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Ground Water Discharge and
Nitrate Flux to the Gulf of Mexico

by Carolyn B. Dowling', Robert J. Poreda?, Andrew G. Hunt?, and Anne E. Carey*

Abstract

Ground water samples (37 to 186 m depth) from Baldwin County, Alabama, are used to define the hydrogeology
of Gulf coastal aquifers and calculate the subsurface discharge of nutrients to the Gulf of Mexico. The ground water
flow and nitrate flux have been determined by linking ground water concentrations to *H/*He and *He age dates. The
middle aquifer (A2) is an active flow system characterized by postnuclear tritium levels, moderate vertical velocities,
and high nitrate concentrations. Ground water discharge could be an unaccounted source for nutrients in the coastal
oceans. The aquifers annually discharge 1.1 +0.01 x 10% moles of nitrate to the Gulf of Mexico, or 50% and 0.8% of
the annual contributions from the Mobile-Alabama River System and the Mississippi River System, respectively.

In southern Baldwin County, south of Loxley, increasing reliance on ground water in the deeper A3 aquifer
requires accurate estimates of sale ground water withdrawal. This aquifer, partially confined by Pliocene clay above
and Pensacola Clay below, is tritium dead and contains elevated *He concentrations with no nitrate and estimated
ground water ages from 100 to 7000 years. The isotopic composition and concentration of natural gas diffusing from
the Pensacola Clay into the A3 aquifer aids in defining the deep ground water discharge. The highest *He and CH,, con-
centrations arc found only in the deepest sample (Gull State Park), indicating that ground water flow into the Gulf of
Mexico suppresses the natural gas plume. Using the shape of the CH-He plume and the accumulation of *He rate (2.2
+ 0.8 pee/kg/ 1000 years), we estimate the natural submarine discharge and the replenishment rate for the A3 aquifer.

Introduction

Protection of ground water resources from sea water
intrusion is a concern for coastal communitics as sca level
rises and land development increases. Typically, studies on
coastal aquifers are concerned with water supply issues, but
the potential of nonpoint source discharge of nutrients to
the coastal oceans has become an increasingly important
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issuc. Sea water intrusion studics have been conducted on
coastal aquifers throughout the world including those in
California (Bond and Bredechoeft 1987; lzbicki 19906),
Florida (Mercer et al. 1986; Andcrson ct al. 1988; Hickey
1989; Meyer 1989), India (Sukhija et al. 1996), Isracl
(Schmorak 1976), Egypt (Kashef 1983), Japan (Kakinuma
et al. 1988). the Bahamas (Cant and Weech 1986; Whitaker
and Smart 1990), and small oceanic islands (Whealtcralt
and Buddemeicr 1981; Anthony et al. 1989; Contractor and
Srivastava 1990). Other investigations have used computer
simulations and  laboratory cexperiments o study the
dynamics of salt water intrusion as well as density coupled
flow (Lee and Cheng 1974; Peterson ct al. 1978; Carcy ct
al. 1993; Carey and Wheatcraft [995; Carey et al. 1995;
Wheatcraft and Burns 1997; Benson et al. 1998; Simmons
et al. 2001; Zhang et al. 2001).

One important component of the field studies, labora-
tory experiments, and computer simulations is the ground
water flow at the sea water/fresh water boundary. Because
ground water and sea water are miscible, the transition
zong, created as the fresh ground water flows past the
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underlying sea walter, is controlled by mechanical disper-
sion, molecular diffusion. and scdiment permeability (Lee
and Cheng 1974; Carey ct al. 1993; Carey and Whcatcraft
1995: Carey et al. 1995; Benson et al. 1998). To understand
morc about the nonpoint discharge ol trace metals and
nutrients to the coastal oceans, the fresh water/salt water
transition zone and the effects of ground water pumping on
the ground water supply, it is important to appreciate the
mechanics and magnitude ol the submarine ground water
discharge.

Most often, the ground water discharge to the oceans
has been disregarded because it oceurs as a nonpoint source
distributed over a broad submarine arca. However, many
recent studies have shown that ground water discharge can
be substantial and affect the coastal oceanic chemistry
because of higher-than-river concentrations of trace metals
and nutrients {rom the infiltration of fertilizers, the weath-
ering of the aquifer protolith, and by adsorption and des-
orption reactions (Locb and Goldman 1979; Johannes
1980; Bokuniewicz and Pavlik 1990; Burnett et al. 1990;
Giblin and Gaines 1990, LaPointe et al. 1990; Oberdorfer
et al. 1990: Valicla et al. 1990; Valicla ct al. 1992; Harris
1995 Moore 1996: Speiran 1996; Moore 1997; Portnoy ct
al. 1998; Shaw ct al. 1998; Corbett et al. 1999; Dowling et
al. 1999; Katz et al. 2001; Panno et al. 2001; Swarzenski et
al. 2001; Dowling et al. 2003). The nutrient loading by
ground water discharge has been shown to have an impact
on lakes, streams, and the coastal occans (Capone and
Slater 1990; Giblin and Gaines 1990; LaPointe ct al. 1990;
Oberdorfer et al. 1990; Valicla et al. 1990; Valicla et al.
1992; Harris 1995; Portnoy et al. 1998; Corbett et al. 1999;
Katz ¢t al. 2001 Panno et al. 2001).

