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Abstract. Direct groundwater inputs are receiving increasing attention as a potential source
of nutrients and other dissolved constituents to the coastal ocean. Seepage into St. George
Sound, Florida was measured extensively from 1992 to 1994 using seepage meters. Spatial
and temporal variations were documented along a 7-km stretch of coastline and up to 1 km
from shore. Measurements were made at 3 transects perpendicular to shore and 1 transect
parallel to shore. The general results indicated that seepage decreased with distance from
shore (2 of 3 transects), and substantial temporal and spatial variability was observed in
seepage flow from nearshore sediments. I n addition, trendsin mean monthly integrated seepage
rates were similar to precipitation patterns measured at a nearby coastal weather station.
Based on these measurements, we estimate that the magnitude of groundwater seepage into
the study area is substantial, representing from 0.23 to 4.4 m*-sec™! of flow through the
sediments, approximately equivalent to afirst magnitude spring. Although it is unknown how
representative this region is with respect to global groundwater discharge, it demonstrates that
groundwater flow can be as important as riverine and spring discharge in some cases. Our
subsurface discharge rates suggest groundwater isan important hydrologic source term for this
region and may be important to the coastal biogeochemistry aswell.

I ntroduction

Groundwater playsan important role in the water balance of many freshwater
lakes and may also be an important source of nutrients and other chemical
constituentsto marine coastal waters. Groundwater inputs have been assessed
through direct seepage measurementsand water bal ance calculationsand were
shown to be significant to lake water budgets (Shaw & Prepas 1990a; L esack
1995) and to lake nutrient supplies (Connor & Belanger 1981; Brock et al.
1982; Shaw et a. 1990). For example, Brock et al. (1982) demonstrated
that groundwater accounted for about 30% of the water budget, 12% of
the total phosphorus loading, and about 2% of the total nitrogen budget for
Lake Mendota, Wisconsin. In Narrow Lake, Alberta, groundwater contributes
~30% of the water budget and is thought to be the largest single source of
phosphorusto epilimnetic waters (Shaw et a. 1990). Lee & Hollyday (1993)
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estimated that about 36% of total stream flow along Carters Creek, Tennessee,
was from groundwater seepage inputs.

Because lakes and streams are relatively smaller-scale semi-closed sys-
tems, water balance calculations are more simple in lake settings than in the
coastal ocean. The magnitudes of the hydrologic sources and sinks (evap-
oration, precipitation, stream inputs and outputs) as well as the volumetric
change of the water body are easier to obtain. Aquifers lose or gain water to
lakes, streams, and coastal waters by several natural mechanisms set up by
the hydraulic gradient between the aquifer and these standing bodies of water.
Groundwater may enter coastal surface waters as dispersive seepage along
shorelines, as point source seepage due to a breach in the confining layer of
an underlying aquifer, and as spring discharge. For example, Bokuniewicz
(1980) found that 10 to 20% of the freshwater entering Great South Bay, New
York was from groundwater which entered as seepage through nearshore
sediments. Because of the dispersed nature of such processes, locating and
quantifying groundwater inputs is difficult.

Attempts to assess worldwide estimates of submarine groundwater dis-
charge (SGD) have yielded vastly different results. SGD is defined in this
paper as including both freshwater discharge from coastal aquifers and sea-
water recirculating through shelf sediments and continental margins. Many
estimates of groundwater discharge, however, were based on rough water
balance cal culations of the freshwater component only. For example, Garrels
& MacKenzie (1967) estimated that groundwater discharge amountsto about
10% of global surface runoff. Nace (1967) arbitrarily set groundwater input
to the ocean at about 50 x 10* m3-sec! (about 70% of river discharge),
but later, in amore quantitative approach Nace (1970) estimated this ground-
water input to be only 0.7 x 10* m3.sec™! (about 1% of the total riverine
discharge). Zektzer et a. (1973) pointed out in their review of SGD that
Nace (1970) probably underestimated the contribution of groundwater to the
ocean. Nace's (1970) approach used the world shoreline length and an aver-
age discharge rate per unit length of shoreline but neglected deep artesian
flow and may have used uncharacteristically low aquifer thicknesses. One of
the more recent attempts to estimate the global export of groundwater along
continental margins was reported by Cathles et al. (1987) to be less than half
of Nace's (1970) vaue at < 0.5% of river discharge. Although these reports
of SGD vary greatly, they demonstrate it comesin many forms, from seepage
into rivers to seepage along marine shorelines, and from “leaky” continental
margins to submarine springs.

