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Abstract 1

Impact of Anthropogenic Development on Coastal Ground-Water
Hydrology in Southeastern Florida, 1900-2000

By Robert A. Renken, Joann Dixon, John Koehmstedt, A.C. Lietz, Scott Ishman, Richard Marella, Pamela Telis, Jeff Rogers, and Steven Memberg

Abstract

Southeastern Florida is an area that has been subject to widely conflicting
anthropogenic stress to the Everglades and coastal ecosystems. This stress is a direct
consequence of the 20™ century economic competition for limited land and water
resources needed to satisfy agricultural development and its expansion, its displace-
ment by burgeoning urban development, and the accompanying growth of the lime-
stone mining industry. The development of a highly controlled water-management
system designed to reclaim land for urban and agricultural development has severely
impacted the extent, character, and vitality of the historic Everglades and coastal
ecosystems. An extensive conveyance system of canals, levees, impoundments, sur-
face-water control structures, and numerous municipal well fields are used to sustain
the present-day Everglades hydrologic system, prevent overland flow from moving
eastward and flooding urban and agricultural areas, maintain water levels to prevent
saltwater intrusion, and provide an adequate water supply. Extractive mining activi-
ties expanded considerably in the latter part of the 20™ century, largely in response to
urban construction needs.

Much of the present-day urban-agricultural corridor of southeastern Florida lies
within an area that is no more than 15 feet above NGVD 1929 and formerly charac-
terized by freshwater marsh, upland, and saline coastal wetland ecosystems. Miami-
Dade, Broward, and Palm Beach Counties have experienced explosive population
growth, increasing from less than 4,000 inhabitants in 1900 to more than 5 million
in 2000. Ground-water use, the principal source of municipal supply, has increased
from about 65 Mgal/d (million gallons per day) obtained from 3 well fields in 1930

to more than 770 Mgal/d obtained from 65 well fields in 1995. Water use for
agricultural supply increased from 505 Mgal/d in 1953 to nearly 1,150 Mgal/d in
1988, but has since declined to 764 Mgal/d in 1995, partly as a result of displacement
of the agricultural industry by urban growth. Present-day agricultural supplies are
obtained largely from surface-water sources in Palm Beach County and ground-water
sources in Miami-Dade County, whereas Broward County agricultural growers have
been largely displaced.

The construction of a complex canal drainage system and large well fields has
substantially altered the surface- and ground-water hydrologic systems. The drain-
age system constructed between 1910 and 1928 mostly failed to transport flood
flows, however, and exacerbated periods of low rainfall and drought by overdrain-
ing the surficial aquifer system. Following completion of the 1930s Hoover Dike
levee system that was designed to reduce Lake Okeechobee flood flows, the Central
and Southern Florida Flood Control Project initiated the restructure of the exist-
ing conveyance system in 1948 through canal expansion, construction of protective
levees and control structures, and greater management of ground-water levels in the
surficial aquifer system.

Gated canal control structures discharge excess surface water during the wet
season and remain closed during the dry season to induce recharge by canal seepage
and well withdrawals. Management of surface water through canal systems has suc-
cessfully maintained lower ground-water levels inland to curb urban and agricultural
flooding, and has been used to increase ground-water levels near the coast to impede
saltwater intrusion. Coastal discharge, however, appears to have declined, due in part
to water being rerouted to secondary canals, and to induced recharge to the surficial
aquifer system by large municipal withdrawals.
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Southeastern Florida is underlain by Holocene- to Tertiary-age karstic limestone
deposits that form (in descending order): a highly prolific surficial aquifer system, a
poorly permeable intermediate confining system, and a permeable Floridan aquifer
system. Prior to construction of a complex drainage network, a widespread upper-
most veneer of fresh wetland peat and muck deposits served to store water, main-
tained a higher water table (prolonging the Everglades hydroperiod), and ultimately
helped to limit movement of the coastal saltwater interface. The highly permeable
Biscayne aquifer, which is part of the surficial aquifer system, yields 1,000 to more
than 7,000 gallons per minute to wells. By 2000, the Floridan aquifer system was
used for aquifer storage and recovery and reverse osmosis at some sites in southern
Florida, but primarily was used for wastewater injection purposes; the efficacy of
such systems has been increasingly the subject of public scrutiny.

