium-86 ratio of water samples from the
aquifers of southwest Florida to evaluate the age of aquifer
materials with which groundwater had equilibrated. His results
indicated that groundwater from some deep aquifers leaked
upward to intrude portions of shallower aquifers. Schmerge
(2001) has shown that the oxygen and hydrogen stable
isotopic signature of meteoric water in southwest Florida is
different than that of seawater or water from deeper confined
aquifers. This understanding can be used and expanded upon
to differentiate between the sources of saltwater in the aquifer.
Richter and Kreitler (1993, p. 103—107) describe some of the
changes in major and trace ion geochemistry that typically
occur as seawater mixes with freshwater in a coastal aquifer.
This mixing takes place in a transition zone near the leading
edge of the front. Where saltwater is intruding into previously
fresh portions of the aquifer, chemical reactions with aquifer
materials change the composition of the water relative to that
created solely by mechanical mixing. These changes in com-
position allow scientists to differentiate between an actively
advancing saltwater front and saltwater that occurs in previ-
ously intruded parts of the aquifer.

Relation of the Network to the
Hydrostratigraphic Framework

Evaluation of saltwater intrusion in an aquifer requires a
clear understanding of the depths from which salinity samples
emanate relative to the base of the aquifer. Saltwater is denser
than freshwater and tends to settle to the base of an aquifer. It
is important, therefore, to clearly understand the hydrostratig-
raphy of the aquifer and the aquifer units that the open interval
of a well penetrates. The NE1 found that there are substantial
differences in aquifer depths and thicknesses depicted in the
BEM Systems Inc. (2003) interpretation compared with the
hydrostratigraphic interpretations of Wedderburn and others
(1982) and Knapp and others (1986). These differences have
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led to differences in the aquifer assignments of wells. These
differences need to be resolved before the data from these
wells can be used to evaluate saltwater intrusion.

The dataset compiled by BEM Systems Inc. (2003)
included data collected and recorded by various organizations.
Concerning this issue, BEM System Inc. (2003, p. 5) noted
that some of those data may be erroneous. They used statistical
checks and geostatistical analyses to identify possible outliers.
But they did not re-interpret the hydrostratigraphic interpreta-
tions of information from individual test wells. This could
potentially lead to inconsistencies because there is disagree-
ment concerning the hydrostratigraphy of southwest Florida.
For example, Edwards and others (1998, p. 10) indicate that
the siliciclastics near the base of the Tamiami Formation have
been interpreted to be within “the Miocene Coarse Clastics,
Hawthorn Group, and lower Tamiami Formation (Knapp and
others, 1986; Smith and Adams, 1988), within the Tamiami
Formation (Peck and others, 1979), or entirely within the
Hawthorn Group (Peacock, 1983; Campbell, 1988; Missimer,
1997). Green and others (1990), referred to these sediments
as ‘undifferentiated coarse siliciclastics’ and suggested that
the sediments were, at least in part Pliocene.” An important
question is whether merging of hydrostratigraphic interpreta-
tions by various organizations over a broad period of time,
affects the final interpretation developed by BEM Systems Inc.
(2003). Prior to reassignment of wells to different aquifers,
existing or newly collected hydrostratigraphic information
could be used to evaluate this issue.

High quality hydrostratigraphic interpretations can
be obtained using a combination of coring, aquifer testing,
and geophysical logging including: borehole image, cali-
per, electromagnetic induction, flow, full waveform sonic,
gamma, single point resistance, spontaneous potential and
water-quality logs. Yet many of the existing hydrostratigraphic
interpretations available from southwest Florida were based on
less comprehensive geophysical and stratigraphic information.
Cuttings are frequently used rather than core. It is often dif-
ficult to use cuttings alone to determine if a particular stratum
is hydraulically conductive. If a geospatial analysis used to
interpret hydrostratigraphic information does not consider
the differences in quality of the information available, it may
be unduly influenced by poor quality yet more plentiful data.
Prior to re-classification of wells by aquifer, it is important to
understand the differences in stratigraphic interpretation and
variations in the quality of data on which these interpretations
are based. In some instances, additional geophysical logging,
water-quality sampling, and aquifer testing can be collected to
aid in this evaluation.

Previous hydrostratigraphic interpretations were gener-
ally presented as a series of contour lines on maps. The BEM
Systems Inc. (2003) interpretation has been represented as a
series of gridded surfaces that can be loaded into a GIS, which
made it easier to compare well data to the hydrostratigraphic
framework. The contours had one advantage; however, where
data were insufficient for mapping, the contour lines could be
dashed. These dashed lines helped to indicate where additional

stratigraphic information was needed. If possible it would be
beneficial to provide similar indications of data sufficiency for
the GIS surfaces created by BEM Systems Inc. (2003).

Spatial Coverage of the Saltwater Intrusion
Monitoring Network

The JSWIM network is dense in some areas and sparse
in others. Ideally, monitoring wells would be located to
tightly bracket the leading edge of the saltwater front where
saltwater has encroached laterally from the Gulf, so that the
front movement could be quantified. Spatial coverage of the
JSWIM network can be improved by (1) collecting additional
surface-water data upstream from salinity control structures,
(2) installing new monitoring wells where necessary to bracket
the saltwater front and areas of leakage between aquifers, and
(3) collecting of surface or airborne geophysical measurements.

Salinity of Surface-Water Bodies

The spatial coverage of the JSWIM network can be
improved by considering where saltwater is flowing, or might
flow inland up rivers or canals to intrude the surficial aquifer.
Salinity control structures have been installed in most of the
canals of southwest Florida to try to mitigate saltwater intru-
sion. Leach and Grantham (1966, p. 25) and Parker and others
(1955), however, have documented the occurrence of saltwater
upstream from salinity control structures in south Florida. If
saltwater is present upstream of a salinity control structure
in the Big Cypress Basin, when the structure is closed and
the freshwater head on the upstream side of the structure
increases, this saltwater can driven out into the aquifer by the
hydrologic gradient (Kohout and Leach, 1964). The specific
conductance of surface water in southwest Florida is being
monitored by the CCPCPD and the LCNRD (tables 2-2, 2-6).
The monitoring conducted by the CCPCPD has detected
saltwater at 7 of the sites that are located between the salinity
control structures closest to the coast and the next structures
upstream. At four of the seven sites, BC7, BC8, BC22, and
FAKA (figs. 11 and 114), during January 2007 - December
2008, 8 to 19 percent of the measurements of specific conduc-
tance were in excess of 3,000 uS/cm, which is approximately
equivalent to a chloride concentration of 1,000 mg/L. Most
measurements that exceeded a specific conductance value of
3,000 pS/cm were salinity samples collected between April
and July 2007 and in May 2008. This finding indicates that
saltwater may be leaking past the water-control structures dur-
ing the dry season when freshwater runoff is limited and canal
stage and groundwater levels on the landward side of salinity
control structures are low.

The Gordon River is located on the eastern side of the
city of Naples Coastal Ridge well field (fig. 11B). Measure-
ments of specific conductance at site BC-3 on the Gordon
River, 0.7 mi downstream from structure GORDON (fig. 11B),
indicate a mean specific conductance of 23,882 uS/cm
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during 2007-2008. Some of this saltwater may be leaking into
the surficial aquifer system in this area. No salinity samples
were collected from the Gordon River upstream from struc-
ture GORDON (fig. 11B). The North Naples Drainage Canal
extends from the Cocohatchee River (fig. 1) south to the city
of Naples Coastal Ridge well field (fig. 11B). Salinity control
structure NNDC (fig. 11B) may prevent saltwater from flow-
ing down this canal, but salinity samples were not collected
upstream from structure NNDC in 2007 and 2008 to verify
this assumption.

Just north of the Big Cypress Basin, in Bonita Springs,
water with a specific conductance as high as 37,100 pS/cm
was detected 2.8 mi inland along the Imperial River (fig. 11C,
table 2-6). In two tributaries of the Imperial River, Oak Creek
and Leitner Creek, water samples were collected from measur-
ing sites IMPRGR41 and IMPRGRS1 located 4.0 and 4.5 mi
inland, respectively. Maximum specific conductance of sam-
ples collected during the period 2007-2008 was 23,200 pS/
cm at site IMPRGR41 in Oak Creek and 14,500 uS/cm at site
IMPRGRS1in Leitner Creek. The westernmost wells of the
Bonita Springs Utilities well field are only 1.5 mi farther east
of these two sampling locations (fig. 11C), and it is possible
that salinity could increase during prolonged drought periods.
Leakage of saltwater from these rivers could also contribute to
elevated salinity of water samples collected from monitoring
wells L-738, L-5745, L-5745R, and L-5848, all of which are
located within 0.5 mi of the Imperial River or its tributaries.

