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Abstract

Florida Bay carbonate mud islands are known to be sites of Holocene diagenesis, including
dolomitization, and the hydrology is an essential component of this process. On Cluett Key, a typical
mud island in western Florida Bay, groundwater salinities range to 145%. beneath a shallow ephemeral
pond which occupies 70% of the island. A sharp hydrostratigraphic boundary separates low-
permeability unconsolidated carbonate mud from underlying highly permeable Pleistocene limestone.
We report the results of a 2 year project aimed at determining the rates, patterns, and driving force of
groundwater flow beneath the island.

Water level measurements are used to demonstrate the presence of a large hydraulic head drive
caused by the difference in elevations of the pond and Florida Bay, and enhanced by the higher
density of groundwaters in the carbonate mud compared with groundwater in the limestone. The
hydraulic head drive is essentially vertical because Florida Bay water levels are transmitted with
little attenuation to the limestone underlying the island. Distributions of groundwater density and
pore pressures are consistent with vertical groundwater flow. Based on an estimated vertical hydraulic
conductivity of approximately 5 x 107 m day™, vertical interstitial velocities are on the order of
25 cm year™ with a residence time in the carbonate mud of approximately 15 years. This velocity
is very similar to that calculated independently from trititum concentrations in pore waters.

Both horizontal and vertical density gradients exist in the carbonate mud. These density variations
induce circulations owing to vorticity and may lead to the formation of instability plumes (reflux),
but dynamical scaling suggests that these motions are much slower than those induced by the
dominant hydraulic drive. Buoyancy effects may, however, be dominant on other lower islands in
Florida Bay where the hydraulic head drive is much smaller than on Cluett Key. Diffusion may blur
sharp gradients in salt, Ca®, or Mg?*, but is not an important vehicle for wholesale movement of
these species through the island.

Cluett Key shares some similarities with Holocene carbonate atoll islands: the two-layer hydro-
stratigraphy, and transmission of tidal signals under the island. In contrast to atoll islands, however,
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groundwater flow on Cluett Key is governed by transmission of the mean sea level to the base of the
Holocene. Basal tidal fluctuations induce little mixing in the low-permeability Holocene sediments.
In addition, the groundwater on Cluett Key is dominantly oceanic, not meteoric, and is consequently
denser than underlying groundwater. © 1997 Elsevier Science B.V.

1. Introduction

Florida Bay, a shallow estuarine embayment bounded to the south by the Florida Keys and
to the north by the Everglades (Fig. 1), contains 237 small carbonate mud islands that have
served as important models of modern carbonate deposition owing to their accessibility to
the mainland USA (e.g. Gorsline, 1963; Ginsburg, 1964; Scholl, 1966; Enos and Perkins,
1979; Enos, 1989). Groundwater on the islands is typically hypersaline, with total dissolved
solids approaching 150%¢ (Swart and Kramer, 1997). Although several workers have
assumed that the groundwater is in motion (e.g. Steinen et al., 1978; Enos and Sawatsky,
1981), there are few data available to test this hypothesis. Burns and Swart (1992) observed
hypersaline pore waters, presumably produced under supratidal conditions, 2—5 m below the
surface on Jimmy Key, an island in central Florida Bay. As Jimmy Key is less than 200 years
old, these data suggest that the downward component of groundwater flow velocity is faster
than 1.0 cm year™. No other studies have refined this flow rate, or determined the direc-
tions, patterns, or dynamics of groundwater flow on other islands in the Bay. This paper
describes the groundwater flow system on Cluett Key, a typical Florida Bay mud island,
emphasizing the flow of groundwater beneath a large ephemeral hypersaline pond.

