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loss as the water moves upward through the aquifer to discharge into the river
and the gulf. Also, at greater depths poorly permeable zones in the aquifer
act as partly confining layers, resulting in increased head with depth. Al-
though the water level is below land surface in wells at least 200 or so feet
deep, water levels in wells several hundred feet deep may be above land sur-
face, so such wells can flow.

The average annual rainfall in the area is about 53 inches. A relatively
small fraction of this water runs over the land surface directly into the
river, canal, or gulf. About 15 inches percolates through the sandy post-
Miocene cover to infiltrate the Floridan aquifer and eventually discharge to
the river, canal, or gulf. Except for an additional 0.2 inch estimated to be
pumped from the aquifer at wells, the remainder of the rainfall is evaporated
or transpired. Ground-water levels, which vary in response to variations in
rainfall, normally rise during the wet season in summer and early fall and
decline during the dry season in winter and early spring. Additional ground
water enters the area through the aquifer from the northeast and moves in the
direction of decline of the potentiometric gradient to discharge at the river
and the coast.

Before the canal was constructed, the major source of fresh water in the
lower Withlacoochee River between Inglis Dam and the coast was discharge
through Inglis Dam from the Withlacoochee backwater area. Flow through the
dam was regulated to maintain desirable stages in the backwater area. The
average discharge through the dam for the 38 years from October 1931 through
September 1969 was estimated to be 1,900 cfs (cubic feet per second), with
a maximum monthly average of 7,940 cfs and a minimum monthly average of 645
cfs (Bush, 1972). Monthly average discharge through the dam during the period
of record was cyclic, corresponding with periods of high and low runoff. Con-
sequently, high and low flow in the lower part of the river generally coin-
cided with periods of high and low ground-water levels.

A relationship similar to that between the river and the aquifer exists
between the barge canal and the aquifer. The canal penetrates 13 to 25 feet
of limestone and dolomite of the Floridan aquifer to 13 feet below sea level,
and water exchanges freely between the canal and aquifer. The water level in
the canal is near sea level, it fluctuates with the tide, and it coincides
approximately with the water table at the canal's edge. Ground-water inflow
to the canal has caused a potentiometric trough to form along the axis of
the canal. Ground-water inflow, fresh-water discharge from lockages at Inglis
Lock, and discharge through Inglis Dam cause the average hydraulic gradient
in the canal to be toward the gulf. As in the case of the river, the canal
stage may sometimes become higher than the adjacent water table as a result
of high tides and (or) high fresh-water discharge. At such times ground-
water flow to the canal is halted or retarded and may be temporarily re-
versed.

One and a half miles below Inglis Dam, the canal intersects the natural
river channel. Since December 1969 the canal has diverted water, discharged
through Inglis Dam, 6 miles southwestward to the gulf. A plug in the river
channel at the north side of the canal prevents any of the diverted flow from
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entering the lowermost 9-mile reach of the river. Since the canal has been
open to the gulf, fresh-water flow from the Withlacoochee River backwater area
has been furnished to the lower river through the Inglis Lock bypass channel,
which empties into the natural river channel just north of the barge canal
crossing. A gated spillway at the west end of the bypass channel holds the
stage of the bypass channel at a level nearlv equal to that of the backwater

area, or on the average about 25 feet above the stage of the river just below
the spillway.

Analysis of surface-water discharge and stage records by Bush (1972)
shows that the expected long-term average discharge through the bypass channel
is about 1,430 cfs, or about 470 cfs less than the approximate long-term ave-
rage of 1,900 cfs through Inglis Dam before December 1969. It follows that
the expected long-term mean tide level (mean stage) of the river below the
bypass channel after December 1969 is lower than the mean tide level before
December 1969. The analysis by Bush (1972) shows that the expected post-
December 1969 long-term mean tide level of the Withlacoochee River at the

Crackertown gage, 0.7 mile downstream from U. S. Highway 19, is 0.3 foot lower
than before December 1969.