Groundwater will “seep” into the marine environment along any coastline
where the water table and underlying aquifers slope toward the sea. Several
factors contribute to the rate of groundwater discharge along a coastline.
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Aquifer transmissivity and variationsin hydraulic head (the sum of pressure,
velocity, and elevation heads) determine flow rates of groundwater through
an aquifer, and ultimately, into the ocean. Transmissivity usually controlshor-
izontal flow and is based on the relationship between soil and rock hydraulic
conductivity and the saturated thickness of the aquifer. Another factor which
influencesgroundwater flow isthevertical intrinsic permeability of overlying
soils and sediments which directly influences the magnitude of groundwater
recharge. Discharge measurements, obtai ned as subsurfacefluidsexit the sedi-
ments along a shoreline, represent the effective flow rate across the sediment-
water interface. However, subsurface fluids discharging through nearshore
sediments can also include recirculated seawater, whose flow is driven by
these groundwater processes. In addition, the reverse of groundwater dis-
charge, salt water intrusion, can occur in regions where domestic water wells
have drawn down the water table. For example, the potable water of the
Biscayne Aquifer located in south Florida has been significantly impacted
by anthropogenic pressures, thus causing passive salt water encroachment to
contaminate the aquifer.

Deep confined aquifers are not as efficient at discharging fresh water
to the ocean as shallow aguifers, because fewer natural release points are
available in that situation. Evapotranspiration and direct seepage are much
less likely to occur from these aquifers. In a JOIDES drilling expedition
along the southeastern United States coast of the Atlantic Ocean, Manheim
(1967) documented the location of several offshore areas of freshened water.
These continental shelf (~120 km offshore) freshwater zones appeared to
occur along Eocene strata commonly associated with the continental Floridan
Aquifer. However, Manheim (1967) recognized that these freshwater zones
may be fossilized groundwater |eft from a previous low stand of the sea, and
they may not have any discharge points.

Many factors control the flow of groundwater into offshore surface waters.
However, the magnitude of groundwater dischargeisnot directly proportional
to the length of adjacent coastline. For example, the United States coastline
bordering the Atlantic Ocean is twice as long as the U.S. coastline along
the Pacific Ocean yet the direct flow of groundwater into the Atlantic is
probably several hundred times that into the Pacific (Zektzer et al. 1973).
This difference in flow from each coastline may stem from the number and
size of adjacent and underlying coastal aguifers, the size of the continental
recharge area, andlocal geology. Inaddition, Zektzer et al. (1973) and Belyaev
(1977) recognized that many rivers are groundwater-fed. The magnitude of
riverine discharge to the ocean is relatively well-documented, but Belyaev
(1977) reported that as much as 50% of that flow may have a groundwater
source. Using a??Rabudget, Moore (1996) recently demonstrated that direct
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SGD to the southeastern U.S. Atlantic Bight is equivalent to about 40% of
the freshwater riverine input in the same area.

The discharge of groundwater and recirculated seawater from Florida is
impressive dueto its huge aquifer systems, long coastline, high precipitation,
and karst terrain. The marine limestone and dolomite making up the Flori-
dan Platform contain many underground caverns and tunnels constructed by
slightly acidic groundwater flowing through the bedrock. Within this karstic
environment exists one of the United States' largest underground freshwater
reservoirs, the Floridan Aquifer (Rosenau et al. 1977). Shallow aquifers are
present in the sand, clay, and limestone mixtures overlying the limestone
bedrock, and these aquifers are usually hydraulically connected with the
coastal Atlantic Ocean or Gulf of Mexico.

