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INTRODUCTION
The mapping of water quality in coastal aquifers is an important component of resource management
that has huge economic and environmental consequences associated with it. Traditionally
accomplished through the use of monitoring wells and water samples, precise determination of water
quality can be made at points scattered over a study area. The reliability of modern three-dimensional
ground-water models depends in great part on the availability of data for use in model calibration.
Calibration of hydrologic models is critically dependent upon the number and placement of observation
wells (Hill, 1998; Hill et al., 2000). While increasing the number of wells does not assure a better
calibration, it does improve the chances of it. This statement is particularly true for models that
incorporate variable density to allow the modelling of saltwater intrusion. In south Florida the problem
of obtaining sufficient sampling wells is made more difficult because large tracts of land are covered by
centimetres to several meters of water, and roads are few and far between. Conventional drill rigs are
limited to existing roads, which are built by digging a canal and using the extracted material to build up
a roadbed. Portable rigs can also be used, but have limited capability.
The management of surface-water and groundwater resources in south Florida impacts many aspects
of modern life including sources of drinking water, need for dry land for agriculture and development,
protection from flooding, and safekeeping of the environment. Balancing these often competing
societal interests can be challenging. Hydrologic models can help in formulating management policies
to address these complex and inter-related issues, provided the models are realistic and well
calibrated.
Water quality issues in coastal aquifers often boil down to determining the salinity, chloride content,
total dissolved solids, or specific conductance of the ground water. These properties can be
determined by direct measurement of water samples, either in situ or after pumping from wells. In
general, there is a linear relationship between these various measures of water quality. Furthermore,
as will be discussed in detail later, the relationship between the electrical properties of the bulk
formation (combined rock matrix and pore water system) and the conductivity of the pore water
(specific conductance or SC) can be estimated (Archie, 1942; Hearst et al., 2000). Once this
relationship has been established, electrical geophysical techniques, which can determine bulk
formation resistivity, can be used to estimate water quality.
In this paper we describe our experience using helicopter electromagnetic (HEM) surveys to develop
three-dimensional electrical resistivity models of the subsurface (Fitterman and Deszcz-Pan, 1998,
2002). We have applied this approach in Everglades National Park, Big Cypress National Preserve,
and surrounding areas in south Florida (Figure 1). The results show the large-scale pattern of
saltwater intrusion in the area, as well as smaller scale phenomena caused by human influences such
as road and canal building and natural factors.
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Figure 1 Map showing location in South Florida of study area and HEM survey boundaries. ENP is the
Everglades National Park survey, BCYP is the Big Cypress National Preserve survey, and TP is the Turkey Point
survey

HYDROLOGY OF STUDY AREA
Previous hydrologic work in Everglades National Park by Fish and Stewart (1991) was based upon a
dozen wells covering an area of about 2000 km2. Their work provides a very useful and important
regional framework that defines the major hydrologic units. The hydrogeology is characterized by three
distinct zones, which from the surface to depth are the surficial aquifer system, the intermediate
confining unit, and the Floridan aquifer system. The surficial aquifer system is composed, from top to
bottom, of the Biscayne aquifer, a semi-confining unit, the grey limestone aquifer, and the lower clastic
unit of the Tamiami Formation. In terms of ground-water supply, the most important unit is the
Biscayne aquifer. The Biscayne aquifer contains high permeability limestone and calcareous sand
units. Fish and Stewart (1991) require that there be at least a 3-m (10-ft) thick section of greater than
305 m/d (1000 ft/d) horizontal permeability for these units to be considered part of the aquifer. The
base of the Biscayne aquifer is defined as the depth where the subjacent sands and clayey sands fail
to meet this permeability criterion. In the study area the Biscayne aquifer ranges from 0 to 30 m (0-100
ft) thick; its thickness increases toward the eastern side of the study area.