Effects of Canal on Ground-water Regime

Water Levels

Water levels in some wells in the area fluctuated more than 5 feet from
June to September 1971. Depths to the water table ranged from less than 1
foot below land surface near the coast to about 22 feet near Inglis Lock. In
most of the area, water levels ranged between 5 and 10 feet below land sur-
face; levels tended to be closer to the surface nearest the coast.

Ground-water levels in the area change quickly in response to direct
recharge from local rainfall. This is illustrated by the rainfall record and
water-level hydrographs in figure 3. This characteristic made it possible to
procure in a short time data representative of both low and high ground-
water levels. The hydrographs show that the rise in ground-water levels as a
result of storms is rapid, but that the ensuing decline is relatively slow.
Short-term continuous records collected at several wells located at points
about 0.5 mile from the canal and (or) the river show a slight diurnal baro-
metric effect on water levels but apparently no tidal effect. However, in
recorder well CE 5, about 800 feet south of the canal and about 2,000 feet
southwest of Inglis Lock, tidal effect is pronounced.

Figure 4 shows the potentiometric surface of the Floridan aquifer on
July 16, 1971, a time of relatively low water. Figure 5 shows the potentio-
metric surface on August 18, 1971, a time of relatively high water. The gené”
ral shapes of the low- and high-water maps are similar, and little difference
in the flow patterns is evident. The change in ground-water levels from July
16 to August 18 ranged from about 1 foot in the vicinity of Inglis Lock to as
much as 5 feet to the west between the canal and the river. The variations iP?
amount of change from place to place may have been caused partly by varia-
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somewhat larger during low water than during high water. It is roughly tear-
drop shaped and points northeastward, with its longitudinal axis coincident
with that of the canal. Except for a small area just below Inglis Lock, the
area of maximum decline is centered at the canal near the U. S. Highway 19
bridge. On July 16, 1971 (low water), the water level near the bridge was es-
timated to be 11 feet lower and on August 18 nearly 14 feet lower than the
probable natural levels would have been on those dates. The amount of water-
table change diminishes in all directions from this location, except along the
canal east of the river, where the amount of lowering again increases north-
eastward from less than 5 feet to approximately 15 feet just below Inglis
Lock.

The canal influences ground-water levels farther south than north, as the
Withlacoochee River acts as a hydrologic boundary that, for practical pur-
poses, limits drawdown of the water table by the canal north of the river.
Except for the indirect effect of the slightly lowered mean tide level (0.3
foot at the Crackertown gage) in the river, probably caused mostly by changes
in the control on fresh-water discharge in the lower river since December
1969, the canal should not measurably effect ground-water levels north of the
river. The magnitude of the effect of the slightly lowered mean river stage
on ground-water levels north of the river should be less than the decrease in
river stage, and effect should decrease with distance north of the river.

Figure 8 compares the hydrograph of the 1961-71 bimonthly water-level
record at well SCE 185, located about 1,200 feet north of the river at the
Yankeetown school, with hydrographs for the same period for two observation
wells in the upper part of the Floridan aquifer at inland sites, where, it is
reasonable to assume, the canal has had no effect on ground-water levels. The
two inland wells, CE 11 near Dunnellon and CE 31 near Ocala, are 8 and 28
miles, respectively, east of the river-canal complex. The range of fluctua-
tion in water level is smaller in the Yankeetown school well than it is in the
inland wells, but the long-term high and low periods of the school well are
similar to those of the two inland wells, both before and after canal con-
struction. The low water levels in mid-1968 in all three wells were very
close to the lowest water levels of the extended low-water period of 1962-63.
The mid-1968 low water level was 0.6 foot higher in the Ocala well than the
lowest in that well during the 1962-63 period, and the mid-1968 low in the
Dunnellon well was 0.3 foot above the lowest during 1962-63. The level in the
Yankeetown school well was 0.2 foot lower in mid-1968 than the lowest during
1962-63. These comparisons and a general comparison of the hydrographs during
the 1969 through 1971 period indicate no recognizable canal-caused difference
in the altitude of the water table north of the river in the post-constructio?
period from what might be expected had the canal not been built.