In this paper we focus on groundwater flow through nearshore sediment
using direct seepage measurements. We made extensive measurements of
flow using seepage meters between July 1992 and December 1994 to docu-
ment the temporal and spatial patterns of groundwater seepagein asmall area
of the northeastern Gulf of Mexico. Quantitative estimates of direct subma-
rine groundwater discharge were obtained by integrating seepage rates from
the shoreline out to about 1 km at individual study sites. We show that a
volumetrically significant amount of groundwater discharge occurs along a
marine shoreline in this area.

Field site and measurement procedure

Thefield siteis located approximately 80 km south of Tallahassee, Florida,
near the Florida State University Marine Laboratory (FSUML) in the eastern
end of St. George Sound (Figure 1). The topographic slope of St. George
Sound in this area results in a water depth reaching about 2 m over 1000 m
offshore. Mixed tides occur along this coast with a modest tidal range of
about 0.6 m. Much of the bottom sediments in this marine environment
are covered by several species of seagrass, including Thalassia testudinum,
Halodule wrightii, and Syringodium filiforme (Iverson & Bittacker 1986).
In areas where lush seagrass beds are present, the sediments are typically
muddy sands. Coarser sand is located in a band near the shoreline and in
patches throughout the seagrass beds.

TheFloridan Aquifer, the largest aquifer in the southeastern U.S., isfound
along the northeastern Gulf of Mexico coast in the St. Mark’s Formation, a
layered marine limestone and dolomite structure of Miocene age (Hendry &
Sproul 1966; Rosenau et al. 1977). The St. Mark’s Formation ranges from 3
to 7 meters above sea level in the region about 65 km east of the FSUML
to about 200 meters below sea level about 130 km west of FSUML. The
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Figure 1. Map of field site located about 80 km south of Tallahassee, Florida, in St. George
Sound. Three solid lines and one dashed line show the location of the seepage meter transects.

shallow portions of the St. Mark’s Formation expose the Floridan Aquifer
at the surface as sinkholes and springs in some locations. The location of
the only exposed dolomite in Franklin County, Florida can be found near
the marine laboratory (Hendry & Sproul 1966). According to the Florida
Geological Survey, aguifer bedrock hydraulic conductivities in Florida have
been found to range from 9.7 x 10~2 cm-sec™? for chalky, re-crystallized
limestone to 8.0 x 10~ cm-sec™* for hard dolomite.

Overlying the limestone and dolomite bedrock of the areais a sand, silt,
and clay soil mixture which hosts the shallow water table aquifer. Vertical
hydraulic conductivities measured on a sediment core collected in the study
area at Turkey Point ranged from 2.6 x 10~° cm-sec~! at 0.3 m below the
surface of the sediments to 1.7 x 10~® cm-sec™! at 3 m below the sur-
face. Sand and clay layers dominated the sediments, with the lowest vertical
hydraulic conductivity measured in a clay layer at 2 m in the core (7.4 x
107 cm-sec™1). Limestone bedrock was found below 3 m in this region of
the coastline based on the core data (L . Rasmussen, pers. comm.). Three nest-
ed monitor wellswereal soinstalled about 100 m offshore at Turkey Point near
a seepage meter transect, and “ slug tests” were performed on these wells at
0.5m, 2 m, and 3 min the sedimentsto obtain the in situ horizontal hydraulic
conductivities. These conductivitiesranged from 2.4 x 10~% cm-sec tat3m
depth to 6.2 x 103 cm-sec ! at 0.5 m below the surface, with a average
horizontal hydraulic conductivity of 2.8 x 10~2 cm-sec™* for all 3 depths
(L. Rasmussen, pers. comm.). The Floridan Aquifer system potentiometric
surface of northwest Floridaindicatesthat groundwater is flowing toward the
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coastline over much of the area between Apalachicola and Alligator Point,
Florida (Wagner 1989).

