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,
Di~solved helium and radon anomalies are used to quantify groundwater input to Florida Bay waters. The method
relies on .the fact.that groundwat~r dissolves large quantities of 4He and 222Rn isotopes, radioactive decay products of
the uranIu~-chaIn elemen~s, which a~cumulate over geological time periods. Seasonal surveys in Florida Bay show
~verage helium c.oncen~r.atI?n an~ma,l~~s of 13.6% and 16.50/0 in the summer and winter, respectively. Excess 222Rn,
In excess of that In equI1I~r~um WIt~ 226Ra, was found to vary from 3 dpn1.L1 (disintegration per minute per liter) in
the su~mer to 2 d~m . L . In the winter. The fact that such anomalies are present in the 1.5 m deep unstratified
waters IS a strong indication of gr~undwater input to the Bay. A simple box model based on helium data yields a
groundwater flux of 2.5-4.0 cm.d 1 In the summer and 10-16 cm.d ··1 in the winter while the same model results in a
flux of 0..8-1.7 cm.d 1 using radon data. The difference between the flux figures obtained from helium and radon may
be explained by the two-layer structure of the aquifer system underlying Florida Bay.

ADDITIONAL INDEX WORDS:

Tracers, tritium and helium isotopes, radon-222, nitrogen limitation, coastal geo-

chemistry.

INTRODUCTION
The potential importance of groundwater flow into the
coastal marine environment was pointed out over three decades ago (KOHOUT, 1966), however the subject has been given attention only in recent years. Effects of groundwater-derived chemicals can have large impacts on coastal ecology as
well as on public health. Some specific examples include: (1)
the finfish and shellfish kills of the 1980s in New England
coastal areas were shown to be related to nutrient loading
via river and groundwater inputs (VALIELA et al., 1990); (2)
groundwater was found to account for half of the nitrogen
loading of the sediments of Great South Bay, NY (CAPONE
and SLATER; 1990); (3) groundwater with highly elevated levels of nitrogen, under the influence of local septic tank discharges, was found to increase the nutrient levels in the adjacent coastal waters of the Florida Keys (LAPOINTE et al.,
1990); (4) nitrogen loading to the local reefs at Discovery Bay,
Jamaica was found to derive from nitrogen-rich groundwater
(D'ELIA et al., 1981). As in many coastal areas, a number of
significant ecological changes has been observed in the past
two decades in Florida Bay, the shallow water body between
the Florida Keys Chain and the southern tip of the Florida
peninsula (Figure 1; for a recent review see FOURQlJREAN
and ROBBLEE, 1999, and the references therein). Documented changes include large scale algal blooms, sea grass and
00048 received 18 April 2000; accepted in revision 12 February 2001.
1Present address: Department of Geology, 201C Graham Bldg.,
East Carolina University, Greenville, NC 27858.