Submarine discharge, in addition to the Mississippi

and Atchafalaya rivers, could be an important source of

nitrate for the Gulf of Mexico. High nitrate levels, along
with phosphate and silica, in the gulf may contribute to the
cutrophication, algal blooms, and hypoxia in the commer-
cial and recrcational fishing grounds (Rabalais et al. 1999).
Rabalais ct al. (1999) suggest that ground water may be a
source ol nitrate, but there are no studies investigating
ground walter discharge for the Gulf coastal states, We
cxamined the aquifer system in Baldwin County, Alabama,
in an cffort to understand the magnitude of the ground
waler discharge and the nitrate flux to the Gulf of Mexico.
We chose Baldwin County because of its relatively simple
hydrology: decp, active tlow system: and long history of
agriculture. This Gulf Coast aquifer is an uncomplicated

system with little river surface discharge. The purpose of

this study is to characterize the ground water flow of a
regional Gulf® Coast aquifer system, determine the subma-
rine flux of nutrients into the coastal occan, and establish a
sale ground water withdrawal rate for a population that is
increasing their dependency on the deeper parts of the
aquifer. To quantily ground watcer travel times and ground
water flow in Baldwin County, we use *H/He ground
water ages and *He concentrations. We estimate the ground
water fluxes by calculating the ground waler ages and com-
bining the results with our dissolved nutrient concentra-
tions. The nutrient data may be integrated over the
coastline, yiclding long-term averages for the ground water
[Tux to the Gulf of Mexico.
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Baldwin County, Alabama, has several advantages as
a regional study area. Therc are many agricultural and
municipal wells that arc available for sampling. High aver-
age precipitation ensures adequate recharge in the region,
The aquifers are relatively pristine with little development
and have not been drawn down on a regional scale by
ground water pumping (that 1s, on a regional scale, the
ground water pumping ratc is much lower than the aquifer
rechargc rate). The aquilers are mostly low uranium quartz
sand that maximizes the utility of *H/*He ages for postnu-
clear age water and *He ages for Holocene ground water.

Hydrogeology of Baldwin County, Alabama

Baldwin County, Alabama, is located on the Gulf of
Mexico, east of Mobile Bay (Figure 1). The area is under-
going increasing development. From 1966 to 1995, the
ground water pumping increased from 2.7 x 107 L/day to
1.6 x 108 L/day (Reed and McCain 1971; Robinson et al.
1996a). The sixfold increase in ground water use was
mainly caused by an cxpansion in agricultural water use
(25% of total use in 1966 to 68% of total use in [995), with
the remainder scrving the growing population. The annual
precipitation in the rcgion is 167 ¢cm/yr (Robinson et al.
1996a). Only a small percentage of the recharged water is
discharged to the surface river system, and there are no
major rivers flowing across the county. Most of the water
that enters the aquifers becomes part of the deeper aquifer
system and ultimately discharges into the Gulf of Mexico.

The relatively uncomplicated geology ol Baldwin
County consists of Oligocene-Miocene Carbonates,
Miocene Pensacola Clay, Miocene scries undifferentiated,
Pliocene-Pleistocene Citronelle Formation, and the Pleis-
tocene-Holocene alluvial deposits (Figure 2) (Chandler et
al. 1985; Mooty 1988; Smith 1991). Pleistocenc-Holocene
alluvium that forms the Al aquifer, a very small aquiler
located on the Gulf Coast, is ~30 m thick and consists of
fine to coarse quartz sand with varying degrees of heavy
minerals, shell fragments, and silt (Chandler et al. 1985).
~10 m of fine-grained silt extending ~9 km landward sepa-
rates the Al aquifer from the more extensive A2. The A2
aquifer is 60 to 75 m thick and is composed of the Pliocene-
Pleistocene Citronelle Formation and the upper part of the
undifferentiated Miocene series (Chandler et al. 1985). The
Citronelle Formation is thinly layered nonfossiliferous fine
to medium reddish-brown sands with thin, discontinuous
lenticular beds of clay (Isphording 1977; Chandler ct al.
1985). Isphording (1977) proposed the name of Ecor Rouge
Sand for the Miocene undifferentiated series, which can be
found at scveral outcrops throughout Alabama (e.g., most
noticeably on the cliffs along east Mobile Bay in Fairhope).
The Miocene undifferentiated series arc massive thickly
bedded units consisting of micaceous, fine to coarse quartz
sands with some ironstone and minor laminated clay layers
(Isphording 1977; Raymond 1983; Smith 1991). Because
there is no continuous confining unit between the Citronelle
Formation and the Miocene undifferentiated series, they act
as a single hydrologic unit (the A2 aquifer) and serve as the
major source of ground water for Baldwin County. How-
ever, as fertilizers and other pollutants arc infiltrating into
the A2 aquifer, more municipal supply wells are being