Prior to construction of the drainage system, the ground-water table reflected
Atlantic Coastal Ridge topography, and springs reportedly discharged as freshwater
boils. Everglades surface waters discharged southward toward Florida Bay and in
the transverse glade areas. The modern-day ground-water table reflects the effect of
canal systems, levees, impoundments, and the drawdown effects of larger well fields.

The saltwater interface forms a broad zone of diffusion, and its position is
largely a function of lateral movement of seawater from the Atlantic Ocean, seepage
from tidal canals, and upconing of relict seawater. Emplacement of conveyance and
drainage canals, subsequent compaction and oxidation of inland peat and muck soils
(which served previously to maintain higher water levels within the surficial aquifer
system, including the Biscayne aquifer), and increased withdrawals from municipal
supply wells collectively altered the natural balance between freshwater and salt-
water considerably. Saltwater intrusion has been a concern in southeastern Florida
since the early 1930s; its effects were most pronounced in Miami-Dade and Broward
Counties during the 1940s and 1950s, respectively. Canal drainage appears to have
had the most widespread impact on saltwater intrusion, lowering water levels in the
surficial aquifer system and contributing to landward movement of the interface.

Core sample paleontologic observations of salinity and the distribution of
seagrass in Biscayne Bay and Florida Bay suggest that the coastal marine ecosystem
system during the 20™ century has been impacted considerably by anthropogenic
activities. Land use and water-management practices have increased nutrient loads
and other pollutants and increased bay turbidity. Prior to 1900, the Biscayne Bay
ecosystem was characterized by much lower marine salinities, including the extreme
southern part of the bay, which contained waters that were nearly fresh. Consistent
with the progressive inland saltwater intrusion into the surficial aquifer system and
the Biscayne aquifer, the increase in salinity interpreted for surface- and ground-
water resources in the early 1900s through the 1970s is the result of increased urban
development and construction of a canal drainage system. Post-1940 water-manage-
ment practices to control water discharge greatly affected the Biscayne Bay

ecosystem by increasing the frequency, and particularly the magnitude of salinity
fluctuations in the 1940s. Clearly, the changes in land use and water-management
practices over the long term have had a profound effect on the ground-water
hydrology of southeastern Florida.

Introduction

The urban and agricultural corridor of southeastern Florida generally lies
between the Everglades and water-conservation areas to the west and the
Atlantic Ocean to the east but includes the Everglades Agricultural Area south of
Lake Okeechobee (fig. 1). The area in eastern Miami-Dade, Broward, and Palm
Beach Counties is subject to widely opposing stresses on the environment. A highly
controlled water-management system evolved during the 20" century to provide
drained land for a rapidly expanding population. Drainage of Everglades wetland
areas during the last 75 years has provided continuous opportunity for the westward
expansion of agricultural, mining, and urban activities. The population of southeast-
ern Florida increased from about 3,500 inhabitants in 1900 to about 5 million in 2000
(fig. 2). The tri-county area under cultivation expanded from about 223,000 acres
in 1953 to more than 590,000 acres in 1988, but declined to about 535,000 acres by
1995.

Surface water is impounded in water-conservation areas that lie west of a
protective levee system, partly to: sustain an Everglades ecosystem, keep overland
sheetflow from moving eastward and flooding urban and agricultural areas, and use
for urban and agricultural water supply. In coastal areas of the urban-agricultural
corridor, parallel environmental conflicts exist. Coastal residential and urban areas
must be drained for flood control; the underlying surficial aquifer system simultane-
ously serves as the principal source of water supply, and ground-water levels must be
maintained to prevent coastal saltwater intrusion. Ground-water flow patterns have
been altered and a reduction in ground-water discharge to coastal bays has modified
shallow marine salinity and affected the local ecology.