Rechargeto the Floridan Aquifer occursin northern Floridaand in neigh-
boring southeastern states via precipitation and runoff (Rosenau et al. 1977).
Thesurficial aguifersare recharged locally by precipitation. Regional precip-
itation normally peaks from June to October, while the lowest precipitation
occurs in November/December and March to May. Annual mean precipita-
tion for theregion is 150 cm, as measured from 1964 to 1993 by the National
Oceanic and Atmospheric Administration (NOAA) in Tallahassee, Florida.
During our three year study period from 1992 to 1994, the mean annual
precipitation was 160 cm as measured at the coastal NOAA weather station
in Apalachicola, Florida. Precipitation was greatest in 1992 and 1994, while
1993 wasconsidered arelatively dry year. Precipitation dataused in thiswork
was collected 45 km west of our study site at Apalachicola, Florida.

Seepage meters, based on a design described by Lee (1977), were used
for direct measurements of seepage flow. The meters (0.255 m?) consisted
of the top or bottom 10 to 15 cm of a 55-gallon steel drum placed open-end
downinto the sediments (Cable et al. 1996). Each 4-L seepage collection bag
was prefilled with 1000 mL of seawater prior to attachment to a sampling
port on the seepage meter (Shaw & Prepas 1989; Cable et al. 1996). Seepage
rate measurements were taken as the changein volume inside the 4-L plastic
bag over the known time and area. Results of these measurements may be
reported as either a flux (mL-m~2.min~1) or a velocity (cm-day 1) across
the sediment-water interface. All reported seepage rate measurements are
the mean daily rate (+ 1o0) for 3 to 8 approximate hour-long measurements
collected at each seepage meter during a single day. All measurements were
contiguous and usually covered most of atidal cycle.

Three transects, each consisting of 5 seepage meters apiece, wereinstalled
perpendicular to shore. Each seepage meter in atransect was placed approx-
imately equal distance apart so that the last meter was deployed in a water
depth of about 1.5 m (solid lines; Figure 1). “Lanark Transect” was located
about 3.5 km west of FSUML and extended 1100 m offshore. “Cafe Tran-
sect” was placed about 2 km west of FSUML and the last seepage meter
was 620 m offshore. “Turkey Point Transect” was placed less than 0.5 km
east of FSUML and extended 480 m offshore. The selection of this areawas
based primarily on logistics (proximity to FSUML), and we have no reason
to believe that it is in any way unusual. Measurements were collected at
Lanark and Cafe transects primarily during our summer months (June, July,
and August) between 1992 and 1994, while Turkey Point measurementswere
collected throughout the entire study period.
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Another approach to the spatial distribution of groundwater discharge was
taken in July 1994 by establishing a temporary transect (“aongshore tran-
sect”) of 23 meters parallel to shore along the 7-km stretch of coastline from
Lanark Transect to Alligator Harbor. We confined our study to the area near
FSUML, but we were able to incorporate several different coastal geologic
featureswithin the 7-km transect, including marsh, beach, open water, asound
behind several longshore bars, and an area off a sandy spit. From thistransect
we were able to obtain finer resolution of nearshore seepage areas within
our study site. This alongshore transect was approximately 100 m offshore
and incorporated the most shoreward seepage meter from the three perma-
nent transects. Eleven seepage meterswerefirst installed between Lanark and
Turkey Point and measurements were taken for two consecutive days (2728
Jul. 1994). The temporary seepage meters were then removed from these
sites, and the transect was extended from Turkey Point to Alligator Harbor,
where they were measured for the next two consecutive days (29-30 Jul.
1994). All of the seepage meters were placed at a uniform distance from the
shoreline (~100 m), which was far enough from the shore to avoid exposing
any of the meters during low tide.