sponge die-offs, significant reduction of pink shrimp and
spiny lobster stocks, loss of some fish species, and shifts in
fish and plankton species. Florida Bay has been the principal
inshore nursery for pink shrimp and spiny lobster, and an
extremely productive sport-fishery. The health of this ecosystem with diverse populations of invertebrates, fish, and birds
has been and continues to be threatened and endangered by
these changes.
The main motivation for the present study has been to test
whether groundwater may explain a rather unusual nutrient
regime found in Florida Bay. Because calcium carbonate
chemically scavenges phosphorus, shallow tropical ecosystems with carbonate sediments and/or limestone substructures usually have very low dissolved phosphorus concentrations in their waters (e.g., AMES, 1959; DE KANEL and
MORSE, 1978; BURTON and WALTER, 1990). As a result,
many of these ecosystems have been found to be phosphorus
limited, such as Jamaica (D'ELIA et al., 1981), Belize (LAPOINTE et al., 1987), Biscayne Bay (BRAND et al., 1991), Bermuda (LAPOINTE and O'CONNELL, 1989; JENSEN et al., 1998),
and the Bahamas (LITTLER et al., 1988; SHORT, 1987; SHORT
et al., 1990; LAPOINTE et al., 1992). Florida Bay is rather unusual, in that rather high concentrations of phosphorus are
found in the northwestern part of the bay (FOURQUREAN et
al., 1993). It has been hypothesized that this high phosphorus
contributes to the large algal blooms that occur in Florida
Bay where phosphorus from the west meets the high nitrogen
concentrations from agricultural runoff through the Everglades into northeastern Florida Bay (BRAND, 1996, 2000).
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Figu re 1. Sampl e location s in th e Bay and the magnitude of tr acer anomal y. (a) Helium sa mples. Excesses greater th an 20% are concentra ted along
the northwestern and north-central coast . Key to location abbreviation s: AO: Atlantic Ocean ; PJ : Porjoe Key; RB: Ranki n Bight ; F: Flamingo ; GoM: Gulf
of Mexico; (b) Radon sa mples, high excesses follow a similar pattern to th at of helium .
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While the high nitrogen concentrations in Florida Bay are
clearly correlated with low salinity and are the result of runoff from land, the high phosphorus concentrations are located
in high salinity water far from any significant land runoff or
obvious anthropogenic sources. The location of the phosphorus maximum correlates well with the spatial distribution of
the subsurface coarse quartz sand deposits of Miocene to PlioPleistocene (WARZESKl et al., 1996; CUNNINGHAM et al., 1998;
GUERTIN et al., 1999). This siliciclastic structure is vertically
situated between a few tens of meters and approximately 250
m below the surface, and is highly enriched in phosphorites.
As a result if this spatial correlation, it has been proposed
that groundwater may be transporting phosphorus up into
Florida Bay (BRAND, 1996; 2000).
The two main approaches for the measurement of groundwater include the direct method by means of seepage meters
of various designs, and the indirect method, utilizing geochemical tracers found in groundwater. Seepage meter measurements can only be made at one point, requiring a large
number of measurements as well as modeling for an area of
appreciable size. They may also suffer from uncertainties
caused by physical effects such as the tidal pumping. Geochemical tracers on the other hand, use temporally and spatially-averaged concentrations and thus provide a means, using models, to deduce the integrated flux in a given area. This
paper describes the results of the geochemical approach using
helium isotopes and radon-222 in Florida Bay. The method
relies upon the presence of large concentration excesses of
these isotopes in groundwater. A positive tracer anomaly in
coastal waters can then be related to the groundwater flux.

Helium as a Tracer of Groundwater
The tracer potential of helium, referring here to the more
abundant isotope 4He, in natural gas was recognized early in
the century (CADY and McFARLAND, 1907) and was used to
detect natural gas some decades later (FROSTJr., 1946). Forty years ago CARTER et al. (1959) performed laboratory and
field experiments, in which they introduced 4He enriched water to the terrain, to show convincingly that 4He may be a
viable groundwater tracer in a confined aquifer. Although
they were aware of the presence of naturally occurring helium in groundwater, the lack of data on natural levels compelled them to consider it a background that had to be subtracted in their deliberate tracer experiment.
The main source of helium in the earth's crust is the radioactive decays of the uranium and thorium-chain elements
(i.e., 8 a-particles emitted per 2:38U decay until it reaches stable 206Pb). Most aquifer rocks contain sufficient amounts of
these elements such that over geological time-scales relatively large amounts of helium accumulate. In Central and South
Florida much of the aquifer material is composed largely of
phosphatized limestone from which phosphate is mined. Uranium concentrations in phosphorite are often in excess of 150
ppm and almost always greater than other rock types typical
in Florida (BURNETT and GOMBERG, 1977). In fact, phosphorites have been a commercial source for uranium in the past
(CLARKE and ALTSCHULER, 1958). Therefore, over a given
period, greater accumulations of helium are expected in such
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deposits than for example, that would accumulate in a pure
limestone or a granitic matrix with typical uranium concentrations of about <1 and 4-5 ppm, respectively.
A close relationship between large underground uranium
concentrations and large positive helium anomalies in
groundwater of a region was demonstrated in a series of studies on uranium prospecting (CLARKE and KUGLER, 1969;
CLARKE et al., 1977; Top and CLARKE, 1981; CLARKE et al.,
1983). In these studies helium anomalies in lakes that are
fed by groundwater were compared, along with the 3H-3He
age (see below), with the known uranium mineralization in
the region and a remarkably tight correlation was found. Helium is displaced from its site of production by dissolution of
the host mineral and by diffusion. Multiple a-recoiled parent
isotopes result in weakened bonds within the mineral (ALTSCHULER et al., 1958), facilitating dissolution. Based largely
on diffusive processes, SOLOMON et al. (1996) estimated a
helium accumulation rate in ground water that may allow a
groundwater age determination in shallow, confined aquifers.
The present day production of helium that is in radioactive
equilibrium with the parent isotope cannot cause large anomalies in groundwater. Instantaneous production requires exceedingly large quantities of the radioactive parents due to
long half-lives, on the order of 1010 y. CLARKE et al. (1977)
presented an estimate to explain observed helium anomalies
in a Labrador lake, and concluded that an unrealistic mass
of approximately 10 10 kg uranium would be needed if radioactive equilibrium production were responsible for the local
observation. In other words, the helium anomaly observed in
groundwater is due to the already accumulated helium over
geological time periods, or periods comparable to groundwater residence, and not due to the instantaneous decay process.
The reason helium is still available is because many aquifer
rocks had not always been inundated with groundwater, and
because helium dissolution takes place over diffusive time
scales.
An additional helium source is the flux from the earth's
mantle that is recognized by its relatively high 3He/4He ratio
(MAMYRIN and TOLSTIKHIN, 1984; LUPTON and CRAIG, 1975;
OXBURGH and O'NIONS, 1987). Mantle flux is impeded however, by the continental crust except for tectonically active
regions. In the present study area mantle helium flux is expected to be a very small fraction of the total.