HELICOPTER ELECTROMAGNETIC METHOD
Helicopter electromagnetic (HEM) surveying was developed in the 1970's as an exploration tool for
massive sulphide deposits in Canada (Becker et al., 1990). The technique makes use of the principles
of electromagnetic induction to determine the resistivity of the ground below the sensor (Fraser, 1972;
Fraser, 1978; Fraser, 1979). The sensor typically consists of a cigar-shaped instrument pod -called a
bird- in which pairs of transmitter and receiver coils are mounted (Figure 2). Each pair of coils operates
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at a different frequency. The depth of investigation is controlled by the frequency with lower
frequencies probing deeper than higher frequencies. Modern HEM systems use between three and
five frequencies. The transmitter electronics sends a sinusoidal current waveform through the
transmitter coil producing a primary magnetic field. The primary magnetic field approximates a dipolar
magnetic source with a time varying amplitude. The time varying nature of the primary magnetic field
induces current flow in nearby conductors, such as the ground. The magnitude of these currents
depends upon how conductive the ground is, as well as high the bird is above the ground. The
currents induced in the ground produce a secondary magnetic field. Time varying magnetic fluxes due
to the primary and secondary magnetic fields threading through the receiver coil generate voltages,
which are measured by the receiver electronics. The measured voltage is normalized to the voltage
expected when the bird is far from any conductors, as will be the case when the bird altitude is more
than 250 meters. HEM systems measure signals in parts per million of the primary signal strength.

By themselves the measured voltages are difficult to interpret. One approach has been to compute
apparent resistivity maps (Fraser, 1978). Apparent resistivity is defined as the resistivity of a
homogeneous half-space producing the same voltage as measured over the real terrain. An apparent
resistivity is computed for every frequency at every measurement point. While a useful product,
apparent resistivity maps give no specific depth information. Depth information can be obtained by
data transformation methods, by differential resistivity cross sections (Sengpiel, 1983; Huang and
Fraser, 1996), or by inversion. (See Sengpiel and Siemon, 2000 for a review of this subject.) We utilize
inversion, a non-linear parameter estimation procedure, to adjust the model parameters of a layeredearth model at each measurement point in an attempt to reduce the error between the measured
voltage and the computed response of the model. The resulting 1-D interpretations are stitched
together to form a 3-D model of interpreted formation resistivity. An example of these results is given
below.

ESTIMATING WATER QUALITY
While interpreted formation resistivity is of use to hydrologists, the data are of greater value when then
are converted to a measure of water quality. We use the knowledge gained by the petroleum industry
in estimating formation porosity from well logs to assist us. Statistical studies of formation resistivity as
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a function of porosity for Gulf Coast sediments found the following relationship between formation
resistivity ρ f and porosity φ

ρ f = a ρ w φ −n ,

(1)

where ρw is the pore water resistivity, a is a formation specific constant approximately equal to 1, and
n is another formation specific constant in the range of 1-2 (Archie, 1942). Unconsolidated geologic
materials such as sand and gravel have n values between 1.3 and 1.6, sandstones typically have n
values of from 1.8 to 2, while n for crystalline rocks approaches 2 (Brace et al., 1965; Hearst et al.,
2000). Equation (1), referred to as Archie's law, assumes that the pore fluid is conductive enough to
drown out any surface conduction effects that might be caused by clay minerals in the pore spaces. In
fact, Archie's original study was for brine-saturated rocks.

Figure 3 Schematic of HEM data collection and interpretation. a) Parallel lines are flown 400 m apart. b) Inphase
and quadrature electromagnetic response are measured at several frequencies. c) Nonlinear parameter
estimation (inversion) is used to determine the resistivity-depth function. d) Resistivity-depth functions are
combined to produce an interpreted depth-slice map.

For our purposes we can express the relationship between

F = ρ f ρw =

ρf

ρ f SC
104

,

and

ρw

through the formation factor

(2)
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where SC is the specific conductance in µS/cm and the units of ρf are ohm-m. In this expression all of
the information about porosity and rock type has been swept into the formation factor. This approach
is well suited for hydrologic studies, where F can be determined from well measurements. Once F is
known for a particular aquifer, then ρw can be determined from the geophysical measurements.
Problems can arise with this approach for several reasons. If the geology varies dramatically across
the survey area, different formation factors will need to be determined for different zones. The
presence of significant amounts of clay in the pore spaces will corrupt the determination of F, resulting
in a low estimated value.

Figure 4 Relationship between pore-water specific conductance (SC) and formation resistivity based on induction
logs and water sample measurements. Scale on upper axis shows estimated chloride content. The line
corresponds to a formation factor of F=6.6.