Although ground-water levels immediately adjacent to the south bank of
the river have changed less than 0.5 foot since the canal was excavated, the
hydraulic gradient of the water table on the south side of the river has di-
minished appreciably, with an attendant reduction of ground-water discharge o
the river. The reduction in gradient could account in part for the present
absence of spring boils at the surface of the river, which were reportedly ob~
served at times by local residents in pre-canal days, especially at low tide-
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Quantitative effects of lowered ground-water levels on ground-water discharge
to the river are discussed later in the report.

Sulfur Spring (fig. 1), about a mile west of U. S. Highway 19 and about
700 feet south of the river has flowed intermittently in the past. The U. S.
Geological Survey topographic map of the area, dated 1955, does not indicate
flow to the river from a small pond identified as '"Sulfur Spring." In mid-
1971 the pond and nearby limestone solution-cavity openings at the surface
were found, but the spring was not flowing. Spring flow from the solution ca-
vity openings probably occurs during excessive rainfall when ground-water
levels are extraordinarily high. Rainfall in the area of investigation was
below normal in 1971, so it is unlikely that ground-water levels would have
been high enough to permit flow at the spring during the investigation, even
without the 0.5 to 1 foot decline in ground-water levels estimated to have
been caused by the canal. On the other hand, small springs at several loca-
tions near the canal, about 2 miles inland from the gulf, ceased to flow after
the canal was excavated, probably because of a 2- to 3-foot decline in ground-
water levels estimated to have been caused by the canal. Marshy surface con-
ditions shown on Geological Survey topographic maps published in 1954 and 1955
suggest frequent seepage or spring flow in the vicinity of the springs.

A shallow trough was probably present in the precanal potentiometric sur-
face as a result of drawdown caused by the discharge at the springs. Such a
trough appears on figures 6 and 7, and its effect on the precanal position of
the fresh-water-salt-water zone of diffusion in the aquifer is reflected in
geohydrologic Section B-B' on figure 11.

Flow System and Volumes

The changes in the flow pattern in the upper part of the Floridan aquifer
since the canal was constructed are shown on the potentiometric-surface maps
in figures 4, 5, 6, and 7. Ground-water divides are shown as heavy dotted
lines on figures 4 and 5, which depict the actual potentiometric surfaces for
a low- and a high-water condition, July 16 and August 18, 1971, respectively.
The hypothetical positions of ground-water divides on those dates, had the
canal not existed, are shown on figures 6 and 7. The differences in the flow
system before and after canal construction are further illustrated by plotted
flow-1line segments (arrows) on figures 5 and 7.

Before the canal was constructed, ground water flowed to the river below
Inglis Dam from a drainage area whose north and south boundaries converged
westward, reaching an apex at the river's mouth on the gulf (figs. 6 and 7).
Figures 6 and 7 show that the canal has captured part of the river's drainage
area and shifted the river's southern ground-water drainage boundary, or di-
vide, northward in an area extending westward from the Inglis Lock and Dam
Vicinity more than halfway to the coast. The area captured covers about 6
Ssquare miles and is centered a little west of the lock and dam sites. The
river's southern drainage divide is now the axis of a low ridge or elongate
mound that has been induced in the potentiometric surface between the river
and canal. The change in the position of the ground-water drainage divide
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the canal's existence. The reduction was mostly fresh surface water, as the
reduction in ground-water flow was only about 7 cfs, or 0.5 percent of 1,440
cfs.

Water Quality

Most water wells drilled in the river-canal complex penetrate less than
100 feet of the Floridan aquifer, and the canal penetrates less than 25 feet.
Standard complete analyses of water samples from 19 wells that tap the upper
part of the Floridan aquifer are listed in table 2. To aid comparison of
water quality, modified Stiff diagrams, based on concentrations of the common
cations and anions and dissolved iron, are shown on figure 10 at each of the
map locations for the 19 wells.