The JSWIM network could be improved by collect-
ing samples upstream of salinity control structures near the
Gordon River and North Naples Drainage Canal to verify
that saltwater is not leaking past these structures. If leakage is
detected, monitoring wells could be installed between these
surface-water bodies and the city of Naples Coastal Ridge
well field. If saltwater is periodically detected upstream of
the salinity control structures, continuous salinity monitoring
provides better information than periodic sampling for evalu-
ating potential influxes of saltwater in the canals and into the
aquifer. A time series of electromagnetic induction logs can be
collected from wells adjacent to the river to assess the intru-
sion of saline surface water into the aquifer.

Water-Table Aquifer

The principal water-table aquifer well fields in the Big
Cypress Basin are the Golden Gate Water Treatment Facility
and the city of Naples East Golden Gate well field, located
7 mi and 17 to 18 mi inland from the coast, respectively
(fig. 12). According to the interpretation of BEM Systems
Inc. (2003), the top of the Bonita Springs marl member (the
base of the water-table aquifer) at the Golden Gate Water
Treatment Facility and city of Naples East Golden Gate well
field is 24 to 27 ft bls and 13 to 27 ft bls, respectively. Most
Golden Gate Water Treatment Facility wells are open in the
depth interval 15 to 22 ft bls. Two public water-supply wells,
GG-3 and GG-4, are open in the depth interval 35 to 45 ft
bls, which according to the hydrostratigraphic interpretation

of BEM Systems Inc. (2003) would be in the lower Tamiami
aquifer rather than the water-table aquifer. Monitoring wells
MW-B (45 ft deep), MW-C (65 ft deep), MW-D (101 ft deep),
and MW-F (60 ft deep) near the Golden Gate Water Treat-
ment Facility (fig. 12) are also listed as being open to the
water-table aquifer but would actually be open to the lower
Tamiami aquifer.

Many of the wells that are currently being sampled
between the Gulf of Mexico, the Golden Gate Water Treat-
ment Facility, and the city of Naples East Golden Gate well
field, fully penetrate the water-table aquifer and yield fresh-
water. These wells should provide ample warning of saltwater
encroachment along the base of the water-table aquifer from
the Gulf of Mexico. The majority of these wells were sampled
by the CCPCPD in 2007. Almost all of the samples from
wells east of U.S. Highway 41 indicated chloride concentra-
tions of less than 250 mg/L. Exceptions were well CCS3
located on State Highway 84 about 2 mi east of U.S. High-
way 41 and well CCN4 located 1.9 mi east of U.S. Highway
41 and 0.7 north of Immokalee Road (fig. 12). The samples
from these wells had chloride concentrations of 281 and
327 mg/L, respectively.

Median water-level altitudes from wells C-951, C-953,
C-976, C-977, C-985, C-988, and C-1097 (fig. 12), com-
pleted in the water-table and lower Tamiami aquifers near the
Golden Gate Water Treatment Facility and the city of Naples
East Golden Gate well field, were between 6 and 11 ft. The
Ghyben-Herzberg principle (Ghyben, 1889; Herzberg, 1901)
indicates that these water levels under hydrostatic conditions
should be sufficient to prevent saltwater from encroaching
inland to the well fields. This does not mean that these well
fields cannot be affected by saltwater intrusion but rather that
the saltwater encroaching inland from the Gulf of Mexico is
unlikely to reach the well fields.

The maximum chloride concentration sampled from
monitoring wells MW-C and MW-D during 2007 was 380 and
3,600 mg/L, respectively. Chloride concentration has increased
gradually in wells C-953 (40 ft deep), located 3 mi west of the
city of Naples East Golden Gate well field, and C-1061(25 ft
deep), in Naples near the west coast (figs. 1, 3, 12). Between
the late 1980s and 2011, the average chloride concentration
in wells C-953 and C-1061 increased by approximately 35
and 85 mg/L, respectively. The high chloride concentration
sampled in monitoring well MW-D and the increasing chloride
concentration in monitoring well C-953 may have resulted
from the movement of residual seawater or water that has
leaked upward from deeper aquifers. Well C-1061 is much
closer to the coast; therefore, the increase in chloride concen-
tration at this location could be caused by saltwater encroach-
ing from the Gulf of Mexico.

The wells sampled by CCPCPD in April and May 2009
are not shown on the SFWMD map of the 250 mg/L isochlor
in Collier County in April and May 2009 (South Florida Water
Management District, 2011b) (Appendix 1, fig. 1-2). Inclusion
of these data could improve updates of these maps. CCPCPD
sampling of wells MW-5, MW-10, and MW-11 located west
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of the Gordon River and Naples Bay and well CCN4 located
near the Cocohatchee River and 3.7 mi from the coast could
potentially be coordinated with the data collection for mapping
of the 250 mg/L isochlor.

Lower Tamiami Aquifer

In 2007 withdrawals from the lower Tamiami aquifer were
reported from the Ave Maria Utility Company well field, Bonita
Springs Utilities well field, the city of Naples Coastal Ridge
well field, the Citrus Park RV Resort well field, the Collier
County Utilities Golden Gate and North Hawthorn well fields,
and the Immokalee Water and Sewer District Carlson Road,
Airport Plant, and Jerry V. Warden well fields (fig. 13). The
NEI found that 47 percent of the 252 wells being monitored
for the SFWMD-SWIMM network in the lower Tamiami

aquifer are either public water-supply wells or are within

100 ft of the public water-supply. Many of the remaining wells
in the SFWMD-SWIMM network are other water-supply
wells such as irrigation wells.

Well LT-1A is the only well of the LCNRD network open
to the lower Tamiami aquifer. Of the 12 CCPCPD monitor-
ing network wells open to the lower Tamiami aquifer, five
are discontinued USGS-COOP-SWIM network monitoring
wells. All but one of the CCPCPD wells are located farther
inland than the city of Naples Coastal Ridge well field. The
USGS currently (2012) monitors salinity at 10 wells in the
lower Tamiami aquifer. Most of these are located between the
coast and the city of Bonita Springs and city of Naples Coastal
Ridge well fields. Of these 10 wells, chloride concentration
has been gradually increasing in 6 wells.
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East-west cross-sections 4—A', B—B', and C—C"' are drawn
through the city of Naples Coastal Ridge and Bonita Springs
well fields (figs. 14, 15, 16). The hydrostratigraphy portrayed
along the axis of each cross section was interpolated from the
GIS layers developed by BEM Systems Inc. (2003) and made
available by the SFWMD (John Lukasiewicz, South Florida
Water Management District, written commun., May 10, 2004).
The GIS layers used were surfaces depicting the altitude of
the land surface, and the tops of the (1) Bonita Springs marl
member (aquitard layer 1), (2) Ochopee Limestone Mem-
ber (aquifer layer 2), (3) upper Peace River clays (aquitard
layer 2), and (4) sandstone aquifer (aquifer layer 3) (fig. 5B;
table 1). To show as many nearby monitoring wells as possible
on these cross sections, wells 0.65, 0.5, and 1.0 mi north or
south of the axis of each cross section, respectively, have been
superimposed on the hydrostratigraphic cross sections. These
distances vary because the spatial density of the network
varies. The intent was to show the information from as many
wells as possible yet minimize the distance of wells from
the axis of the cross section. The wells depicted on the cross

sections are distributed on either side of the central axis of the
cross section; therefore, the hydrostratigraphy at each moni-
toring well may be somewhat different than is depicted in the
cross sections.

The maximum chloride concentration sampled from each
well is depicted on the cross sections (figs. 14B, 15B and 16B)
rather than the mean or minimum because protection of public
water-supply wells is crucial and the maximum provides the
most cautious estimate. The maximum value also provides
the first indication of saltwater intrusion into an area that may
not immediately be identified if the minimum or mean of
data is used. Many wells indicate upward trends in chloride
concentration (fig. 3); therefore, the maximum value generally
represents more recent data. The approximate position of the
250 mg/L isochlor is depicted in these cross sections and is
dashed where insufficient information is present. The isochlors
depicted in these cross sections differ from the 250 mg/L
isochlors published by the SFWMD in 2011, as described later
in this report.