We estimated the formation factor F by collecting induction logs in 22 existing and newly drilled wells
in the study area (see Figure 1). Most of the wells had 3.05-m (10-ft) long screened intervals. The
induction logs were averaged over the screened interval to estimate the formation resistivity. The
specific conductance of the water was measured in the well with a water-conductivity logging tool or by
pumping a sample from the well and measuring its specific conductance with a hand-held meter.
Figure 4 shows the data plotted as a scatter diagram. The formation factor value of 6.6 was
determined by fitting a straight line with a slope of -1 on the log-log diagram to the data.
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PATTERNS OF SALTWATER INTRUSION
In Figure 5 we show the results of the inversion of the Everglades National Park (ENP) HEM data.
Shown are depth-slice resistivity maps at four selected depths. All of the maps show a decrease in
formation resistivity moving towards the coastline in the range 0.5 to 10 ohm-m and increase in the
range of 50 to 200 ohm-m away from the coast. Various features produced by natural and man-made
influences punctuate this general pattern. The first thing we note is the abrupt nature of the resistivity
decrease in the area of Taylor Slough (feature a). The transition boundary is rather smooth. Taylor
Slough conveys most of the surface water flowing into the central part of ENP, and there are no
drainages connecting to Florida Bay. In contrast, the area near Shark River Slough (feature b), where
many rivers and streams cut far inland lowering the hydrologic head, shows a more gradual transition
from high to low resistivity characterized by an irregular boundary. The cause is probably associated
with the tides changing the boundary conditions on the ground-water flow in the Shark River area.
Tidal action does not exist in the Taylor Slough area far inland where the freshwater/saltwater
interface is mapped.

Figure 5 Interpreted HEM resistivity-depth-slice map from Everglades National Park for depths of 5 m, 10 m, 15
m and 40 m. Annotated features are discussed in the text. To see a color version of this figure visit
http://sofia.usgs.gov/publications/papers/map_hydrofeat/

While these transitional behaviours are seen in all of the depth sections, there is a feature that
changes dramatically with depth (feature c). In the 5- and 10-m depth slices the area north of canal C111 has resistivities of more than 30 ohm-m, whereas the 15-m depth slice shows resistivities of less
than 5 ohm-m in this area. Going to greater depth, the resistivity again increases to the 10-30 ohm-m
range. Based upon the relationship shown in Figure 4, resistivities of less than 10 ohm-m are saltwater
intruded, while those of more than 30 ohm-m are freshwater saturated. A well drilled along the eastern
edge of this survey found a zone at the base of the Biscayne aquifer which is saltwater saturated (Fish
and Stewart, 1991). The base of the Biscayne aquifer is sealed by a low permeability zone. Below the
Biscayne is another permeable zone containing water that is of intermediate resistivity, probably from
a previous episode of saltwater intrusion during a rise in sea level and subsequent partial flushing by
fresh water.
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The influence of man-made features on the hydrologic regime is also in evidence in the data. The
main road SR 9336 in ENP stands 2 meters above the marsh forming a barrier to surface-water flow to
the east out of the Taylor Slough drainage. As a result there is freshwater recharge on the east side of
the road and none on the west side. This situation produces a resistivity contrast across the road
(feature d).
An old road (Ingraham Highway) formed by dredging a canal for fill material has a low resistivity
anomaly associated with it (feature e). This canal was open to Florida Bay from 1917 to 1950 allowed
seawater to migrate inland nearly 70 km (Stewart et al., 2002). We speculate that this is the cause of
the low resistivity anomaly. Another canal related feature (f) is associated with a control structure
(moveable dam) on the C-111 canal. The dam causes freshwater to flow through the unlined canal
banks and around the dam making a cusp in the resistivity anomaly.
An interesting natural feature (g) is seen in the far western part of the survey where a high resistivity
anomaly (10-30 ohm-m) is surrounded by low resistivity zone (<5 ohm-m). On the ground there is a
marked change of vegetation from marsh grasses to small palm-like shrubs and trees reflecting a
change in ecotone. A small increase in elevation (20-30 cm) is associated with this anomaly. Our
explanation is that a fresh-water a lens forms under the small elevation increase. Its presence
changes the type of vegetation and produces a high resistivity anomaly.

CONCLUSIONS
HEM surveys have been used able to construct 3-D models of formation resistivity of the Florida
Everglades with detail not possible by surface measurements. Using borehole logs to develop a
relationship between formation resistivity and water quality, the formation resistivity data were turned
into a 3-D model of estimated water quality. The water quality estimates are averages over the 'foot
print' of the bird, which is a square 100 to 200 meters on a side. These data are being used to create a
ground-water flow model incorporating salinity. While the estimated salinity based on HEM data is not
as reliable as measurements from actual water samples, such detailed salinity information provides a
snapshot of the aquifer showing regional and local variations due to a variety of natural and manmade influences. This method works well in the Everglades because of the slowly varying geology and
absence of clays. Interpretation in more complex geologic settings might prove difficult, however, the
fact that saltwater intrusion usually overprints geologic boundaries producing low resistivity zones
makes us optimistic of success in other hydrologic investigations.
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