






























































well was to raise dry-season levels by no more than
0.6 ft. The effect of the borrow canal on water levels in
the well was indicated to be negligible when the water
level approached land surface during the wet season.
The assumption that heads from P-33 and G-596 rep-
resented nearly natural conditions before 1962 implies
that the Tamiami Trail did not restrict southward sur-
face-water flow. Before 1962, numerous culverts
through the road bank permitted the southward flow of
surface water past the road. These culverts were con-
nected on the upstream (northern) side by a shallow,
generally nonarterial, borrow ditch. Assuming heads
at P-33 and G-596 to represent natural conditions must
also be qualified with the reservation that the effect of
post-1907 Everglades drainage on the hydroperiod in
this region is not fully known, though likely minimal.

At wetlands station P-33, the average stage varied
seasonally from 0.4 to 1.4 ft above land surface
between 1953 and 1961, and the average annual stage
was about 1 ft above land surface. At well G-596 in
the marginal wetlands, the average water level varied
seasonally from 2 ft below land surface to land surface
in this period, and the average annual water level was
0.8 ft below land surface. The heads at P-33 can be
compared to heads recorded at well G-72 on the bor-
der between Dade and Broward Counties (fig. 7) dur-
ing the 1940-56 water years, before the north-south
levee was completed. Weil G-72 is the only known
station in the organic soils region of Broward County
to have provided data before construction of the north-
south levee. However, G-72 was located at the south-
ern end of the Highway 27 borrow canal, and water
levels in the well could have been raised or lowered by
its influence. The Miami Canal was 1.4 mi away from
G-72 and its influence might have lowered the water
level in the well. Regardless of these probable or pos-
sible influences, average wet-season water levels at
G-72 (fig. 9) were well above land surface (5 ft) dur-
ing this period. A high of 9.4 ft above sea level was
recorded after the hurricane of October 1947. The
average seasonal water-level variation was from 1.2 ft
below land surface to 1.6 ft above land surface. The
average annual water level in this period was 5.33 ft
above sea level, about 0.33 ft above land surface. The
upper limit of the average seasonal range of water lev-
els is even higher above land surface than the upper
limit of head at P-33. However, the lower limit of the
annual range of head is well below land surface,
unlike the situation at P-33, and the annual average is
closer to land surface. Whether these differences are
the result of drainage by the Miami Canal and the
Highway 27 borrow canal cannot be determined from
available data.

Well G-617 is the only known station in the
poorly drained sandy soils region of east-central Bro-
ward County (fig. 7) with records of water levels
before completion of the north-south levee in 1956.
Between 1951 and 1956, the average seasonal water-
level variation was from 2.25 to 0.70 ft below land
surface (fig. 9), and the average annual water level was
4.34 ft above sea level, or 1.66 ft below land surface.
The lower limit of the range with respect to land sur-
face is similar to that occurred at G-596 between 1953
and 1961, particularly when the effect of the levee
31N borrow canal in raising dry-season water levels in
(G-596 is taken into account. However, average
monthly water ievels were as high as land surface at
(G-596, which did not occur at G-617. Again, whether
the early drainage system is responsible for the differ-
ence in the upper ranges of average water levels can-
not be determined from existing data.

The evidence cited does not make a compelling
case for assuming that predevelopment heads had a
different seasonal range at the locations of G-72 and
G-617 than that shown by the hydrographs of pre-
1957 data (fig. 9). However, if it is assumed that pre-
development heads in the organic soils region and the
poorly drained sandy soils regions of southeastern
Broward County had seasonal ranges that related to
land-surface elevation in a manner similar to that
observed at P-33 and G-596 between 1953 and 1961,
then the predevelopment head ranges probably would
be somewhat higher. The average head range at G-72
might have been from about 5.5 to 6.5 ft above sea
level, and the annual average might have been about 6
ft above sea level. The average head range at G-617
might have been from 4 to 6 ft above sea level, and the
average might have been about 5 ft above sea level.

It would also be useful to estimate predevelop-
ment head averages at the locations of wells G-1223
and G-1225 (fig. 7) because these wells between Uni-
versity Drive and Highway 441 are near a location that
might be selected as the western boundary of a flow
model. Land-surface aititude in most of the region
between the South New River Canal and the Snake
Creek Canal is between 5 and 7 ft above sea level,
although an eastern section around Hollywood Boule-
vard locally has elevations as high as 10 ft that might
be partly artificial. Based on the analogy with G-596
water-level data, an average range of 4 to 6 ft above
sea level and an annual average of 5 ft might be rea-
sonable estimates of predevelopment heads in this
area. If it were accepted that average 1953-61 heads at
P-33 and G-596 were underestimates of predevelop-
ment heads at those station locations, then even higher
estimates of predevelopment heads between
University Drive and Highway 441 could be justified.
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Figure 9. Monthly long-term average water levels in five selected wells before and after completion
of the north-south levee in 1956. Well locations shown in figure 7.
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Development of the Water-Management
System in Southern Coastal Broward County

In 1907, dredging began in the New River Basin
as part of the construction of one of the regional drain-
age canals, the North New River Canal. Construction
began a few years later on other regional drainage
canals that pass to the north and south of the study
area, the Hillsborough Canal and the Miami Canal
(fig. 1). The North New River Canal was completed by
1913, at which time Sewell Lock was in operation.
Canal construction continued into the 1920’s. Accord-
ing to Parker and others (1955, p. 334), the four major
drainage canals “were never completed as designed
and were inadequate for the flood load imposed on
them,” and the ability to effectively drain Lake
Okeechobee was only achieved in the late 1920’s by
gradual improvements to the Caloosahatchee Canal
and the dredging of the St. Lucie Canal. Though not
highly effective as a means of draining Lake
Okeechobee, the four drainage canals reaching the
southeast coast had a major influence on the ground-
water table and the conversion of marginal wetlands to
economically useful land along the coastal ridge.
Parker and others (1955, p. 171) report that the canal
construction had “effectively lowered the average
height of the water table” in the area of Fort Lauder-
dale and Dania. The effect on the water table was
probably greatest in the regions immediately adjacent
to the major canals.

In the vicinity of the study area (figs. | and 2),
additional construction as part of the 1905-28 drainage
program included the South New River Canal (C-11),
which was completed westward from the South Fork
New River to the Miami Canal, and the Dania Cutoff
Canal. A section of the South New River Canal east of
levee 37 was improved (widened and deepened) in
1953 as part of the Central and Southern Florida Flood
Control Project authorized by an act of the U.S. Con-
gress in 1948. Pumping station S-13 was completed in
November 1954, control structure S-13A was com-
pleted in October 1956, and pumping station S-9 was
completed in April 1957. The Snake Creek Canal
(C-9) (the lower part of which has also been known as
“Royal Glades Canal”), which ended to the west at the
Flamingo Road Borrow Canal, was completed in
1912-13. Sections of the canal were widened and
deepened during 1952-54 and control structure S-29
was added by November 1953. Snake Creek Canal
was extended westward to L-33 by November 1960,
when control structure S-30 was completed.

Hollywood and Spur Canals (C-10) apparently
existed as shallow (5 to 6 ft deep) ditches when the

flood-control project was enacted in 1948, and were
improved by February 1962. The Biscayne Canal
(C-8) in Dade County (fig. 2) was constructed in 1925-
26. North of the study area, the Pompano Canal was
also part of the 1905-28 construction, and the Planta-
tion and Middle River Canals probably existed as shal-
low ditches when the flood control plan was enacted in
1948. The Middle River and Plantation Canals (C-13
and C-12) were improved by 1954. By August 1961,
the Pompano Canal had been improved and the
Cypress Creek Canal (C-14) had been constructed
with control structures S-37A and S-37B. The West
Holloway Canal (C-42) was completed by August
1950.

Before 1950, the roadbed of U.S. Highway 27
was used as a north-south levee, which proved ineffec-
tive during the 1947 flood. Highway 27 dammed the
South New River Canal where they intersected. As
part of the Central and Southem Florida Flood Control
Project, a new “north-south levee” was constructed
from 1950-52. The principal purpose of this levee was
to protect urban lands near the coast from receiving
floodwaters from the Everglades during periods of
high rainfall as occurred in the autumn of 1947 and to
enclose the “water-conservation areas” created by the
Everglades Drainage District by 1947. Sections of this
levee near the study area include, from north to south,
levees 36, 35A, 35, 37, 33, and 30 (fig. 2). The water-
conservation areas were west of the levees. Levee 35B
divided and allowed a stage separation between Water
Conservation Areas 2A and 2B. Water Conservation
Area 3A is west of the northern part of levee 37, and
Water Conservation Area 3B is west of the southern
part of levee 37 and west of levees 33 and 30.

The levees maintain a substantial head difference
between the usually inundated water-conservation
areas and protected lands to the east throughout the
year. Fish (1988) reported that average stages of pon-
ded water in Water Conservation Area 2A ranged from
11 ft in the dry season to 13 ft in the wet season. Con-
temporaneous average water-table altitudes east of
levee 36 ranged from 7 to 9 ft. In Water Conservation
Area 2B, stages of ponded water ranged seasonally
from 9 to 11 ft. Water-table altitudes east of levees 35
and 35A remained near 5 ft. In Water Conservation
Area 3A, stages ranged seasonally from 9 to 10 ft, but
east of the enclosing levee, water-table altitudes
remained near 4 ft. In Water Conservation Area 3B,
average stages ranged seasonally from 8 to 10 ft,
whereas water-table altitudes east of the enclosing
levees ranged from 3 to 4 ft.

Most of the present water-management system
was in place by the late 1960’s, following the
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construction of the many control structures (fig. 2),
including culverts with risers and stop logs, gated cul-
verts, gated spillways, and pump stations. The focus of
water management turned to the sophisticated alloca-
tion of quantities of water for a variety of purposes.
The water-management objectives that can be accom-
plished with the present system include:

e Stages in the borrow canals of the north-south levee are
maintained sufficiently high to reduce underseepage from
the water-conservation areas,

s Water is supplied to the eastern canal reaches in times of
low rainfall to replenish well ficlds and to prevent saltwa-
ter intrusion near the coast,

o Water from the water-conservation areas can be flushed
to the ocean when stages in the water-conservation areas
become excessive,

e Water can be pumped from the canal network into the
water-conservation areas or to the ocean to reduce flood-
ing in urban areas during periods of high rainfall, and

¢ Water can be released from one basin (as defined by local
managers in southern Florida) to another when needed.

Effect of Water-Management Controls on the
Altitude of the Water Table

The design and operational use of the current
water-management system likely affects typical water-
table altitudes in the study area. In this study, these
effects are estimated by comparing hydrographs of
water levels in wells in the region from periods before
and after the main pumping stations and control struc-
tures were added between 1952 and 1957. The ability
to do so is hampered by the paucity of daily water-
level records from before 1956 at wells that also pro-
vided data from 1956 and afterward. The locations of
the five wells providing such record (F-291, G-72,
G-561, G-617, and S-18) are shown in figure 7. As
before, time-period average monthly water levels were
determined from the record available from these sta-
tions (fig. 9). The time periods used for the compari-
son varied slightly depending on the record available
at each well, but generally were from the beginning of
record to 1956, 1957-76, and 1977-94 water years.
There seems to be a slight general decline in the water
table after 1977, probably as a result of changes in
water-management practices. Five additional wells
(G-1221, G-1222, G-1223, G-1224, and G-1225) pro-
vide data records for an analysis of post-1961 water
levels. Table 1 lists the average seasonal range of
water levels and the average annual water level in suc-
cessive periods of time at these and other selected
wells in the study area.

Before 1956, average wet-season water levels at
well G-72, where water levels have been recorded
since 1940, exceeded 6.5 ft above sea level, which was
more than 1 ft above land surface. However, average
dry-season water levels were well below land surface.
Dry-season water levels were greatly increased for 4
years after 1956, so that the average water level was
above land surface all year. In 1960, a section of Snake
Creek Canal that passed close to the well was com-
pleted westward to levee 33. This greatly lowered
water levels in the well. No longer useful as a regional
monitoring well, the operation of the recorder was dis-
continued in 1966. Well G-1222 has been used as a
regional monitoring well in the organic soils region
since 1963. Located about 4.2 mi northeast of G-72
and away from drainage canals, average water levels
in well G-1222 (fig. 10) varied seasonally and ranged
from 2.3 to 0.7 ft below land surface between 1963
and 1976. Water-management changes after 1976 had
little effect on water levels in G-1222, except during
the dry-season months of February to May, when aver-
age water levels appeared to increase.

Long-term hydrographs from three of the five
wells used for early time-period comparisons (F-291,
G-561, and G-617) and one other well (S-329) provid-
ing pre-1956 data are presented by Beaven (1979). As
shown in Beaven’s hydrographs for wells F-291,
G-561, and S-329, the rate of recession from the
annual seasonal high was significantly more rapid
after 1956. The apparent differences shown by Beaven
are clarified by a consideration of the time-period
average water levels (fig. 9). The rapid recessions
shown by Beaven (1979) are not apparent in these
hydrographs but contribute to the lower averages
shown for the early recession period. At G-617 where
water levels have been recorded since 1951, use of the
north-south levee and the various canals and control
structures to rapidly lower the water-table altitude at
the end of the wet season had the effect of lowering
the average water level in October and for several
months following during the recession period. The
seasonal high occurred in October before 1957, but
equal highs occurred in June and October in the 1957-
76 time period, as the late wet-season high was appar-
ently reduced as an objective of water-management
policy. The annual average water level was reduced by
only 0.1 ft, to 4.2 ft (table 1). After 1976, changes in
water-management practice lowered water levels in
G-617 still further, particularly during the wet season,
and the annual average was reduced an additional 0.4
ft. After 1976, the average seasonal high occurred in
June, the first month of the wet season.
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Figure 10. Monthly long-term average water levels in four selected wells showing the average water-table
altitude in central and eastern Broward County after 1963. Well locations shown in figure 7.
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Average water levels from well S-329 in different
time periods could not be compared because the S-329
water level showed a steady long-term decline caused
by the increasing rate of pumping from supply wells of
the nearby Dixie Well Field owned by the City of Fort
Lauderdale. At coastal ridge wells G-561 and F-291,
where water levels have been recorded since 1948,
one result of using the levee and canal system for
water management was to significantly decrease the
rate of seasonal variation in the altitude of the water
table as evidenced in average well water levels (fig. 9).
Wet-season average highs (September-November)
were reduced and dry-season water levels between
March and July were increased. However, the annual
average at G-561 remained the same, and the annual
average at F-291 only decreased by 0.2 ft (table 1).
After 1976, only slight changes in monthly average
water levels occurred at these sites. Neither of the
coastal wells was located sufficiently near a well field
to be influenced by pumping, or near any drainage
canals or control structures that were of recent con-
struction.

Wells G-1221, G-1223, and G-1225 are located
near the small well fields of Davie and Pembroke
Pines, but water levels at these wells do not show
steady long-term declines that would indicate the
effect of increasing withdrawals and are probably not
influenced by the well fields. Average monthly water
levels in G-1223 and G-1225 had ranges of 1.1 and 1.5
ft during the 1957-76 time period (table 1), but the
ranges were reduced to 0.7 and 1.1 ft after 1976 as the
water levels increased during much of the year (fig.
10). The annual averages were raised slightly to 2.5 ft
after 1976, which contrasts with the predevelopment
estimate of nearly 5 ft. Well G-1224 is located near the
original Davie Well Field, where pumping ceased in
1976. However, peak and average water levels
decreased significantly after 1976 (table 1). Water lev-
els from well G-1472, east of the Hallandale Well
Field, did not show significant effects from well-field
pumping. The average water level did not change
appreciably after 1976 (table 1). Time-period monthly
averages were also computed for G-1221 (fig. 10),
which lies north of the Dania Cutoff Canal. The sea-
sonal range of monthly averages (table 1) is the same
as for G-1223 in both the 1957-76 and 1977-94 time
periods, but the annual average is less by 0.4 ft.

Time-period averages were also computed at well
S-18 in Dade County (fig. 7) where water levels had
been recorded since 1939. S-18 is south of the Snake
Creek Canal. Again, the effect of the use of the north-
south levee was to greatly reduce the seasonal varia-
tion of water levels in the well (fig. 9). The annual

average increased by 0.4 ft after 1956 (table 1). Aver-
age water levels after 1976 were almost the same as
those of the 1957-76 time period. The seasonal range
and annual mean were somewhat lower than those
based on water levels measured at well G-1225 farther
north.

The approximately uniform stage in the tidal
reach of the South New River Canal has been mea-
sured since 1963 at a gaging station just below pump-
ing station S-13 (fig. 7, SNRC13). The average
monthly stage has varied seasonally and ranged from
0.3 to 1.6 ft above sea level, and the average annual
stage increased from 0.7 ft above sea level before
1976 to 0.8 ft afterward (table 1). Since 1963, the
average seasonal high has been in October and the
average seasonal low has been in April. The range of
measured stage, its seasonal variation, and the annual
average are identical to those measured between 1968
and 1978 at tidal stage stations located along the Intra-
coastal Waterway at Port Everglades (fig. 7, ICWPEV)
and Hollywood (fig. 7, ICWHLY) and between 1970
and 1980 at Golden Beach (fig. 7, ICWGLB). Tidal
stages were recorded as daily tidal highs and tidal
lows. Statistical summaries were prepared for this
study by taking the average of each average monthly
low and the corresponding average monthly high. The
altitude of the annual average tidal stages (0.7 to 0.8 ft
above sea level) and the wet- and dry-season correla-
tion of average tidal stages (table 1) are remarkable
because the Port Everglades site is only 200 ft south of
the shipping channel that leads through the barrier
island to the Atlantic Ocean. The Golden Beach site is
only 4.5 mi north of Bakers Haulover Cut, another
open channel to the ocean. This suggests that average
sea level offshore may have a similar annual average
and show similar seasonal variations.

Stages in the Snake Creek Canal are nontidal
because of the presence of a salinity-control structure
(fig. 2, S-29) just east of U.S. Highway 1. The stage
has been measured above S-29 (fig. 7, SNCR29) since
1959, and at NW 67th Avenue (fig. 7, SNCR67) since
1962. Before 1976, average monthly stages varied 0.3
to 0.6 ft annually (table 1), but the variation did not
correlate strongly with wet and dry seasons. The aver-
age annual stage differed by 0.5 ft between the sta-
tions. After 1976, the annual variation of monthly
averages was less (between 0.2 and 0.3 ft) and the
annual average stage differed between stations by only
0.2 ft.

The foregoing descriptions of well water levels
and canal and tidal stages will be used as a guide for
the assignment of boundary conditions for models of
the saltwater interface position in predevelopment
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times and in various periods during the era of water
management. Generally, the regional water-table alti-
tude does not seem to have changed appreciably since
measurements began in 1939, although the seasonal
variation in many parts of the region was somewhat
reduced after 1956. However, average predevelopment
water-table altitudes might have been as much as 1.0
to 2.5 ft higher than those measured since 1939. A rea-
sonable speculation is that the greatest difference
between predevelopment and measured altitudes
occurs not in the wetlands, but in the former marginal
wetlands just west of the coastal ridge. This would be
reasonable if higher stages in the wetlands caused
longer periods of flooding in the marginal wetlands,
during which times the stage in the flooded regions
would have been more uniform than the altitude of the
ground-water table when the region was dry.