Helium-3 and Tritium as Tracers of Groundwater
In addition to 4He, the less abundant isotope 3He (3He/4He
= 1.384*10- 6; CLARKE et al., 1976) is a potential source of
information: 3He is produced in the radioactive decay of tritium, 3H, the isotope that was produced largely by the atmospheric nuclear tests of the late 1950s and early 1960s.
Assuming that shallow groundwater has, at the time of formation, 3He at atmospheric equilibrium, the presence of any
excess above this equilibrium qualitatively indicates an age
of formation within the last 40-45 years. There might be complicating factors such as the additional production of 3H and
3He in spallation reactions by cosmic-rays, or in (a, n) reactions involving spontaneous fission of uranium, or a leakage
of mantle helium into the area. In most instances however,
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these interferences are small and may be accounted for (e.g.
STUTE et al. 1992).
Simultaneous measurements of :3H and radiogenic 3He allow the calculation of the time period elapsed, i.e., the 3H-:3He
age, to produce the observed 3He anomaly. The age determination was first suggested by TOLSTIKHIN and KAMENSKIY (1969) as a potential tool, applicable to groundwater and
marine studies. With subsequent refinements of precise helium and tritium measurements, a number of studies followed to define groundwater origin and flow in several confined aquifers (e.g. TORGERSEN et al., 1979; POREDA et al.,
1988, SCHLOSSER et al., 1988, SOLOMON and SUDICKY, 1991;
SOLOMON et al., 1992; EKWlJRZEL et al., 1994; for a more
comprehensive summary see SCHLOSSER et al., 1998 and references therein).

and JOHNSTON, 1988; MILLER, 1982). Therefore the upwelling of deep groundwater into the Bay under artesian pressure
would not be unexpected.
In many coastal waters, groundwater may be traced by the
variation in salinity. However, in Florida Bay, the groundwater is mostly marine, All known wells in the bay produce
water of similar salinity as ambient seawater. One submarine spring encountered during this study was characterized
by water with a salinity of28 pt (CORBETT et al., 1999). These
observations confirm that the groundwater in the area includes a large component of recycled seawater from the adjacent Gulf of Mexico and the Florida Straits (KOHOUT, 1966)
as well as from the bay itself.