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




31°00' 4

.-

2 9§

28Minette

| Secour
Bay

1 g
272°00

Groundwaier
Divide
7
/

| 3100

-30°30'

|Gulf of Mexico]

272°30)

Figure 1. The sample locations in Baldwin County. This map of Baldwin County, Alabama, shows the locations of the ground
water, sediment, and natural gas samples. A black-and-white patterned circle indicates the ground water wells, an X represents
the sediment samples, and an * specifies the natural gas wells. Each well has been given a number that is referenced to Table
1. The proposed ground water divide is based on the changes in structural geology (¢.g., faults), ground water geochemistry,

and potentiometric contours.

drilled into the A3 aquifer to provide the principal drinking
water source in the future. The A3 aquifer is ~100to 150 m
thick and partially scparated from the A2 aquifer by a trans-
gressive clay unit that extends landwards ~40 km (Chandler
ct al. 1985).

The basal boundary of the A3 aquifer system is the
Pensacola Clay and the Tampa Formation-Chickasawhay
Limestone undifferentiated. The Miocene Pensacola Clay
consists of gray to brown, slightly calcareous, slightly
micaceous, silty to sandy clay (Raymond 1983). The
Escambia Sand, a fine to very coarse sand, divides the Pen-
sacola Clay into lower and upper unnamed members

(Smith 1991). Within the Pensacola are several economi-
cally important natural gas bearing sands named the Meyer
(upper Pensacola Clay member), Luce (lower Pensacola
Clay member), and Amos sands (lower Pensacola Clay
member) (Raymond 1983; Smith 1991). The Meyer Gas
Sand, a fine-grained quartz sand that occurs only in south-
ern Baldwin County in the Pensacola Clay (Smith 1991),
has a relatively unusual helium isotopic signature (Table
2b). Underlying the Pensacola Clay in southern Baldwin
County is the Oligocene-Miocene Tampa Formation-
Chickasawhay Limestone undifferentiated (Chandler et al.
1985; Smith 1991). The relatively thick limestone beds dip
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Figure 2. Schematic cross section of ground water flow in Baldwin County. All wells in the southern two-thirds of the county
(Bay Minette to the Gulf of Mexico) are projected to the north-south line in Figure 1. The wells in the A2 aquifer contain tri-
tium and have an average ground water residence time of 36 + 7 years. The wells in the A3 aquifer have no tritium, moderate
amounts of radiogenic “He, and are more than 50 years old. The water recharging into the aquifers must be balanced by dis-
charge into the Gulf of Mexico. The recharge in the highly permeable sediments of the A2 aquifer drives the ground water flow
in the lower part of the aquifer. Gulf 9 and 58 do not appear in the cross section because their depths are not known. SW stands

for sea water wedge.

gently to the southwest (Smith 1991). They become the
lower boundary of the aquifer system in northern Baldwin
County (north of Bay Minette and west of Atmore) when
the Pensacola Clay thins out (Smith 1991).

Sampling and Methodology

Water samples from agricultural and municipal ground
water wells throughout Baldwin County, Alabama, were
collected from 1997 to 2001 (Figure 1). The ground water
samples were analyzed for nutrients, dissolved gas, and tri-
tium. Field parameters (i.e., pH, temperature, conductivity)
and the latitude and l()nulude (using Global Positioning
System |GPS]| technology) werc recorded at cach site. All
the samples were collected from taps at the wellhead (after
purging). The nutrient samples were refrigerated in the dark
until they were filtered and then frozen until analyzed. The
results of the nutrient data are reported in Carey et al. (in
review).

The dissolved gas samples were collected at the sur-
face in %-inch copper tubes and sealed with refrigeration
clamps. Amber glass bottles with polyethylene caps to min-
imize headspace were used to store the tritium samples.
Gas concentrations and 1sotopic ratio measurements of the
ground water samples were carried out at the Rarc Gas
Facility at the University of Rochester. The dissolved gas
was extracted and processed on a high vacuum line (Poreda
et al. 1988). The helium isotope ratio measurements were

404 CB. Dowling et al. GROUND WATER 42, no. 3: 401-417

made with a VG 5400 noble gas mass spectrometer by peak

height comparison to a calibrated air standard with errors of

~2% (Poreda and Farley 1992). Helium isotope ratios are
expressed as R/R_;, where R is the *He/*He ratio in the
sample and R is the *He/*He ratio in the measured air
standard. Errors in the reported values of R/R . are ~0.5%.
The tritium values were determined using the *He in-
growth technique (Clarke et al. 1976). The errors depend on
the amount of *H and are + 0.5% at 30 TU (tritium units),
2% at 5 TU, and 4.5% at 0.5 TU (Groning et al. 2001). The
detection limit of *H is 0.05 TU.