Public-Supply Wells

Within the study area (fig. 1), the well fields that
are sufficiently close to the ocean that they might
induce saltwater intrusion or become contaminated as
a result of saltwater intrusion are those located east of
Highway 441 (fig. 2). These include well fields sup-
pling water to the Cities of Hollywood, Dania, and
Hallandale in Broward County, the Cities of North
Miami Beach and North Miami in Dade County, and
two well fields (3A and 3B) operated by Broward
County. All of these well fields pump water from the
Biscayne aquifer.

The Hollywood Well Field is the largest well field
located east of Highway 441 within the study area.
The first three wells were drilled in 1932 and 1933,
and a fourth was drilled in 1940. In 1988, 23 wells
were in operation. Of these, 17 withdrew water from a
depth interval of 50 to 80 ft below land surface, 4
withdrew water from an interval of about 110 to 130 ft
below land surface, and 2 withdrew water from an
interval of about 140 to 150 ft below land surface
(Alvarez and Bacon, 1988). In 1993, 27 wells were in
operation. In 1964, the well field was pumping an
average of 4.64 Mgal/d. By 1978 the average daily
pumping rate was 17.05 Mgal/d and, by 1989, it was
21.72 Mgal/d.

The Hallandale Well Field (fig. 2) began to sup-
ply water in 1952. The open intervals of the eight
wells in use in 1988 are between 40 and 110 ft below
land surface. Six of the wells are at the water-treat-
ment plant site, a seventh is 0.4 mi north and 0.1 mi
west of the water plant, and the eighth is 0.35 mi west
of the seventh well. Because saltwater intrusion into

the main well field appeared imminent, the City of
Hallandale began to obtain water through a pipeline
interconnection with the North Miami Beach Well
Field in August 1988. Pumping was discontinued at all
wells owned by the City of Hallandale except for the
eighth well, with the seventh being used occasionally
during periods of peak demand. The average rate of
pumping from the Hallandale Well Field increased
from 0.27 Mgal/d in 1952 to 5.61 Mgal/d in 1987. The
average rate decreased to 3.42 Mgal/d in 1989 after
the partial shutdown.

The first two wells in the Dania Well Field were
drilled in 1957 at the City’s water-treatment plant (fig.
2). Two more were drilled there in 1970, and another
two were drilled in a cemetery about 0.7 mi to the
south in 1972. An increasing trend in the chloride con-
centration of water obtained from the wells led to the
construction of two wells at a location 1.2 mi west of
the water- treatment plant in 1976. At this time, the
original six wells were placed in a standby status.
Pumping at one of the 1976 wells had to be discontin-
ued in 1988 due to contamination from a local source.
The depths of the Dania wells vary from 70 to 120 ft.
The average pumping rate was about 0.8 Mgal/d in
1961 and was still low (1.8 Mgal/d), compared to that
of the Hollywood and Hallandale Well Fields, in 1974.
The average rate decreased to about 1.3 Mgal/d in
1978 but increased again to 2.24 Mgal/d in 1989.

Broward County Utilities Well Fields 3A and 3B
(fig. 2), owned by the Broward County Utilities
Department (BCUD), have six and four wells, respec-
tively. The first wells were probably drilled in the
1950’s. One well in Broward County Ultilities Well
field 3A is 180 ft deep; the others are no more than 110
ft deep. The wells in Broward County Utilities Well
Field 3B are as deep as 140 ft. In 1989, average pump-
ing rates at Broward County Utilities Well Fields 3A
and 3B were 2.93 and 3.74 Mgal/d, respectively.

In northeastern Dade County, the Sunny Isles
Well Field, owned by the City of North Miami Beach,
and the East Side Well Field, owned by the City of
North Miami (fig. 2), were both closed because of salt-
water intrusion. The Sunny Isles Well Field started to
pump water with increasing chloride concentrations in
the late 1960’s and was shut down and put on standby
in 1972 when the East Drive Well Field was com-
pleted and put in operation (R. Coates, North Miami
Beach Utilities, oral commun., 1994). In 1977, a con-
taminant spill near the East Drive Well Field required
the shutdown of those wells and a temporary reactiva-
tion of the Sunny Isles Well Field (H. Kottke, Dade
County Departmen: of Environmental Resources
Management, oral commun., 1994). In June 1978, the
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East Drive Well Field was placed back i:: service.
Most of the wells in the Sunny Isles Well Field have
since been plugged and abandoned (R. Coates, oral
commun., 1994),

Water samples from wells in the North Miami
East Side Well Field began to have increasing chloride
concentrations in the late 1960’s. During the severe
drought of 1971, chloride concentrations higher than
500 mg/L were reported from some wells (H. Kottke,
oral commun., 1994). Increasing chloride concentra-
tions were again reported in 1974, 1975, and 1976.
The East Side and West Side Well Fields were both
pumped until about 1977, at which time the East Side
Well Field was taken out of regular service. A pump-
ing report for the well field with entries ending in
October 1982 shows that some pumping continued,
but the water-treatment plant was later disassembied.

From a consideration of the depths of the public-
supply wells in the study area, it is concluded that the
principal zone of water supply is about 50 to 150 ft
below land surface. The lowering of the water table
caused by well-field pumping is usually greatest in the
dry season because of the coincidence of peak demand
with the lowest amount of recharge from rainfall.
Because the Biscayne aquifer is so highly permeable
within the study area, significant drawdowns from
public-supply wells tend to be localized, as indicated
by the average dry-season water-table map of Fish
(1988, fig. 41).

PROGRESSION OF SALTWATER
INTRUSION IN SOUTHERN COASTAL
BROWARD COUNTY

If a body of saltwater lies adjacent to a body of
freshwater having its surface at the same altitude, the
saltwater, because of its greater weight, will move
toward the freshwater, thus displacing it. However, the
water-table altitude in coastal surficial aquifers is usu-
ally higher than sea level, so that the displacement of
fresh ground water by seawater is only partial and an
equilibrium position of an interface between the fresh-
water and saltwater exists. Because, in saltwater, the
pressure increase with depth is greater than in fresh-
water, the equilibrium position of the interface occurs
farther inland with depth, and the spatial distribution
of the saltwater near the coast resembles a wedge, or
“toe,” underlying the body of freshwater. In natural
coastal systems not modified by urban, industrial, or
agricultural activities, seawater and inland freshwater
in surficial aquifers normally are close to their

equilibrium positions. The position of the interface
onty respc ids slightly to seasonal or episodic ¢limatic
variations.

When anthropogenic activities change the water-
table altitude in a coastal surficial aquifer, freshwater
and saltwater will move toward new equilibrium posi-
tions determined by the new water-table altitude.
When the water table is lowered by drainage for urban
development or by well-field pumping, the interface
movement will be inland. When the water table is
raised, the interface moves seaward. In southeastern
Florida, raising the water-table altitude is often one of
the objectives of the construction of canals with salin-
ity-control structures near the coast. However, the con-
struction of canals for salinity control has usually
occurred following a previous lowering of the water
table by pumping or the use of canals for drainage.
One of the principal problems facing water managers
in the region has been saltwater encroachment result-
ing from lowered water tables, particularly when the
movement of saltwater is toward a well field.

A related process of saltwater intrusion occurs
when tidal canals are constructed that allow seawater
to circulate inland when the tidal stage is high and
quantities of freshwater runoff and ground-water seep-
age discharging into the canals are low. In this case,
the intrusion of saltwater occurs from the canal cross
section near land surface and not from depth, as in the
case of the inland movement of the coastal saltwater
“toe” described above. Saltwater intruding from the
tidal canal inland of the coastal interface may settle to
lower levels of the aquifer because saltwater is heavier
than freshwater. In some cases, the settling saltwater
may be entrained by a highly active flow field in a
zone of high permeability and may quickly migrate
downgradient in the zone. In some cases, such highly
permeable zones are those pumped by well fields.

Coastal saltwater encroachment and tidal canal
intrusion may occur together in the same area when a
tidal canal transects the coastal saltwater interface.
Because the canal is tidal, the lower head near the
canal may induce the coastal saltwater interface to
move farther inland in the vicinity of the canal than
elsewhere. In the study area, a combination of these
processes occurs in the vicinity of the Dania Cutoff
Canal and the short tidal reach of the South New River
Canal (fig. 2) downstream (east) of structure S-13. In
the vicinity of the Hollywood and Spur Canals, tidal
circulation of saltwater in the canals induces shallow
saltwater intrusion into the Biscayne aquifer at loca-
tions where freshwater may occur at greater depth.

Where the position of the coastal saltwater inter-
face has reached equilibrium, the chloride and
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dissolved-solids concentrations increase monotoni-
cally downward through a “transition zone” of mixed
freshwater and saltwater. Where the interface is mov-
ing in response to a change in water-table altitude, the
movement of saltwater or freshwater can be more
rapid in discrete zones of higher permeability than in
intermediate semiconfining beds, so that the chloride
and dissolved-solids concentrations may decrease
downward in some depth intervals. Where saltwater
intrusion from a canal occurs, the vertical distribution
of chloride and dissolved solids depends upon the vol-
ume of saltwater discharged from the canal, local geo-
logic controls, and the mixing effects that occur within
the aquifer.

The general structure of the transition zone is
qualitatively similar to the one delineated by Kohout
(1960, fig. 4; fig. 11 in this report) in the Silver Bluff
and Cutler areas of Dade County, where a generally
similar lithology exists. The Cutler diagram is based
on data from several clusters of wells open to many
depths within the aquifer. The concentration gradient
appears to be nearly vertical between 40 and 60 ft
below sea level and nearly horizontal at depths greater
than 70 ft below sea level. Kohout (1960) does not
explain the refation of the shape of the interface to
geologic control (the vertical sequence of layers of
varying permeability). Fish and Stewart (1991, pl. 3)
reported layers of high permeability to a depth of
about 100 ft below land surface near the site of
Kohout’s work at Cutler.

The investigation of saltwater intrusion in the
Biscayne aquifer of southeastern Florida by the USGS
began in 1939 and is divided into two distinct time
periods. The early period of data collection that gener-
ally ended in 1944-45 was conducted and documented
by Parker and others (1955). Many of the well sites in
the study area where data were obtained on a regular
or sporadic basis in this early period are shown in fig-
ure 12. Several sites where a few additional samples
were obtained for chloride analysis are not shown in
the illustration because the data have little interpretive
significance. Samples were collected for chloride anal-
ysis from well S-330 at the Dania Florida Power and
Light Plant at least through 1947 (Vorhis, 1948), and
chloride sampling from well F-279 continued through
November 1992 (fig. 13).

In the study area, between Snake Creek and
Dania Cutoff Canals, no chloride sampling by the
USGS took place during the 1950’s. In the early
1960’s, sampling for chloride analysis by the USGS
consisted of a small number of water samples col-
lected when new wells were drilled or soon afterward.
The operation of a network of observation wells began

in the autumn of 1967, and new wells were added to
the network throughout the 1970’s, 1980’s, and early
1990’s. Most present chloride observation wells are
located in the vicinity of well fields because of the crit-
ical importance of the potential effect of saltwater
intrusion on public water supply. In the study area,
present and former USGS observation well networks
have been located near the Hollywood Well Field,
Hallandale Well Field, and Broward County Utilities
Well Field 3A (fig. 2). In recent years, local agencies
have done an increasing share of the monitoring of
saltwater intrusion.

Chloride data from the observation well networks
are generally inadequate to define the diffuse saltwater
interface anywhere in the study area. Therefore, the
data considered in subsequent sections will be cited to
estimate the position of what is termed the “saltwater
front.” The saltwater front is considered, for purposes
of this report, to be a line eastward (seaward) of which
water with a chloride concentration in excess of 250
mg/L, the secondary maximum level recommended by
the U.S. Environmental Protection Agency (1977),
occurs at depths generally corresponding to the pump-
ing zones of major well fields in the area (50-150 ft
below land surface). Previous delineations of saltwa-
ter-intruded areas have used the concentration of 1,000
mg/L of chloride at the base of the Biscayne aquifer as
the criterion for establishing the extent of saltwater
intrusion (Klein and Waller, 1985). As stated, the crite-
rion used in this study is less precise than that used by
Klein and Waller (1985), though closely related.
Because chloride samples are from discrete depths at
widely scattered locations, and because the well-field
pumping zones generally include the entire aquifer
thickness, the two criteria should lead to similar
results.

The following sections describe the evolution of
the monitoring network and results of the collection of
water samples that help to define the extent of saltwa-
ter intrusion and its variation with time. Depths cited
for wells used in the discussion are as reported by
owners or as measured by the USGS. Until recently,
most wells installed for the purpose of obtaining sam-
ples for chloride analysis were percussion-driven, after
which the casings were jacked up a short distance.
Subsequently, water samples were collected from the
usually small interval (0.5-2.0 ft) of disturbed, broken
rock at the bottom of the pipe. The casing depths of
most of the percussion-driven wells have not been
reported, however, and the exact depth intervals to
which these wells are open to the formation are rarely
known precisely. Frequently, water samples are
obtained at various depths for analyses of chloride
concentration as the well is driven.
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Figure 12. Locations of wells used for detecting and monitoring saltwater intrusion in the 1940’s and
approximate position of the saltwater front in the pumping zone in 1945.



§

1.000 F-279

10 S N T TN WO A O S TN T T W T W U U Y T T T TS W T G U

|||||||||||||||||||||||||||| LINNL AR S S B B B B S Bs B B B S B S SRS SN M B B NN NN SHR

TR Y N U T SO0 U N WA U D U 0 T O S S U0 O O |

1940 45 50 55 60

CHLORIDE CONCENTRATION,
IN MILLIGRAMS PER LITER
g

65 70 75 80 85 90 1993
YEAR

Figure 13. Chloride concentrations of water samples from well F-279, 1940-93. Well location shown in

figure 12.

Since the early 1980’s, a few wells providing
chloride data were installed by the dual-tube reverse
air method, which also allows for the collection of rep-
resentative water samples at successive depths. Many
of these wells were finished as monitoring wells by the
subsequent installation of casing.

The chloride data used in the following sections
to estimate the position of the saltwater front is pre-
sented in several hydrographs and in table 2. Except
for several samples from the 1940’s that do not pro-
vide useful information, the data set is an exhaustive
and complete presentation of the USGS data base
available at the time of the preparation of this report
(1994). Where an extensive time history of chloride
analyses that clearly defines trends over time is avail-
able from a particular well, the data are shown in
hydrograph form. Where only one or several samples
are available that are closely or widely spaced in time,
they are listed in table 2. Depth profiles obtained from
percussion-driven or dual-tube reverse air wells are
also listed in table 2.

Extent of Saltwater Intrusion, 1939-47

Only a few wells provided chloride samples in
the early 1940’s (fig. 12), but the data are generally
adequate to determine the approximate position of the
saltwater front. The time history of chloride concen-
trations in the observation wells of this period (fig.
14), together with selected water samples at other
wells (table 2), provides the basis for the estimated
position. Well locations are shown in figure 12.

The southern end of the saltwater front is approx-
imated based on a chloride value (830 mg/L) obtained
from well G-1357 in 1968 (table 2). At that time,
G-1357 was about ! mi east of the saltwater front (fig.
15). At well F-279 (117 ft deep) adjacent to the

Biscayne Canal in Dade County (fig. 12), chioride
concentrations in the early 1940’s (fig. 13) were near
the background level considered typical of the Bis-
cayne aquifer. A slight temporary rise in concentration
in 1945 probably represents the influence of an
extended drought that caused saltwater to migrate up
into the canals, most of which were uncontrolled at the
time, or around the controls where controls existed.
The front was east of F-279 at that time. Just south of
Snake Creek Canal near U.S. Highway 1, chloride
concentrations in water from S-304 (76 ft deep) were
less than 250 mg/L until mid-1941, but then began to
follow a slow, increasing trend until concentrations
were consistently greater than 250 mg/L after 1943
(fig. 14). A water sample from nearby surficial-aquifer
drainage well D-151 (175 ft deep) had a a chloride
concentration of 7,300 mg/L, indicating that highly
saline water occurred at depth at this location. Chlo-
ride concentrations in samples from well S-58 (36 ft
deep) indicated both an increasing long-term trend and
strong seasonal variations (fig. 14). The latter might
have been related to seasonal variations in the
upstream migration of seawater in Snake Creek Canal.
At well F-300 (91 ft deep) north of Snake Creek
Canal, chloride concentrations were at background
levels (fig. 14). Farther east at well S-278 (80 ft deep),
chloride concentrations were higher than at F-300,
though still less than 250 mg/L, indicating that S-278
was relatively near the saltwater front.

Farther north, water samples from wells F-291,
F-292, F-293, and F-294 (72 to 200 ft deep) contained
only background concentrations of chloride, but three
water samples from drainage well D-152 farther east
contained chloride in concentrations of 15,000 mg/L
(table 2). Although the depth of D-152 was not known,
it is assumed that the longitudinal position of the salt-
water front was located in the interval between F-294
and D-152 (fig. 12). Water samples were obtained at
selected depths as well G-555 was driven to a depth of
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Figure 15. Locations of wells used for detecting and monitoring saltwater intrusion in the
1960's and approximate position of the saltwater front in the pumping zone in 1969.
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206 ft in 1947. All water samples contained chloride
in concentrations less than 30 mg/L. At well S-330 (35
ft deep), a supply well for the Dania Florida Power
and Light Company power plant, chloride concentra-
tions were somewhat higher than background levels in
the early 1940’s and began to increase after mid-1943
(fig. 14). Vorhis (1948, p. 27) attributes the increase to
upstream movement of saltwater in the Dania Cutoff
Canal during a drought period of unusual severity.
Possibly, pumping for the power plant supply caused a
local southward migration of saltwater from the Dania
Cutoff Canal. If so, the relation between the coastal
saltwater front and saltwater intruding from the canal
was not clear, and no estimate of the position of the
saltwater front in 1945 was possible north of well
G-555.

Extent of Saltwater Intrusion, 1959-76

In the study area, the regular collection of water
samples for chloride analysis from well F-279 was
augmented in 1959 by the initiation of regular sam-
pling at well G-894, east of the East Side Well Field
owned by the City of North Miami. Depth profiles of
chlorde (table 2) were acquired in 1959 from the drill-
ing of G-894, G-891, G-892, and G-893, all in north-
eastern Dade County (fig. 15). Various single water
samples were obtained from wells drilled in the early
and middle 1960’s (fig. 15), and regular sampling at
well S-830 at the junction of the South New River
Canal, the Dania Cutoff Canal, and the South Fork
New River began in 1966. A sampling network for
southeastern Broward County began to take shape in
1967 with the addition of previously drilled wells
G-854, G-1235, G-1237, and G-1240. In addition,
chloride concentrations at supply wells S-1366 and
S-1367 at the City of Dania Well Field were too high
for the water to be used for public supply (exceeding
300 mg/L at well S-1367 in 1967 and at well S-1366 in
1971), and the wells were added to the sampling net-
work.

A single chloride concentration (table 2) at about
75 ft was obtained from G-1357 on the Biscayne
Canal just above salinity-control structure S-28 in
1968, and three depth profiles of chloride concentra-
tion (at wells G-1445, G-1446, and G-1474) were
acquired in the Dania area in 1969. In that year, a large
number of existing wells in the Dania and Hallandale
areas were identified and sampled for chloride analysis
by H.W. Bearden of the USGS. Wells G-1432,
G-1433, G-1434, and G-1435 were drilled on a line
east of the Hallandale Well Field and added to the reg-
ular sampling network (Bearden, 1972), as was
G-1446 east of the City of Dania southern (cemetery)
well field (fig. 15).