In most of the waters analyzed, dissolved-solids content is high. The
water is of the calcium bicarbonate type, is typically hard, and commonly has
excessive concentrations of dissolved iron. The average specific conductance
of water samples from the 19 wells is 477 micromhos at 25°C, and average
dissolved-solids content is 293 mg/l (milligrams per liter). Except within a
mile or two of the gulf coast, chloride content of ground water is very low.

Two water—-quality problems in the river-canal complex that require spe-
cial discussion are (1) the potential for salt-water intrusion of the aquifer

and (2) the presence of excessive dissolved iron in water in the upper part
of the aquifer.

Salt-water intrusion.—The chloride concentration in water near the top
of the aquifer is shown by equal-concentration lines on figure 10. Except for
chloride measurements made in 1966 at wells CE 3, 5, 6, and 7 near the east
end of the area of investigation, the lines are based on chloride measure-
ments made from December 1970 through August 1971. Water in the aquifer that
underlies much of the Coastal Swamps physiographic subdivision, which extends
a mile or two inland from the gulf, contains chloride concentrations in ex-
cess of 2,000 mg/1. In most places a mile or more landward from the Coastal
Swamps, except possibly very near the canal, chloride in well water is less
than 20 mg/1 and in much of the area is less than 10 mg/l. No wells were
available for sampling immediately adjacent to the canal. Well CE 86, about
a half mile north of the canal and nearly 3 miles inland from the coast,
yielded water containing 33 mg/1l chloride. Also, at several places in the
banks of the canal 0.5 to 1.5 miles west of the U. S. Highway 19 bridge, water
issuing from cavities between high- and low-tide levels had a chloride content
of about 3,500 mg/l when sampled at low tide on December 29, 1970. These
and other factors to be discussed indicate that a potential exists for intru-

sion of sea water into the aquifer farther inland from the mouth of the canal
than from elsewhere along the coast.

All along the coast, as a natural condition, a wedge of sea water extend$
inland in the aquifer underneath the fresh water. This is due basically to
the greater density of sea water, but the extent of intrusion of this wedge
depends on several factors. These factors include the altitude of the fresh
water table above sea level, permeability of the aquifer, the amount of re-

24









depends on the rate of dispersion. The magnitude of flow ""may be large enough
in some places to produce head losses in the salt-water environment that would
lessen appreciably the extent to which the salt water occupies the aquifer"
(Cooper, 1964, p. Cl12).

Some additional factors that affect the thickness and width of the zone
of diffusion are (1) oscillation at the interface caused by ocean tides, (2)
variable ground-water flow resulting from variable recharge, and (3) the rise
and fall of the potentiometric surface in response to recharge and discharge.

Application of the type of analysis given by Cooper and others (1964)
shows that a simple application of the Ghyben-Herzberg principle is not ade-
quate to calculate the depth to salt water accurately before and after con-
struction of a canal. Also, it is evident from a comparison of figure 10 with
the potentiometric-surface maps in figures 4 and 5 that, in the zone of dif-
fusion at locations near the river and canal, water in a given well may have
a higher chloride content than another well with a slightly lower water level.
The fresh-water-salt-water relationship near the river and canal is probably
complicated by tidal movement of salt water in the river and canal. However,
the Ghyben-Herzbert principle is useful as a means to illustrate the general-
ized long-term effects of the canal on the ground-water regime and especially
to show the relationship between lowered ground-water levels and anticipated
changes in the position of the fresh-water-salt-water zone of diffusion near
the canal.