Radon-222 as a Groundwater Tracer

Water samples for helium analysis were collected in 35 em
long refrigeration grade copper tubes clamped at both ends.
At the outset of the fieldwork, a salinity probe was towed
from a small boat and samples were collected approximately
30 em above the bottom where a negative salinity anomaly
was observed. Later however, a random sampling strategy
was adopted without reference to salinity. An accompanying
1 L water sample for each helium sample was taken in glass
bottles for tritium analysis. In the laboratory, dissolved gas
from water samples was extracted in a vacuum line and collected in charcoal containing glass ampoules. These were
then connected to the mass-spectrometer inlet line. Helium
was separated from other gases on two cryogenic charcoal
traps in series and admitted to the MAP 2500-15 mass-spectrometer. Approximately 20% of the gas was analyzed in a
quadrupole residual gas analyzer for neon, prior to helium
measurement. Samples were interspersed with comparable
size atmospheric standards. Neon measurements were used
to correct observed helium concentrations for an air component that may be included by in situ forced bubble dissolution, or during sampling (e.g., CLARKE and KUGLER, 1969;
BEG, 1971; Top and CLARKE, 1983; STUTE et al., 1992). Water samples for tritium measurements were transferred to 1
L Corning 1724 alumina-silicate glass flasks, degassed,
sealed, and stored in a freezer at ~ -20°C. Four to six months
later accumulated :3He was measured to back-calculate tritium (CLARKE et al., 1976). The precision of this method (:::;0.01
TU; 1 TU = 1 3H/10 1H IH) is an order of magnitude higher
than that can be obtained by radioactive counting.
Helium concentrations were determined by comparing
measured sample peak heights with a standard. The atmospheric component in a sample introduced due to air bubble
injection in wave action or during sampling was subtracted
using neonlhelium ratios in both dissolved and gas phases
(Top et al., 1987). These corrections varied between 0 and
10%. In general one would expect a correction closer to 5%
(upper mixed layer ocean average). Because the original
groundwater equilibration temperature is not accessible, and
the corrections are based on the measured temperature (2530°C) of the samples, a small uncertainty may be introduced
in these estimates. Helium saturation anomalies, Ll4He and
Ll3He, for both isotopes were then calculated with respect to
the solubility equilibrium values given by Top et al. (1987).

222Rn has been used as a tracer in the ocean for gas-exchange studies at the air-sea interface (e.g. BROECKER, 1965),
and for vertical diffusivity determinations at the sea floor
(e.g. BROECKER et al., 1968). Its potential as a groundwater
tracer has been demonstrated more recently (ELLINS, 1990;
CABLE et al., 1996a; CABLE et al., 1996b, CORBETT et al.,
1999). The ultimate progenitor of 222Rn in groundwater is
238U, same as for helium. As a noble gas 222Rn may be considered conservative. Its relatively short half-life (3.8 d)
would however, limit its applications to time scales of days
to weeks.

Groundwater in South Florida
The aquifer system in South Florida is characterized by the
shallow Biscayne aquifer and the deep Floridan aquifer, part
of the largest aquifer in the southeastern U.S. The extremely
porous weathered limestone of South Florida contains abundant tunnels, fissures, solution holes and caverns, which allows nearly free flow of the Biscayne Aquifer waters (SCHOMER and DREW, 1982; STAMM, 1994). The Biscayne Aquifer is
considered by some to be "... perhaps the most permeable
water table aquifer in the world" (e.g., KREITMAN and WEDDERBURN, 1984). Before the water table was lowered early in
the 20th century, freshwater springs flowed freely in Biscayne Bay (SCHOMER and DREW, 1982; PARKER, 1984).
The deeper Floridan Aquifer system is an extensive group
of Tertiary artesian limestone aquifers that are recharged
through sinkhole lakes and by direct infiltration of rainfall
where limestone crops out or lies near the surface in the karst
region of north central Florida. This aquifer lies 300 to 1100
m below the sea level in South Florida, and is considered to
consist of an upper and a lower zone (a.k.a. the Boulder Zone)
because of the distinctive hydrologic properties of the two
parts (KOHOUT et al., 1977). The lower zone is saline throughout the aquifer to the south of Lake Okeechobee. In fact, one
deep-injection well in excess of 1000 m, GW-1, is hydraulically connected to sea water from the Florida Straits east of
Miami (KOHOUT et al., 1977). Piezometric surfaces indicate
that the hydraulic head of the Floridan Aquifer varies from
30 m above sea level in the north of Lake Okeechobee to
about 6 m in Florida Bay (SPRINGFIELD, 1936; 1966; BUSH

METHODS
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Tabl e 1. Summary ofscosonal helium and rado n observations. Helium
results are gi ven as a percentage excess over solubility equilibrium , radon
as the uns upported component .