Rapid urban development and population growth have placed extraordinary
demands on the coastal environment in southeastern Florida. Changes in the coastal
hydrology of the surficial aquifer system in the region are the direct consequences
of water-management practices and concurrent agricultural and urban development.
The U.S. Geological Survey (USGS), as part of its Priority Ecosystem Science
Program, conducted a study to: (1) assess the hydrologic character of the surficial
aquifer system, (2) review the impact of water-management controls on the ground-
water system, and (3) examine the manner in which urban and agricultural areas have
affected the ambient quality of ground water.
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Introduction 3

Purpose and Scope

This report provides both a historical and synoptic (predevelopment to the late
1990s) view of the ground-water hydrologic system in southeastern Florida that is
of great importance to water managers and urban and environmental planners. The
purposes of this report are to:

* Provide a temporal and spatial overview of changes in land use, population,
and water management systems;

¢ Evaluate long-term trends in ground-water withdrawal rates for municipal and
agricultural supply;

» Examine long-term change in ground-water levels, trends in surface-water
flow, and the change in ground-water chloride concentrations;

* Review causal relations between the position of the saltwater interface and
water-management practices; and

e [llustrate the impact of urban development on coastal ground-water hydrology
and its effect on the shallow marine hydrology.

Maps, graphs, charts, and photographs are presented to illustrate and define historic
and present-day hydrologic conditions in the eastern urban and agricultural corridor
of southern Florida.

Sources of Land-Use and Population Information

All of the land-use maps in this report are compilations from several different
sources of historical content, including the following:

* Broward County Department of Land Use, Broward County Planning Coun-
cil, Fort Lauderdale (Don Waldron, Senior Planner),

* Florida Department of State, Division of Library and Information Services,
Bureau of Archives and Records Management, Tallahassee,

¢ Historical Museum of Southern Florida, Research Center, Miami,

* Miami-Dade Department of Planning and Zoning, Office of Public Works,
Miami (Frank McCuene, Administrator),

* Palm Beach County Department of Planning, Zoning and Building, West
Palm Beach (Dick Morely, Principal Planner; Marty Hodgkins, Director of
Zoning),
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Figure 2. Population growth in southeastern Florida, 1900 to 2000.
Compiled from files of the U.S. Bureau of the Census (2004).

e University of Florida, Gainesville, Florida History Collection
(James Cusick, Curator; Mil Willis, Archivist),

e University of Miami, Coral Gables, Special Collections
(Daniel Blazek, Department Head), and

» USGS historical topographic map collections, 1:24,000 scale.

The 1900-1960 land-use maps were compiled, in part, from 1900 and 1953
land-use maps developed by Robert Costanza, Ph.D., University of Maryland. The
1960-2000 land-use maps were compiled, in part, from city or county land-use plan-
ning maps, historical maps obtained from the above-mentioned sources, USGS land-
use and land-cover maps, and South Florida Water Management District (SFWMD)
map data.

Description of Study Area

Low topographic relief characterizes southeastern Florida, with most areas lying
less than 15 ft above NGVD 1929. Prior to development, Miami-Dade, Broward,
and Palm Beach Counties included a broad array of aquatic, semiaquatic, and upland
habitats. Many of these habitats now have been altered or destroyed as a result of
agricultural and urban development. Populated urban areas continue to encroach
upon inland agricultural lands and wetland areas.