In the southern part of the area shown in figure
15, water samples from well F-279 exceeded 1,300
mg/L in chloride concentration in 1969 (fig. 13).
Water pumped from wells in 1969 in the Sunny Isles
Well Field owned by the City of North Miami Beach
contained chloride in concentrations that exceeded
250 mg/L (Richard Coates, City of North Miami
Beach Ultilities. oral commun., 1994). Development of
a new well field began, and when it was completed in
1972, pumping from the Sunny Isles Well Field was
discontinued. Well G-894 produced water with chlo-
ride concentrations exceeding 2,000 mg/L at 76 ft
when drilled in 1959. Chloride concentrations in water
samples from many of the supply wells in the East
Side Well Field owned by the City of North Miami
were above 400 mg/L during the 1971 drought. Chlo-
ride concentrations at the supply wells increased again
during the dry seasons of 1974, 1975, and 1976.
Pumping was later discontinued because of the sea-
sonal pattern of increasing chloride concentrations. It
is likely that the shallow depth of many of these wells
(30 to 40 ft) allowed their continued use for some time
after saltwater was detected in the area.

North of Snake Creek Canal, water samples from
well G-891 were fresh to a depth of 162 ft below land
surface and water samples from well G-892 contained
chloride in a concentration exceeding 3,000 mg/L at a
depth of 108 ft when both wells were drilled in 1959
(table 2). Water samples from well G-1358 had a chlo-
ride concentration of 6,000 mg/L at a depth of 84 ft
when drilled in 1968. The position of the saltwater
front was identified with some accuracy in the Hallan-
dale area because of the density of wells providing
data (fig. 15). A water sample from well G-1432 at a
depth of 109 ft had a chloride concentration exceeding
3,000 mg/L when the well was drilled in 1969. A
water sample from well G-1433 at a depth of 150 fi
had a chloride concentration of 140 mg/L in 1969,
indicating that the Biscayne aquifer was still fresh at
that location and depth. However, the chloride concen-
tration of a water sample from well G-1434, drilled to
a depth of 192 ft and located 800 ft west of G-1433
and closer to the Hallandale Well Field (fig. 15), was
1,400 mg/L in 1969, indicating that the saltwater front
was relatively close to the well field.

In the Dania area, a group of wells used to obtain
water samples for chloride analyses helps to define the
position of the saltwater front in 1969. Depth profiles
were obtained from wells G-1445, G-1446, and
G-1474 (table 2) when drilled in 1969. Water with a
chloride concentration of 7,600 mg/L occurred in
G-1445 at 145 fi, but a water sample from G-1446 at
180 ft had a chloride concentration of 485 mg/L.
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Freshwater was present to the total depth of well G-
1474 (181 ft). The chloride concentrations of water
samples from well S-1366 at the City of Dania water
plant about | mi to the northwest (fig. 15) were less
than 200 mg/L in 1969, but began to exceed 500 mg/L
in 1972. The chloride concentration of samples from
S-1367 exceeded 300 mg/L in 1969. Chloride concen-
trations in water samples obtained from G-1238 (114
ft deep) in the mid-1960’s exceeded 1,000 mg/L.
Because of the proximity of S-1366, S-1367, and
G-1238 to the tidal Hollywood Canal, it is likely that
the salinity of water samples from these wells is
caused by saltwater intrusion from the canal. A rela-
tively shallow (63 ft) water sample obtained in 1969
from well G-1440, located at some distance east of the
Hollywood Canal and south of the Dania Cutoff
Canal, had a chloride concentration of more than
1,800 m/gL, suggesting that the coastal saltwater front
was west of G-1440 at this time. A water sample
obtained at 60 ft from G-1439, just north of the Dania
Cutoff Canal, in 1969 was fresh. Because of the com-
plex pattern of saltwater intrusion from the ocean and
from the canal and the paucity of data, it was not pos-
sible to estimate a saltwater front position in the vicin-
ity of the Dania Cutoff Canal north of G-1440 (fig.
15).

Water samples from well G-1476 (124 ft deep)
had chloride concentrations of about 600 mg/L in
1969 and 1970. Water samples collected from well
G-1237 (200 ft deep) between 1967 and 1969 had
chloride concentrations less than 250 mg/L, and con-
centrations actually decreased for the next several
years. These data suggest a saltwater front in the area,
but the intrusion of saltwater may be from the Dania
Cutoft, Hollywood, and Spur Canals rather than from
the ocean.

The high chloride concentrations of water sam-
ples from well S-830 (fig. 16) suggest saltwater intru-
sion from along the tidal Dania Cutoff Canal. North of
the canal, water samples from well G-1235 (213 ft
deep) were fresh in 1964 and 1965, but when sampling
began on a regular basis in 1967, chloride concentra-
tions averaged 800 mg/L. These data indicate an influx
of saltwater at depths below the Biscayne aquifer, pos-
sibly originating from the Dania Cutoff Canal or the
South Fork New River (fig. 15). Water at at well
G-1271 had a chloride concentration of about 200 mg/
L at 75 ft in 1964, suggesting that lower intervals of
the Biscayne aquifer were probably intruded by salt-
water. Water from well S-1500 was fresh in 1962, but
the well was only 65 ft deep. The high chloride con-
centrations in water from well G-854 (fig. 16) might
indicate seepage of saltwater from the tidal South Fork
New River, but the lack of data in the vicinity of the

tidal river means that an appraisal of its effect in caus-
ing the seepage of saltwater into the aquifer cannot be
made. Based on the very limited data available, it
seems likely that the presence of saltwater in the aqui-
fer between the Dania Cutoff Canal and the South
Fork New River occurs from a combination of sources
that include the ocean, canal, and river.

Extent of Saltwater Intrusion, 1976-94

The regularly scheduled collection of water sam-
ples for chloride analysis was greatly expanded in the
study area in the 1970’s by the use of existing wells
and the drilling of new ones. Several additional wells
were drilled for regularly scheduled sampling in the
1980’s. Most of the additional network wells were
near the Hallandale Well Field, Hollywood Well Field,
or Broward County Utilities Well Field 3A. Excep-
tions were wells G-2425, G-2426, and G-2441 in the
City of Hollywood, and wells G-2129 and G-2130
north of the confluence of South Fork New River and
North New River Canal. Several depth profiles of
chloride concentration were obtained as part of the
present study and a previous USGS study (Howie,
1987). The chloride data from all of these sources
were generally adequate to define the position of the
saltwater front in 1993 (fig. 17).

In the southern part of the study area, existing
fire-control wells east and south of the North Miami
East Side Well Field (F-273, F-276, F-277, F-278,
F-297, and F-298) were identified and sampled in
1978-79 (fig. 17) to augment chloride concentration
data from regularly collected water samples from
wells F-279 and G-894. Pumping from the well field
had been discontinued, probably in 1977. The Sunny
Istes Well Field, owned by the City of North Miamt
Beach, was shut down in 1972. In 1978 and 1979,
chloride concentrations in most of the fire-control well
water samples exceeded 1,300 mg/L (table 2). Chlo-
ride concentrations in water samples from wells F-297
and F-276, however, fluctuated above and below the
250-mg/L chloride limit for potability (table 2). The
chloride concentration of samples from well G-894,
hydraulically upgradient to the northwest of wells
F-279 and F-276, continued to exceed 1,000 mg/L.
Beginning in 1981, however, chloride concentrations
from well G-894 water samples started a downward
trend (fig. 16). Since 1983, chloride concentrations of
samples from well G-894 have been similar to those of
freshwater in other parts of the Biscayne aquifer used
for public supply. The chloride concentration of water
samples from well F-279 continued to exceed 1,000
mg/L. Based on the chloride concentrations from well
G-894, the 1993 saltwater front line between Biscayne
and Snake Creek Canals has been drawn slightly
seaward of the 1969 line.
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Figure 17. Locations of wells used for detecting and monitoring saltwater intrusion in the
1970's, 1980's, and 1990's and approximate position of the saliwater front in the
pumping zone in 1993.
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Immediately north of Snake Creek Canal in
northern Dade County, the saltwater front position in
1993 is highly approximate because of the lack of use-
ful chloride samples. Wells G-1358 and G-892 (fig.
16) are relatively shallow and were periodically sam-
pled for a short time in 1975-76. The chloride concen-
trations of water samples exceeded 6,000 mg/L at both
sites. Farther north, a network of chloride sampling
wells in the vicinity of the Hallandale Well Field (fig.
18) provide a substantial data base for locating the
saltwater front. Many additional monitoring wells
were drilled in this area in the 1980’s as previous mon-
itoring wells began to yield water samples containing
increasingly higher concentrations of chloride (fig.
19), and the city needed to verify that the saltwater
front had not yet reached the well field. Finally, the
main well field at the Hallandale water plant discontin-
ued pumping in 1988. In that year, additional monitor-
ing wells (G-2477 and G-2478) were drilled to replace
well G-1241 where chloride concentrations in water
samples, less than 100 mg/L in 1983, progressively
increased to more than 4,000 m/gL in 1993 (fig. 19).
The new wells could provide an early warning of the
advance of the saltwater front toward well 7, which is
used as a standby for the remaining supply well (well
8).

In 1993, deep monitoring wells G-1435 and
G-2351A, seaward of the Hallandale Well Field, were
yielding water samples with chloride concentrations in
excess of 6,000 mg/L (fig. 19). Pumping zone moni-
toring well G-2294 and deep monitoring well G-2410
were beginning to show chloride concentration
increases. Samples from well G-2074, just below the
pumping zone, had chloride concentrations in excess
of 8,000 mg/L. The saltwater front line was, therefore,
drawn approximately through the locations of wells
G-2294 and G-1241, which at a depth of 216 ft is far
below the pumping zone.

The movement of the saltwater front east of the
Hallandale Well Field from 1970, when data collection
began, to 1993 (fig. 20) was estimated on the basis of
the chloride concentration data presented in figure 19.
The 50-percent seawater concentration lines in 1970,
1985, and 1993 were drawn using chloride concentra-
tion data from wells G-1432, G-1433, G-1434,
G-1435, and G-2351A. Because data from well
(G-2328 at a depth of 300 ft were acquired in 1981, the
50-percent saltwater concentration line position for
1985 is estimated to that depth. It is noted that the
points in figure 20 generally represent the bottom of
the wells. Wells G-1432, G-1433, G-1434, and
(G-1435 have open-hole intervals of 4 to 8 ft above the
bottom of the well. Well G-2351A is open from 200 ft

to the bottom of the well at 243 ft, the result of con-
struction difficulties while drilling (H.J. Voegtle, U.S.
Geological Survey, oral commun., 1981). Water sam-
ples are considered to most likely represent the quality
of aquifer water at 200 ft, which leads to an interpreta-
tion consistent with the data from the other wells.
However, it is noted that data are not available to iden-
tify the depth interval contributing the greatest amount
of water during sampling.

The saltwater front estimates for 1970, 1985, and
1993 are somewhat subjective because the lack of
nearly adjacent wells at the various depths made it dif-
ficult to fully define the transition zone. On the basis
of the available data, the transition zone appeared to
be rather sharp. Water samples from well G-2294 in
1985 contained chloride in concentrations of only
about 100 mg/L, and water samples from well G-2410
in 1993 contained chloride in concentrations of only
about 90 mg/L. The apparent lack of movement of the
upper part of the interface between 1985 and 1993
could be a result of the termination of pumping from
the main Hallandale Well Field in 1988.

Considerable concern exists about the continued
availability of the Hollywood Well Field, the third
largest in Broward County. The production wells of
the Hollywood Well Field have always produced
freshwater. A network of monitoring wells was drilled
in the 1970’s (fig. 21). Water samples from some of
the wells (G-1548, G-1597, and G-2000) had chloride
concentrations greater than those of water samples
previously collected from well G-1240 (fig. 22). How-
ever, the chloride concentrations of water samples
from the monitoring wells have not shown increasing
trends for over 20 years. Water samples from some
wells (G-1240, G-2040, and G-2176) have shown
downward fluctuations since 1981. Together with the
fact that some wells drilled on the east side of the Hol-
lywood Canal have yielded freshwater samples at
depths equivalent to those of the Hollywood monitor-
ing network, the chloride concentration data from the
monitoring network suggest that the source of saltwa-
ter causing the well water samples to be of relatively
high salinity is not the saltwater wedge from the
Atlantic coast but rather partially diluted seawater
seeping from the tidal Hollywood Canal.

Water in the Hollywood Canal tends to show sea-
sonal fluctuations in salinity that depend upon the
amount of rainfall, and the salinity of water samples
collected regularly by the USGS tends to decrease
with distance from the Dania Cutoff Canal. Along the
Hollywood Canal, the chloride concentrations of Taft
Street water samples tend to be higher than those of
contemporaneous Johnson Street water samples,
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which in turn, tend to be higher than the chloride con-
centrations of water samples collected at the dam at
the end of the tidal reach at Hollywood Boulevard (fig.
23). Along the Spur Canal, water samples taken at N.
29th Avenue, 0.75 mi west of the Hollywood Canal,
generally have higher chloride concentrations (fig. 24)
than water samples collected at the dam at the western
end of the tidal reach at N. 46th Ave. The seasonal
fluctuation of chloride concentration in both canals is
seen to be over a range that is very large (20 to 15,000
mg/L) and that has remained consistent for more than
25 years.

As part of the present study, well G-2615 was
drilled 100 ft from the west bank of the Hollywood
Canal near the end of the dry season in May and early
June 1990. The purpose was to gain information about
the vertical subsurface distribution of chloride near the
canal. The well was driven to 175 ft below land sur-
face as water samples for chloride analysis were
obtained every 10 ft. Results (table 2) show an interval
of relatively high chloride concentration (1,240-2,450
mg/L) between 80 and 100 ft below land surface,
which is within the 50 to 150 ft interval that usually
contains the pumping zones used by well fields. A
high chloride concentration (3,800 mg/L) was mea-
sured at 10 ft, but no water samples were collected
between 10 and 50 ft. At the latter depth, the chloride
concentration was less than 50 mg/L. Later in June,
after heavy rains of the wet season had begun, a sec-
ond well (G-2614) was driven to 50 ft. Water samples
were acquired every 10 ft. Chloride concentrations
ranged from 350 to 550 mg/L to 30 ft below land sur-
face. Below this depth, concentrations decreased to a
level only slightly more saline (less than 100 mg/L)
than the background concentration in the Biscayne
aquifer where saltwater intrusion has not occurred.
The stratification of salinity at this location is regarded
as evidence that the source of the saltwater intrusion is
the canal, the bottom of which is within 20 ft of land
surface. The lower chloride concentrations after sum-
mer rains began were consistent with the flushing of
the canal with freshwater runoff and the dilution of
saline ground water near the surface by fresh rainfall
recharge.

In 1986, wells G-2425 and G-2441 were drilled
east of the Hollywood Canal (fig. 17) to determine if
oceanic saltwater had intruded into this area. Drilling
of well G-2425 was by the dual-tube reverse air
method, which was shown to provide accurate depth
profiles of chloride concentration (Fish, 1988). Percus-
sion-driven well G-2441 also provided a depth profile
of chloride concentration. Well G-2425 was completed
at 200 ft below land surface where the chloride con-
centration was less than 75 mg/L (table 2).

Well G-2441 was completed at 181 ft below land sur-
face where the chloride concentration was about 300
mg/L, only slightly higher than the secondary potabil-
ity standard of 250 mg/L. Chloride concentrations
increased with depth in both wells. The higher concen-
trations in well G-2441 may indicate the influence of
the nearby Hollywood Canal because the chloride con-
centrations have remained stable, displaying the same
lack of any trend as noted for the monitoring wells for
the Hollywood Well Field.

Wells G-2612, G-2616, and G-2621 (fig. 17) were
drilled as part of the present study to further determine
the extent of oceanic saltwater intrusion east of the
Hollywood Well Field. The wells were percussion
driven to various depths. Water samples were col-
lected every 10 ft. Well G-2612 was completed at 273
ft below land surface, where two water samples col-
lected 4 months apart were only slightly saline (400 to
500 mg/L chloride concentration). Slight fluctuations
in the vertical profile of chloride concentration at 120
and 150 ft (table 2) might have been caused by intru-
sion into more permeable zones within the Biscayne
aquifer from secondary “finger” canals branching off
from the Hollywood Canal and extending to within
2,000 ft of well G-2612. Well G-2616 was completed
at 175 ft when a drill bit was lost in the hole. The chlo-
ride concentration (295 mg/L) at this depth was only
slightly above the potability standard. A second well
(G-2621) was begun a few feet away and was com-
pleted to a depth of 300 ft below land surface. A tran-
sition from freshwater to water with chloride
concentration ranging from 4,000 to 5,000 mg/L
occurred between 200 and 250 ft. Well G-2621 is con-
sidered to be inland of the saltwater front as defined in
the present study, but it seems probable that the oce-
anic saltwater front is only a short distance seaward of
the well. However, the possibility that the saltwater is
from the Hollywood Canal cannot be entirely
excluded.

In the Dania area, the chloride concentrations of
water samples from well G-1446 (fig. 17) were signifi-
cantly higher in the mid-1970’s (fig. 16) than in 1969-
70. Dania supply wells S-2153 and S-2154 at the cem-
etery well field were used on a standby basis until
1985, when chloride concentrations became too high
for the wells to be used further. Water samples from
Dania supply wells S-1366, S-1367, S-1523, and
S-1524 began to contain high concentrations of chlo-
ride in the 1970’s (fig. 16). It is difficult to delineate
the source(s) of saltwater intrusion in the Dania area
east of the Hollywood Canal because of the proximity
of both the oceanic saltwater front and the tidal Dania
Cutoff and Hollywood Canals and because of the lack
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of data north and east of well G-1446. West of the Hol-
lywood Canal, increasing chloride concentrations in
water samples from well G-1237 and the continuing
use of Dania supply wells S-2155 and S-2156 proba-
bly indicate that saltwater is intruding westward from
the Hollywood Canal and southward from the Dania
Cutoff Canal, but has not yet reached the supply wells.

The high salinity of water samples from S-830
(figs. 16 and 25) suggests a pattern of saltwater intru-
sion from the tidal Dania Cutoff Canal, as has been
previously noted. Because of the threat of saltwater
intrusion from the canal, observation wells were
drilled near Broward County Utilities Well Field 3A
(fig. 25). These wells began to provide water samples
for chloride analysis in 1976 (Pitt, 1977). Water sam-
ples from well G-2260 (23 ft deep) in the well cluster
closest to the Dania Cutoff Canal were fresh (fig. 26).
However, water samples from well G-2261 (60 ft
deep) had chloride concentrations greater than 100
mg/L and water samples from well G-2262 (88 ft
deep) were highly saline (chloride concentrations of
about 1,200 mg/L). Because both wells are within the
highly permeable pumping zone at some distance from
the ocean, this is interpreted as indicating a pattern of
saltwater intrusion from the canal. The sampling of
these wells by the USGS was discontinued in 1982,
and the wells were destroyed during road improve-
ments in 1985.