32

Saltwater Intrusion in the Surficial Aquifer System of the Big Cypress Basin, Southwest Florida

A 81°49' 81°48'30" 81°48' 81°47'30" 81°47'
Lo ' o
26°10'30" [— —
26°10' — |
0 0.25 0.5 MILE
0 0.25 0.5 KILOMETER g
| | ~—
Base from South Florida Water Management EXPLANATION
District and U.S. Geological Survey digital data, C409 4 USGS monitoring well and identifier 1A@ PWS-Active well and identifier
ﬁltzéegzlane projection, feet, zone Florida East, MW-1y  ccpcPD monitoring well and identifier 6A O PWS-Inactive well and identifier
302DA  SFWMD-SWIMM monitoring well and identifier
o
B B B S
3 3 ST E.Z:
= 1 %% £ E g b4 ~
A £ £ -3 8382 2 p A’
3 3 53 =828 =+ 2 g
2% — £ 2 S22 8% ¢ 2 = =77
5§ 8§ 8 3 —==0 o = s
o 0 [e) 0o
S S S b
0 92 mg/L 1
Water table aquifer
(BEM Aquifer layer 1) 35mg/L
&
a 25 Confining unit H
5 (BEM Agquitard layer 1)
=
-
§ 50 239 mg/L 1]
=
g
E 5 130 mg/L 1039 |
§ mg/L
30 mg/L
-100
Confining unit (BEM Aquitard Layer 2) Sandstone aquifer
Well depth, 157 feet (BEM Aquifer layer 3)
below land surface
2125 1 | 1 |
0 0.25 0.50 0.75 1.00 1.25 1.50
Distance, in miles
EXPLANATION
250 mg/L isochlor, dashed where insufficient 30 mg/L Maximum chloride concentration sampled
information.
<
o
S
=
] =
= 3 g
[Ty
= s &
Active water supply wells. Number Actively monitored wells by Collier County Wells currently or historically monitored
at top is well name. Gray dashed Pollution Control and Prevention by U.S. Geological Survey. Number
is open interval Department. Gray dashed is open interval. at top is well name. Gray dashed
Number at top is well name is open interval

Figure 14. (A) East-west cross section Ato A’ through the southern portion of the city of Naples
Coastal Ridge well field, Collier County. (B) Cross section Ato A" Map includes monitoring wells active
in 2007 and inactive USGS monitoring wells located within 0.65 mi of the axis of the cross section.



26°14'

26°13'30"

26°13'

25

Altitude, in feet NGVD 29

=125

-150

=175

Analysis of Monitoring and Development of a Saltwater Intrusion Monitoring Network Improvement Plan 33

A
81°49' 81°48'30" 81°48' 81°47'30" 81°47'
= u | B
A
a C0-2485 | EXPLANATION
C-490 5 yses monitoring
well and identifier
Welll 4 SFWMD-SWIMM
monitoring well
— % B - — and identifier
= \/ ~—| PB17v  CCPCPD monitoring
% — well and identifier
=Y PBI7y 9@ PWS-Active well
fa) i} and identifier
@
o J) C0-2487R 310 PWS-Inactive well
A and identifier
N AN |
Base from South Florida Water Management District 0 0.25 0.5 MILE
and U.S. Geological Survey digital data, State Plane } - L !
projection, feet, zone Florida East, NAD83 0 0.25 0.5 KILOMETER
B
[+ (2]
2z 2
5 © 2
B o £ 2 s _ B
~ < ™ N Som =
~ s pSg s o 3on gl
o a oo o [= S [ [ ) O o~

Confining unit (B

233 mg/L

36 mg/l!

18 mg/L

14 mg/L

Increasing
chloride
concentratio

0 0.25 0.50 0.75 1.00

Distance, in miles
EXPLANATION
250 mg/L isochlor, dashed where insufficient
information.
= & 3
Actively monitored wells by Wells currently or historically

Collier County Pollution monitored by U.S. Geological

Control and Prevention Survey. Number at top is

Department. Gray dashed well name. Gray dashed is

is open interval. Number open interval

at top is well name

Figure 15. (A) East-west cross section Bto B through the north part of the city of Naples

Coastal Ridge well field, Collier County. (B) Cross section Bto B". Map includes monitoring
wells active in 2007 and inactive USGS monitoring wells located within 0.5 mi of the axis of

the cross section.

30mg/L  Maximum chloride concentration sampled

1.25

PWS wells
20 -24

Actively monitored by the
South Florida Water
Management Saltwater

Intrusion Monitoring

and Management (SFWMD-
SWIMM) program. Gray
dashed is open interval.
Number at top is well name

Active water supply wells.
Number at top is well
name. Gray dashed is



34

26°21"

26°20'

Altitude, in feet NGVD 29

Saltwater Intrusion in the Surficial Aquifer System of the Big Cypress Basin, Southwest Florida

81°50' 81°49' 81°48' 81°47' 81°45' 81°44' 81°43'
| L5821 [a | | | |
. W~ AEEE
4 LM-1677 g
IM-1678 4 T-1-1682A A MW-3 L |
A T-2-2242 [-5723 S 20 8.
LM-1645 | &, [-5820 LM-3555} [a T-3-2004 eic
LM-1644 [ ;g 22
o
AR ™. 24
v/\\\_/\r__,‘/ v \7_
) 5 S0 L-738 F
( ( \\/ v T~ L
_ i | - LT-!1A MW, [ N L L-2194§ﬁ —
Base from South Florida Water Management District 0 05 1 MILE
and U.S. Geological Survey digital data, State Plane —_—Y 1738 EXPI_'ANATION o
projection, feet, zone Florida East, NAD83 0 05 1KILOMETER 4 USGS monitoring well and identifier
MW-1,  SFWMD monitoring well and identifier
LT-TAY  LCNRD monitoring well and identifier
@ PWS-Active well and identifier
B Bonita Springs
well field
%’l\“gga Bonita Springs -«
T-2-2289 well field ;
T-3-2244 = s
e e 2 g 22
c g 3 g 2 8 =25
w S £ o< £ o =
25 S 5 S o T RQe® A e 23 _
--) 3 [ ~om -
R ELA ==3c £ ERE s s 2%
\
0r (BEM Aguifer 7
; layer 1)
25 / ) —
. (BEM Aquitard
Confining layer 1)
50 unit { 100 —
[ £60 mg/L my/L B} (BEM Aquifer
layer 2)
-75 - Lower AU _|
Tamiami
- aquifer 112mg/L 20 mglL
/A \ I — -
Sandstone [ 102m
gL _
-125 = aquifer 1,03/(|J_ mg/L 1,600 I
mg mg/L — .
BEM Aquifer layer 3
- | | O RUEGT T (0 2040 | 0 20 po0 I( Bl ) \ 0, 200 [400
0 05 1.0 15 2.0 25 3.0 35 4.0 45 5.0 55 6.0 6.5 7.0 15 8.0
Distance, in miles Confining unit
BEM Aquitard layer 1
EXPLANATION (BEM Aq ver1)
= 250 mg/L isochlor, dashed where insufficient information 30mg/L  Maximum chloride concentration sampled
3 2
= © =) <
2 : R -
S g 5 K
Active water supply wells. Actively monitored by the Wells currently or historically Actively monitored by the Lee
Number at top is well name. South Florida Water monitored by U.S. Geological County Natural Resources
Gray dashed is open interval Management Saltwater Survey. Number at top is well Division. Gray dashed is open
Electromagnetic induction logs Intrusion Monitoring name. Gray dashed is open interval. Number at top is
The * "g is of these | gs-. and Management (SFWMD- interval well name
e X axis ofthese 095_ SWIMM) program. Gray
represents bulk conductivity dashed is open interval.
in millisiemens per meter. The Number at top is well name
0 200 400 V" axis of each log coincides
with the well in which the log
was collected
Figure 16. (A) East-west cross section Cto C through the southern portion of the city of Bonita Springs well

field, Lee County. (B) Cross section Cto C'. Map includes monitoring wells active in 2007 and inactive USGS
monitoring wells located within one mi of the axis of the cross section. Electromagnetic induction logs are
depicted in the cross section.



Analysis of Monitoring and Development of a Saltwater Intrusion Monitoring Network Improvement Plan 35

City of Naples Coastal Ridge Well Field

The city of Naples Coastal Ridge well field is near the
coast. Increasing chloride concentration of water from wells
C-489, C-516, C-525, and C-526 (fig. 3) likely indicates that
the saltwater from the Gulf of Mexico is encroaching farther
inland in this area, but information is insufficient to accurately
show the inland extent of the 250 mg/L isochlor at the base of
the lower Tamiami aquifer. Most JSWIM network monitoring
wells are about the same depth or shallower than the public
water-supply wells and as is evident in cross-section B—B'
are completed well above the base of the lower Tamiami
aquifer (fig. 15).

The chloride concentration of samples from well C-489
(figs. 3, 15) is gradually increasing. This well is located near
the north part of the city of Naples Coastal Ridge well field.
If these sample results are indicative of upconing beneath
the well field, there is an increased likelihood of saltwater
contamination of the well field. A better understanding of the
source of saltwater found in well C-489 is needed.

Of the monitoring wells shown in cross-sections A—A'
and B-B' (figs. 14, 15), only well C-123 (fig. 14), installed
in 1952 (Klein, 1954; U.S. Geological Survey, 2012b), fully
penetrates the lower Tamiami aquifer. During the 47-year
period 1952 to 1999 the chloride concentration of samples
from this well never exceeded 30 mg/L. The hydrogeologic
framework of BEM Systems Inc. (2003) indicates, however,
that 46 ft of the 60-ft open interval of well C-123 is within
the thin upper semiconfining unit of the Peace River Forma-
tion and the sandstone aquifer, rather than the lower Tamiami
aquifer. How this geometry affects the salinity of samples
collected from this well is unknown because (1) much of the
water sampled may not come from the lower Tamiami aquifer,
and (2) the long open interval of this well may allow mixing
of water from multiple depths. Uncertainty about the data from
well C-123 and the possible existence of saltwater beneath the
aquifer could probably be resolved using borehole geophysical
logging.