863

60

35y

30y

I

Excess 'He, ;~..'H, (% )
Excess "He, :l."He, (71,)
Excess ""Rn, :l.' ""Rn, (dp mL )

Summer

Winter

Aver age

13.6
23.9
3.0

16.5
15.5
2.0

15.0
19.7
2.5

~40

('I')

OJ

.:

lB
20
o

Q)

RESULTS
The helium a nd radon results a re summa rized in Table 1
as seasonal averages. The general characteristics are summarized below :
1. 50 % of the ~ 4He data are greater t ha n 10%; 30 % greater
than 20 % with a few individual values reaching over 100 %
(Figure 1). In the upper mixed layer of the world oceans ~4He
rarely exceeds 5% and a 10'% anomaly is consider ed significa nt , although the choice is arbitrary. In the 1.5 m deep water-column of Florida Bay , helium is expected to come to equilibrium with t he atmosphere in 1-2 days (BROECKER a nd
PENG ; 1974). The fact that significa nt he lium anomalies persist in such shallow waters indicates the presence of an ad ditio nal source. Molecular diffu sion of helium from underlying rocks and sediments is not like ly to account for such high
anomalies because the diffusing mass, considering the concentrations of pa rent isotop es in sediments, is too sm all to
cau se the observed enrichments. Thi s lea ves groundwater input to be t he lik ely source that could exp lain the present observations . This input appears to increase significantly in the
winter from its summer average.
2. The high ~ 4He observations are encounte red generally
in the northern sector of the Bay and appear in locali zed cluster s. This is like ly due to discreet groundwater sou rces . The
anoma lous a reas are approximately 3 km to the south of Flamingo , in Rankin Bight (north-central coast), and in the
northeast sector, near Porjoe Key. The Flamingo location is
where the persistent phosphorus max imum occurs. Seepage
meter observations at the Fla mingo and Porjoe Key locations
also indic ate relatively high groundwater fluxes. At the latter
location, a flux in excess of 40 cm.d 1 h as been measured with
a n accompanying drop in salinity (CORB ETT et al ., 1999 ).
3. Tritium measurements plotted against its radioactive
product "He suggest two popu lations: those with ~"He greater t han lO'7f; and those with less th an 10% (Figure 2). The
first population has t ritium levels decreasing as ~ "He increa ses that is typic al of a reasonably isolated system with
an apparent isolation age between 10 and 35 years. The second population has littl e ~ :lHe, but tritium levels have about
the same range as the first popu lation . This is consi stent with

/

I

Water samples from a peri staltic pump were collected in 4L evacuated glass bottles for radon (CORBETT et al ., 1999) .
Radon was spa rged with helium from t he collection bottles
on an extraction line, collected on traps at liquid nitrogen
temperature, and transferred to alpha scintillation cells (MATHIEU et al., 1988 ). All samples were counted for "n Rn and
"2BRa , the latter was t hen used to determine the unsupported
"""Rn component (excess radon ) in the water column.
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Figure 2. Distribution of t rit ium and radiogenic "He in t he Bay. Straigh t
line s a re tritium-helium3 age isochrons. Th e grou p of poin ts wit h
:l."II e > 10% appea r t o belong one popu lat ion th at represent n atural aging
of t ritium in a confined aquifer. Tho se with Ll"He < 10% on th e other hand
repre sent a popul ati on th at is a mixture of you ng and old wat er s.