Farther south, and closer to the three original sup-
ply wells (fig. 25), water samples from wells G-2263
(23 ft deep) and G-2264 (203 ft deep) were fresh until
sampling was discontinued in 1982-83. However,
water samples from the pumping zone monitoring well
G-2265 (60 ft deep) rapidly increased in chloride con-
centration to nearly 1,000 mg/L (fig. 26), suggesting
that the well field might be inducing intrusion from the
canal in the highly permeable pumping zone. Pumping
from the three nearby supply wells was later discontin-
ued and the three monitoring wells were unintention-
ally destroyed during the construction for road
improvement.

In the vicinity of the three newer supply wells,
wells G-2271 (in 1977) and G-2291 (in 1979) were
percussion driven to 165 and 160 ft, respectively, as
water samples were collected at various depths (table
2). All water samples had chloride concentrations less
than 25 mg/L. Shallow and deep well pairs G-2267/
(G-2268 (48 and 168 ft deep) and G-2269/G-2270 (50
and 184 ft deep) were constructed to monitor the qual-
ity of the ground water in the vicinity of the three
remaining supply wells. The wells have produced
water samples with chloride concentrations less than
100 mg/L of chloride. Except for twice yearly

sampling at well G-2270, all ground-water quality
monitoring in the vicinity of Broward County Utilities
Well Field 3A since 1983 has been conducted by Bro-
ward County agencies.

North of the Dania Cutoff Canal, well G-2347
(fig. 17) was drilled by the dual-tube reverse air
method in 1981 as a depth profile of chloride concen-
tration was acquired. Although this well is in an area
considered to be saltwater intruded, well G-2347 pro-
duced potable water samples to a depth of 110 ft (table
2). Well G-1235, 213 ft deep, continued to produce
saline water samples (chloride concentrations in
excess of 600 mg/L) through 1977, and water samples
from well G-854 have become progressively more
saline since 1975 (chloride concentrations in excess of
2,000 mg/L). However, the chloride concentrations of
water samples from wells G-2129 (180 ft deep) and
G-2130 (60 ft deep) have been less than 100 mg/L (fig.
16). Most likely, saltwater has intruded from the
ocean, the tidal South Fork New River, and the tidal
Dania Cutoff Canal. In an area surrounding well
G-2347, there probably occurs a thick lens of freshwa-
ter that does not extend to the base of the Biscayne
aquifer. Additional data collection would be required
to confirm these conclusions.

Generally, the monitoring data are insufficient to
define the transition zone between fresh and saltwater
zones, even east of the Hallandale Well Field where
the greatest density of monitoring wells with many
years of record exists. It is noteworthy that vertical
profiles of chloride concentration in the study area
(table 2, wells G-2347, G-2351A, and G-2621) show a
convergence to a concentration significantly less than
that of seawater (about 19,000 mg/L of chloride con-
centration) below a certain depth. This is consistent
with Kohout’s depiction of the gradient as being
nearly horizontal below a certain depth (fig. 11), which
might represent the retardation of the inland move-
ment of saltwater by geologic deposits of low perme-
ability below the Biscayne aquifer.

NUMERICAL ANALYSES OF SALTWATER
INTRUSION

The field data have been used to describe the pro-
gressive movement, inland or seaward, of the saltwa-
ter front. The resulting interpretations can be used to
guide efforts to describe the process of saltwater intru-
sion with numerical methods. The numerical
simulation of the saltwater intrusion process is highly
useful because it can: (1) help the analyst determine
which of the various hydrologic properties
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characterizing the coastal subsurface environment and
which water-management practices representing its
use by man are dominant or significant in causing salt-
water intrusion to occur, and (2) provide a simulator
that will relate changes in water system management
to the intrusion process. Two model codes were
applied in the course of this study: the SHARP code,
which simulates the position of the saltwater front as a
sharp interface having no transition zone (a zone in
which a gradational change between fresh and saltwa-
ter mineralization occurs), and the SWIP code, which
simulates a two-fluid, variable-density system with a
convective-diffusion approach that contains a repre-
sentation of the transition zone.

The SHARP code is generally the easier of the
two to apply and is computationally more efficient, but
the transition zone is not represented. Aquifers are
treated as single, vertically uniform layers separated
by leaky confining layers, and the representational
sophistication of the code (including types of bound-
aries, well descriptions, and types of sources and
sinks) is, at present, limited. The SWIP code has more
representational sophistication, uses a Fickian
approach to represent the transition zone, and is fully
three-dimensional. However, the SWIP code is com-
putationally cumbersome when applied to problems of
regional-scale solute transport, particularly those in
which the scale of the vertical discretization is orders
of magnitude less than that of the horizontal discreti-
zation. The latter difficulty is especially significant
when a detailed description of vertical solute variation
is desired, as when the process of vertically stratified
movement of freshwater in contact with seawater is
simulated.

In this study, each model was used for various
specific aspects of the general simulation problem.
The SHARP code was used first for a generalized areal
simulation of the predevelopment position of the salt-
water interface in the study area. Various parameters
were varied in unsuccessful attempts to obtain a simu-
lation consistent with available data, and the various
simulations were compared with the head-interface
relation predicted by the Ghyben-Herzberg relation.
The available data apparently are in substantial dis-
agreement with the Ghyben-Herzberg relation. Addi-
tional simulations with SHARP represented current
conditions, including well-field pumping from the Bis-
cayne aquifer, in the study area for a comparison with
one of the simulated predevelopment interface posi-
tions.

A cross-sectional grid was subsequently designed
for an application of SWIP to represent the same gen-
eralized aquifer represented in the SHARP simulation

of the predevelopment interface position. This proce-
dure facilitated a comparison of SHARP and SWIP
solutions. The SWIP cross section was then modified
to include vertical layering of hydraulic conductivity
based on data acquired from previous studies. Again,
parameters were varied in attempts to obtain a solution
consistent with available data and to gain a theoretical
understanding of the relation between the interface
position and aquifer parameters and natural hydraulic
stresses. The various results were compared with the
head-interface relation predicted by the Ghyben-
Herzberg principle. In further attempts to achieve a
solution consistent with measured data, a study was
made of simulated unsteady conditions occurring
before convergence of the solution to an equilibrium
interface position. Another SWIP cross-sectional grid
with a representation of detailed layering of hydraulic
conductivity was used for further study of the effects
of hydraulic conductivity layering on the shape and
position of the saltwater interface. This grid was also
used for a study of the use of various vertical disper-
sion algorithms and corresponding differences in the
position and structure of the various saltwater inter-
faces simulated. Only a brief discussion is included of
the problems encountered in attempts to use SWIP to
represent the saltwater interface three dimensionally.
The model codes and the methodology and results of
their application for analysis of the problem of saltwa-
ter intrusion are described in the following sections.

Sharp Interface Representation

The SHARP code simulates the flow of freshwa-
ter and saltwater separated by a sharp interface. A sin-
gle-layer sharp interface model was documented by
Mercer and others (1980). The present model (Essaid,
1990) is an improved version of the earlier model that
uses a quasi three-dimensional approach to simulate
saltwater intrusion in layered coastal aquifer systems
by representing them as a sequence of aquifers sepa-
rated by leaky confining layers. The single-layer rep-
resentation remains available as a special case of the
quasi three-dimensional approach.

The model solves separate vertically integrated
flow equations for the freshwater and saltwater zones.
The equations are coupled by the boundary condition
for fluid pressure at the freshwater-saltwater interface.
The vertically integrated equations for freshwater and
saltwater flow are, respectively (Essaid, 1990):
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The coupled parabolic partial differential equa-
tions (1) and (2) must be solved simultaneously for
freshwater and saltwater heads (¢f and ¢,). The inter-
face elevation (h) is then:

= (1+8),- 8¢, 3)

Where only freshwater or saltwater is present, flow is
described by a single equation without the terms that
describe change in storage due to interface movement.

The flow equations are discretized by an implicit
finite-difference scheme and the solution is by the
Strongly Implicit Procedure (SIP). The model is
quasi-three-dimensional in that it can represent a sys-
tem of aquifers separated by semiconfining layers. The
uppermost aquifer can be unconfined and receive
areally distributed recharge. Aquifer and confining
layer properties can vary areally. The code contains
special procedures for determining the position of the
tip and toe of the saltwater front and for describing
interaquifer leakage when one aquifer contains saltwa-
ter and the other contains freshwater.

Because the saltwater intrusion process is slow,
the movement of saltwater to an equilibrium position
takes several years to thousands of years depending on
the properties of the subsurface environment. Accord-
ingly, complex systems of equations must be solved
numerically for numerous time steps comprising long
simulation time periods. This means that run times
may be long, taxing available computational resources
and causing delays in obtaining simulation results.
“Simulation time” refers to the length of the period of
time required for the process being simulated to occur
in nature. “Run time” is the actual clock time required
for running the simulation on the computing equip-
ment utilized.

When using the SHARP model, a computational
stratagem can be employed to greatly shorten simula-
tion times and run times in cases where a steady-state
solution, the determination of an equilibrium position
of the interface under a specified set of conditions, is
sufficient as an objective of analysis. The equilibrium
position can be simulated in a few timesteps of rela-
tively short duration if the aquifer storage coefficients
and the effective porosity for the freshwater and salt-
water zones are set to artificially small numbers that
have no effect on the steady-state solution.

The SHARP code was used for estimates of the
likely interface position under predevelopment condi-
tions, under recent conditions as affected by water-
management control, and as affected by the Hallandale
Well Field, which is centrally located in the study area.
Analyses were necessarily of a generalized nature
because of limitations on the representational capabil-
ity of the model code. Some SHARP model parameter
specifications were chosen to remain constant in all
analyses made with the model. Other parameter
specifications were varied as necessary to represent
the various conditions analyzed.

52 Assessment of Saltwater Intrusion in Southern Coastal Broward County, Florida



Grid Design and Parameter Value Assignments

An areal grid design, rather than a cross section,
was employed for SHARP simulations because the
current flow system in the aquifer within the study
area did not display any dimensional uniformity and
because analyses of the effects of well-field pumping
were planned. The region bounded by Highway 441
on the west, the Dania Cutoff Canal on the north, the
Snake Creek Canal on the south, and the coast of the
Atlantic Ocean on the east was generalized as a rectan-
gular area with an east-west dimension of 30,000 ft
and a north-south dimension of 38,000 ft. The 30 x 38
grid of blocks with a uniform dimension of 1,000 ft
was expanded with the addition of five additional col-
umns to represent the extension of the Biscayne aqui-
fer offshore to its subcrop at the Atlantic Shelf (fig.
27). The east-west dimensions of these columns, in
west to east order, were 4,400, 1,050, 2,150, 3,100,
and 1,750 ft, and the north-south dimension of each
cell in the columns was 1,000 ft. The column widths
were chosen so that specified ocean depths of 10, 17,
20, 37, and 43 ft, respectively, would accurately repre-
sent the bathymetry of the offshore section. The east-
west dimensions and depths were based on an inspec-
tion of nautical chart no. 11467 prepared by NOAA
and made available to the public in July 1982. The
specified depths were those of the ocean bottom east
of the Hallandale Well Field, but were also representa-
tive of the entire length of coast in the modeled area
because ocean depth profiles are nearly uniform in this
region.

On the basis of data describing the thickness of
the Biscayne aquifer (figs. 4 and 5 and app. 3), the
base of the Biscayne aquifer was represented as two
platforms sloping seaward with a sharp increase in
depth separating them at about two-thirds the distance
between Highway 441 and the coast and about 1,750 ft
east of the Hallandale Well Field (fig. 28). It is at about
this location on the east-west sections through south-
ern Broward County that Fish (1988, figs. 17 and 18)
indicates the occurrence of substantial intervals of
solution porosity in the Tamiami Formation that are a
vertical extension of the Biscayne aquifer. The cores
obtained at test holes G-2610 and G-3472 (figs. 4 and
5), eastward of Fish’s cross sections, also show this
deepening of the aquifer. On the basis of Fish’s work,
the base of the Biscayne aquifer is assumed to coin-
cide with the base of the Pleistocene Formations and
to slope downward toward the east from 120 ft at
Highway 441 to 140 ft just west of the east-west loca-
tion where the Tamiami Formation solution porosity
occurs. From the latter location, where the bottom of
the aquifer is assumed to occur at about 300 ft within

the underlying Tamiami Formation, the base of the
aquifer slopes downward toward the east to about 360
ft at the coast. There are no data to substantiate the lat-
ter depth, although core data from G-2610 indicate
that solution porosity extends at least to 273 ft. The
slope of the base of the aquifer is assumed to extend
eastward to the undersea outcrop at the edge of the
Atlantic Shelf where the base of the aquifer would be
at about 450 ft. This representation of the aquifer con-
stitutes an assumption that a primary discharge area
for the freshwater system occurs somewhere offshore.
There are no known data to confirm or refute this
assumption or to verify the assigned depths, but both
assumptions were required to postulate a conceptual
model for simulation analyses.

The hydraulic conductivity of the aquifer was
assumed to be horizontally isotropic throughout the
modeled area and to have a value of 10,000 ft/d.
Because SHARP treats the aquifer as a two-dimen-
sional horizontal layer, it was not possible to represent
in the model the layers of relatively low permeability
that occur near the surface. The SHARP runs were
steady-state simulations of the equilibrium interface
position using annual averages for boundary condi-
tions and atmospheric stresses. Therefore, boundary
conditions for head along the western, northern, and
southern boundaries were specified as constant in
time, but were varied as needed in individual analyses
of different sets of conditions, as will be described
presently. Boundary heads along the coast of the
Atlantic Ocean were specified to be constant at 0.75 ft
above sea level in all analyses, based on the analysis
of long-term records of tidal stations (table 1). The ini-
tial head in the interior of the grid was assigned a uni-
form value of 3 ft.

In a previous study that included the simulation
of flow and transport in the Biscayne aquifer in south-
ern Dade County (Merritt, 1996b), the average ratio of
estimated evapotranspiration to rainfall was 92.4 per-
cent over a 45-year period. On this basis, the aquifer
was assumed to have a net recharge of 7.6 percent of
the southeastern Broward County annual rainfall, or
4.7 in/yr (inches per year) in initial runs. However,
southern Dade County is largely wetlands, in which
the water table is close to the surface. The study area,
in contrast, is land of higher elevation so that the rate
of evapotranspiration is lower. Later analyses with the
SWIP code simulated net recharge rates of about 12
in/yr. Therefore, SHARP analyses were rerun with
specified net recharge rates of 12 in/yr. Results illus-
trated in figures are based on this latter value. The
maximum change in the depth of the interface result-
ing from the change in the net recharge specification
was less than 10 ft.
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grid spacing is 4,400, 1,050, 2,150, 3,100, and 1,750 feet, respectively.

54 Assessment of Saltwater Intrusion in Southern Coastal Broward County, Florida



"S8I}ISUBP JBJEMI{ES puB suonnguisIp AIANONPUOD olnelpAy

snoueA usaib dHYHS Ag palejnwis adepiaiul Jatemyjes Juawdolaaspaid syl jo suosod wnuqinb3 -gz ainbi4

0002¢€ 000'0€ 000°s2 000°02

1334 NI '30NV1SIa
000Gt 0000k 000's 0

by AYMHOIH ]

AVQ H3d 1334 NI "ALIALLONANOD ONNYHAAH Si M 1

IHIHMAHIAT 000°0t=4
‘1004 218ND H3d SANNOdJ €1°'€9 1
OL @30NQA34 ALISN3Q H3ALYMLTIVS  -—— -

3HOHSH40 00V = M ]
LVHL 1d30X3 'SNOILIANOD IS ——

JAOGY NOLLAIOS "Od
INM DY3IEZHIH-NIGAHD 1

JHIHMAYIAZ 000°0b=M
1004 218N0 H3d SANNOd g
0'¥9 SI ALISNIQ HILYMITWYS ——

Y3dNovy 3INAVOSIE 40 35vg

3INOZ
ONIdWNd 1

JQEIERIEI .
FIWANVTIVH

09¢

ove

0ce

00g

082

09¢

ove

02e

00¢

08t

091

oyt

0ct

00t

08

09

ov

02

1334 NI '30V4HNS ANV MO138 HLd3a

Numerical Analyses of Saltwater Intrusion 55



In all analyses, the freshwater was assigned a
density (specific weight or weight density) of 62.26 1b/
ft%, considered representative of freshwater in the
warm surficial aquifer of southern Flonda Seawater
density was assumed to be 64.0 Ib/ft®. The saltwater-
zone density was varied in some analyses. The viscos-
ities of freshwater and seawater were assumed to be
equal at 0.98 cp (centipoise), or 2.05 x 107 Ib-s/ft?
(pound-second per square foot) and were not varied in
any of the simulations. This is the value used in later
SWIP runs for water with a temperature of 70°F.

The maximum number of iterations per timestep
was specified to be 150, and the interface was consid-
ered fixed after 50 iterations. The criteria for conver-
gence closure and steady-state closure (Essaid, 1990)
were both 107 ft. The relaxation factor was 0.80. The
initial timestep was | day and a time-step multiplica-
tion factor of 1.5 was used for subsequent time steps.
For steady-state simulations, storage coefficients for
the freshwater and saltwater zones were set equal to
10" and effective porosity was set equal to 0.0001.
These values are not realistic, but, as noted previously,
this is a device used to bring about fast convergence to
a steady-state solution.

Simulation of Predevelopment Conditions

Although no data exist to describe the saltwater
interface in the study area before development, it is of
interest to use the SHARP model to estimate the loca-
tion of the predevelopment interface in order to better
understand the effect of human activities on the inter-
face position and to determine if the model simulates a
position that is consistent with later data. Part of the
approach taken was to assume that natural ground-
water flow throughout the area modeled occurred uni-
formly in the eastward direction toward tidal discharge
areas offshore. As previously noted, no data are avail-
able to support any hypotheses about the direction of
predevelopment ground-water flow or the distance to
offshore discharge areas.

The effect of the South Fork New River in lower-
ing heads to the north of the modeled area in predevel-
opment times was ignored, as was the similar effect of
the Oleta River to the south. Neglecting the river
effects are probably good assumptions, as the shallow
streams probably had only a highly localized hydraulic
influence on the highly permeable Biscayne aquifer.
The main tidal part of the South Fork New River is
about 3.75 mi north of the northern boundary of the
grid, and only the uppermost reach of the stream
touches the northwestern corner of the grid boundary
(fig. 27). The Oleta River only reaches inland about

2 mi and is more than 3.5 mi south of the southern
boundary of the grid. Therefore, the direction of pre-
development ground-water flow in and near the study
area was probably not strongly influenced by the natu-
ral streams, except in their immediate vicinity.

The Hallandale Well Field is about 12,000 ft west
of the coast, and its position and the vertical interval
used by the six supply wells in the main well field at
the water-treatment plant is shown in figure 28.
Because the position of the interface east of the Hal-
landale Well Field has approximately been known
since 1969, results from the simulation of predevelop-
ment conditions would be invalid if the simulated pre-
development position of the interface were landward
(west) of the earliest known position at Hallandale.
The most definitive data were obtained during the
drilling of well G-2328 in the Hallandale Well Field
by the dual-tube reverse air method in 1981, when
water samples collected at 10-ft intervals to a depth of
300 ft below land surface had chloride concentrations
that did not exceed 260 mg/L. This was 68 years after
water management for flood control began in the
region and 29 years after the Hallandale Well Field
began pumping. As previously noted, the average
water level in well G-1472, just east of the well field,
was between 1.6 and 1.7 ft above sea level between
1970 and 1994 (table 1).