Based in part on information from monitoring well
C-123, Klein (1954, p. 35-36) interpreted that the water in the
lower Tamiami aquifer beneath and immediately east of the
coastal ridge was fresh. Sherwood and Klein (1961, p. 2) and
Schmerge (2001, fig. 12) also interpreted an area of freshwater
in the lower Tamiami aquifer beneath and immediately east
of the coastal ridge. The maximum of chloride concentration
of samples from well 302D (fig. 14) is 103.9 mg/L. This well
nearly penetrates the aquifer, but it also has a 45 ft open inter-
val, and is sampled using a peristaltic pump with the intake at
a depth of 2 ft below the water surface. Conductivity profiles
or samples collected using a nonisokinetic sampler could aid
in evaluation of information from this well.

Median water-level altitudes computed using 25 years
of data from USGS monitoring wells C-391, C-489, C-490,
and C-516 (fig. 1) located along the coastal ridge and open to
the lower Tamiami aquifer were 3.02, 2.70, 4.53, and 4.33 ft,
respectively, as of April 2012 (U.S. Geological Survey,

2012b, c, d). The altitude of the base of the lower Tamiami
aquifer (BEM Systems Inc., 2003) at these locations is —113,
-162,-169, —126 ft, respectively. The Ghyben-Herzberg
principle indicates that the freshwater head at three of these
locations is sufficient or nearly sufficient to prevent saltwater
from encroaching in the lower Tamiami aquifer beneath the
coastal ridge. This principle, however, assumes static rather
than dynamic conditions. Kohout (1964) determined that sea-
ward flow of freshwater in coastal aquifers tends to reduce the
extent of saltwater encroachment in the aquifer relative to that
predicted by the Ghyben-Herzberg principle.

The modeling studies of Shoemaker and Edwards (2003)
and Schlumberger (2010) indicated that, given the ground-
water conditions that existed at the time of each study, the
potential for lateral saltwater encroachment from the Gulf of
Mexico in the lower Tamiami aquifer only extended about a
mile or less from the coast in the Naples and Bonita Springs
areas. Schlumberger (2010) also concluded that there was
insufficient salinity information available from the lower
Tamiami aquifer to properly calibrate the model, which cre-
ated uncertainty in the model and its results. The potential
persistence of an area of freshwater beneath the coastal ridge
cannot be evaluated on an ongoing basis without active moni-
toring at the base of the lower Tamiami aquifer.

Many monitoring wells located between the coast and
the city of Naples Coastal Ridge well field that were used by
Klein (1980) to evaluate saltwater intrusion have been discon-
tinued. Of the wells that Klein (1980) used, only wells C-489,
C-490, C-491, C-516, and C-1003 (fig. 1) are currently moni-
tored by the USGS or other agencies in the area. Even though
Klein (1980) used additional wells he noted that enhanced
monitoring was needed. In the lower Tamiami aquifer only
a small number of additional wells are being monitored that
had not been monitored by Klein (1980). These wells (fig. 1)
include: (1) wells 1 and 2 monitored by the Country Club of
Naples (designated CCN1 and CCN2); (2) a group of eight
wells at the same location as city of Naples water-supply well
11 (designated NWS11); (3) well 1 monitored by Pine Ridge
Middle School (designated PRMS1); and (4) wells 302D
(fig. 14) and 323D (fig. 15). These wells do little to address the
recommendations of Klein (1980) because most of the wells
are either too shallow or located on the wrong side of the city
of Naples Coastal well field to detect saltwater encroaching
from the coast.

Bonita Spring Utilities Well Field

Although most USGS wells depicted in cross-section
C—-C' through the southern part of the Bonita Springs Utilities
well field (fig. 16) are no longer routinely monitored, induc-
tion logs were collected from wells L-2194 L-5723, L-5820,
L-5821, and the Lee County Natural Resources Division
monitoring well LT-1A in September 2008 as part of the NE1.
These logs are shown in the cross section in figure 16. Water
samples were also collected from these wells to evaluate chlo-
ride concentration. These logs and samples indicate that as far
inland as well L-5723 the saltwater within the aquifer is about
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35 ft thick. Well L-5723 is about 1.5 mi west of the well field.
There are no other wells between the location of L-5723 and the
well field that fully penetrate the aquifer. The maximum inland
extent of saltwater in this area is unknown. The maximum
chloride concentrations of samples collected from public water-
supply wells 1-16 and 21 ranged from 80 to 440 mg/L, and at
six of these wells concentrations were greater than 250 mg/L. It
is possible, therefore, that saltwater exists beneath these sup-
ply wells and that it is upconing (fig. 16).

There are several issues that complicate the evaluation of
saltwater encroachment in the aquifer near this well field:

* Only a few of the active monitoring wells east of the
well field fully penetrate the aquifer.

 Based on the hydrostratigraphic interpretation of
BEM Systems Inc. (2003), some of the wells, such
as well L-5723, are open to both the sandstone and
lower Tamaimi aquifers and may allow saltwater from
the sandstone aquifer to leak upward into the lower
Tamiami aquifer.

* The long open intervals of the monitoring wells may
allow dilution of the samples with shallow freshwater.

These issues could be addressed by (1) examination
of the wells that may be open to multiple aquifers by using
borehole geophysical logging, (2) abandonment of any wells
that might allow leakage between aquifers, and (3) replace-
ment of these wells with carefully designed and constructed
monitoring wells that are screened at the base of the lower
Tamiami aquifer.

Mapping the Saltwater Front

The position of the saltwater front changes through time
so caution should be used in interpreting rapid large-scale
changes in the position of the saltwater front based on data
from the existing network. The network is relatively sparse
and is poorly distributed in many areas (figs. 14, 15, 16).

The loss of a single well in some areas, therefore, could lead
to erroneous interpretations of saltwater front movement.
Variability in the salinity of water samples associated with
poorly designed or maintained JSWIM network wells could
erroneously be perceived as saltwater front movement. The
open intervals of some of the existing monitoring wells are
within the saltwater interface; accordingly, vertical changes in
the saltwater interface resulting from minor changes in water
levels, could result in large changes in the salinity of samples.
These changes may not correspond to large-scale lateral move-
ments in the saltwater interface.

SFWMD Map of the 250 mg/L Isochlor

A map of the 250 mg/L ischlor in the lower Tamiami
aquifer was created using salinity data collected in April and
May 2009 (appendix 1). This map includes the following

caveat: “The dashed/solid red line marks an approximation
of the farthest landward extent of the saltwater interface as
defined by the 250 mg/L isochlor, regardless of well depth,
and/or the farthest landward extent of saline surface water”
(South Florida Water Management, 2011b). As previously
described, well depth is an important consideration because
many of the existing monitoring wells are shallower than the
saltwater interface. The wells used to create the SFWMD map
near the city of Naples Coastal Ridge and Bonita Springs well
fields, were the same wells evaluated during the NE1 except for
(1) the inactive USGS-COOP-SWIM network wells, (2) wells
sampled and logged as part of the NE1, (3) wells sampled
by the CCPCPD, and (4) wells 302D and 323D (table 2-3).
Information from these wells provided additional information
that resulted in differences in interpretation of the 250 mg/L
isochlor. The same deficiencies in the JSWIM network that
caused uncertainty in cross sections A-A4', B—B’, and C—-C'
(figs. 14-16) would have reduced the precision of the mapped
isochlor (South Florida Water Management District, 2011b).
Aside from these considerations, there are differences
between the SFWMD (2011a, b) maps and the maps developed
by previous investigators.

* The SFWMD map depicts only the 250 mg/L contour.
Previous investigators mapped additional isochlors
(Fitzpatrick, 1986; Schmerge, 2001) that helped users
differentiate between the low concentrations of chlo-
ride found in a broad area east of the coastal ridge and
the high chloride concentrations typically associated
with lateral encroachment of saltwater along the coast.
Previous investigators, however, had more salinity data
to evaluate these contours because the data included
the USGS wells that are now inactive.

* The SFWMD map does not differentiate between the
sources of saltwater that have been described by Klein
(1954), McCoy (1962), Sherwood and Klein (1961),
Klein (1980), and Schmerge (2001). Schmerge (2001)
differentiated between the coastal intrusion of saltwa-
ter from the Gulf of Mexico and the saline water of
connate origin or from deep upward artesian leakage
(Sherwood and Klein, 1961) in the Big Cypress Basin
east of the coastal ridge. The 250 mg/L isochlor
depicted by the SFWMD (2011b), therefore, is drawn
through saltwater bodies that may be emanating from
different sources.