The principal motivation for studying groundwater fiow in Florida Bay islands is that it
may lead to the relationship between flow and diagenesis. Diagenetic carbonates have
been described from Florida Bay islands by Taft (1961), Deffeyes and Martin (1961),
Friedman and Sanders (1967), Swart et al. (1989), Andrews (1991), and Burns and Swart
(1992). Small amounts of dolomite occur on Cluett Key (Steinen et al., 1978; Videlock,
1983; P.A. Kramer, unpublished data, 1994). Although some Florida Bay dolomite might
be detrital (e.g. Deffeyes and Martin, 1961), stable isotopes, e dating, and down-depth
variations in porewater chemistry indicate that some of the dolomite is authigenic (Swart
et al., 1989; Burns and Swart, 1992), and, therefore, must in some way be related to an
‘island-controlled diagenetic environment’ (Steinen et al., 1978). Island processes are also
indicated by a dearth of evidence for diagenesis in adjacent subtidal mudbanks (Andrews,
1991; Burns and Swart, 1992).

The islands of Florida Bay differ in some important ways from other low Holocene
carbonate islands, particularly coralline islands such as atolls, that have been studied
extensively by hydrogeologists (i.e. Buddemeier and Holliday, 1977; Hunt and Peterson,
1980; Lloyd et al., 1980; Buddemeier, 1981; Wheatcraft and Buddemeier, 1981;
Buddemeier and Oberdorfer, 1986; Herman et al., 1986; Anthony et al., 1989; Oberdorfer
et al., 1990; Underwood et al., 1992). These studies are motivated by a desire to under-
stand circulation of fresh and brackish groundwater, particularly the occurrence and
mixing of a freshwater lens which may serve as a principal source of water for the island
population. Meteoric lenses on the uninhabited Florida Bay mud islands tend to be tiny,
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diffuse, and ephemeral (Enos, 1989); consequently, they have only a minimal effect on the
flow of the pervasive hypersaline groundwater.

Florida Bay islands are also distinguished by the very low hydraulic conductivity of
their muddy sediments—approximately 10™° m day ™' (Enos and Sawatsky, 1981; Juster
et al., 1994), vs. 10" m day ™' for coralline sands typical of reefs or atolls (Wheatcraft and
Buddemeier, 1981; Buddemeier and Oberdorfer, 1986). The low permeability of the
sediments has three main consequences: it severely dampens tidal signals propagating
either laterally or vertically; it reduces typical interstitial velocities to values that are
probably insignificant for pollution or nutrient transport; and it allows the ‘capture’ of
fresh or saline surface water in the interior of the island. Where the surface water is saline,
it can be concentrated by evaporation, producing dense brines that sink into underlying
lighter groundwater, a process termed ‘reflux’ by Adams and Rhodes (1960). This density
inversion does not typically occur in atoll islands.

Florida Bay mud islands share with many of their atoll counterparts a generalized two-
layer hydrostratigraphic architecture, with relatively low-permeability Holocene sediment
overlying more permeable Pleistocene limestone that is hydraulically connected to the
surrounding ocean (e.g. Buddemeier and Holliday, 1977; Wheatcraft and Buddemeier,
1981; Herman et al., 1986). In atoll islands, tidal pressures are transmitted with little
attenuation through the Pleistocene limestone and impinge on the bottom of the Holocene
sediments, producing vertical groundwater motions that mix fresh and salt water
(Buddemeier, 1981; Underwood et al., 1992). This process is essentially a mega-scale
two-layer example of tidal mixing in heterogeneous aquifers that was originally proposed
by Cooper (1959). It has not been demonstrated, however, that this process occurs under
Florida Bay, nor is it known how effective vertical mixing can be when the overlying
surficial sediment is of very low permeability.

Our principal objective in this investigation was to determine, evaluate, and quantify the
physical driving forces acting on Cluett Key groundwater that are capable of pumping
significant amounts of diagenetically active saline or hypersaline water through the car-
bonate mud. In evaluating these driving forces, we test the following three hypotheses: (1)
dense groundwater, produced on the surface by evaporation of seawater in a central
depression, results in brine refluxion (Adams and Rhodes, 1960; Simms, 1984) or other-
wise significantly affects the dynamics of flow; (2) tidal effects are felt primarily at the
base of the carbonate mud in a fashion analogous to Pacific atolls (e.g. Buddemeier, 1981),
but have minimal influence in this case; (3) groundwater flow is essentially downward and
on the order of decimeters per year, similar to that inferred for Jimmy Key by Burns and
Swart (1992). To accomplish these objectives, we collected hydrologic data on Cluett Key
from June 1992 to April 1995. Data included elevations of onshore and offshore surface
waters and of groundwater, spatial and temporal distribution of salinity in surface and
groundwater, and vertical distribution of pressure at three locations.