Successive rate measurements at each individual seepage meter during
each measurement day were averaged so that the reported rates are a mean
( 10) for each station. In order to estimate total flow along the coastline
at the perpendicular transects, the individual mean seepage rates were also
integrated with distance from shore along the transect using the following
relationship:

n

=3 (Ri-d))

=1

wherel isthetotal seepageflow at thetransect for agiven set of measurements
in units of discharge per length of shoreline (L-m~1-min~1); R; is the mean
daily seepage rate (mL-m~2-min—1) measured at each station (n = 5) aong
the transect; and d; is the distance interval (m) between seepage meters.
The mean monthly integrated seepage is then calculated by averaging daily
integrated flowsfrom each transect for agiven month. This approach assumes
that seepage beyond the end of the transects is negligible. Although our
results indicate that this negligible seepage is generally the case, we may be
underestimating total seepage flow during sometime intervals.
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Resultsand discussion
Spatial variations

Variations in sediment hydraulic conductivity and the presence of imper-
meable clay layers within a sediment column can cause the channeling of
groundwater flow. This channeling occurs as groundwater flows along the
path of |east resi stance throughout aquifersto seepage pointsin lakes, streams,
and the coastal ocean. Storm and flooding events can deposit and redistrib-
ute sediment and over time this effect may re-route groundwater discharge.
These channeling effects in sediments could cause spatial irregularities in
seepage flow that result in wide variations within short distances (McBride
& Pfannkuch 1975). For example, Shaw & Prepas (1990b) determined that
the most sensitive parameter affecting the spatial distribution of seepage
measurements within a relatively small area of Narrow Lake, Alberta, was
probably due to variations in sediment hydraulic conductivity.

Seepage measurementswerefirst made at the three seepage meter transects
during a short time span in August 1992. Groundwater seepage is generally
considered to be greatest at the shoreline with an exponential decrease off-
shore as the hydraulic head on the aquifer islowered (McBride & Pfannkuch
1975; Lee 1977). However, representative seepage measurements coll ected at
the Lanark transect on 19 and 21 Aug. 1992 did not demonstrate a systematic
decrease in seepage with distance from shore (Figure 2). Seepage rates were
less than 22 mL-m~2-min~—1 (3 cm-day—?!) at all stations along the transect
except at 600 m offshore, which had rates approximately twice to three times
as great. We do not know why this peculiar pattern is present along this
transect. Factors such as sediment inhomogeneity may contribute to this high
seepage offshore. For example, it is possible that asemi-permeableclay layer
is present at some depth in these nearshore sediments but has been ruptured
near the station with the high measured flow.

Results representative of the Cafe (Figure 3A) and Turkey Point (Figure
3B) transects do show a general decrease in groundwater discharge with
increasing distance from shore. Although the patterns at each transect differ
dlightly, the first seepage meter at each of these two transects aways yielded
a much higher seepage rate than subsequent offshore meters. For example,
the seepage rates ranged from 63 + 15 mL-m~—2-min—1 (9 cm-day 1) on 20
Aug. 1992 to 128 + 2 mL-m 2min~? (18.3 cm-day 1) on 22 Aug. 1992
at the shoreward most station of the Cafe transect. During this same period,
the Turkey Point transect yielded seepage rates for the nearshore station that
wereindistinguishableat 148 + 19 mL-m~2.min* (21.1 cm-day 1) and 123
+ 19 mL-m 2.min~! (17.6 cm-day ). The rates observed at the Turkey
Point transect in August 1992 turned out to be the highest measured during
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Figure 2. Results from seepage rate measurements made at the Lanark transect on 19 Aug.
1992 (open squares) and 21 Aug. 1992 (closed diamonds) show that seepage patterns do not
change significantly on thistime scale.