mixing of "young" Bay waters with old zero- or near-zero tritium waters of a deep aquifer . Not every sample wa s an alyzed for tritium on the as sumption that in a well mixed,
shallow water body one would expect to find a near-uniform
tritium concentration with a magnit ud e matching the present
day rainfall or the upper ocean in the immediate vicinity. The
pr esent day rainfall va ries between 1.5 and 3 TV with the
lower va lue representing winter (J. Happell , personal comm.i .
Our observations , on t he other ha nd, include values a s low
as 0.8-1.0 TV in the summer, and only a few as high as 3
TV, a st rong signature of mixing of very low-t ritium groundwater with the bay waters.
4. Th e concentration anomali es of the he lium isotopes,
~ :lHe and ~4He, also suggest the presence of two populations
(Figure 3): one with a strong 1:1 correlation, a nd the other
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with approximately a 3:1 ratio. A large Ll 4He is the sign of
"old" groundwater, while a large Ll3He accompanies groundwater younger than 40y old. The co-presence of excesses of
both isotopes suggests that old (deeper-Floridan) aquifer and
the younger (shallow-Biscayne) aquifer waters might be mixing, most likely before joining in Florida Bay. Those points
belonging to the 3:1 correlation line are from the summer
samples, which also include two samples collected from shallow ( < 10 m) wells in the Bay. Half of the 8 well samples have
Ll3He and Ll4He values indistinguishable from those for ambient seawater in equilibrium with the atmosphere. The remainder however, has Ll 3He values between 22% and 109%
with corresponding Ll4He of 4% and 58%, respectively. These
wells sample the shallow aquifer. Unfortunately a winter/
summer contrast could not be established for the wells as
they were sampled only in the summer. The average Ll3He in
the summer is 50% higher than its winter average. The average Ll4He in the summer is in contrast, lower than its winter average (Table 1).
5. 222Rn shows a small but persistent excess in the water
column, also with a strong seasonality in the same sense as
for Ll3He. The summer Ll222Rn average runs 50% higher than
its winter average, in perfect agreement with the case for
Ll3He (Table 1). These suggest both Ll 222Rn and Ll3He may be
derived from the same source, namely the shallow aquifer.
However, the flux estimates in the next section show that the
apparent seasonality in the water column measurements is
an artifact of the wind speed, and the seasonality of radon
flux is in fact the reverse of the water column concentration
trend.

Model
The magnitude of the groundwater input may be estimated
using a simple box-model. The model is a tracer mass-balance
calculation, in which the observed tracer concentration in the
water column is maintained by the groundwater flux, exchange with the atmosphere, lateral exchange with the Gulf
of Mexico, and radioactive decay (where applicable):

where h, the depth of water column; Cw , tracer concentration;
CA' tracer concentration in air; CL , tracer concentration of the
Gulf of Mexico waters; F G' groundwater helium flux; k, airsea exchange coefficient; a, tracer solubility coefficient; m,
lateral exchange coefficient; x., radioactive decay coefficient.
The last term is applicable to 222Rn only.
The equation is solved analytically and the solutions are
forced to match the observations of Table 1 by adjusting F G.
Best values of F G were then used to estimate the groundwater
flux. The values used for the parameters in the equation are
as follows:

Helium
Depth of the water column is taken as 1.5 m although the
generally accepted average for the entire Florida Bay would
be 1.8 m (U.S. Coast and Geodetic Survey Hydrographic
Chart). The sampling locations, especially for helium, do not

represent a random distribution in the Bay but skewed towards the north-northeast where water depth is 1m or less,
hence the choice of 1.5 m. In addition, the summer-winter
temperature drop of ~5 °C can lower the upper-mixed layer
thickness of the adjacent Gulf of Mexico by 5-10 em affecting
the water depth in Florida Bay by approximately the same
amount. The effect of variation of the water depth is discussed below (see "Uncertainties"). The atmospheric exchange coefficient k, also known as piston velocity, was experimentally determined for helium to be 0.0047±0.0005
cm.s- 1 at a wind speed of 4.7 m.s- 1 (WANNINKHOF et al.,
1993, WANNINKHOFF, 1992). Since k is a quadratic function
of the wind-speed, the above value can be reworked to yield
0.0045, 0.0015 and 0.0035 cm.s . . ], which correspond to the
measured average wind speeds of 4.3 n1.s- 1 in the winter, 2.5
m.s- 1 in the summer, and the 30-year average for the region
of 3.8 cm.s ", respectively (CORBETT et al., 1999). Lateral exchange with the Gulf of Mexico was assumed to take place
over a period of a month, a figure consistent with the net
transport estimates of 500-700 m".s -1 out of the bay (SMITH,
1999; WANG, 1998). This corresponds to a replacement time
of about one month for the bay waters, and to a lateral exchange coefficient m, of3.85*10-- 7 S-1. The dimensionless Ostwald solubility coefficient a is 0.007 at 30°C and 35 pt salinity, and corresponds to the volume partition of helium in the
gas and liquid phases at equilibrium. Although a is a function
of temperature and salinity, the same value is used for all
cases because of the weak dependency. The concentration in
air, CA , is based on atmospheric abundance of 5.24*10- 6
(GLUCKAUF, 1944). A more recent redetermination of
5.22*10--6 agrees well within the uncertainties (OLIVER et al.,
1984). The concentration in the Gulf of Mexico water, CL , is
taken to have 5% excess above solubility equilibrium value,
o, (Top et aI., 1987).