* The SFWMD map (2011b) indicates that the 250 mg/L
isochlor extends as far inland as 10 mi, which gener-
ally agrees with the assessments of McCoy (1962,
1972), but it does not show the area of freshwater
beneath the coastal ridge depicted by Klein (1954,

p. 35-36), Sherwood and Klein (1961, p. 2), and
Schmerge (2001, fig. 12). This difference in contours
may be because the SFWMD map did not include data
from deeper wells, such as well C-123, which are no
longer actively monitored. Results of samples collected
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January 28 and February 25, 2011, from well 302D
suggest that the aquifer beneath the well field may be
fresh. The quality of this data is uncertain, however,
because of the method of sampling and the length of
the open interval. The issues that have led to uncer-
tainties in the location of the 250 mg/L isochlor could
be resolved if the JSWIM network is enhanced as
described in this report.

Redundancy

Greater efficiency could be obtained by eliminating the
redundant well sampling by multiple agencies. Some organiza-
tions collect water-quality samples to evaluate other constitu-
ents, and the sampling methods used may be mandatory for
those constituents, but are not optimal for saltwater intrusion
monitoring. A second sample could be collected to evaluate
groundwater salinity and eliminate the sampling redundancy.

New Monitoring Wells

The main goal of a SWIMM network is to monitor
saltwater intrusion and provide the information necessary for
making management decisions. Network wells will need to
be strategically located, designed, and sampled to provide the
quality of data necessary to answer the following questions:

* [s saltwater currently contaminating any public water-
supply wells or other permitted water supplies?

* How close is the saltwater interface to the well fields?

* Is the saltwater interface advancing or retreating and at
what rate?

* Is the saltwater identified at a given location currently
entering the aquifer or is it a remnant of previous intru-
sion?

* Is saltwater moving through preferential flow paths or
along the base of a given aquifer?

* What is the source of the saltwater detected at a
given location?

A variety of monitoring is needed to answer the
above questions:

 Public and private water-supply wells need to be
sampled on a routine basis to detect saltwater intrusion.

» A series of test boreholes are needed to locate the
saltwater front and determine its distance from the well
field or well fields of interest.

» Additional closely spaced monitoring wells are needed
to tightly bracket the saltwater front to detect its
advances or retreats.

* A line of wells perpendicular to the front are needed to
evaluate the overall rate of travel of the salinity front
between wells.

» Well nests are needed to evaluate any movement of
saltwater through preferential flow paths.

» Wells are needed to evaluate the sources of saltwater.

The existing JSWIM network largely addresses the first
of these monitoring needs. This monitoring would likely detect
saltwater contamination of public water-supply wells, irriga-
tion wells, and private water-supply wells, if it occurs. Wells
that have been designed specifically to answer the remaining
questions, however, are few in number, poorly distributed, and
are commonly old and in poor condition.

Continual evaluation of any network is required because
the temporal distribution of salinity in the aquifers can
change (fig. 3). Currently, an estimated 47 wells are needed
to provide the appropriate spatial coverage to address some
of the deficiencies in the existing network. It is impossible to
determine the quantity and locations of the monitoring wells
needed to map the saltwater front and to differentiate between
the sources of saltwater intrusion because of the paucity
of information concerning distribution of saltwater in the
aquifers. Numerous test wells or surface geophysical sound-
ings may be needed to determine exactly where each of the
final monitoring wells would be installed. Modifications to the
proposed plan, including changes to the number of monitoring
wells required, may be required based on the findings of test
well drilling or geophysical examinations. The test wells or
borings could be abandoned immediately or in some instances
completed as monitoring wells for future use.

The plan assumes that each of the 47 wells will be cased
with PVC, have 5-ft-long screened intervals installed at the
base of the aquifers, and monitored using borehole induc-
tion tools so changes in salinity above the base of the aquifer
will be detected. If nested wells are used to provide informa-
tion at multiple depths, additional monitoring wells will be
needed. The estimate of 47 wells also assumes that sufficient
hydrostratigraphic evaluation and borehole geophysical data
collection will be conducted to ensure wells are screened at the
base of the aquifer and not above or below it. An incremental
approach was designed to indicate where additional monitor-
ing wells may be needed. As shown in figure 17, network
coverage could be improved by enhancing the monitoring
program in four spatially distributed phases (fig. 17).

The objective of Phase 1 is to identify potential saltwater
intrusion at the city of Naples Coastal Ridge well field. This
area is proposed for improvement in the first phase because
the saltwater front is known to be relatively close to this well
field although the exact location is uncertain. Increases in the
salinity of samples from some monitoring wells located near
or within the well field indicate an urgent need to understand
the exact location of the saltwater front, and the source of
saltwater in these wells. The construction of 10 new monitor-
ing wells should provide the necessary long-term monitoring
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in this area. These monitoring wells could bracket the salt-
water interface in up to five locations including: four paired
wells placed along the length of the city of Naples Coastal
Ridge well field to evaluate lateral encroachment of saltwater
from the Gulf of Mexico, and one pair of wells to evaluate the
leakage of saltwater from the Gordon River downstream of
the salinity control structure. Ideally, paired wells need to be
installed in areas where well field withdrawals are the great-
est and where active public water supply wells are close to
the coast. Test drilling or surface geophysical measurements
can provide critical information about the complexity of the
saltwater interface in this area. This information can be used to
increase or decrease the number of well pairs used.

Phase 2 will assess whether saline canal flow inland of
the salinity control structures near the city of Naples Coastal
Ridge well field may elevate groundwater salinity. Two
new wells are proposed to be sited along the Gordon River
upstream from the salinity control structure and between the
city of Naples Coastal Ridge well field and the river, and one
well drilled between the North Naples Drainage Canal and the
city of Naples Coastal Ridge well field.

Phase 3 is designed to evaluate saltwater leakage between
aquifers and the movement of connate saltwater near the well
fields that are located farther inland in Collier County. Eight
new wells are estimated to be needed for this evaluation, but
the number of wells would ultimately depend on how many
areas of leakage are identified by test drilling or surface geo-
physical measurements and the extents of these areas.

Phase 4 will provide the wide monitoring network
needed to map lateral saltwater encroachment from the Gulf of
Mexico along the base of the lower Tamiami and water-table
aquifers throughout Collier County. Twenty-six monitoring
wells are proposed to be installed with the majority completed
in the lower Tamiami aquifer because currently numerous
wells are available that fully penetrate the water-table aquifer.
Although additional wells may be needed to monitor salinity
within the lower Tamiami aquifer, the new wells and geophys-
ical measurements will provide a good framework to under-
standing the complexity of the extent of lateral encroachment
from the Gulf of Mexico into the lower Tamiami aquifer. The
number of wells monitored on a routine basis for mapping can
then be increased or decreased as needed. Part of this area is
remote, and saltwater intrusion may be more efficiently evalu-
ated using airborne geophysical surveys.

The network could be improved by (1) additional moni-
toring activities at existing monitoring wells, (2) application of
surface and airborne geophysical techniques, and (3) collec-
tion of salinity data from surface-water bodies.

Airborne, Surface, and Borehole Geophysics,
Coring, and Aquifer Testing

Existing hydrostratigraphic information in southwest
Florida is mostly based on sample cuttings collected during
drilling activities, supplemented with some aquifer-test and

borehole geophysical data. Advances in borehole, surface, and
airborne geophysical methods have provided new information
that has greatly improved carbonate aquifer characterizations
in south Florida. Geophysical methods that could be applied in
southwest Florida to evaluate the hydrostratigraphic frame-
work of the aquifers include high-resolution seismic-reflection
surveying (Cunningham and others, 2001b, 2003), borehole
geophysical logging, and electrical or electromagnetic geo-
physical methods, such as (1) direct current (DC) resistivity
measurements, (2) continuous resistivity profiling (CRP),

(3) electromagnetic induction logging, (4) time-domain elec-
tromagnetic (TEM) measurements, (5) capacitively coupled
resistivity survey profiling, and (6) helicopter electromagnetic
(HEM) surveys. These geophysical methods can be combined
with analyses of core and aquifer tests to greatly improve the
quality of hydrostratigraphic information available.

High-Resolution Seismic-Reflection Surveys

One of the difficulties in developing an accurate hydro-
stratigraphic interpretation of south Florida is that geologic
strata in many instances do not overlie each other as a series of
horizontal, continuous layers with uniform lithologic char-
acter. High-resolution seismic reflection studies conducted
in south Florida have revealed complex subsurface features,
including erosional truncation, toplap, onlap, or downlap rela-
tions established during erosion and deposition of the geologic
strata, as well as seismic-sag structural systems resulting
from a progressive evolution from cave formation, to cave
collapse, and ultimately suprastratal collapse (Cunningham
and Walker, 2009). Commonly the strata slope in a uniform
direction, similar to a stack of tilted playing cards. It is dif-
ficult, therefore, to correlate strata between test wells that are a
substantial distance from each another.