2. Site characteristics

Florida Bay may be subdivided into three distinct physiographic environments:
basins (‘lakes’), mudbanks, and islands (Scholl, 1966; Enos and Perkins, 1979). All
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sediments are fine-grained carbonate, and rest on Pleistocene limestone bedrock. The
mudbanks occupy approximately 30% of the Bay (Scholl, 1966), and consist of shallow
submarine mounds that form an interconnected network around the ‘lakes’. Some of the
mudbanks are crowned by small (less than 2 km?), low islands, many of which lie above
topographic irregularities in the bedrock (Wanless and Tagett, 1989). Both the mudbanks
and islands are accretionary features formed in response to rapid carbonate deposition that
began approximately 4000 years ago, when marshy coastal wetlands similar to the pre-
sent-day Everglades were flooded (Scholl, 1964; Scholl et al., 1969). Because the bedrock
surface dips gently to the southwest, sediment thickness on the islands ranges from about
2 m in the east to over 4 m in the west (Enos and Perkins, 1979). Cluett Key is located on
the western margin of Dildo Bank, and contains approximately 3.5 m of carbonate mud.
Relief on the Pleistocene basement is generally less than 20 cm.

Like most islands in Florida Bay, Cluett Key is rimmed by a low berm that encloses a
central depression. This central depression is frequently flooded, and often supports a
luxuriant mat of blue—green algae (Fig. 2). We refer to this depression as the ‘pond’,
even when it lacks water. Red mangroves (Rhizophora mangle) form a dense windbreak
on the berm, giving way to sparser black mangroves (Avicennia nitida) and associated
halophytic shrubby vegetation around the pond in the interior of the island. The highest
part of the island is the northwest side, where a small hardwood hammock has developed
over brackish groundwater. The island is nearly surrounded by a horseshoe-shaped moat,
open to the east, that probably results from sediment scour by currents (Enos and Perkins,
1979).
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Fig. 2. Map of Cluett Key showing elevation contours, vegetation zones, and cross-section lines. Elevation
contours modified from Videlock (1983).
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The stratigraphy of Cluett Key has been described by Steinen et al. (1978), Videlock
(1983), and Swart and Kramer (1997). The limestone bedrock, locally called ‘Miami
Oolite,” is the lower unit of the oolitic facies of the Miami Limestone (‘bryozoan facies’
of Hoffmeister et al. (1967) or ‘Key West Oolite’ of Mitchell-Tapping, 1980), a marine
limestone deposited in shallow waters behind a fringing reef and barrier shoals (Parker
et al., 1955; Mitchell-Tapping, 1980). Transgressive then regressive sequences in the
overlying island and mudbank sediments record the initial deepening of the bay and
subsequent infilling to present depths. On Cluett Key, a basal peat layer is overlain by a
thin layer of reduced subtidal sediments and then a thick sequence of oxidized supratidal
sediments (Fig. 3; Videlock, 1983). The subtidal sediments, which probably represent
former mudbanks (Videlock, 1983), pinch out near the center of the island where supra-
tidal sediment directly overlies peat. These relationships suggest that Cluett Key nucleated
on a supratidal precursor (i.e. Quinn and Merrimam, 1988) and remained an island
throughout the flooding of Florida Bay. Not all Florida Bay islands share this character-
istic; many are thought to have formed relatively recently by mangrove colonization of
mudbanks (e.g. Jimmy Key; Swart et al., 1989).

The unconsolidated sediments of Cluett Key consist mostly of pelleted wackestones,
with some packstones and mudstones. The wackestones typically contain less than 20%
shell fragments, and are commonly thinly laminated in the upper 20-30 cm. The carbo-
nate mud consists largely of micron-sized fragments of aragonite bioclasts, high-Mg
calcite foraminifera and red algae, and calcite molluscs, with subsidiary well-formed
aragonite needles less than 2 um in length (Videlock, 1983). Inefficient packing of
these grains results in high porosities, which range between 45 and 85% and average
63% (Videlock, 1983; Juster et al., 1994). In calculations below we use an average
porosity of 60%.