the entire study. Interestingly, although the overall transect seepage rates
changed throughout the year, the systematic trend decreasing offshore always
remained the same. Turkey Point transect seepagerates decreased appreciably
at later time periods from the late summer highs we measured (Figure 3B).
A moredetailed method for assessing spatial variationsof alongshore seep-
agewas also used during a short time span in July 1994 (Figure 4). Discharge
measurements were made at atemporary alongshore transect placed parallel
to the coast from the Lanark transect to Alligator Harbor and about 100 m
from the shoreline. As observed in 1992 at the Lanark transect, the region
at the western end of the study area yielded lower seepage rates. Seepage
rates varied between 0 and 50 mL-m—2-min~* (0 to 5.5 cm-day 1) approach-
ing the Cafe transect from Lanark and between 0 to 30 mL-m~2.min~* (0
to 4.3 cm-day 1) beyond Cafe transect to the FSUML. From the marine
lab to and around Turkey Point, approximately 4.8 km east of the Lanark
transect, seepage rates were very high, reaching to 161 + 5 mL-m~2-min—1
(23 cm-day—1). East of Turkey Point and approaching Alligator Harbor, seep-
ageratesdecreasedto lessthan 16 mL-m—2-min—1 (2.3 cm-day 1). The sharp
increase in measured seepage flow around Turkey Point is probably related
to several factors, including the highly permeable sandy sediments and the
shallow depth of the aquifer systemin thisregion. Despitethe* patchy” occur-
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Figure 3. Results from seepage rate measurements at (A) Cafe transect on 20 Aug. 1992
(closed diamonds) and 22 Aug. 1992 (open squares) out to 620 m offshore; and (B) Turkey
Point transect for summer (21 Aug. 1992, open squares; 22 Aug. 1992, closed squares) and
spring (24 Mar. 1993, open circles; 25 Mar. 1993, closed circles) out to 480 m offshore
demonstrate an exponential decrease with increasing distance from shore.

rence and dispersed nature of seepage flow, its widespread distribution along
any shoreline could result in a significant regional input of groundwater and
recircul ated seawater.

Tota seepage discharge from the area of each perpendicular transect was
calculated by integrating the measured seepagerates from each seepage meter
station with distance away from shore. Inthismanner, integrating thefluid flux
by distanceresultsin adischargerate per unit of shoreline. Integrated seepage
discharge from each measurement period was averaged on a monthly basis,
and a summary of the mean monthly integrated seepage for each transect is
reportedin Table 1. Lanark and Cafetransectsweremeasured primarily during
the summer months between 1992 and 1994. Theintegrated seepagedischarge
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is shown in the background to compare the spatia variability of seepage to landform shape.

was generaly highest in August, 1992 and 1993 for both transects. The
highest integrated seepage at Lanark was measured at 47 4+ 28 L-m~1-min—1!
in August, 1992. Cafe transect integrated seepage was found to be highest in
August, 1993 at 42.3+ 8.4L-m~L-min—L. Turkey Point transect was measured
in August, 1992 (24.2 + 4.7 L-m~1-min—1), and a more continuous record
of seepage discharge was begun in 1993. The highest integrated seepage also
occurred in August each year for Turkey Point transect. Total seepage flow
through sediments appeared to be highest in 1992 and lowest in 1994 for
Lanark and Turkey Point transects. The highest observed integrated seepage
flow at Cafe transect occurred in 1993 and this transect was not measured in
the summer of 1994.

Temporal variations

Changesin groundwater discharge from an aquifer can vary over time periods
from hoursto months. For example, McBride & Pfannkuch (1975) suggested
that rapid fluctuations in groundwater seepage may occur over time due to
changesin lakelevel and barometric pressure. In addition, in a comparison of
seepage measurements in several environments, Lee (1977) demonstrated a
distinct relationship between seepage flux and tidal height in Beaufort, North
Carolina. Bothtidal and seasonal seepagevariability wasobservedin aBarba-
doscoral reef (Lewis 1987) whereit was determined that large data setswere
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Table 1. Mean (& 1o) monthly integrated seepage flows are given for Lanark,
Cafe, and Turkey Point transectsfor “n” number of measurement periodsduring
each month. Locations for each transect are given in Figure 1.