The predevelopment annual average head along
the western boundary (at the present location of High-
way 44 1) was estimated to be 5 ft above sea level
(table 1). Because there was no basis for an estimate of
heads along the northern and southern boundaries, an
initial run was made in which the heads were specified
as varying linearly from Highway 441 to the coast.
Initially, north-south nonuniformities in the east-west
head profile and the depth of the interface were simu-
lated because heads on the northern and southern
boundaries were either too high or too low. When the
heads were too low, part of the simulated net atmo-
spheric recharge to the modeled region discharged out
across the northern and southern boundaries, violating
the assumption of uniform easterly flow toward oft-
shore discharge locations. When the heads were too
high, the simulated net recharge to the modeled area
was insufficient to prevent simulated ground-water
flow into the modeled area from across the northern
and southern boundaries.

To obtain a uniform east-west flow field, the head
specifications along the northern and southern bound-
aries were adjusted. The method of adjustment was to
use the heads simulated for the center row of the grid
(the one least influenced by the boundary specifica-
tion) as a new northern and southern boundary
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condition. This process was repeated iteratively three
to four times until the simulated heads and their east-
west head variation were approximately uniform in the
north-south direction and only flow eastward toward
the ocean was simulated.

In the first analysis, the aquifer was assumed to
have a uniform hydraulic conductivity of 10,000 ft/d
and the density of seawater was 64.0 Ib/ft®. The prede-
velopment sharp interface (fig. 28) is simulated as
being located below the main well-field pumping zone
at about 127 ft below land surface, which is inconsis-
tent with the observation that water samples from well
G-2328 were fresh to 300 ft after decades of water
management and well-field pumping. The Ghyben-
Herzberg line (40 times the simulated freshwater
head) is located below the pumping wells at 142 ft
below land surface (fig. 28), which is slightly below
the simulated sharp interface. The simulated steady-
state head at the location of the Hallandale Well Field
is about 3.5 ft above sea level. The interface reaches
sea bottom just east of the coastline, implying that the
coastal freshwater discharge location is just slightly
offshore. This simulation required eight timesteps and
a total simulation time of 17.1 days to converge to
steady state. The first timestep required 72 iterations to
converge, and the seventh timestep required seven
iterations to converge.

In an attempt to improve the simulation of prede-
velopment conditions, it was hypothesized that the
hydraulic conductivity was much lower in the offshore
grid cells (fig. 27), which lay underneath the Atlantic
Ocean between the coast and the Atlantic Shelf. East-
ward flow to an offshore discharge area was still
assumed in this modified conceptual model, however.
A change in hydraulic conductivity within the aquifer
could occur as a result of some type of facies change
in rock type that would result in fewer solution fea-
tures occurring in offshore deposits. Such a facies
change could represent the result of depositional or
diagenetic processes such as the prehistoric occur-
rence of low-energy offshore environments that would
result in the deposition of fine sediments, or the lack of
any processes causing solution during geological peri-
ods following deposition, or the later infilling of solu-
tion features with sand or silt. The hypothesis is not
supported by the best available data, the cores from
wells G-2610 and G-3472, which show solution fea-
tures throughout the intervals cored at the present-day
coast. However, in Palm Beach County to the north of
Broward County, such a facies change does occur, and
the “Turnpike aquifer” is bounded on the east near the
coast by deposits lacking the solution features of the
aquifer (Swayze and Miller, 1984).

To perform the analysis, the hydraulic conductiv-
ity of the offshore grid cells was changed to 400 ft/d.
(A value of 40 ft/d was also used, but the model would
not simulate eastward flow with Highway 441 [west-
ern boundary] heads of 5 ft.) Results of the analysis
(fig. 28) show the sharp interface to intersect the base
of the Biscayne aquifer 170 ft below land surface at a
point slightly less than 2,000 ft east of the well field.
Because the model does not represent vertically adja-
cent layers of lower permeability or simulate the inter-
face within confining layers, the position of the
interface underneath the well field was not simulated.
When well G-2351A was drilled 1,900 ft east of the
main well field in 1980, 28 years after well-field
pumping began, the transition to saltwater occurred
between 175 and 200 ft below land surface (table 2).
Therefore, this simulated position is also not consis-
tent with the available data.

A further attempt to obtain a simulation of prede-
velopment conditions was based on a consideration of
the density of the water within the transition zone sep-
arating freshwater and seawater. The depiction of the
interface near Cutler in Dade County (fig. 11), based
on analysis (Kohout, 1960) of water samples from
several groups of wells, indicates that the transition
zone below 60 ft is dispersed over a distance of nearly
2,000 ft. Therefore, it was hypothesized that a sharp
interface separated freshwater from water with a den-
sity less than that of seawater. As a conservative test of
this hypothesis, the saltwater body was assigned a
density (63.13 Ib/ft}) greater than freshwater by only
50 percent of the difference in density between fresh-
water and seawater. The aquifer was assigned a uni-
form hydraulic conductivity of 10,000 ft/d (including
offshore grid cells). The simulation resuits (fig. 28)
show the interface to intersect the base of the Biscayne
aquifer at 185 ft below land surface at a point about
2,000 ft east of the main well field. This is more realis-
tic than previous results but is still not fully consistent
with available data.

Sensitivity analyses were performed to determine
whether errors in one or more of the estimated param-
eter values describing hydraulic properties of the aqui-
fer might have a significant effect on the simulation. In
one analysis, the bottom of the aquifer was assumed to
vary linearly from 120 ft below land surface at High-
way 441 to 300 ft at the coast. The bottom slope was
extrapolated to the subsea outcrop. The effect on the
simulated interface elevation was negligible. In
another sensitivity test, the hydraulic conductivity of
the aquifer was reduced uniformly by 25 percent, to
7.500 ft/d. Again, the effect on the simulated interface,
arise of about | ft, was negligible.
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The analyses with the SHARP code have failed to
adequately simulate a position of the predevelopment
interface consistent with available data. Whether the
postulated conceptual model of uniform eastward flow
toward offshore discharge areas is incorrect or there is
another explanation is not presently known.

Simulation of Recent Conditions

It is of significant interest to use the SHARP code
to compare a simulated position of the saltwater inter-
face under recent (1993) conditions with a simulated
predevelopment position. The predevelopment simula-
tion used for the comparison was the one in which the
specified saltwater density (63.13 Ib/ft’) was only
greater than that of freshwater by 50 percent of the dif-
ference between freshwater and seawater because that
simulation produced the depiction of predevelopment
conditions considered to be most realistic. The
hydraulic conductivity was specified as being spatially
uniform at a value of 10,000 ft/d. This is, therefore, a
hypothetical simulation, and the use of this model ver-
sion for a simulation of the effects of present-day
boundary conditions and well-field pumping cannot be
considered an accurate simulation of the actual inter-
face location under modern conditions but can provide
a qualitative insight into the effects of these influences
on the position of the saltwater front. The analysis
depends, as before, on the validity of the conceptual
model, which assumes a uniformly permeable aquifer
that extends eastward to offshore discharge areas.

Recent average water-table altitudes at wells
(G-1223 and G-1225 (table 1) were used to assign a
uniform boundary value for head along the western
(Highway 441) boundary. A value of 2.4 ft was
selected. The northern boundary coincided with the
location of the Dania Cutoff Canal, which is tidal
throughout its length. The reach of the South New
River Canal below S-13 (fig. 2) is open to the Dania
Cutoff Canal and, therefore, also tidal. The average
stage below S-13 is 0.75 ft (table 1), which is the same
as the average stages at tidal gaging stations along the
Atlantic Coast. A value of 0.75 ft was the head value
assigned to the northern boundary. It was not possible
to represent the hydraulic influence of the Hollywood
and Spur Canals because the present version of
SHARP does not include the capability to represent
canals.

The western end of the southern boundary of the
grid (fig. 27) touched the Snake Creek Canal less than
4 mi above S-29. The average stage in the canal above
S-29 was about 2.0 ft above sea level. Eastward
toward the coast, there are no wells near the model

boundary where the water-table altitude has been con-
tinuously measured, so that it was necessary to esti-
mate the average water-table altitude. It was assumed
that the average water-table altitude for the southern
boundary declined linearly from 2.0 ft at the western
end to 0.75 ft at the coast. The assignment of values to
the southern boundary was consistent with water-table
altitudes shown on unpublished USGS water-table
maps of southeastern Broward County.

When these modified boundary conditions were
entered into the SHARP simulation described above
with no other changes, the equilibrium position of the
sharp interface separating freshwater and water of half
seawater salinity was located below the Hallandale
Well Field pumping zone at about 115 ft below land
surface (fig. 29). This position is farther inland and
substantially higher in altitude than the simulated pre-
development position, and is generally indicative of
the degree of saltwater intrusion that could have
occurred as a result of the construction of the canal
system for water management and drainage, subject to
reservations about the ability to reconstruct predevel-
opment conditions. Because of the generalizing
assumptions on which this model was based, however,
it should not be considered a realistic simulation of
existing or potential conditions.

To gain an understanding of the possible effect on
the interface position of well-field pumping, the
SHARP run was modified further by the specification
of pumping at the east-west location of the Hallandale
Well Field (fig. 27, row 30, column 19). The specified
rate was 5.47 Mgal/d or 8.73 ft3/s (cubic feet per sec-
ond), the average pumping rate of the well field uring
its peak years (1979-87). The result (fig. 29) was a fur-
ther rise in the interface altitude that was especially
pronounced at the simulated well-field location. The
simulated altitude of the interface, given the specified
rate of pumping, would have caused saltwater upcon-
ing into pumping wells. However, it is noted once
again that the simulation, not including the effects of
other well fields or the Hollywood Canal, is not a real-
istic simulation of the saltwater interface, which is
actually located at some distance seaward, but qualita-
tively demonstrates the degree to which pumping of
the Hallandale Well Field could cause additional salt-
water intrusion. In these hypothetical simulations, the
greatest degree of regional saltwater intrusion was
shown to be the result of the lowering of the regional
water table from its assumed predevelopment altitude.
The well-field pumping is simulated as being a sec-
ondary effect sufficiently large to cause saltwater
intrusion into a well field already in close proximity to
the interface as a result of the lowering of the regional
water table.
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The capability of the SHARP code to provide a
description of the saltwater interface regionally is
illustrated (fig. 30) with lines showing the simulated
equilibrium position of the saltwater toe at the base of
the seaward-sloping Biscayne aquifer. The lines are
constructed from SHARP output data showing the
boundary between cells containing saltwater and
freshwater and cells containing only freshwater. The
three cases shown are the hypothetical simulations in
which the saltwater body was represented as having
half the salinity of seawater, and represent predevelop-
ment conditions and recent conditions with and with-
out pumping of the Hallandale Well Field. As
previously noted. the influence of the Hollywood
Canal and other well fields was ignored, and boundary
conditions in the predevelopment simulation were
manipulated so that simulated flow would be uniform
in the seaward direction. A predevelopment north-
south interface line is the result. When recent bound-
ary conditions were represented, the simulated posi-
tion of the saltwater toe was significantly farther
inland. The interface position clearly shows the influ-
ence of drainage by the tidal Dania Cutoff Canal to the
north and the effect of the estimated boundary condi-
tions along the southern boundary.

When Hallandale Well Field pumping is repre-
sented, the change in the saltwater toe position is
depicted as being slight and confined to a small area
near the well field. This limited effect is a result of the
high hydraulic conductivity of the Biscayne aquifer. It
is noted again that the location of the interface is not
simulated realistically by the SHARP code, even using
the modified saltwater density value, but the response
of the position of the saltwater front to hydrologic con-
trols within the modeled area and their temporal varia-
tion is clearly demonstrated in a qualitative way.

Diffuse Interface Representation

As previously noted, adjacent subsurface bodies
of freshwater and saltwater are separated by a transi-
tion zone containing a mixture of the two waters. In
this transition zone, the composition of the mixture
varies from nearly that of freshwater near the body of
unmixed freshwater to nearly that of saltwater near the
body of unmixed saltwater. To study the effect of the
mixing zone on the position and movement of the salt-
water front, and to construct a more realistic model of
the front, a code capable of simulating the transition
zone was required. By assuming boundary conditions
and hydrologic characteristics to be the same as speci-
fied previously in the SHARP simulations, it was also
possible to compare the sharp and diffuse interface

approaches. The diffuse interface code selected for the
analysis of saltwater intrusion in this study was SWIP.

The SWIP code was developed by INTERCOMP
Resource Development and Engineering, Inc. (1976),
under sponsorship of the USGS and later modified for
the USGS by the same firm renamed INTERA Envi-
ronmental Consultants, Inc. (1979). Despite its
intended use as a special package for waste-injection
problems, the SWIP code received wider use within
the USGS as a general-purpose three-dimensional
simulator of solute- and thermal-energy transport in
ground water. The code has been adapted for special
purposes by various non-USGS public and private
organizations. Some parts of the code have been used,
with adaptation, as modules within a more recently
developed USGS three-dimensional solute-transport
code (Kipp, 1987).

The forms of the flow and solute-transport equa-
tion solved by SWIP are as follows:

VeK(Yp-pY¥2) = 2(2p) +4 @

and

Vel K(Vp-pYz) +V e (pE) e VC =

%) 5
5, (PDC) +2q,C;
where:
K is a hydraulic conductivity tensor (L/T)
p s fluid pressure (P/L?)
p is weight density (P/L3)

]

is the vertical position coordinate (L)
O s effective porosity (unitless)
t is time (T)
q'  is a sum of sources and sinks of fluid (P/L3T)

C  is a unitless fraction ranging from 0 to | that repre-
sents the relative concentration of one of two fluids
in a mixture

q; s asource or sink of fluid with concentration C; (P/
L’T)

P, L, and T indicate pound-force, length, and time

units. V e 4 denotes a divergence operator applied to
some vector or tensor 4, and VB denotes the vector
gradient of some vector B. The forms of the diagonal

60 Assessment of Saltwater Intrusion in Southern Coastal Broward County, Florida



80°15" 80°07'30"

26°07'30" L\I } N T —
AL
N
] V
SOUTH NEW_RIVER (% o
CANAL . 2 .
§ L]
E
L]
uw L]
Es
w % . PR%%EVE(L)OPMENT
Z g 1TION
[ E g - / %
0 N 0
HOLLYWOOD BOULEVARD (6)
&/ = POSITION =
260000 |— > ‘?o 3 CURRENT |(No PUMPING).
= o | POSITION
A s
2| HALLANDALE ~ T I - X
E HALLANDALE =
WELL FIELD = O
. S
NAK =
SNAKE | CREEK Z
& S
N\ BROWARD COUNTY | _ <
— T\ DADE COUNTY 0
28
S-29
| ]
BISCAYNE
o -
3 P
¢ §
9] /28
T
o
> -
(4
25°52'30" |— S-28 7 D ]
=
o SMILES EXPLANATION
1 l | ] MAJOR ROAD
A
l | b | | (5 HALLANDALE
0 5 KILOMETERS o

CANAL

CONTROL STRUCTURE
$29 ANDDESIGNATION

W PUMPINGSTATION
AND DESIGNATION

Figure 30. Hypothetical saltwater toe positions simulated by SHARP under predevelopment
and current conditions with and without Hallandale Well Field pumping. Actual field
conditions are not represented by these simulations.

Numerical Analyses of Saltwater Intrusion 61



(E;) and off-diagonal (E;;) elements of the hydrody-
namic dispersion tensor }g" are as given by Kipp
(1987):

V.2
_ i
E, = o0 7 ta, V+D,
(6)

ViV,
Elﬁ/ = (al-oal) —V—

where:

E;; is the degree of dispersion in the ith coordi-
nate direction related to the velocity of flow
(V;) in that coordinate direction (LZ/T)

E; is the degree of dispersion in the ith coordi-
nate direction related to the velocity of flow
(V,-) in the jth coordinate direction (LZ/T)

are longitudinal and transverse dispersivities

(L)

V' is the magnitude of the velocity vector in the
principal direction of flow (L/T)

D,, ismolecular diffusivity (L%T)

The dispersion tensor operates on the concentration
gradient vector VC, as implied by equation 5.

Solving the flow equation in terms of fluid pres-
sure enables the model to simulate flows caused by
density gradients. The model accounts for fluid den-
sity and viscosity dependence on temporal changes in
pressure, temperature, and solute concentration. Solu-
tion of the equations for ground-water flow with solute
and thermal-energy transport is by finite-difference
techniques in which backward and central differencing
in time and space are available as user options for
solution of the equations for solute and thermal-energy
transport. A Gaussian elimination technique and an
iterative method are used to reduce the solution matrix
size that results from the coupling of the three equa-
tions. The aquifer simulated may be fully confined or
have a free surface, and the equations may be solved
in either Cartesian or cylindrical coordinates.

A solute fraction value (C) is used to represent
the proportion of each of two fluids in a mixture that
varies both spatially and temporally. Any fluids
present within the aquifer or entering the aquifer dur-
ing simulations are considered to be mixtures of the
two fluids as described by the appropriate specification
of C values. The extreme values of C (0 and 1) were
used in this study to represent freshwater and

saltwater, respectively. This approach works well for
the problem of simulating the mixing of waters of dif-
ferent salinities that was the purpose of the present
study. Values of density are associated by SWIP with
the extreme values of solute fraction and are used in
calculations of flows driven by density gradients and
in adjusting hydraulic parameter values for changes in
fluid characteristics.

The free-surface simulation capability was made
part of the 1979 version of the code by INTERA Envi-
ronmental Consultants, Inc. (1979). The author has
modified the code to compute an evapotranspiration
rate at all nodes designated as “recharge nodes.” This
function was coded implicitly to ensure stability (Tres-
cott and others, 1976, p. 8). The author has made a
number of additional mathematical and nonmathemat-
ical modifications to the code. One nonmathematical
modification permits the explicit specification of time-
varying boundary conditions on the periphery of the
modeled domain. Some mathematical modifications
consist of revisions to the standard methods for the
computation of vertical advective and dispersive
fluxes of solutes (Merritt, 1993). The new methods are
described in a later section of this report. A minor
modification made for this study was to provide an
option to delete solute-transport computations from
the top layer of the grid. This option was used to avoid
the growth of instabilities in parts of the aquifer above
sea level where saltwater intrusion would not occur.
These instabilities occurred near the coast where the
fractional saturation of cells whose base was sea level
was very small, and the apparent cause was cumula-
tive round-off error following several tens of thou-
sands of time steps.

Representation of Dispersive Processes

Although values computed by a model code
(pressures or heads) or parameter values representing
aquifer characteristics (hydraulic conductivity and
effective porosity of the aquifer material) specified
prior to execution of the model code determine an esti-
mate of the average velocity for either freshwater or
saltwater in the neighborhood of a point in an aquifer,
the actual velocity of individual fluid parcels within
that neighborhood can vary appreciably. The local-
scale hydraulic processes causing this to occur are col-
lectively referred to as mechanical dispersion.