A combination of high-resolution, seismic-reflection
surveying and analyses of core from test wells including nano-
fossil biostratigraphy and strontium-isotope chemostratigraphy
have been used in southwest Florida to improve understanding
of the regional hydrostratigraphic relations (Cunningham and
others, 2001a, 2001b, 2003). Expanded use of these methods
could resolve some of the existing uncertainty of hydrostrati-
graphic interpretation within the study area. Seismic surveys
like these have been conducted in several of the large canals in
south Florida as well as offshore.

Time-Series Electromagnetic Induction Log
Datasets

Electronic or electromagnetic methods are useful in
detecting and mapping saltwater in aquifers because saltwater
conducts electricity better than freshwater. Electromagnetic
induction logging equipment (ASTM International, 2001)
provides a maximum response from aquifer materials in a
donut-shaped radius that extends 8 to 40 inches from the cen-
ter of the monitoring well (McNeill, 1990). Electromagnetic
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induction borehole data can be collected in wells that are

fully cased with PVC, accordingly, electromagnetic logging
equipment can provide measurements of bulk conductiv-

ity and bulk resistivity of aquifer materials every tenth of a
foot for the full depth interval of a monitoring well, without
the uncertainties caused by flow or mixing within long open
intervals. Bulk resistivity is the inverse of bulk conductivity.
The bulk conductivity measured is dependent on the electrical
properties of the rock and the water in the rock and varies with
porosity. The porosity and electrical conductivity of the rock
or sediments themselves generally do not change substantially
through time. The changes observed in temporally successive
induction logs are related to temporal changes in the pore
water conductivity. In this way, induction logs can be used in
a similar fashion to a series of water conductivity profiles. A
series of electromagnetic induction logs can be converted to
time-series electromagnetic induction log (TSEMIL) datasets
by eliminating the offsets caused by small differences in cali-
bration (figs. 18 and 19). Chloride concentration sampled and
bulk conductivity measured by electromagnetic induction from
well G-3609 increased near the base of the aquifer as saltwater

encroached landward (fig. 18). During the 16 year period
19962011, G-3601 bulk conductivity steadily increased
between the depths of 140 and 190 ft bls as saltwater gradually
encroached within the aquifer (fig. 194). The TSEMIL dataset
from well G-3601 also show influxes of conductive water in
the depth intervals of 60 to 100 ft bls (2003 and 2004) and 100
to 130 ft bls (2009).

Wells can be designed specifically for TSEMIL collec-
tion (fig. 20). Prior to well completion, geophysical logs and
recovered core are used to evaluate the stratigraphy, detect
preferential flow zones within the aquifer, and determine where
secondary filter packs may be required. This information is
used to determine the exact strata into which the screen interval
should be installed to provide optimal information. Small sam-
pling tubes installed into separate filter packs (fig. 20) replace
the multidepth sampling of the old open-borehole wells and
eliminate the potential of ambient well-bore flow. Monitoring
wells can be designed to fully penetrate an aquifer so that the
changes in salinity throughout the thickness of the aquifer can
be evaluated and the maximum landward extent of saltwater
can be determined.
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Time-Domain Electromagnetic Soundings

Time-domain electromagnetic (TEM) soundings have
been used extensively since 1994 to evaluate the landward
extent of saltwater in aquifers in south Florida (Sonenshein,
1997, Fitterman and others, 1999; Hittle, 1999; Schmerge,
2001; Stewart and others, 2002; Fitterman and Prinos, 2011)
and to aid in the calibration and interpretation of results from
helicopter-based electromagnetic (HEM) surveys conducted in
the Everglades (Fitterman and Deszcz-Pan, 1998, 2002) and
the Model Land Area (Fitterman and others, 2012).

The primary reason for collecting TEM soundings in the
Biscayne aquifer in Miami-Dade County was to evaluate the
inland extent of saltwater in shallow aquifers. However, Fitter-
man and Prinos (2011) discovered that many of the models of
these soundings have a layer interface that corresponds closely
with the base of the Biscayne aquifer. TEM soundings might
also be used in the Big Cypress Basin both to evaluate the
extent of saltwater encroachment and to refine the hydrostrati-
graphic framework.

Helicopter Electromagnetic Surveys

Helicopter electromagnetic (HEM) surveys can pro-
vide information similar to that obtained by TEM soundings.
This information can be used to interpret the occurrence and
extent of saltwater in earth materials. HEM surveys were
completed in 1994 and 2001 in south and southeast Florida
(Fitterman and Deszcz-Pan, 1998, 2002; Fitterman and others,
2012). These surveys provide a 3-dimensional model of the
distribution of saltwater in these areas. Another HEM survey
conducted in 2001 includes part of the Big Cypress Basin
(Fitterman and Deszcz-Pan, 2002), but the data were never
fully processed. These data could prove valuable for evaluat-
ing saltwater intrusion in a portion of the Big Cypress Basin
too remote for conventional monitoring.

Borehole Geophysical Logging

Recent studies conducted by the USGS show that some
limestone aquifers can be more accurately conceptualized as
dual-porosity aquifers (Renken and others, 2008; Cunningham
and others, 2009). As the name implies, dual-porosity aquifers
comprise materials having two different types of porosity:

(1) matrix porosity (inter-particle pores and separate vugs),
that may provide groundwater storage, and (2) touching-vug
macroporosity, or bedding-plane and cavernous vugs, vertical
solution pipes, and solution-enlarged fractures, which may
create concentrated groundwater flow zones at various depths
within an aquifer (Cunningham and Sukop, 2011). The

effect of highly permeable flow zones on the geometry of the
saltwater interface is poorly understood. If a flow zone were
to intersect both the intakes of public water-supply wells in

a well field and the saltwater interface it could potentially
provide pathways for saltwater to contaminate the well field

more readily than if the saltwater interface were in a homo-
geneous isotropic aquifer. Collection of additional borehole
geophysical data in existing wells and collection of borehole
geophysical data (Wacker and Cunningham, 2008), coring,
and sampling during well installation can improve understand-
ing of the distribution of these flow zones. Borehole data that
may provide valuable information include the following:

* Vertical flow data can be used to evaluate the quality
of salinity sample results collected from long open-
borehole intervals and to examine interaquifer flow
that may occur in wells open to multiple aquifers. Flow
data collected at each borehole under ambient (static)
and dynamic (pumping) conditions would allow for
the estimation of transmissivity. Several different types
of flow meters are available, including (1) the electro-
magnetic flow meter, (2) the heat pulse flow meter, and
(3) the spinner flow meter. Each meter has benefits and
weaknesses. Collection of a suite of flow meter data
generally provides the best results.

* Borehole image logs. It is not possible to collect core
from wells that have already been drilled. If a well
has a long open-borehole interval, however, optical or
acoustic borehole image logs provide a virtual inspec-
tion of geologic section that can be used to refine the
framework.

* Electromagnetic induction/natural gamma-ray/
spontaneous potential/single-point resistance data
can help indicate where confining clays are present.
Electromagnetic induction data can be collected in
PVC cased wells. This information can be used to
evaluate whether a well has penetrated a confining
layer or not.

* Full waveform sonic data can be collected in
unscreened wells with long open-borehole intervals to
generate a vertical log of compressional and Stoneley
wave velocities. Compressional wave velocities are
used in the Wylie or Raymer-Hunt equations to com-
pute sonic porosity. Stoneley waves are low frequency,
large-amplitude surface waves that propagate along
the walls of fluid-filled boreholes during sonic log-
ging. These wave velocities can be cautiously used
for qualitative estimates of permeability of the rock
surrounding the borehole. Generally, low amplitudes
can represent relatively high permeability, and high
amplitudes can represent relatively low permeability.

* Water-quality data can indicate where water of dif-
fering chemical compositions enter or depart the well
bore. This information can provide insights concerning
how water flows through the aquifer and can be used to
evaluate the effects of vertical flow on collected salin-
ity information.
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Coring and Aquifer Tests

An improved understanding of dual-porosity groundwater
flow within the macroporous limestone of the Biscayne aquifer
has been developed within the context of a cyclostratigraphic
framework (Renken and others, 2008; Cunningham and oth-
ers, 2009; Cunningham and Sukop, 2011). This analysis has
been accomplished through combined use and analysis of
rock-core samples, borehole geophysical data, and hydraulic
tests. Similar information obtained within the Big Cypress
Basin can aid in the development of groundwater flow and sol-
ute transport models used to understand the potential of salt-
water intrusion. Rock core samples provide detailed informa-
tion about subsurface lithologic conditions at specific borehole
locations that cannot be obtained from borehole geophysical
data alone. Improvements in understanding the cyclostratig-
raphy require continuously cored test wells and digital optical
borehole image logs. Where core recovery is incomplete,
optical borehole image logs can be used to determine the exact
depths of partial core sections.