Transect Year Month Mean Integrated n
Seepage
(L-m~tmin%)

Lanark 1992 April 78 + 48 3
May 77 £+ 11 2

July 12 + 1

August 47 + 28 4

1993 July 129 + 24 2
August 22 + 1
September 77 + 1
November 39 + 1

1994 June 11 + 1
July 98 + 35 2

August 84 <+ 1

Cafe 1992 June 1240 + 0.15 2
August 198 £+ 638 7

1993 June 35 + 1
July 306 + 76 5

August 423 + 84 3
September 39 + 1

1994 March 16 =+ 1
Turkey Point 1992 August 241 + 47 3
1993 March 355 + 015 2
June 127 + 17 3

July 11.87 + 0.93 3

August 169 £+ 37 4
September 12 + 1

October 48 + 1
November 32 + 1
December 12 + 1

1994 January 205 £+ 0.071 2
February 280 + 071 2

March 28 + 11 3

April 50 =+ 1

May 55 + 1

June 48 + 1

July 81 + 14 3

August 15 + 1
September 15 + 1

October 555 + 0.075 2
November 63 + 00 2
December 13 + 1
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necessary to accurately predict temporal variationsin groundwater discharge.
However, two experiments performed at the Lanark transect in 1992 (Cable et
a. 1996) and near the Turkey Point transect in 1993 (Cable & Burnett, unpub-
lished data) did not reveal a discernible relationship between seepage flux,
hydraulic head, and tidal height. Mini-piezometerswere installed at station 2
of Lanark transect (1992 study) and at station 1 of Turkey Point transect (1993
study) next to the seepage meters. Hydraulic head was measured every 15
to 30 minutes on these piezometers using a manometer designed by Lee and
Cherry (1980). Thetidal height and seepage rates were also measured during
this time, but no relationship was observed between these 3 parameters. It
may bethat flow through the sandy sediments of the study arearespondsmore
to onshore subsurface forcing than changesin tidal height.

A preliminary assessment of thetemporal variation of subsurfacefluid dis-
chargewasperformed by comparison of the seepageratesin two different sea-
sons. For exampl e, seepage measurements collected at Turkey Pointin August
1992 and the following March are compared here (Figure 3B). Although the
trend of approximately exponential decrease in seepage with distance from
shore was similar in both cases, the magnitude of flow had decreased sig-
nificantly in March compared to the preceding August. The mean monthly
integrated seepage (£ 1o) during the August 1992 measurement period was
21.4 4+ 0.5 L-m~1-min~! but dropped to 3.6 + 0.3 L-m~1-min~? by the fol-
lowing March. The main control on temporal variationsin groundwater flow
inthisareais precipitation sincerecharge is governed largely by precipitation
and the size of the recharge area.

Themean monthly integrated seepage at the Turkey Point transect, the only
site where continuous measurements were made from 1993 to 1994 (Table
1), was compared to monthly rainfall totals to evaluate temporal variations of
discharge (Figure 5). A distinct seasonal variation in measured seepage was
observed which corresponded to changes in coastal precipitation. In gener-
a, the highest and lowest seepage flows occurred during the corresponding
high and low precipitation periods. In August when yearly rainfall peaks,
groundwater seepage measurements tended to reach their highest discharge.
Likewise, when yearly rainfall isthe lowest in December, the measured seep-
age rates were low. However, during the summer months in 1994, a slight
“lag time" occurred between the high precipitation and the measured dis-
charge along the shoreline. North Florida and south-central Georgiareceived
103 cm of rain between June and August of 1994 (> 50% of the total rainfall
for 1994), causing severe flooding in many cities and towns along riverbanks
and in low-lying areas between Georgia and the coastline. This enormous
flux of water likely was discharged to the Gulf of Mexico primarily as surface
runoff. High measured seepage fluxes may not have been observed until later
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Figure5. The mean monthly integrated seepage (bars; L-m~1-min~1) measured at the Turkey
Point transect from August 1992 to December 1994 is shown with monthly total precipitation
(solid line; cm) measured at Apalachicola, Florida, from January 1992 to December 1994.

in the summer of 1994 because the main aquifer recharge during this time
was occurring farther inland.