Conceptual explanations of the mechanical dis-
persion process in carbonate rocks with secondary
porosity note that individual fluid particles probably
move through solution channels that vary in tortuosity,
and fluid velocity can vary across the cross-sectional
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area of each channel. These flow nonuniformities
might be accompanied by a degree of turbulent mix-
ing. If this conceptualization is accurate, then, as a
consequence, after a period of movement of a saltwa-
ter interface, the displacement of either freshwater or
saltwater by the other fluid would not be uniform
because of the variability of the speed of fluid parcels
in the direction of general fluid motion. Therefore, in a
spatially averaged sense, there would be a gradual
variation of water composition in the vicinity of the
interface between freshwater and saltwater in which
the composition ranges from that of freshwater to that
of saltwater. The region where average water composi-
tion is a mixture of the two waters was previously
referred to as the transition zone. The mixing of the
two waters within the transition zone and consequent
upward buoyant flow of mixed saltwater and freshwa-
ter over the body of pure saltwater constitute a process
of entrainment and partial flushing of the saltwater
that, in a coastal environment, has been hypothesized
as causing flow at a low rate toward the transition zone
within the seawater body (Cooper, 1959).

Descriptions of the Fickian diffusion algorithms
often used for a mathematical representation of the
mechanical dispersion process are provided by
Scheidegger (1961) and Bear (1972), and the concepts
have been summarized in a discussion of numerical
methods for solute-transport simulation (Merritt,
1993). Generally, characteristic lengths (longitudinal
and transverse dispersivities) represent the degree of
dispersion that occurs in the direction of flow and per-
pendicular to the direction of flow.

The breadth (width or degree of attenuation) of
the transition zone is implicit in the value of longitudi-
nal dispersivity (o). A small longitudinal dispersivity
implies a relatively sharp interface (a narrow transition
zone where the spatial variation of the water composi-
tion occurs abruptly over a small longitudinal inter-
val). A large longitudinal dispersivity implies a broad
or diffuse interface (a wide transition zone where the
spatial variation of the water composition occurs grad-
ually over a large longitudinal interval). The value of
transverse dispersivity (a;) determines the degree to
which moving water tends to spread perpendicularly
to the average direction of flow. When the freshwater-
saltwater interface moves, the vertical movement of
freshwater or seawater is partly advective and partly
dispersive. The vertical motion can be considered con-
ceptually to occur both as the development of a transi-
tion zone in the direction of flow and as the movement
of particles of fluid from the advancing and retreating
fluid bodies perpendicular to the average direction of
flow caused by local nonuniformities in the orientation
of fluid pathways.

That dispersion about the freshwater-saltwater
interface occurs in the Biscayne aquifer is evident
from a consideration of chloride concentrations in
water samples from monitoring wells where water
samples have become increasingly saline with time
(figs. 12, 16, 19, and 26). In every case, a gradual
increase in chloride concentration occurred as the tran-
sition zone moved past the monitoring well. Appar-
ently, the short open interval at the bottom of most of
the monitoring wells either tapped multiple channels,
some containing freshwater and some containing salt-
water, or tapped a channel(s) containing a mixture of
the two waters.

The dispersive properties of the Biscayne aquifer
are not known to have been quantitatively measured in
any independent study. The author has used values of
65 ft for dispersivities in radial flow from a well dur-
ing tests of injection, storage, and recovery in the
Upper Floridan aquifer near Hialeah (Merritt, 1996a)
and 250 ft for the simulation of a plume of brackish
water 5 to 10 mi long in the Biscayne aquifer in central
Dade County (Merritt, 1996¢). However, dispersion
coefficients exhibit various forms of scale dependence
(Gelhar and others, 1992), and the assignment of
appropriate dispersivity values is problem dependent.

Solutes also diffuse on a molecular scale within
ground water. The degree of molecular diffusion of
chloride ions from saline water into freshwater is spec-
ified parametrically in most mathematical models by a
coefficient of molecular diffusivity (D,,,, L¥T). In
simulating the injection, storage, and recovery of
freshwater at Hialeah (Merritt, 1996a), a calibration of
freshwater transport away from and toward the well in
a thin flow zone overlain and underlain by brackish
water was obtamed by using a molecular d1fﬁ151v1ty
value of 0.0002 ft%/d. The match of observed and sim-
ulated salmmes was not achieved using values of
0.001 ft%/d or zero.

Molecular diffusion can be significant when fluid
velocity is zero. Molecular diffusion might contribute
appreciably to the process described as hydrodynamic
dispersion if non-native water invading solution chan-
nels receives ions from or loses ions to the surround-
ing rock matrix containing water of the native-water
density (whether fresh or salty). Otherwise, when ver-
tical ionic diffusion between zones of different pre-
dominant water quality does not occur to a significant
degree, the effect of molecular diffusion is probably
negligible compared to that described as mechanical
dispersion in large-scale solute movement in carbon-
ate rocks. When the effects of molecular diffusion and
mechanical dispersion are grouped conceptually or in
mathematical formulations for computational
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purposes, the group of processes is referred to by the
term hydrodynamic dispersion, represented by the ten-
sor quantity £ which appears in equation 5 and is
defined by equation 6.

Numerical Dispersion and Solution Instability

When the SWIP code user option of backward
spatial differencing is selected for the advective terms,
an error is introduced into the solution of the solute-
transport equation that has the appearance of hydro-
dynamic dispersion. This error is termed numerical
dispersion. According to Bear (1979, p. 262), “Mathe-
matically speaking, numerical dispersion is a trunca-
tion error resulting from the fact that in approximating
the first derivative, dc/0x, we have neglected the term
proportional to the second derivative:

V—Ci_ci_] _Vé.“.\' .a_z_g )
Ax 2 ox2

R

3¢
Ox

A numerical dispersion coefficient, v Ax/2 is thus
introduced.” The expressions given in the equation are
explained as follows, where:

v 1s fluid velocity (L/T)
x 1s the spatial coordinate (L)
C is a unitless measure of concentration

C;, C..; arevalues of C at adjacent cell centers of the

spatial discretization

Ax s the spacing of the finite-difference dis-
cretization (L)

When backward-in-time differences are used, a similar
truncation error introduces more numerical dispersion
in the amount of vat/ZO, where At is the time-step
length (T), and 0 (unitless) is the porosity (Lantz,
1971).

When central differencing in time or space is the
chosen method, the corresponding finite-difference
approximation is correct to the second order, and the
first-order numerical dispersion terms are eliminated,
so that most of the apparent degree of dispersion in the
transport solution depends on the dispersivities and is
not determined by the local grid-cell size (given suffi-
ciently fine discretization) or by a changing incremen-
tal timestep size. Central-differencing approximations
were used for most of the solute-transport simulations
in this study. In these simulations, the apparent

dispersivity in the solution is considered to be true
mechanical dispersion lacking any appreciable com-
ponent of numerical dispersion.

The formulation of the dispersion terms in the
SWIP code “works best,” in the sense of replicating
the conceptual model of dispersion, when a region of
changing concentration is finely subdivided into many
grid cells in the direction of fluid movement. Alterna-
tively, the representation may work best in regions
where the spatial variation of concentration is “grad-
ual” relative to the grid spacing. Similar advice
regarding finely discretizing the zone of concentration
change is offered by Kipp (1987, p. 116-117).

The dispersion representation does not work as
well when concentration changes are abrupt relative to
the grid spacing in the direction of flow. In this case,
specification of a large longitudinal dispersivity can
cause the simulated concentration variation to be dis-
tributed over a larger spatial volume than is realistic.
Specification of a small longitudinal dispersivity may
allow spatial oscillations to grow in the absence of the
smoothing effect of dispersion (the “undershoot” and
“overshoot” described by INTERCOMP Resource
Development and Engineering, Inc., 1976). Spatial
oscillations, when using central differences, represent
an incompatibility between the choice of longitudinal
dispersivity and the grid dimensions. At times, the
range of values that can be assigned to longitudinal
dispersivity may be restricted by a coarser than desired
grid spacing mandated by the need for computational
efficiency.

Numerical oscillations at a grid node in sequen-
tial timesteps indicate an incompatibility between the
speed of solute movement and the time-increment
sequence used to simulate it. Such oscillations can
permanently distort the simulated concentration field.
At times, numerical oscillations in successive
timesteps can increase in magnitude to the point that
the number of digits available in the exponents of
computer words containing the values of solution vari-
ables is exceeded, leading to a premature termination
of the simulation run.

Numerical criteria for avoiding oscillatory behav-
ior were developed by Price and others (1966) and are
cited in the SWIP code documentation (INTERCOMP
Resource Development and Engineering, Inc., 1976)
and in the HST3D code documentation (Kipp, 1987, p.
114). In this study, the maximum permissible timestep
was determined by a process of trial and error by
repeatedly running the model for a long simulation
time with different time increment limits and observ-
ing when significant oscillations in subsequent
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timesteps did not occur. The maximum permissible
timestep was observed to be related to the speed of
interface movement, which is related in turn to the
hydraulic conductivity value specified for the aquifer.
In one set of simulations of a layered model with
hydraulic conductivity values ranging between 1 and
50 ft/d, the maximum allowable timestep was 1.0 day.
The simulation time period required for convergence
to steady state was 400 years, which helps to explain
why transient solutions with the diffuse-interface sim-
ulation approach are so demanding of computational
resources. In another set of simulations in which a uni-
form hydraulic conductivity of 10,000 ft/d was speci-
fied, the maximum allowable timestep was only 0.1
day, owing to the more rapid movement of the inter-
face to its equilibrium position. However, convergence
was achieved within a 30- to 40-year simulation time
period.

The ability to choose grid-cell dimensions and
dispersivities to realistically portray a zone of concen-
tration change depends upon having some physical
conceptual model of the transition zone based on field
data, and upon having adequate computational
resources. In this study, the choice of grid-cell spacing
and the longitudinal dispersivity, described in subse-
quent pages, is partly based on the physical dimension
of the freshwater-saltwater transition zone as
described by time series of water samples from many
wells at a few isolated locations, such as the area east
of the Hallandale Well Field.

Dispersion and Advective Weighting Algorithms

In solute-transport models such as SWIP, the
transverse dispersivity value represents the degree of
mechanical dispersion in a plane perpendicular to the
direction of flow, but does not distinguish between
transverse dispersion within the plane of flow (the
bedding plane) or perpendicular to it (dispersion in the
crossbed or vertical direction). However, macroscopic
hydraulic properties may be different or have varying
degrees of spatial continuity along the different direc-
tional components of fluid flow paths. In rocks with
solution porosity, transverse dispersion might be partly
related to the tortuous orientation of solution features,
but the extent to which this occurs might not be the
same in the vertical direction as within the plane of
flow.

When vertically adjacent layers are of different
hydraulic conductivity, situations occur in which the
more permeable layer is partially flushed by water of
different quality than that of the other layer, perhaps as
a result of flow from a recharge area, flow from an

injection well that has not fl shed the less-permeable
zone to a similar extent, or flow from & supply well
that draws saline water into a pumped zone. Usually,
the flow direction in the more permeable layer is
nearly parallel to the interface between layers.
Because of common data limitations and the need to
spatially discretize hydraulic properties for application
of finite differences, the vertical transition of hydraulic
properties and water quality is usually represented as a
step function between adjacent layers of grid cells. In
this case, use of central-difference approximations for
vertical advective flux of solute across the interface
between layers would imply that water flowing across
the interface would have a solute composition that is a
mixture of the two waters. However, a more realistic
conceptual model of flux across the interface is of
hydraulically driven seepage of water having the qual-
ity of that in the originating layer, so that an upstream
(backward) advective weighting scheme would seem
to be more appropriate regardless of the type of spatial
weighting used in the remainder of the modeled
domain.

When vertically adjacent layers contain waters of
different quality, the vertical component of dispersion
implied by the dispersion algorithm may be inappro-
priate because the transition of water quality is not
simulated as occurring gradationally across the thick-
nesses of several grid cells, as recommended by Kipp
(1987), and is nearly perpendicular to the direction of
flow. Providing a finer vertical discretization may not
always be computationally efficient, and there might
not be any data describing vertically gradational
hydraulic and water-quality variations in adequate
detail. Besides, a fine vertical discretization merely
serves to portray the transport process in greater detail.
The sharp break in solute concentration that can occur
between layers of different hydraulic conductivity will
still cause a high degree of vertical dispersion to be
simulated using standard methods that represent
hydrodynamic dispersion. The use of a small trans-
verse dispersivity value might not be helpful because
vertical dispersion is also a function of longitudinal
dispersivity, and a small transverse dispersivity value
might not be appropriate in the horizontal plane.

Another problem occurs when there is a large dif-
ference in scale between the horizontal and vertical
dimensions of grid cells. When transport processes
occur over distances of several miles in aquifers a few
tens of feet thick, computational economy may man-
date that the ratio of average horizontal and vertical
grid dimensions be two or more orders of magnitude.
A large value for longitudinal dispersivity may be
required to match the coarse horizontal discretization.
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However, particularly if a smaller but still appreciable
degree of vertical flow occurs, this may cause substan-
tial vertical dispersion to be simulated (a combination
of the vertical velocity component and the large longi-
tudinal dispersivity) that obscures actual vertical sol-
ute concentration variations. This can occur even
when a small transverse dispersivity value is specified,
and the use of a small transverse dispersivity value
might not be appropriate in the horizontal plane.

These problems are discussed in greater detail by
Merritt (1993). To provide the means for more physi-
cally realistic simulation of transport processes in the
situations described, modified algorithms for repre-
senting vertical advective and dispersive fluxes of sol-
ute were encoded as options in the SWIP simulator
(Merritt, 1993). The modified algorithms implement
the concepts described in the following statements:

¢ Mechanical dispersion in the vertical dircction is identi-
cally zero between adjacent layers of different permeabil-
ity [(K, (k) # K, (k-1)], where K, is the hydraulic
conductivity in the x-coordinate direction. Molecular dif-
fusion between layers occurs as before. Between layers
of similar permeability [K, (k) = K, (k-1)], mechanical
dispersion in the vertical direction is scaled by a user-
specified factor S (0 < 5) (Merritt, 1993). The scaling fac-
tor is a multiplicative factor applied to the vertical
mechanical dispersion simulated by the standard method.
Molecular diffusion is not scaled.

e Vertical advective flux of solute receives upstream weight-
ing (backward differencing) across the boundary between
layers of different permeability [K, (k) = K, (k-1)],
regardless of which weighting is used in the rest of the
spatial domain of the model.

The modified algorithms implement the concep-
tual view that solute flux across the boundaries
between layers of different permeability occurs as
molecular diffusion or as hydraulically driven seepage
where the water flux has the solute concentration of
the source layer. The scaling factor is a user-specified
parameter for problems where bedding effects or the
discretization may cause incompatibility in the
description of horizontal and vertical dispersive pro-
cesses within a homogeneous layer.

The simulation of saltwater intrusion in south-
eastern Broward County involves the transport of
water of variable density over distances of miles in an
aquifer that is a few tens or hundreds of feet thick, and
the transport process has an appreciable vertical com-
ponent. Whether modified dispersion and advective
weighting algorithms provide a more accurate repre-
sentation of the physical processes that occur than do
the standard algorithms can best be determined by
using and comparing both methods in attempts to

replicate field data. Unfortunately, the data available
for this study were insufficient to accomplish this pur-
pose (except to suggest that the interface is relatively
sharp). However, sensitivity analyses were performed
in a hypothetical cross-sectional model grid and were
helpful in showing the range of variation of simulation
results that is theoretically possible when the represen-
tational methods are varied.

Grid Design and Parametric Coefficient Value
Assignments

The grid was designed and values of parametric
coetficients were selected to facilitate comparison of
the application of the SWIP and SHARP codes to sim-
ulate the predevelopment saltwater interface. A cross-
sectional grid design was used for the SWIP code
application. This approach was consistent with the
SHARP application because the SHARP predevelop-
ment simulation was designed to depict uniform east-
erly flow. The approach also continues the adherence
to the conceptual model of eastward flow to offshore
discharge areas. The region of space contained within
the SWIP grid ranged vertically from land surface to
the base of the Biscayne aquifer, the same thickness
represented areally in the SHARP application.

The vertical discretization was used to depict spa-
tial variations in the vertical distribution of saltwater
and freshwater (the position of the interface and toe).
The SWIP simulations were run in transient mode
until virtual convergence to a fixed position was
achieved for all concentration lines within the transi-
tion zone. Unlike methods used in applying the
SHARP code, no convenient strategy was found to
accelerate convergence of the SWIP solution to steady
state. Timestep restrictions mandated by the relation
between the rate of solute movement and solution sta-
bility had to be observed. The use of lower effective
porosity values only increased the speed of solute
movement, decreasing the maximum allowable
timestep. SWIP analyses, therefore, required signifi-
cantly greater run times and use of computational
resources than did the SHARP analyses.

The grid dimensions in the cross section were
variable both horizontally and vertically (fig. 31). The
uppermost layer was of variable thickness (3 to 12 ft),
and its surface represented the land-surface elevation
above sea level. The bottom of the layer was at sea
level. Layers 2 to 5 of the cross-sectional slice were
horizontally uniform in thickness, having a combined
total thickness of 48 ft. Layers 6 to 11 of the grid rep-
resented the principal producing zone of the Biscayne
aquifer and were of equal thickness vertically within
each column. The vertically uniform thicknesses
increased from 12 ft each at the west end of the cross
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section (Highway 441) to 59 ft each at column 27 of
the cross section (the Atlantic coast). The thickness of
the six layers increased further beyond the coast to an
undersea outcrop, as in the SHARP model grid. It
should be noted that the horizontal internodal fluxes
formulated by the SWIP code are between nodes in
layers with the same vertical index. Because there is a
large vertical displacement between grid cells of each
layer between columns 15 and 16, it was likely that
discontinuities in simulated head and saltwater con-
centrations would occur there.

The sea bottom was represented by making
selected upper layers inactive offshore and by specify-
ing a vertical boundary pressure condition that corre-
sponded to the local average depth of seawater. The
bottom configuration was the same as used for the
SHARP runs. As for the SHARP application, horizon-
tal hydraulic conductivity was a uniform 10,000 ft/d.
Vertical hydraulic conductivit 3y was 1,000 ft/d. Density
assignments were 62.26 Ib/ft” for freshwater (C = 0)
and 64.0 Ib/ft? for saltwater (C = 1). Effective porosity
was a uniform 20 percent. The viscosities of freshwa-
ter and saltwater were considered the same (0.98 cp),
and isothermal conditions at 70°F were assumed to
prevail. Recharge was specified to be 61.76 in/yr
(0.0141 ft/d), the 79-yr annual average for Fort Lau-
derdale; the annual average maximum evapotranspira-
tion rate was specified to be 0.0136 ft/d based on
results from the previously cited Dade County study
(Merritt, 1996b). Evapotranspiration was assumed to
occur at a maximum rate within a 3-ft shallow root
zone, then to decline linearly to an extinction depth of
20 ft below land surface. Aqulfer material and water
comgressnblhtles were 1.5 x 10' and 3.0 x 107 (Ib/
in%) (pound per square inch)’! , respectively.

As in the SHARP predevelopment model applica-
tion, a freshwater hydrostatic pressure boundary was
used on the landward end of the cross section repre-
senting a head of 5 ft above sea level. The pressure
boundary conditions on the seaward end of the cross
section were specified at the elevation in the columns
where the top of the grid decreased in altitude below
land surface to represent the ocean floor, deepening
toward the edge of the Atlantic Shelf. The boundaries
were either an overhead (vertical) specification or a
horizontal specification representing the appropriate
depth of seawater. Because the grid cells were thou-
sands of feet long but only tens of feet thick, the over-
head (vertical) pressure specifications were
predominant in controlling simulated pressures near
the ocean end of the grid. The average seawater head
was assumed to be 0.75 ft above sea level, as is typi-
cally measured in tidal gages along the coast of
Broward County (table 1).