There is a sharp contrast in hydraulic properties between the carbonate mud and Miami
Limestone. The hydraulic conductivity of the Miami Limestone in the lower Keys has
been measured at approximately 2.8 m day ' on Sugarloaf Key (Carballo et al., 1987), and
Vacher et al. (1992) inferred an even higher value (approximately 120 m day ™) based on
the shape of the freshwater lens on Big Pine Key. The large hydraulic conductivity is the
result of secondary permeability created during subaerial exposure and karstification
(Parker et al., 1955; Krawiec, 1977). The specific storage of the rigid limestone, which
is confined beneath Cluett Key, should be on the order of 10 m™ (i.e. Domenico, 1972).
In contrast, the unconsolidated carbonate mud has low permeability and a high specific
storage. Slug and permeameter tests yield an average hydraulic conductivity of 1072
107 m day !, with a vertically integrated average value of approximately 0.0032 m day™
(Juster et al., 1994). Enos and Sawatsky (1981) obtained generally higher permeabilities
for carbonate mud on Crane Key, another Florida Bay mud island, but all their samples
were from the uppermost meter of sediment, where rootlets, desiccation, and bioturbation
create enhanced pathways for fluid migration. According to Videlock (1983), perme-
abilities of deeper sediments are up to two orders of magnitude smaller than those of
Enos and Sawatsky, and our own data have confirmed a general decrease in permeability
with depth (Juster et al., 1994).

Water levels in Florida Bay fluctuate on 1 day, 2 week, and seasonal time scales in

2
response to astronomical, oceanographic, and atmospheric effects. The dominant
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astronomical tide is semidiurnal, with an amplitude of 0—15 cm, depending on proxi-
mity to open water in the Atlantic Ocean or Gulf of Mexico. The seasonal variation in the
steric level of the ocean, owing to warming and cooling of the ocean and atmosphere,
averages approximately 10 cm in south Florida (Kramer et al., 1994; B. Halley, personal
communication, 1995), with the highest levels occurring in summer (August, Sept-
ember), and the lowest levels occurring in winter (January, February). These tidal and
steric variations are frequently swamped, however, by the effects of winds, which
may cause water-level changes on the order of decimeters during prolonged passage
over the shallow bay waters (Enos and Perkins, 1979; Kramer et al., 1994). Easterly or
southeasterly winds, which dominate the summer weather pattern, pile water into the
northeast corner of Florida Bay; northerly or northwesterly winds, which occur most
frequently during winter storms, push water into the Gulf of Mexico and drain the Bay.
The steric effect and seasonal weather patterns, therefore, tend to reinforce each other,
producing the highest mean water levels, and highest extreme event-levels, in the summer.
Similarly, the lowest mean water level, and lowest extreme-event levels, typically occur in
the winter.

Currents in the ‘lakes’ are generally less than 1 cm s™' (Gorsline, 1963). Faster currents
occur in tidal passes at the boundaries of the Bay, and in channels that link adjacent ‘lakes’
in the interior of the Bay.

Florida Bay has a tropical to subtropical climate, with an average air temperature of
approximately 33°C in July, decreasing to 16°C in January (Swart and Kramer, 1997).
Precipitation recorded at land stations decreases from 140 cm year™ in the northern Keys
to 100 cm year™' in Key West (Halley et al., 1997); this gradient presumably occurs in the
Bay as well, though there are few long-term data to confirm this assumption. Based on its
position in western Florida Bay, Cluett Key probably receives 120—130 cm of precipita-
tion a year, of which nearly two-thirds falls between May and October (Halley et al.,
1997). Humidity mirrors rainfall, with the driest months occurring in winter and the most
humid in the summer. Water salinity ranges from 6%o to 70%o (Enos and Perkins, 1979),
and is also correlated with seasonal climate.