Estimates of groundwater flow

Estimates of groundwater dischargeinto the nearshorewaters of the study area
are based on the long-term, mean integrated seepage measurements collected
at the Turkey Point transect (Table 2). To put these estimatesinto perspective,
we used approximate high, medium, and low integrated values of the seepage
flow from thistransect (Table 1) to calculate the length of “ seeping” coastline
required to equal the known average flow from the Apalachicola River and
Wakulla Springs. The Apalachicola River is the largest river in Florida with
amean discharge of 720 m3-sec ! (Fernald & Patton 1985), while Wakulla
Springs is a first magnitude freshwater spring (defined as a spring with >
2.8 m3.sec ! discharge) in the vicinity with a discharge of 110 m3.sec™?
(Rosenau et a. 1977). Mean integrated seepage from the Cafe (25 + 15
L-m~tmin—!) and Lanark (14 + 12 L-m~1-min~1) transects were within
the range of 2 to 24 L-m~1-min~? found at the Turkey Point transect, which
demonstrates these values are at least reasonably representative of both tem-
poral and spatial variationsin the area. It isimportant to remember that Cafe
and Lanark transectswere sampled during the periods of highest precipitation
only, and their mean integrated seepage flows do not include measurements
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Table2. Estimatesof themagnitude of groundwater discharge arereported asthelength of
“seeping” coastline required for an equivalent flow of the Apalachicola River, the largest
river in Florida, and Wakulla Springs, a first magnitude spring in the region. The range
of mean monthly integrated seepage values were chosen from seepage measurements
reported in this paper (see Table 1).

Flow Integrated Approx. Length of Coastline
Rate Seepage Required to Support Flow
(L-min~H!  (L-m tminY) (km)
ApalachicolaRiver 4.3 x 107 24 1,800
8 5,400
2 22,000
Wakulla Springs 6.6 x 10° 24 280
8 830
2 3,300

! Flow rates for the Apaachicola River and Wakulla Springs are equivaent to
720 m®-sec™! and 110 m*-sec™ %, respectively.

during lower flow periods. The alongshore transect, which only addressed
seepage flow within 100 m of the shore, reveal ed seepage rates ranging from
0 to 161 mL-m~2-min~L. The highest seepage rates were found east of the
sandy spit known as Turkey Point.

Theentirelength of Florida's coastlineincluding the Atlantic coast around
the Keysto Alabamaon the Gulf of Mexico coast isroughly 13,600 km (Mor-
ris 1995). According to the U.S. Coast and Geodetic Survey, this shoreline
length includes all bays, sounds, and other bodies of water to the head of
tidewaters or to a point where waters narrow to 30 m. If the seepage esti-
mates made here are representative of Florida, during times of high SGD flow
the length of coastline required to equal Wakulla Springs flow is only about
280 km or 2% of the entire Florida coast. A similar calculation shows that
only about 13% of Florida's coastline is required for seepage flow to equal
the discharge of the Apalachicola River. On the other hand, during low seep-
age flow it would require alength of “seeping” coastline approximately 1.5
times as long as Florida to equal the flow from the Apalachicola River. The
fact that the medium flow rate would produce something equivalent to the
ApalachicolaRiver over the coastline of Floridais significant. Stated another
way, groundwater discharge along the study area's 7-km stretch of coastline
ranged from 0.23 to 4.4 m3-sec™ L. This flow is even more impressive when
you consider that these estimates include only nearshore seepage without
contributions from submarine springs or offshore seepage. Given the fact that
Florida contains one of the world’s largest natural underground freshwater
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reservoirs (the Floridan Aquifer), it islikely that large fluxes of groundwater
enter the ocean through a combination of seepage and spring flow.

The magnitude of direct groundwater dischargeinto the oceanisanimpor-
tant but elusivelink in the world's hydrol ogic budget which needsto be better
quantified. The dispersed nature of seepage flow makes this task difficullt,
time-consuming, and labor intensive. Seepage is shown in this report to be
volumetrically significant in one area of the northeastern Gulf of Mexico. Itis
likely that this processisimportant in many other areasaswell, at least within
areas such as Florida which is characterized by karstic geology. Significant
ecological implications can arise from the study of this subsurface discharge
of groundwater or recirculated seawater into coastal waters. Although this
region clearly representsonly asmall portion of the global picture, it demon-
stratesthat this flow can be asimportant asriver and spring dischargein some
areas.
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