Longitudinal and transverse dispersivities were
400 and O ft, respectively in most simulations. In some
simulations, the longitudinal dispersivity was reduced
to 40 ft. Despite the zero value of transverse dispersiv-
ity, vertical dispersion was non-zero, owing to non-
zero values of ]ongltudmal dispersivity and molecular
diffusivity (0.001 ft 2/d). The previously cited modified
dispersion and weighting algorithms were used, and a
scaling coefficient (S) of 0.009 was applied to the
computed values of vertical dispersion between layers
with the same hydraulic conductivity. This value was
the ratio of the average vertical grid spacing to the
average horizontal grid spacing. Use of the standard
dispersion algorithms in conjunction with the large
longitudinal dispersivity values was considered unde-
sirable because the corresponding simulated degree of
vertical dispersion was considered unrealistically high,
as will be demonstrated in simulations using the stan-
dard algorithms.

An initial position for the interface was simulated
by a method based upon the Ghyben-Herzberg rela-
tion. First, a sharp vertical interface at the coast was
specified. Then a series of steady-state pressure solu-
tions was performed. After each solution, grid cells
with nodal centers below the Ghyben-Herzberg depth
were assigned saltwater densities. Higher cells were
assigned freshwater densities. Convergence was usu-
ally achieved after less than 10 steady-state solutions.

It was not appropriate to simulate pumping in the
SWIP cross-sectional models, and north-south dimen-
sional uniformity was an inherent assumption of the
cross-sectional grid design. Therefore, all SWIP cross-
sectional simulations were attempts to estimate prede-
velopment conditions. The specified inland boundary
head (5 ft) was that estimated for predevelopment con-
ditions in that area.

Simulation of a Vertically Uniform Aquifer

Convergence to a steady-state position and
degree of dispersal of the transition zone (figs. 32 and
33) was achieved by running SWIP for a simulation
period of 40 years. There was little change after 10
years. The previously cited SWIP estimates for
recharge, maximum potential evapotranspiration, and
evapotranspiration extinction depth resulted in the
simulation of an average net recharge rate of about 12
in/yr, which changed very little when dispersivity was
varied. As was the case with the SHARP code results,
the center of the transition zone, assumed to be
approximated by the line of 50-percent saltwater con-
centration (fig. 32), was above and landward of the
Ghyben-Herzberg line derived from the head
distribution corresponding to the equilibrium interface
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position. The simulated interface altitude is depicted
as dropping abruptly at a point just seaward of the
location (fig. 31, between grid columns 15 and 16)
where the aquifer is represented as abruptly thicken-
ing, beyond which the interface altitude rises farther
seaward. This is probably a manifestation of the
expected discontinuities in simulated concentrations
caused by the vertical displacement between adjacent
cells in columns 15 and 16 and does not have physical
significance. In figures 32 and 33, the boundary
between cells 15 and 16 occurs at 19,640 ft from the
inland (western) boundary. The interface location in
each column of the grid is determined by vertical
interpolation between concentration values at grid cell
centers. It is noted that the vertical transition in con-
centration occurs over a thickness that is relatively
small compared to the large grid-cell vertical thick-
nesses in the eastern part of the cross section (columns
16-33). This may affect the accuracy of the vertical
interpolation procedure used to determine the position
of the 25-, 50-, and 75-percent concentration lines.

The transition zone is simulated as being wider
where the aquifer is deeper (figs. 34 and 35). The tran-
sition zone is significantly narrower everywhere when
a longitudinal dispersivity of 40 ft is specified (fig. 35)
than when a value of 400 ft is specified (fig. 34). The
50-percent saltwater concentration lines correspond-
ing to dispersivity values of 40 and 400 ft are plotted
in figure 36 with the sharp interface position simulated
by SHARP using aquifer parameters representing pre-
development conditions. The 50-percent saltwater
concentration lines are displaced slightly landward of
where they should have been simulated because the
cumulative effect of slight oscnllatlons in the SWIP
solution during nearly 1.5 x 108 time steps caused con-
centrations greater than 1.0, and corresponding densi-
ties somewhat higher than those specified for
saltwater, to be simulated in the inshore part of the
saltwater region. Simulated densities are only slightly
higher than the specified value in the offshore part of
the saltwater region. Simulated saltwater densities in
the mshore region were 9 to 10 percent higher than
64.0 1b/ft> when the longitudinal dispersivity was 400
ft and 25 to 30 percent higher when the longitudinal
dispersivity was 40 ft. This fact should be considered
when comparing the 50-percent saltwater concentra-
tion lines with each other and with the SHARP inter-
face line (fig. 36). The 50-percent saltwater
concentration line is farther inland when the higher
dispersivity is specified, even though a lower inshore
saltwater-zone density is computed. The SWIP and
SHARP solutions seem to be in general agreement.

An additional simulation was run in which the
longitudinal dispersivity () was 400 ft, but a vertical

dispersion scaling factor (S) of 1.0 (no scaling) was
specified. Because all layers were assigned the same
hydraulic conductivity value, this procedure was
equivalent to using the standard algorithm for comput-
ing vertical dispersion. The specified transverse dis-
persivity was zero. The result (fig. 37) was a very
different interface than when S = 0.009. The transition
zone was simulated as being more broadly dispersed
and concentrations were more uniform vertically. (It
should be noted the vertical scale of fig. 37 is greatly
exaggerated, as shown in fig. 31, so that the simulated
interface is still nearly horizontal at true scaie.) The
simulated transition zone was also shifted seaward of
the well field, although the 25-percent saltwater con-
centration line was simulated to be only about 500 ft
east of the well field. When the longitudinal dispersiv-
ity was reduced to 40 ft, the simulated transition zone
(fig. 38) was narrower, and lines of equal concentra-
tion were shallower and extended farther inland. The
depicted 25-, 50-, and 75-percent saltwater concentra-
tion lines were more similar to those simulated when S
=0.009, but the transition zone was somewhat
broader. Densities computed for the inshore saltwater
zone were only 3 to 6 percent higher than 64.0 Ib/ft® in
both of these runs.

When the transverse dispersivity (o) was set
equal to 0.1 ft in the latter two scenarios and the scal-
ing factor of S = 1.0 was retained, simulation results
were virtually unchanged from those described above.
Simulations with higher values of transverse disper-
sivity will be described later in the report. The appre-
ciable differences in the structure of the transition
zone simulated in the four cases (figs. 34, 35, 37, and
38) are related to differences in the specified values of
longitudinal dispersivity (a;) and the vertical disper-
sion scaling factor (5). Longitudinal dispersion is the
primary contributor to dispersion in the vertical direc-
tion because a finite nonzero vertical component of the
pore velocity is simulated, and a relatively large (40 or
400 ft) longitudinal dispersivity is specified (Merritt,
1993). The large degree of vertical dispersion that
results is also a linear function of the scaling factor
(5). Longitudinal dispersivity and the scaling factor
are, therefore, identified as simulation parameters con-
trolling the degree of influence of vertical dispersion
that acts as a primary control on the structure of the
simulated transition zone.

Another result of significance in these analyses is
that the simulated equilibrium interfaces do not differ
substantially from the position predicted by the Ghy-
ben-Herzberg relation. In the four cases (figs. 34, 35,
37, and 38), the simulated head at the Hallandale Well
Field ranged from 3.8 to 4.4 ft when equilibrium had
been reached. However, the actual position of the
interface, as determined from well water samples (figs.
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12, 15, and 17), does differ appreciably from that pre-
dicted by the Ghyben-Herzberg relation. As previ-
ously noted, the head measured at well G-1472, 0.5 mi
east of the well field, from 1970 to 1994 has averaged
between 1.6 and 1.7 ft and is not considered to be
appreciably affected by pumping of the well field. As
also previously noted, well G-2328 was drilled to 300
ft in the center of the well field in 1981 without reach-
ing the saltwater interface. For the interface to be
located 300 ft below land surface, the Ghyben-
Herzberg relation would require a local head of nearly
7.5 ft. The measured heads might be consistent with an
inland boundary condition of 2.5 ft, representative of
the present-day water-table altitude, instead of 5 ft,
used to represent the predevelopment water table in
these simulations. However, a shallower depth to the
interface would also be anticipated. The actual inter-
face position is actually deeper and farther seaward of
the positions simulated for predevelopment condi-
tions, which are, therefore, inconsistent with the avail-
able data. This dilemma receives further discussion in
subsequent sections.

A similar situation exists in the northern part of
the study area. When well G-2612 (fig. 17) was drilled
in 1990, a water sample acquired at 273 ft below [and
surface detected a chloride concentration of only 480
mg/L. If the interface were at 280 ft, the Ghyben-
Herzberg relation would predict an equilibrium head
value of nearly 7.0 ft. The head recorded at G-1224,
1.2 mi to the north (fig. 7), has averaged 1.6 to 2.0 ft
since 1963 (table 1).

The failure of the SWIP and SHARP models to
yield results consistent with field data casts doubt
upon either the validity of the conceptual model or the
representation of the conceptual model for simulation
purposes. A new conceptual model is needed in which
the position of the interface at equilibrium differs sub-
stantially from that predicted by the Ghyben-Herzberg
relation, or which implies the persistence for many
decades of a nonequilibrium state in which the head/
interface relation differs from that predicted by the
Ghyben-Herzberg relation.

In this section, the dispersed interface simulated
by SWIP has been shown to converge to an equilib-
rium position in which all lines of equal chloride con-
centration within the transition zone remain steady.
The SWIP and SHARP solutions are in general agree-
ment when a large longitudinal dispersivity is speci-
fied and when the modified dispersion algorithm 1s
used to reduce the degree of vertical dispersion. When
the standard dispersion algorithm is used in SWIP in
conjunction with a large longitudinal dispersivity
specification, a more vertical and highly dispersed

transition zone is simulated that differs considerably
from the SHARP simulation. SWIP simulations were
also shown to generally agree with the Ghyben-
Herzberg relation between head and interface depth.
Because the interface position indicated by the field
data is seaward, not landward, of the simulated prede-
velopment interface positions, the simulated positions
are inconsistent with the field data.

The 40-year simulations using the standard dis-
persion algorithm (no scaling of vertical dispersion)
required that the computational time step be no greater
than 0.10 day. Run (clock) times on the Data General
Aviion 300C for the slightly more than 146,100 time
steps were between 24 and 25 hours. When vertical
dispersion was scaled by a factor of 0.009 (modified
algorithm), the computational tiime step was not
allowed to exceed 0.05 day, and run times for slightly
more than 292,200 time steps were between 48 and 54
hours.

Effects of Areally Distributed Permeability

The capability of the SWIP code to simulate lay-
ers of different permeability was used in tests with the
cross-sectional model to more realistically represent
aquifer characteristics in the study area than was pos-
sible using a uniform hydraulic conductivity specifica-
tion. Simulations with a redesigned grid were used to
develop an understanding of how spatial variations in
aquifer permeability would aftect the simulation of the
predevelopment position of the saltwater interface.

As a first step, the layering of the Biscayne aqui-
fer section (layers 6-11) in the previous grid (fig. 31)
was made uniform in thickness, and the total number
of layers was increased from 11 to 20 (fig. 39). This
procedure permitted geologic strata underlying the
Biscayne aquifer to be included in the model domain.
Layers I to 5 were from 10 to 13 ft each in thickness.
Layers 6 to 15 were each 15-ft thick, and layers 16 to
20 were each 40-ft thick. The locally varying thick-
ness of the Biscayne aquifer was represented by vary-
ing the number of grid cells in vertical columns to
which was assigned the estimated hydraulic conduc-
tivity of the Biscayne aquifer (10,000 ft/d). Cells in the
columns directly beneath the Biscayne aquifer were
assigned a lower hydraulic conductivity (100 ft/d) that
generally represented the lower permeability of a
semiconfining zone (clastics of the Tamiami Forma-
tion). The deepest cells in the inland part of the cross-
sectional grid (columns 1-16) were assigned an even
lower hydraulic conductivity value (0.05 ft/d) to repre-
sent the confining character of clay of the Hawthorn
Formation.
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The boundaries of the various zones of different
hydraulic conductivity are generally indicated in fig-
ure 40 and in later illustrations. The relative positions
of the Tamiami and Hawthorn strata in the upper
inland part of the cross-sectional grid are shown as the
semiconfining zone and the confining zone in figure
40, but the upper parts of these strata are included in
the Biscayne aquifer thickness where it deepens east
of a point 2,000 ft from the western end of the cross
section. In the analyses, the longitudinal dispersivity
(o) was 400 ft, transverse dispersivity (o) was 0.1 ft,
and the scaling factor for vertical dispersion (S) was
0.015, the ratio of the average vertical and horizontal
grid dimensions. These parameters are similar to those
of the 11-layer simulation, the results of which are
illustrated in figure 34. The region shown in figure 40
and later figures includes rows 1 to 19 and columns 1
to 28 and part of column 29 of the grid illustrated in
figure 39.

In the first analysis (case 0), all subsurface mate-
rials lying between land surface and the semiconfining
zone or sea bottom were considered to be part of the
Biscayne aquifer and were assigned a hydraulic con-
ductivity of 10,000 ft/d. The only significant differ-
ence with the previous 11-layer variable thickness
model was that the semiconfining and confining zones
were represented explicitly in the 20-layer simulations
as layers of lower permeability rather than being
treated as an impermeable lower boundary of the Bis-
cayne aquifer. The transition zone is simulated as
being slightly below and seaward of the position simu-
lated by the 11-layer model (fig. 40). The difference in
the positions of the 50-percent saltwater concentration
line is partly the result of using a larger scaling factor
for vertical dispersion (0.015) in the 20-layer model
than in the 11-layer model (0.009). The difference in
position is also attributable to the fact that inshore salt-
water-zone densities 9 to 10 percent greater than that
specified for saltwater were simulated by the 11-layer
simulation (figs. 34 and 40), as previously noted. The
20-layer model run (case 0) simulated inshore saltwa-
ter-zone densities only 1 to 2 percent greater than that
specified for saltwater.

Because of the high hydraulic conductivity value
assigned to the upper part of the cross-sectional grid,
the maximum allowable timestep was constrained to
be 0.10 day to prevent temporal oscillations. Case 0
was run for a simulation time of 133 years, which
required a run time of about 153 hours on the Data
General Aviion 300C. The 50-percent saltwater
concentration line in the Biscayne aquifer reached
equilibrium quickly compared to the 50-percent salt-
water concentration line in the semiconfining zone,

which was still converging at 133 years. However, the
final interface position in the semiconfining zone prob-
ably would differ from that shown only by about 500
ft horizontally (an approximation based on the
decreasing distances that the 50-percent saltwater con-
centration line moved in the last years of simulation
time).

In the remaining analyses, the upper five layers
(60 ft) of the grid were assigned a lower hydraulic
conductivity to represent the effect of the leaky bed of
sand and sandstone that occurs throughout the study
area and through which rainfall recharge percolates
downward to the aquifer. No field data are known to
exist that would provide a basis for the assignment of
this hydraulic conductivity value. A value of 100 ft/d
was used initially, but resulted in a simulated water-
table altitude higher than land surface, so a value of
250 ft/d was used. In all analyses in which the leaky
sand layer was represented (fig. 40), the interface
barely reached inland of the coast in the leaky sand
layer.

Four simple hydraulic conductivity distributions
were hypothesized for the part of the cross-sectional
grid that represented the Biscayne aquifer below the
leaky sand layer. The four cases posed for analysis are:
(1) K, = 10,000 ft/d uniformly, (2) K, = 1,000 ft/d uni-
formly, (3) K, = 1,000 ft/d inland of the well field (fig.
40, zone 1) and 10,000 ft/d elsewhere, and (4) K, =
1,000 ft/d oftshore and at depth (fig. 40, zone 2) and
10,000 ft/d inland in the upper part of the Biscayne -
aquifer. A hydraulic conductivity of 10,000 ft/d was
assigned to zone 3 in all cases except case 2. The Bis-
cayne aquifer was assigned a vertical hydraulic con-
ductivity 10 percent of the horizontal hydraulic
conductivity (K,), whether the latter was 10,000 or
1,000 ft/d. The hydraulic conductivities of the leaky
sand layer, the semiconfining zone, and the confining
zone were all considered to be horizontally and verti-
cally isotropic.

Because of the low hydraulic conductivity
assigned to the inland part of the Tamiami Formation
(the semiconfining zone), convergence to an equilib-
rium position in this part of the aquifer was relatively
slow and was not complete when the runs were termi-
nated. However, the interface positions in the semi-
confining zone shown in fig. 40 are probably within
500 ft horizontally of the true equilibrium positions.
Simulation times ranged from 120 to 180 years, and
corresponding run (clock) times on the Data General
Aviion 300C ranged from 70 to 110 hours. The maxi-
mum timestep that could be used without causing sig-
nificant oscillatory behavior was 0.20 day in cases |
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and 3, and 0.25 day in case 4. Because of the lower
hydraulic conductivity assigned to the Biscayne aqui-
fer in case 2 and the consequent slower rate of flow, a
maximum timestep of 1.0 day was used.

Case 3 demonstrates that the equilibrium position
of the 50-percent saltwater concentration line is farther
inland and higher when a lower hydraulic conductivity
characterizes the aquifer inland (zone 1). Case 4 dem-
onstrates that the 50-percent saltwater concentration
line is farther seaward and lower when a lower
hydraulic conductivity characterizes the aquifer off-
shore and at depth (zone 2). When the hydraulic con-
ductivity is uniformly lowered (case 2), the 50-percent
saltwater concentration line is deeper still and even
farther seaward than in the other cases, except in zone
3. If these tests had been performed without scaling
vertical dispersion, the 50-percent saltwater concentra-
tion lines would have been more vertical and farther
seaward than those shown.

These results highlight the need for data describ-
ing the hydraulic characteristics of the subsurface
between well fields onshore and the edge of the coastal
shelf offshore where freshwater discharges and saltwa-
ter enters the ground-water flow system, particularly
where a facies change in lithology can indicate a
change in permeability inland of points of discharge to
tidewater. However, this zone is usually saltwater
intruded, and, even onshore, the cost of drilling is
rarely considered to be justified. Nevertheless, if mod-
els of saltwater intrusion are to be reliable, they must
be based as much as possible on real data, and this
means that some effort to determine hydraulic proper-
ties of the aquifer offshore is needed.

Case 1 (in which the Biscayne aquifer zones had
a uniform hydraulic conductivity of 10,000 ft/d and
the overlaying sand layer and the Tamiami and Haw-
thorn units were represented as layers of substantially
lower hydraulic conductivity) was used for a depiction
of relative ground-water flow velocities (fig. 41). The
vertical scale is greatly exaggerated in this illustration;
therefore, velocity vectors would be nearly horizontal
at true scale except in a very small region near the
coastal discharge location.