Collection of data during slug tests, specific yields tests,
or aquifer tests, and analysis of these data can be used to iden-
tify aquifer and confining units and to quantity the transmis-
sivity, specific storage, and hydraulic conductivity.

Quality-Assurance Measures

Salinity data provided by the JSWIM network are col-
lected by multiple organizations. Uniformity in data qual-
ity and collection procedures would ultimately provide
scientifically defensible information regarding the location
of the interface. Management of the JSWIM network could
be improved through organizational planning meetings that
(1) poll network participants about sampling, processing, stor-
age, and quality-assurance/quality-control (QA/QC) protocols,
(2) examine trends in salinity, water levels, and withdrawals
of water from the aquifer to evaluate changes in the extent
of, or potential for, saltwater intrusion, (3) evaluate resources
available for network improvements, (4) establish the respon-
sibilities of network participants, (5) establish a schedule
of improvements (see next section for an example), and
(6) develop a JSWIM network QA/QC plan. Quality-assurance
protocols (Florida Department of Environmental Protection,
2008b; U.S. Geological Survey, variously dated) that may
help in development of the JSWIM QA/QC plan include the
following:

 Provide training in the equipment used and the applica-
ble SOPs to ensure that samples are properly collected.

 Create and use field forms for the collection of water-
quality samples. The FDEP describes what must be
recorded for each sample (Florida Department of
Environmental Protection, 2008b).

» Compute volume of water in the well when it is neces-
sary to purge a well because this volume depends on

the water level in the well. FDEP describes how to
compute the well volume (Florida Department of Envi-
ronmental Protection, 2008b).

* Periodically review new incoming data. Create long-
term data plots to identify trends or detect any data
offsets that result from improperly collected samples or
are due to well damage.

* Create and use station problem report forms to record
problems at a monitoring well that affect the security
of the well or the quality of samples collected from it.
These problems may be evident from visual inspection
of the well, analysis of the data, or annual well depth
checks. These problems are evaluated by a manager
and measures are taken to address the problems. If a
problem cannot be corrected and affects the quality
of samples, a decision may be made to discontinue a
specific well.

* Prepare brief annual synopsis of the data collected from
each well, documenting:: (1) the number of samples
collected, (2) samples that may have been rejected
upon review, (3) techniques and equipment used for
sampling, (4) outstanding problems with the condition
of the well, and (5) actions taken during the year to
address any well condition problems.

* Periodically accompany technicians in the field to
evaluate their sampling techniques.

* Annually analyze blind samples to ensure that analysts
have the skill and training necessary to provide high-
quality sample analyses.

* Review field and office procedures every 3 years to
ensure proper sampling methodology and documenta-
tion of results.

 Ensure that all documentation concerning the monitor-
ing wells and samples is reviewed to verify that data
are being properly collected and that all the informa-
tion necessary to evaluate well location, construction,
location, and sample results is being recorded.

* Verify that each organization or assigned individual is
meeting their responsibilities.

These general quality-assurance procedures combined
with improvements described in this report would address
many of the well condition problems and sample collection
problems that were identified during the NE1. These mea-
sures also help ensure that corrective actions are taken before
problems result in long-term impairment of data quality. For
organizations collecting only a few samples, these proto-
cols may seem excessive. However, if the JSWIM networks
include data collected by hundreds of individual organizations,
each collecting only a few samples, then a large percentage of
data could be impaired if the necessary sampling and quality-
assurance protocols are not followed.
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Improving Data Accessibility

The data management capabilities of governmental
organizations have expanded greatly during the 75-year
period (1937 to 2012) during which saltwater intrusion has
been monitored in southwest Florida. In the past, only paper
files existed. Today, large databases maintained by the FDEP,
SFWMD, and USGS organize and store the large volumes
of data being collected. Data can be retrieved from these
databases to allow examinations like those conducted for the
NE1. Data stored electronically in formats that are relatively
easy to work with are also available from some county govern-
ments. A number of weaknesses in information dissemination,
however, still need to be addressed:

* Information access. Information from the various net-
works has to be requested from each organization that
possesses it. Some, but not all information is available
online. Personnel may have to retrieve the requested
information from that organization’s database or files
and provide it as permitted by their own schedules.
Not all organizations have staff dedicated to providing
data retrievals. In some instances, repeated requests
were required to obtain the necessary information for
the NEI1.

» Information consolidation. Geospatial analyses
require a number of steps that have to be repeated each
time an analysis is conducted, including retrieval of
well construction and location information, and water-
sample results from each organization. Water-level data
from one site may exist in several files that have to be
merged for long-term analyses.

* Format of data. Quantitative evaluation of trends
generally requires that data be imported into statistical
analysis software. Several statistical analysis packages
have been developed that are well suited for the evalu-
ation of water-quality and hydrologic information, but
input data may need to be restructured to satisfy input
formats.

* Discrepancies in redundant data. In some instances,
salinity data have been collected from the same well by
different organizations. Redundant sampling provides
a good quality-assurance check, but organizations are
not necessarily aware of other agency data collection
activities. These redundancies are further complicated

by inconsistent well names. Differences were also
identified in the data provided for the same well by
different organizations. These differences could lead to
incorrect interpretation.

These weaknesses in information dissemination can
increase the difficulty of compiling all available information
needed for timely, ongoing, managerial evaluations, particu-
larly if immediate decisions are required. These issues have to
be considered whenever an organization needs an analysis of
the status of saltwater intrusion.

To provide decision makers with readily accessible
information concerning the landward extent of saltwater in
the aquifer, the USGS developed a prototype Web site (U.S.
Geological Survey, 2012d) for Miami-Dade County. Features
of this Web site include:

* An Arc-IMS operating system provides geographical
information in a similar fashion to most GIS applica-
tions. Layers showing hydrology, transportation, utili-
ties, and boundary information can be viewed or not.
This system allows panning, zooming, measuring, and
identification of geographic features.

 Layers are included that show the previously mapped
landward extent of intrusion, locations of monitoring
wells, and locations of public water-supply wells.

» Symbology is used to geographically show the chloride
concentration of recent samples from monitoring wells
and to show the long-term trend.

 Information from ongoing sampling is automatically
updated, which keeps the Web site current.

* Arc-IMS layers provided on the Web site can be linked
directly to a user’s GIS system and automatically
updated. This linkage allows the examination of the
most current salinity information relative to the users’
own GIS layers.

A similar tool would be useful for evaluating the results
of the JSWIM network in southwest Florida and could permit
improved oversight of saltwater intrusion monitoring activi-
ties. Before such a tool is implemented, it would be helpful
to standardize the quality of the JSWIM network data and to
establish a single vertical and horizontal datum. If all data are
being collected to the same standards, and if these data are
consolidated into a similar format, then Web-based analytical
tools could greatly improve the ease of data analysis.



Prioritization of Network
Improvements

The prioritization of network improvements generally
depends on several factors that include (1) available resources,
(2) information that becomes available as improvements
are incrementally completed, and (3) needs and priorities of
the organizations operating the network. The iterative plan
depicted in table 2 proposes modest improvements over
6 years. By its completion, only 8 to 15 new wells would be
added, which should satisfy information needs to address
phases 1 and 2 (fig. 17) of the proposed plan to improve
spatial coverage. Additional iterations, however, would be
needed to provide spatial coverage required for phases 3 and 4
(fig. 17).

In table 2, network management improvements are
highlighted in green. Quality-assurance improvements and
training are highlighted in yellow. Items highlighted in orange
(table 2) are contingent on the desires of resource managers.
If resource managers plan to continue to use older wells and
long-screened wells for the foreseeable future, these contin-
gency items would be necessary to verify that data of reason-
able quality can be obtained from these older wells. If resource
managers wish to expedite the installation of new wells,
however, then these evaluations can potentially be curtailed in
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areas where existing long-screened wells would be replaced
by new wells of an improved design. Items highlighted in grey
(table 2) are improvements in monitoring and refinement of
the hydrostratigraphic framework. Each year, small improve-
ments to the network are made through the limited collection
of surface and borehole geophysical data and installation of

a few new wells. Surface geophysical measurements or test
wells are proposed to aid in the selection of exact locations for
monitoring wells. The first geophysical measurements could
serve as a pilot effort, and subsequent measurements could

be conducted if the pilot effort proved successful. Improved
data dissemination is highlighted in blue and considered an
optional measure (table 2).