Radon
The atmospheric exchange coefficient k was calculated to
be 0.00096 cm.s- 1 using the 30-year average wind-speed for
the region (kinematic diffusion coefficient/boundary-layer
thickness) and normalized to winter and summer wind
speeds as above. CA is 0.1-0.2 dpm.L'' (GESELL, 1983), solubility equilibrium concentration, C; is 0.05 dpm.L-1
(BROECKER and PENG; 1974), and C L is assumed to be equal
to Cs . a is 0.179 (BROECKER and PENG; 1974); decay probability x., is 1.26*10- 4 min-I; m is the same as in the helium
case.

Uncertainties
The solutions representing the evolution of 4He and 222Rn
are shown in Figure 4. The solutions become stationary in a
few weeks. In both helium and radon cases the predominant
influence is the atmospheric exchange. The uncertainty in k
is about 10% in both cases. This affects the solutions by 12%. The effect of lateral exchange is small; m may be doubled
or halved without affecting the solutions significantly. The
solutions are not very sensitive to the depth of water column
either; a 20% variation in h affects the solutions by about 3%.
A range for the final solutions was therefore obtained by con-
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Table 2. S um ma ry of model results as ground water input in un its of
cm -d :\ and as tracer flux, FG , in applicable un its for each tracer.
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Figure 4. Soluti ons of t he model equa tion (a) for helium, (b) for r adon .
The var iation in pa ram et er k produc es the ran ge for th e solu tions (see
text ). F" is chosen to match the observed value of trac er concentratio n!
excess whe n solutions become steady. The a rrow on tim e axis indic ates
t he position of 1 month.

sidering the uncertainty in the observed seasonal helium and
radon averages that are being matched by the solutions. To
convert th e tracer flux figure s to a groundwater flux, we need
th e helium and radon concentrations in groundwater. No helium measurements could be mad e in deep ( > 150m) wells in
Florida Bay but limited helium measurements are available
from land wells in south Florid a : wells in the Everglades National Park (R. Pri ce, manuscript in pr eparation); and th e
Forty Mile Bend artesian well (Top, unpublished). Helium
concentrations in th ese wells vary between 700 and 500% in
excess of th e solubility concentrations. Radon concentrations
were measured in shallow wells in Florida Bay with an excess
radon average of 200 dpm .L :". With these end member concentrat ions, the tracer flux F" , for both helium and radon,
can be tran slated to a groundwater flux. The results are summarized in Table 2. The range of groundwate r flux estimated
from helium includes the ran ge of helium concentrations encountered in the land wells.

DISCUSSION
Two imm ediate observations can be made in th e summary
of Table 2: ( 1) the flux estimated from helium data is about