Inland, flow in significant volume is simulated as
being restricted to the Biscayne aquifer. Near the coast
where the simulated interface, as indicated by the 50-
percent concentration line, is within the Biscayne
aquifer, significant flows occur above the interface.
Farther toward the coast, where the Biscayne aquifer
freshwater flow section thins, the velocities increase.
Because the sand layer is represented as extending
about 1.5 mi seaward of the coast, freshwater must

discharge in either of two ways: (1) by upward dis-
charge through the sand layer at the coast, or (2) by
moving offshore beneath the sand layer and discharg-
ing near where the sand layer pinches out. The simula-
tion clearly indicates that for the assumed hydraulic
conductivity distribution, the first scenario of dis-
charge is the one that occurs. The horizontal grid defi-
nition in the close vicinity of the coast is not fine
enough to depict the local flow system in detail, but
velocities would be nearly vertical where the 50-per-
cent concentration line is nearly vertical.

The possibility that fresh ground water discharges
to tide may occur farther offshore than indicated by
the results of the analysis described above was
assessed with an additional simulation (case l1a). Lay-
ers of the cross section representing the leaky sand
layer (layers 1-5) were assigned a very low hydraulic
conductivity (0.01 ft/d) where they included active
nodes in the offshore section of the grid (columns 28-
31). This procedure generally represented the effect of
a confining bed of sediments on the sea floor that
would retard the upward circulation of freshwater.
Other input parameter value assignments were as for
case 1. The result of the simulation of case 1a was that
freshwater was depicted as circulating underneath the
five upper layers and discharging at the point where
the Biscayne aquifer cropped out on the sea floor (row
6, column 32). The uppermost five layers were simu-
lated as containing seawater offshore throughout the
simulation time period. The onshore section of the
simulated 50-percent saltwater concentration line is
shown in figure 40. In zone 2, it lies somewhat below
the 50-percent saltwater concentration line of case 1.
Therefore, moving the point of discharge farther off-
shore had only a slight effect on the interface location.

The depicted velocity distribution in the case of a
leaky upper layer (fig. 41) also indicates that a deep
circulation cell within the Biscayne aquifer just off-
shore may be induced by the freshwater discharge at
the coast. The vertical exaggeration of figure 41
obscures the physical dimension of the circulation
cell; in fact, the cell is about 10 times greater in hori-
zontal dimension than it is in the vertical dimension.
Inland of the coast, the directton of flow in the Bis-
cayne aquifer below the 50-percent saltwater concen-
tration line is in an inland direction. The velocity of
flow is low and diminishes with progressive distance
inland.

This offshore velocity distribution may indicate
that the conventional view of the dynamics of the salt-
water interface, as described by F.A. Kohout in Coo-
per and others (1964, p. 19), needs revision. Kohout
hypothesized that slow, steady landward flow of
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saitwater occwired toward all parts of the interface
between the toe, where the interface intersects the base
of the aquifer, and the discharge location. The simula-
tion results of this study suggest that substantially
greater saltwater circulation occurs in an offshore con-
vection cell, the inland extent of which just reaches the
location of the fresh ground-water discharge to tide-
water. Inland of this location, slight inland movement
of saltwater toward the interface occurs in the saltwa-
ter zone, as envisaged by Kohout.

The simulation results illustrated in figure 40 do
not resolve the apparent discrepancy in the observed
data that was noted earlier in discussions of results of
the application of the SHARP model and of the
11-layer SWIP model of an aquifer with uniform
hydraulic characteristics (fig. 31). As before, the equi-
librium positions of the simulated interfaces are in
approximate agreement with the interface positions
predicted by the Ghyben-Herzberg relation. Heads at
the Hallandale Well Field simulated in cases 0, 1, la,
and 2-4 range from 3.8 to 5.9 ft, and the simulated
depths to the interface were 130 to 215 ft. The prob-
lem of how to reconcile the observed average head of
1.65 ft with the observed depth to the interface in 198!
of more than 300 ft remains. Adding zones of known
or presumed lower hydraulic conductivity (the overly-
ing leaky sand layer and clastic layers of the Tamiami
and Hawthorn Formations) to the grid did not resolve
this discrepancy.

Simulated heads in the computational period
leading to equilibrium were studied with a special run
of case 1 in which water in the aquifer was initially
assumed to be fresh inland of the coast and saline off-
shore. In addition, water below 290 ft (in layers 18-20)
was assumed to be saline everywhere. Layers 18 to 20
include the part of the cross-sectional grid where very
low hydraulic conductivities (0.05 ft/d) were assigned
to the Hawthorn Formation (confining zone), and
where convergence to equilibrium would have been
especially slow. This region had also previously been
specified to contain saltwater when using the iterative
initial condition procedure based on applying the Ghy-
ben-Herzberg relation after each of a series of steady-
state solutions. In the run now being described, the
iterative initialization procedure was not used. There-
fore, the initial conditions of this run were analogous
to a natural situation in which high inland heads forc-
ing the interface close to a position directly underneath
the coast were instantaneously reduced at time t = 0.
The head distribution would then quickly adjust to the
specified initial and boundary conditions and, in sub-
sequent simulation times, represent the heads
associated with the saltwater interface as it moved
inland. The principal purpose of this run was to exam-
ine the simulated relation between head and the depth
to the interface during the period when the interface

moved from an initial position close to the coast to an
equilibrium position.

The uniform initial head was specified to be 2.9
ft. The specified head at the inland boundary was 5 ft.
The head at the location of the Hallandale Well Field
was simulated to have increased to 5.2 ft after 100
days and to be 5.1 ft after 1 year, 4.8 ft after 2 years,
and 4.4 ft after 5 years. The head at the well field was
previously simulated to be 4.3 ft when near-equilib-
rium conditions prevailed (fig. 40, case 1).

For a more realistic representation of present-day
hydrologic conditions in the area, the specified inland
boundary head value was reduced from 5 to 2.5 ft. The
simulated head at the well field increased from an ini-
tial value of 2.9 ft to 4.6 ft after 100 days, 4.5 ft after !
year, 4.1 ft after 2 years, and 3.7 ft after 5 years. A
mounding of water between the inland and ocean
boundaries was indicated. The degree of mounding
decreased as saltwater advanced toward the well field.
When the hydraulic conductivity of the leaky sand
layer was increased to 2,500 ft/d, the head at the well
field was 3.4 ft after 5 years; when the hydraulic con-
ductivity of the Biscayne aquifer was also increased
(to 40,000 ft/d), the head at the well field was only 2.9
ft after 5 years. In the latter case, the head at the well
field was 2.7 ft after 40 years, at which time the salt-
water interface had risen higher than 100 ft below land
surface at the well field. This run was repeated using
the standard algorithm for vertical dispersion, which
previously had led to a portrayal of a nearly vertical
interface (fig. 37). The simulated head at the Halland-
ale Well Field was initially 2.8 ft and then increased to
4.8 ft by 100 days. It decreased to 2.9 ft after 5 years
and to 1.9 ft after 40 years. The transition zone was
very broadly dispersed, and water in the pumping zone
at the well field was simulated as having more than 50
percent of the concentration of saltwater after 40
years.

Clearly, the simulated head at the well field
quickly assumes a value higher than the value associ-
ated with the equilibrium interface position and
decreases with increasing simulation times as the
interface approaches its equilibrium position. The sim-
ulated heads are consistent with the depth to the inter-
face indicated by the Ghyben-Herzberg relation after
the higher head value is reached; the heads then
decrease as the interface reaches farther inland and
rises higher in the aquifer. At no time during the com-
putational sequences described above were simulated
heads lower than 1.9 ft at the well-field location.
Therefore, it seems unlikely that the low heads mea-
sured near the well field between 1970 and 1994 (table
1) could represent a preequilibrium state of the system

Numerical Analyses of Saltwater Intrusion 83



as the interface moved toward an equilibrium position,
given the assumption of uniform easterly flow toward
an offshore discharge area and the estimated hydraulic
conductivity values. It is probable that the conceptual
mode! of easterly flow toward an offshore tidal dis-
charge area will require revision.

The simulations of this section have shown that
varying the spatial distribution of hydraulic conductiv-
ity can appreciably alter the position of the freshwater/
saltwater interface at equilibrium. However, the vari-
ous simulations approximately agreed with the Ghy-
ben-Herzberg relation between head and the interface
position, and therefore, do not replicate the field data
that differ substantially from the Ghyben-Herzberg
relation. Because most of the simulations of the prede-
velopment equilibrium position of the interface are
landward of the current position, the simulations are
inconsistent with field data. When preequilibrium
interface positions, starting with a vertical interface at
the coast, were studied, simulated heads at the Hallan-
dale Well Field were higher than the head at equilib-
rium and continued to be in approximate agreement
with the Ghyben-Herzberg relation. Simulated pre-
equilibrium relations between head and the depth to
the interface were still inconsistent with field data.

When the sand and sandstone layer overlying the
Biscayne aquifer was simulated as being leaky every-
where, freshwater discharge to tidal water was upward
through the sand and sandstone layer at the shoreline.
When the sand and sandstone layer was represented as
being nearly impermeable offshore, freshwater dis-
charge occurred at the outcrop of the layer at the
Atlantic Shelf. However, the onshore position of the
interface at equilibrium was similar to those simulated
when the sand and sandstone layer was represented as
being leaky and was also inconsistent with field data.

Relation of Interface Position to Saltwater Density

The position of the interface between freshwater
and saltwater was indicated by analyses with the
SHARP code to be partly related to the density of the
body of saltwater. It is the greater weight of saltwater
relative to freshwater that causes the saltwater to
wedge farther inland with depth below sea level, until
a position is reached where the freshwater head is high
enough to balance the saltwater head at that depth.

Data describing the salinity of oceanic water off
the coast of southern Florida is not usually acquired in
marine studies because it is not expected to show vari-
ation (Dr. J. Wang, Rosensteil School of Marine and
Atmospheric Sciences, Miami, Fla., oral commun.,
1994). Brocks and Niiler (1977) show the distribution

of salinity and density in a cross section of the Straits
of Florida between Miami Beach and the Great
Bahama Bank to be relatively uniform laterally. How-
ever, it is the salinity of water near the presumed out-
crop of the Biscayne aquifer at the Atlantic Shelf, or
within about 2.5 mi of the shore (fig. 39), that could
affect the position of the interface. Only two of the
measuring stations used by Brooks and Niiler (1977)
are within this distance of the coast. Within or near the
study area, streams or canals such as New River, the
Dania Cutoff Canal, and Snake Creek Canal discharge
freshwater to the Intracoastal Waterway, which emp-
ties into the ocean through Port Everglades Inlet or
Bakers Haulover Cut (fig. 7). The discharge is greatest
during the summer wet season when most rainfall
occurs. It might be hypothesized that the volume of
fresh summer discharge or rainfall directly on the
ocean surface could cause a seasonal or permanent
decrease in the salinity of near-shore ocean water suf-
ficient to affect the position of the interface in the Bis-
cayne aquifer.

This possibility was tested in sensitivity analyses
analogous to the one performed using SHARP. By
using SWIP, however, the lower permeabilities of the
leaky sand layer and semiconfining and confining
zones could be represented, and a transition zone
could be simulated. The control, or reference simula-
tion, for the analyses was the previous case (figs. 40
and 41, case 1) in which the hydraulic conductivity of
the Biscayne aquifer was uniform at a value of 10,000
ft/d, the lower permeabilities of the leaky sand layer
and semiconfining and confining zones were repre-
sented, the longitudinal and vertical dispersivities
were 400 ft and 0.1 ft, respectively, and the scaling
factor for vertical dispersion was 0.015.

Results agree with results of the SHARP analysis
in that when a reduction in the saltwater salinity (den-
sity) is specified, the 50-percent saltwater concentra-
tion line, used to indicate the approximate center of
the interface, is below and seaward of its position
when a higher densuy is specified. When the saltwater
density (63.13 Ib/fey is greater than that of freshwater
by only half the difference with standard seawater
(64.0 1b/ft%), the dlsplacement of the 50-percent salt-
water concentration line is substantial (fig. 42). How-
ever, if ocean water density near the coast of
peninsular Florida were less dense than standard sea-
water for all or part of the year, the difference would
probably not be this great. Therefore, a second
analysis was performed in which the saltwater density
was reduced by 10 percent of the difference between
freshwater and standard seawater. Results (fig. 42)
indicate that the location of the 50 percent saltwater
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concentration line might be about 10 ft lower than in
the case used for control. This is not large compared to
the variation in the position of the simulated interface
that results from variations in specifications of disper-
sivity, vertical dispersion scaling, and the hydraulic
conductivity distribution. It is concluded, therefore,
that the interface position is not highly sensitive to
small variations in seawater density.

Effect on Interface Position of Seasonally Varying
Recharge and Evapotranspiration Rates

The predevelopment equilibrium position of the
interface between freshwater and saltwater has previ-
ously been represented as being determined by nonva-
rying hydraulic conditions. This would seem to be an
acceptable assumption because the interface has been
simulated in cross section as moving very slowly
toward its equilibrium position, and simulation times
have ranged upwards of 10 years. However, the pre-
vailing hydraulic conditions in the study area gener-
ally are not in true equilibrium, but show marked
seasonal and episodic variations. It is of interest to
determine whether these variations in hydraulic condi-
tions can affect the equilibrium position and degree of
dispersion of the interface and whether temporal varia-
tions in the position of the interface are of significant
magnitude.

Kohout and Klein (1967) hypothesized that the
pulse nature of recharge to the highly permeable surfi-
cial Biscayne aquifer of southern Florida would signif-
icantly affect the position of the interface at
equilibrium. “Pulse recharge” refers to the fact that the
majority of recharge to the aquifer occurs in the form
of storms of short but intense duration that rapidly
raise the water table and are followed by more lengthy
periods of ground-water recession caused by evapo-
transpiration and drainage to tidewater. The effect of
pulse recharge on the interface position would be best
simulated numerically by the explicit representation of
the pattern of recharge from a series of storms and the
corresponding variation of boundary head values. A
more generalized and possibly less effective approach
to the simulation of pulse recharge would be to con-
sider the average seasonal pulse effect that occurs in
the study area because 71 percent of average total
annual rainfall falls during the summer wet season
(May-October). This latter approach is more amenable
to representation in SWIP than the explicit representa-
tion of a series of actual storms because SWIP has
been modified by the author to have an option to input
monthly recharge rates, maximum evapotranspiration
rates, and boundary head values (seasonal format).
Therefore, this partial test of Kohout’s hypothesis was
the one performed as part of this study.

The parameter value specifications used in these
simulations were as previously described for case |
(figs. 40 and 41). The nonvarying boundary head vai-
ues (5 ft at the inland end of the cross section and 0.75
ft at the ocean end of the cross section) and time-
invariant rainfall and maximum evapotranspiration
rates (0.0141 and 0.0136 ft/d) of the previous analyses
were entered into the model using the seasonal format
(though the values did not vary) and run for a simula-
tion time period of 185 years, much longer than
needed to achieve convergence. A comparison of the
equilibrium 50-percent concentration line with that
simulated using the normal specification of constant
average conditions revealed that they were virtually
identical. Results of this simulation using the seasonal
input format were then used as a control for a test of
the effects of seasonal variation.

A representative seasonal variation of the inland
head boundary condition ranging from 4 to 6 ft and
averaging exactly 5 ft was subsequently entered into
the model. The specified seasonal variation of the head
at the ocean boundary was based on long-term
monthly averages of tidal head data (table 1) measured
by the USGS in the Intracoastal Waterway at Holly-
wood (fig. 7). Slight adjustments were made so that
the annual average of the monthly average heads
would be exactly 0.75 ft. Monthly recharge rates based
on rainfall data from the Fort Lauderdale Airport and
the monthly maximum evapotranspiration rates used
to simulate the flow system in the Biscayne aquifer in
southern Dade County (Merritt, 1 996b) were also used
as input specifications. The averages of these monthly
rates were the nonvarying rates used in previous anal-
yses and cited above. Using the new seasonally vary-
ing rates, the previous run was resumed from a restart
record written at a simulation time of 160 years and
continued for an additional 43 years of simulation
time. A list of annual water-budget values, monthly
head values, and the solute concentration field was
obtained for the last 3 simulation years.

The transition zone is wider and move$ season-
ally when recharge, evapotranspiration, and boundary
conditions vary seasonally (fig. 43, solid and dashed
lines), but the contrast with the transition zone simu-
lated using time-invariant rainfall, evapotranspiration,
and boundary conditions (fig. 43, dotted lines) is
slight. The contrast is greatest where the transition
zone is most nearly horizontal, in the deepest part of
the Biscayne aquifer occupied by the interface
(between 20,000 and 25,000 ft in fig. 43). Here, the
vertical thickness between the 25- and 75-percent con-
centration lines is as little as 20 ft, and the seasonal
migration of the interface is about 5 ft vertically.
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The interface position is higher between May and July
after the low water table of the dry season and lower
between October and December after the high water
table of the wet season. The simulated positions of the
25-, 50-, and 75-percent saltwater concentration lines
are in long-term equilibrium in the run with seasonally
varying conditions; the simulated positions are identi-
cal within 1 ft in the month of October in the 200th,
201st, 202nd, and 203rd simulation years of the run. It
is noted that because the simulated interface is nearly
horizontal in the region of its greatest seasonal move-
ment, the slight vertical movement is equivalent to a
horizontal displacement of as much as 1,000 ft.

Water-budget values computed for the steady-
state and time-varying seasonal simulations were
examined to determine whether the time-varying spec-
ifications could have caused a different degree of long-
term hydraulic stress to the simulated flow system suf-
ficient to affect the result of the comparison. In each
run, the net annual recharge (rainfall minus evapo-
transpiration) and the net cross-boundary water flux
were virtually the same in consecutive years (differing
by less than 0.07 percent for net recharge and less than
0.02 percent for boundary flux) and were in almost
exact balance with one another (differing by less than
0.18 percent in either run or either year). However, the
difference in the amount of annual net recharge is
about 2.0 percent between steady-state and time-vary-
ing runs, and the difference in the net boundary flux is
about 1.9 percent between the runs. The slightly
higher values are for the run with nonvarying condi-
tions. Because water-budget elements are in balance in
each run and differ only slightly between runs, it
seems likely that the comparison runs are valid as a
sensitivity analysis of the effect of seasonally varying
conditions.

The simulated concentration fields for the
timesteps used for the water-budget comparisons were
also examined. In both runs, density values in the
onshore part of the saltwater zone ranged up to 5 per-
cent higher than that specified for saltwater as a result
of the cumulative effect of slight spatial oscillations.
However, the affected zone was narrower in the time-
varying run. Though the effect was slight, the greater
weight of the saltwater in the steady-state run might
cause the steady-state interface to be slightly farther
inland than it would otherwise be if saltwater-zone
concentrations were the same in both simulations.
However, because the steady-state interface was
slightly seaward of the time-varying one, the differ-
ence in saltwater-zone densities either made little dif-
ference or was countered by a stronger influence
related to the representation of seasonally varying con-
ditions.

The general conclusion from the foregoing analy-
ses is that the use of seasonally varying boundary con-
ditions and rainfall and evapotranspiration rates had
little effect on the position of the simulated interface,
and caused only a slight seasonal variation in the sim-
ulated position of the saltwater interface in the highly
permeable Biscayne aquifer. This suggests that the
influence of seasonal and episodic variations of hydro-
logic conditions does not significantly affect the actual
interface position. However, and particularly if the
transition zone is quite narrow, a sampling well with a
short open interval located near the transition zone
might show substantial seasonal variation in the chlo-
ride concentrations of water samples, which neverthe-
less would not indicate substantia