A warm dry season (November-April) and a hot, humid wet season (May-
October) characterize the climate of southeastern Florida. The tri-county area
(Miami-Dade, Broward, and Palm Beach Counties) is subject to high rates of evapo-
transpiration, periodic floods and droughts, and infrequent but highly destructive
hurricanes. Annual precipitation averages 50 to 62 in., with greatest rainfall amounts
occurring in coastal areas (fig. 3A). Between 65 and 80 percent (or between 38 and
46 in.) of the average annual rainfall occurs from May to September due to a nearly
daily pattern of thunderstorms and occasional tropical waves and hurricanes
(fig. 3B). Rainfall during November to April ranges from 10 to 17 in., with great-
est rainfall occurring near coastal Palm Beach County (fig. 3C). Rainfall patterns in
southern Florida exhibit a minor bimodal wet-season peak and a 5- to 6-year cycle
that parallels global climate patterns (Duever and others, 1994). Annual rainfall has
ranged from a low of 37 in. to a high of 106 in. Periodic extreme climatic events
(fig. 4) are generally associated with floods and droughts (South Florida Water Man-
agement District, 2000). Mean monthly temperature in degrees Fahrenheit, generally
ranges from the 60s during the winter to the 80s during the summer. Evapotranspira-
tion losses generally range from 70 to 90 percent of the annual precipitation (U.S.
Army Corps of Engineers and the South Florida Water Management District, 1999).

Southeastern Florida consists of several physiographic provinces including the
Atlantic Coastal Ridge, Big Cypress Swamp, coastal marshes and mangroves, the
Everglades, and the Sandy Flatlands (fig. 5). The Atlantic Coastal Ridge comprises
areas of greatest relief in the tri-county area and forms a natural barrier to drainage
from interior areas. The ridge extends northward from southeastern Miami-Dade
to Palm Beach County and locally is bisected by the natural sloughs and drainage
canals. The ridge rises from 8 ft to as much as 24 ft in the north and ranges from
2 to 10 mi wide. The low-lying Sandy Flatlands area lies west of the Atlantic Coastal
Ridge. Farther west, the Everglades forms a 30- to 40-mi-wide natural trough (lower
than the Sandy Flatlands) that extends southward from Lake Okeechobee and is
subject to seasonal flooding. A coastal marsh and mangrove region borders south-
ernmost Miami-Dade County and some parts of Broward and Palm Beach Counties.
The Big Cypress Swamp extends into limited areas of northwestern Miami-Dade and
southwestern Broward Counties.
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Figure 3. Typical average (A) annual, (B) wet-season, and (C) dry-season rainfall patterns in southern Florida. From South Florida Water Management District (2000).
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The historic Everglades formed an approximate 3,860 mi? freshwater wetland
marsh, extending from Lake Okeechobee to mangrove estuaries that border Florida
Bay (fig. 5). Under natural predevelopment conditions, surface water exited the
southern shoreline of Lake Okeechobee within eight rivers that traversed a dense
custard apple tree swamp (Williams, 1883; Davis, 1943), that transitioned southward
into sawgrass plains. Surface water then moved southward into sloughs that formed
the Everglades (Davis and others, 1994). The Atlantic Coastal Ridge restricted east-
ward movement of surface water from the Everglades except in the transverse glades
areas of lower elevation that effectively divide the Atlantic Coastal Ridge areas into a
series of topographic “islands.” The predevelopment Everglades physiographic area
generally was covered by surface water over much of its extent, and the low-lying
Sandy Flatlands was subject to seasonal flooding.

Description of Study Area 7

Hydrogeology

Miami-Dade, Broward, and Palm Beach County are underlain by deposits of
Holocene to Tertiary age, which comprise the surficial aquifer system, intermediate
confining unit, and Floridan aquifer system. Holocene deposits that include inland
freshwater peat and marl, coastal marsh peat, and beach deposits form a thin veneer
overlying the surficial aquifer system — the principal source of water for the
tri-county area. The intermediate confining unit underlies the surficial aquifer system
and separates it from the deeper Floridan aquifer system (fig. 6)

Large-scale deposition of freshwater peat deposits began about 5,700 to
4,800 years before present, infilling an elongated bedrock trough (fig. 7) that
separates the Atlantic Coastal Ridge and Big Cypress Swamp (Gleason and others,
1984). Classified on the basis of plant components (Davis, 1943; Cohen and
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Figure 6. Geologic formations, aquifers, and confining units of the surficial aquifer system in central Miami-Dade County. From Fish and Stewart (1991).
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