6 tim es greater than that esti mated from radon data, (2) the
flux estimated from helium data ha s strong seasonality,
while that estimated from radon has a weaker one. These ,
combin ed with the gen eral observ ations summarized above ,
point to one viable scenario for the groundwater input. The
deep aquifer (Floridan) waters, under artesi an pr essure continually ris e through fissures, cracks, and solution holes in
the confining layers and mix with the waters of shallow aquifer ts) before entering Florida Bay. This is in fact what one
would expect to happen in Florida Bay based on the two-layer
structure of th e aquifers that underlie most of Floridan Peninsula, as discussed earlier.
Implicit in this scenario is the issue of leakage from deep
injection wells scattered across Florida. These wells discharge treated municipal waste into the Boulder Zone, the
lower part of the deep Aquifer (KOHOUT, 1977) approximately
1000 m below surface. The pre sent data suggest that upward
leakage from such lenses, especially in South Florida, should
not be rul ed out. As a matter of fact, a recent tritium helium
isotope, and CFC (chlorofluorocarbon) tracer survey in Everglades National Park also show evidence of deep aquifer
water in some shallow wells (R. Pric e, manuscript in preparation ). However, only a more compr ehensive study with spe cific focus on th e injection wells can provide answers to such
questions as where and at what rate a leak from these lenses
could occur .
4He flux is reduced in the summer by a factor of four from
its winter high , radon by about 30%, in the same period (Table 2). Co-variation of 4He and 222Rn fluxes suggests that th e
source for both may be common , and is likely the deep aquifer. Th e large disparity in the magnitude of reduction however , rai ses th e point that the upward transport and mixing
timescale for th e deep aquifer waters is likel y to playa role .
Lower limit for th e time scale is probably on th e ord er of
weeks , ifnot greater. Whil e the deep aquifer could be a strong
source for 222Rn, becau se of its short half-life (3.8 d), it is more
likely that most of the 222Rn observed in Florida Bay water
column and in sh allow wells is a product of the shallow aquifer . This is enti rely likely, as th ere appears to be significant
4He enrichments in th e Biscayne aquifer also; u4He varies in
the land wells between 0 and 400% (R. Price, manuscript in
pr eparation). The reduction of 222Rn in th e summer is most
likel y due to dilution by increase d rainwater. It is in principle
possibl e to distinguish th e shallow groundwater component
using 3He and 222Rn in a systematic tim e series study.
Further evidence is provided by u3 He, which has a strong
seasonal trend in the opposite sen se to that of u4He (Ta ble
1). It is elevated in th e summer by about 50%. u3He is derived
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from the radioactive decay of tritium, which has not penetrated the deep aquifer to a great extent to produce significant amounts of radiogenic 3He (we measured 0.03 TV in
samples from the Arcadia artesian well, northeast of Lake
Okeechobee, which taps into the Floridan aquifer). The seasonality of il 3 He suggests that this isotope is produced in the
shallow aquifer, whose flow is increased in the summer, the
rainy season for South Florida. Therefore, the observations
reflect a shallow groundwater seasonally modulated on a
more or less steady Floridan aquifer input into Florida Bay.
Increased shallow groundwater flow in the summer in wells
near Long Key has also been observed by LAPOINTE et al.
(1990).
More solid conclusions and mixing ratio estimates could be
arrived at with direct measurements from wells extending
into the deep aquifer. In fact, all of the wells in Florida Bay
in which 222Rn measurements were made are relatively shallow « 10 m), and none of the land wells accessible to us are
thought to sample the deep aquifer. The groundwater endmember concentrations affect the groundwater fluxes directly; for example if il 4 He of the end-member is greater than the
700% as assumed, then the helium flux estimate would decrease proportionally. However while such enrichments are
possible, we have as yet to observe them, and for the time
being consider the present assumptions as the best values for
the scenario described.
The effect of a diffusive component for the tracer flux has
so far been neglected. By definition, such a component is expected to have a fractional effect on the total enrichment. In
fact, in order to evaluate whether diffusive-fluxes exist a field
experiment was conducted. Samples were analyzed from benthic chambers that would accumulate only the diffusive component from sediment interface. The results indicated that
only about 20% of the total excess radon is of diffusive origin
(CORBETT et al., 1999), while helium appears to have no or a
very small diffusive component.
There exists one relevant tracer-derived estimate for
groundwater discharge into the northeastern Gulf of Mexico
(northwest Florida coast) that may be compared with the present findings. CABLE et al. (1996a) calculated a groundwater
flux of 2-10 cm.d ~1 using 222Rn alone. This range is consistent
with the present estimates, although at that location Floridan Aquifer piezometric surfaces lie 7-8 m below the sea surface (KOHOUT et al., 1977) and much of the flux may be from
the shallow aquifer. In an independent study off the coast of
Georgia, Moore (1996) also estimated a groundwater flux of
0.5-2 cm.d~l using 226Ra, the radioactive precursor of 222Rn.
While these estimates cannot be directly compared, they all
demonstrate that the marine environment is receiving significant groundwater input.

CONCLUSIONS
According to the present estimates, groundwater appears
to be a significant fraction of the circulating volume of the
Florida Bay. The proposed scenario that explains the mode
of input, has a mixture of the Floridan and Biscayne Aquifer
groundwaters continually seeping into the Bay. This in turn,
combined with the fact that the site of the phosphorus max-

imum in the northwest corner of the Bay is coincident with
both the location of phosphorite deposits and high groundwater input, suggests that groundwater may be an important
pathway for the source of persistent phosphorus in Florida
Bay. The proposed scenario also suggests leakage from deep
injection wells can not be ruled out and should be re-evaluated in light of the present findings.
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