3. Field methods

We used standard leveling techniques to measure elevations relative to an internal
datum. The internal datum was then related to the average elevation of adjacent Florida
Bay water measured over the study period, which was arbitrarily set to zero (‘operative
mean sea level’, OMSL). The data used to compute the internal datum consisted of 12
consecutive monthly averages. Other topographic data are adapted from Videlock (1983).
Topographic contours of the pond were also inferred from the trace of its shoreline as it
slowly dried up in the early spring, and from air photographs.

Water levels were monitored in shallow pits, at the center of the pond, in the
adjacent Bay, and in a well drilled by the US Geological Survey (USGS) in 1982
into the underlying Pleistocene limestone (Fig. 4). Data were recorded automatically
with pressure transducers wired to data loggers, and sampled at 10 min or hourly intervals
over a period of 18 months. Fluid pore pressures were also measured at similar intervals
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Fig. 4. Locations of wells (solid dots), well nests (double dots), transducer nests (large gray dots), water table pits
(large open dots), limestone well installed by USGS in 1982 (LS), a continuously monitored water table pit (PT),
and a pressure transducer continuously monitoring pond level (PO).

with strain-gauge pressure transducers strapped to an aluminum pole and pushed directly
into the soft sediment; three transducers were embedded at depths of approximately 50,
165, and 280 cm below the surface and formed a ‘nest’. Three nests were installed.
Measuring pore pressures in the cohesive carbonate mud presents what Gelhar (1993,
p. 12) has called a ‘subsurface uncertainty principle’ akin to the classical Heisenberg
uncertainty principle—the process of measurement disturbs the value being measured.
Specifically, the transducers and their associated cabling appear to create high-permeability
pathways that allow downward moving groundwater to bypass the low-permeability mud.
Our observations of the pressure response of freshly installed transducer nests suggest that
healing of the sediment disturbance occurs after a few months; only data obtained after this
adjustment period were used.

Groundwaters were sampled at approximately monthly intervals from a network of 55
piezometers at 29 locations, and an additional 125 wells were sampled sporadically (Fig.
4). Well nests were installed adjacent to the transducer nests, with piezometer openings at
approximately 25, 50, 100, 150, and 200 cm below the surface. Twelve other wells were
used to sample waters near the base of the sediment at depths of 250-315 cm. Salinities of
all waters were determined in the field with an optical refractometer that was calibrated
against standard solutions.
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4. Background theory
4.1. Calculation of groundwater velocities from Darcy’s law

Because of salinity variations, the density of groundwater on Cluett Key is fairly
variable and must be considered in the flow calculation. Velocities between a pair of
transducers were calculated from the Darcy equations

v _KHAP
H—;mAx
(H

where x and z refer to the horizontal and vertical distances between two transducers, H and
V refer to the horizontal and vertical permeabilities, p is the dynamic viscosity, n is the
porosity, and the average fluid density along the vertical component of path between the
two transducers is given by
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This integration was computed numerically by assuming linear density variations between
the measurement points. Densities were calculated from measured salinities using a sea-
water evaporation model (Morse and Mackenzie, 1990, p. 99). The effect of temperature
on density was ignored because temperature differences within the carbonate mud are very
small and account for only a small fraction of the total density variation.

4.2. Density-corrected head difference

As discussed below, there is a sharp contrast between the density of groundwater in the
carbonate mud and underlying Pleistocene limestone. To simplify comparison of lime-
stone and mud heads measured in wells and pits, Darcy’s Law is reformulated into an
expression employing head-like variables. The expression is derived from Darcy’s Law
for vertical groundwater flow by relating the pressure at two points to the corresponding
height of a column of water, one for a point in the mud containing hypersaline fluid
(zhs» P1s), and one for a point at the top of the limestone containing seawater (z,, p,) (Fig. 5):
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where P = pressure, z = deviation and the subscripts m and Is indicate mud and limestone

respectively. It should be noted that the fluid between the two points is all hypersaline.
This form of Darcy’s Law can be reduced to the following expression:

+ phsg:| (3)
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