Geohydrologic sections A-A' and B-B' (fig. 11) represent an application
of the Ghyben-Herzberg principle, with some modifications to allow for dynamic
factors. Section A-A' is at right angles to the coastline, and B-B' is appro-
ximately parallel to it. (See fig. 5). Both sections show that an apprecia-
ble rise in the fresh-water-salt-water zone of diffusion, caused by drawdown
of the potentiometric surface by the canal, should be expected in the vicinity
of and beneath the canal, especially toward its coastal end. However, because
of the dynamic factors discussed above, the true position of the zone of dif-
fusion should be at a greater depth and farther coastward than it would be if
the Ghyben-Herzberg principle were rigidly applicable.

The actual current position and thickness of the zone of diffusion can
be determined directly only by interpretation of data obtained from a compre-
hensive network of observation wells designed specifically for the purpose.
Mathematical methods, such as discussed by Henry and Glover (Cooper and
others, 1964), have been devised for indirect determination of the position of
a fresh-water-salt-water interface under various boundary conditions, provided
adequate data relating to aquifer characteristics and ground-water discharge
are available. However, application of these methods is beyond the scope of
the present investigation, and definition of the long-term post-construction
position of the zone of diffusion is thus restricted in this report to that
attainable by a generalized application of the Ghyben-Herzberg principle.

The shape and altitude of the potentiometric surface in figures 4 and 5,
and the chloride map in figure 10, show a relationship between the canal and

27






the aquifer similar to that between the gulf and the aquifer. When fresh-
water discharge from the Withlacoochee River backwater area to the canal is
very low, the water level in the canal is at sea level, and the salinity of
water in the canal is close to that of the gulf (Bush, 1972). Therefore,
there is a tendency for fresh ground water to flow downward and laterally to
the canal, as the canal is, in essence, a narrow inlet of the gulf. In addi-
tion, the absence of fresh-water head in the canal tends to permit the
fresh-water-salt-water zone of diffusion under the canal to rise to the canal
along virtually its entire length, just as the zone of diffusion rises to the
gulf floor at the coast.

When fresh surface-water flow contributed to the canal from the backwater
area is appreciable, the canal stage stands above sea level, and fresh-water
head and coastward flow build up in the canal, so that landward intrusion of
sea water is retarded as it is retarded in the river. At such times the zone
of diffusion is depressed below the canal along most of its length. Some of
the relationships just discussed are illustrated on Sections A-A' and B-B' in
figure 11.

Excessive Dissolved Iron.--Excessive dissolved iron, naturally present in
water in the shallow part of the Floridan aquifer, is a common problem for
water users in much of the Withlacoochee River basin and in many other places
near Florida's west coast (R. N. Cherry, oral commun., 1971). Many wells in
the area of investigation yield water containing far more than the 0.3 mg/1
maximum recommended by the U. S. Public Health Service for drinking water
(U. S. Public Health Service, 1962). The highest concentrations of iron tend
to be in the water near the top of the aquifer. The horizontal distribution
is somewhat erratic. Iron concentrations in well water in the area of inves-
tigation ranged from 0.03 mg/l to 2.2 mg/l. The iron content in water from
the two city of Yankeetown wells was 0.83 and 0.87 mg/l1 in June 1971 and in
water from a private well just south across the river from the city wells, 1.5
mg/1.

The recommended limit for iron in drinking water is not based on physio-
logical reasons, but rather on esthetic and taste considerations. The daily
nutritional requirement for human beings is 1 to 2 mg (milligrams) of ironm,
and most diets contain 7 to 35 mg per day, with an average of 16 (McKee and
Wolf, 1963, p. 202). Therefore, even the high concentrations observed in some
of the ground water in the canal area would not significantly increase an in-
dividual's normal daily intake of iron.

Dissolved iron in ground water is in the ferrous state, which is readily
oxidized to insoluble ferric hydroxides when the water is brought to the sur-
face and allowed to aerate. Precipitates form that tend to agglomerate,
flocculate, and settle on exposed surfaces. The precipitates make the water
turbid. They accumulate in pipes, and they stain laundry and porcelain fix-
tures. Iron also imparts an undesirable taste to the water.

The source of the iron in the ground water may be the surficial ma-
terials through which recharge to the Floridan aquifer must filter. Because
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