Implementation of the full JSWIM network improve-
ment plan proposed in this report would require the combined
efforts of each organization. Cooperation between these orga-
nizations can potentially provide benefits that no single orga-
nization can accomplish on its own. For example, the USGS
relied on a cooperative relation with numerous Federal, State,
county, and city partners in southwest Florida to establish the
first SWIM network and to publish numerous studies that were
used to help develop and manage the existing water supply.
Although the USGS is a minor partner in the JSWIM network,
the remaining organizations can still work together to improve
the JSWIM network. The resulting information could help cit-
ies and counties protect their water resources.
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Table 2. Proposed 6-year plan to improve the quality of saltwater intrusion monitoring activities in southwest Florida.

pmpone e ed Improveme | 014 | 016 |

Conduct a survey of sampling, process-

! ing, storage, and quality assurace.
’ Conduct an organiztional planning
meeting
Develop Standard Operating Pro-
3 ceedures specifically for salinity

sampling.

Develop a joint saltwater intrusion
4 monitoring (JSWIM) network quality
assurace plan.

Evaluate and determine a schedule of

> desired network improvements.

6 Develop a schedule to address well con-
dition or missing information issues.

7 Establish a training program.

3 Evaluate known JSWIM well condition
issues

Conduct a well inventory to identify any

9 wells that could be added to fill gaps
in the JSWIM network.

10 Implement annual well depth checks

1 Begin training and quality assurance
measures

12 Update aquifer assignments

13 Begin monitoring canal salinity

14 Detailed borehole geophysical logging

of 1 long screened well

Collect 4 to 6 electrical or electromag-
15 netic surface geophysical measur-
ments* or drill test wells

Collect and process high-resolution

16 seismic reflection data*
17 Install 2-3 new wells
13 Collect and analyze core from new

wells

Collect and process detailed borehole
19 geophysical and water quality logs
from new wells

Collect Oxygen, hydrogen, and stron-

20 tium stable isotope samples

1 Create scripts and website to improve
data dissemination

22 Review of information gained in 2012

2 Examine well problems with borehole
camera

24 Repair or abandonment of damaged
wells

25 Collect detailed geophysical logs in 10

long screened wells
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Table 2. Proposed 6-year plan to improve the quality of saltwater intrusion monitoring activities in southwest Florida.

Component Desired improvement FY2013 FY2014 FY2015 FY2016 FY2017 FY2018
Collect 4 to 6 electrical or electromag-
26 netic surface geophysical measur-
ments** or drill test wells
Collect and process high-resolution
27 . .
seismic reflection data**
28 Install 2 to 4 new wells
29 Collect and analyze core from new
wells
Collect and process detailed borehole
30 geophysical and water quality logs
from new wells
31 Review of information gained in 2013
1 Examine well problems with borehole
camera
33 Repair or abandonment of damaged
wells
34 Collect detailed geophysical logs in 10
long screened wells
Collect 4 to 6 electrical or electromag-
35 netic surface geophysical measur-
ments** or drill test wells
36 Collect and process high-resolution
seismic reflection data**
37 Install 2 to 4 new wells
38 Collect and analyze core from new
wells
Collect and process detailed geo-
39 physical and water quality logs from
new wells
40 Review of information gained in 2014
41 Examine well problems with borehole
camera
4 Repair or abandonment of damaged
wells
43 Collect detailed geophysical logs in 10
long screened wells
Collect 4 to 6 electrical or electromag-
44 netic surface geophysical measur-
ments** or drill test wells
Collect and process high-resolution
45 . .
seismic reflection data**
46 Collect and analyze core from new
wells
Collect and process detailed borehole
47 geophysical and water quality logs
from new wells
Evaluate progress in network improve-
48 .
ment and revise as needed
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Table 2. Proposed 6-year plan to improve the quality of saltwater intrusion monitoring activities in southwest Florida.

Component Desired improvement FY2013 FY2014 FY2015 FY2016 FY2017 FY2018

49 Ongoing quality assurance review of

JSWIM participants
50 Ongoing annual total depth well checks

Long term collection of oxygen, hy-

51 drogen, and strontium stable isotope

samples.
52 Long term Time-Series Electromagnetic

Induction logging
53 Long term canal salinity monitoring

* During the first year the value of electrical, electromagnetic, and seismic surface geophysical techniques could be evaluated.

™ Dependent on evaluations conducted during the first year.




Summary

During the mid-20th century, saline groundwater intruded
coastal surficial aquifers of southwest Florida that had previ-
ously contained freshwater. Analyses of water samples from
monitoring wells near to the saltwater interface indicate that
saline groundwater is still intruding some areas. The causes
of this intrusion are (1) encroachment of saltwater along the
base of aquifers caused by reductions in freshwater head from
water-supply withdrawals or canal drainage, (2) infiltration
from tidal marshes, estuaries, and bays, (3) the migration of
saltwater upstream from unregulated canals or streams during
drought periods and the leakage of this water into surficial
aquifers, (4) movement of residual saltwater that entered the
aquifer during previous sea-level high stands occurring during
interglacial periods, and (5) upward seepage through leaky
confining units and poorly sealed wells. The Joint Saltwater
Intrusion Monitoring (JSWIM) network is used by water
managers to monitor the extent and distribution of saltwater
in the aquifers. The largest component of the JSWIM network
is the South Florida Water Management District-Saltwater
Intrusion Monitoring and Management (SFWMD-SWIMM)
network. The phase 1 examination of existing salinity moni-
toring in southwest Florida (NE1) was conducted to evaluate
the JSWIM network. This examination identified the following
deficiencies in the JSWIM network:

* Monitoring is predominantly clustered around the
well fields.

* Monitoring is dense in some areas but sparse in
some areas where it is needed such as near the
saltwater front.

* Monitoring relies on a large percentage of wells that
were neither designed nor intended to be used spe-
cifically for monitoring of saltwater intrusion in the
aquifers or evaluation of the sources of saltwater.

* Many monitoring wells are generally too shallow to
provide water samples from the depths necessary to
evaluate the extent and distribution of saltwater intru-
sion in the lower Tamiami aquifer.

* Many monitoring wells have long-screened or open-
hole intervals in which water may flow vertically under
ambient conditions and cause dilution of samples.

* Many monitoring wells are missing construction infor-
mation, such as well depth or cased depth.

* Florida Department of Environmental Protection Stan-
dard Operating Procedures (SOPs) call for sampling of
long open-interval wells by pumping from near the top
of the water column or top of the open interval, which
could result in samples that are not representative of
maximum salinity in the aquifer.
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* Obstructed or damaged wells could provide samples
that are not fully representative of aquifer conditions.
Some partially obstructed wells are still sampled.

 There are inconsistencies between the depths of some
JSWIM network wells and the aquifers to which these
wells are considered to be open. This may be related to
differences between previous and current hydrostrati-
graphic interpretations.

 Surface-water salinity sampling in some areas is insuf-
ficient to evaluate whether saltwater occurs in some
canals near coastal well fields.

+ Existing monitoring generally cannot differentiate
between the multiple sources of saltwater intrusion in
the aquifers of the study area.

» Some of the technological advancements that can
improve the quality of salinity monitoring, such as the
use of nonisokinetic samplers and the collection of
time-series electromagnetic induction log (TSEMIL)
datasets, have not been used.

* Some monitoring is redundant.

* Data dissemination mechanisms often require time
consuming compilation and post processing efforts
before saltwater intrusion can be evaluated.

* Quality assurance of the network as a whole needs
improvement.

A plan to improve saltwater intrusion monitoring in
southwest Florida has been developed that includes the follow-
ing elements:

* Conduct a survey to determine how all organization
involved in the JSWIM network collect, process, store,
and quality assure salinity network information.

» Develop a plan that specifies which organizations
will be responsible for each of the necessary
quality-assurance measures.

» Develop SOPs designed for salinity sampling in exist-
ing network wells.

» Develop a network quality-assurance plan.

» Examine trends in water-level and salinity data to
determine where changes are occurring.

 Evaluate and determine a schedule for desired
network improvements.

» Evaluate and address known well condition or missing
information issues.

* Develop a schedule to address well condition or
missing information issues.
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Conduct a well inventory to identify any
wells that could be added to fill gaps in the
SFWMD-SWIMM network.

Institute annual well depth checks and graphic evalua-
tions of long-term data.

Establish training to inform JSWIM personnel of qual-
ity assurance requirements and the SOPs designed for
salinity sampling.

Update aquifer assignments.
Improve monitoring of canal salinity.

Conduct borehole geophysical logging of wells with
long open-borehole intervals.

Drill test wells or collect surface geophysical measure-
ments to determine the required locations for new
monitoring wells.

Collect geochemical samples to evaluate sources of
saltwater.

Install new wells to provide improved monitoring and
delineation of saltwater intrusion.

Collect detailed stratigraphic and geophysical data dur-
ing well installation.

Collect TSEMIL datasets from new wells.

» Abandon existing wells that no longer meet the needs
of the network or that may allow saltwater intrusion
between aquifers.

* Improve data dissemination.

* Determine a schedule for periodic reevaluations of the
JSWIM network to track improvements and evaluate
where changes are needed.
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