The sediment samples obtained from the GSA 5386
drill cutting and the Ecor Rouge outcrop (Figure 1), as well
as the gas samples from the West Magnolia Springs and
Smacko wells (Figure 1), were measured for helium con-
centrations and isotopic ratios. Total concentration and iso-
topic composition of helium and ncon for the drill core
quartz separates of the core samples were determined by
fusing ~100 to 200 mg of sample at 1800°C in a modified
Turner double-walled furnace and measured on a VG 5400
noble gas mass spectrometer (Poreda and Farley 1992). An
air standard of known volume was used to calibrate helium
and neon. Fractions of the sediment core sample were pre-
pared for ICP-MS analysis by digestion in a Milcstone
MIL.S 1200 microwave digestion system, evaporated to dry-
ness, and re-acidified using ultrapure nitric acid.

To prepare the scdiment digestions for trace metal
analysis on the ICP-MS, the samples were further diluted
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with 18 MQ water and acidified with ultrapure nitric acid.
The analyses were done on the VG ICP-MS Plasma Quad
I1+ at the University ol Rochester according to U.S. Envi-
ronmental Protection Agency Method 200.8 (Long and
Martin 1991). To correct for drift, indium and bismuth were
added as internal standards for the sediment digestions. A
five-point calibration curve was created, and the standards,
traceable to NIST, were analyzed before and after a sct of
samples. Two NIST water standards (NIST 1640 and NIST
1643d) were analyzed as unknowns, Based on these results,
the errors in the trace metal concentration analyses werc
< 5% for the samples measured on the VG ICP-MS Plasma
Quad +.

Results

A2 Aquifer

Table 1 lists the dissolved gas concentrations (helium,
neon, nitrogen, argon, and methane), *H, and *H/*He ages
for each ground water sample. Using these data, we devel-
oped a schematic cross section of the ground water flow
(Figure 2) in Baldwin County from northwest to southeast
where most ot the wells are projected to the A—A’ linc in
Figure I. The samples are divided between the A2 and A3
aquifers based on their *H content and ground water age
(Figure 3).

Tritium (*H) is a radioactive isotope of hydrogen (t,,
= 12.43 years), produced naturally in the upper atmosphere,
and becomes part of the water molecule. Prior (o above-
ground nuclear testing, tritium levels in precipitation are
cstimated to be between 0.5 and 20 TU (Kaufman and
Libby 1954; Robertson and Cherry 1989). Anthropogenic
tritium, created in postnuclear age environments. reached
peak concentrations in 1963 (the bomb-pulse) and identi-
fies ground water recharged after 1950. By using the pres-
ence of anthropogenic tritium to indicate nuclear age water
in our samples, we observe that 100% of the samples in the
AZ that contain tritium (0.37 to 7.16 TU) have R/R; > |
that allows for the calculation of 3H/3He ground water ages
(Solomon et al. 1992; Solomon et al. 1993).

In the A3 aquifer, 88% of the samples contain < 0.2 TU
and have R/R ;. < 1. Although three samples from the A3
aquifer (Gulf 63, 64, and 66) contained no tritium when sam-
pled during 1996 through 1999, they had measurable tritium
in 2001, suggesting that some areas are experiencing local-
ized drawdown of the aquifer, causing young and old waters
to mix. As shown by the Palmer Drought Severity Index
(PDSI) from the NCDC web page, Baldwin and Mobile
counties had normal rainfall and wetness conditions from
1996 through 1998 (October 1996 PDSI = —0.88, May 1997
PDSI = +0.99, and November 1998 PDSI = +2.27). Since
1999, Baldwin County experienced increasingly dry condi-
tions (October 1999, PDSI = —1.79; May 2001, PDSI =
—3.57). Drought conditions and subsequent greater pumping
of the ground water produced larger cones of depression
around the wells, causing the drawdown of tritiated water and
the resultant mixing of older and younger water in the wells.

In these highly conductive sediments dominantly com-
posed of finc quartz sand, rain (167 cm/yr) quickly
recharges to depth. The ground water ages cluster ncar the
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Figure 3. Tritium concentrations and ground water ages vs.
depth in Baldwin County. The ground water age vs. depth
plot shows the vertical velocities and associated recharge val-
ues in the A2 aquifer. The ground water of the A2 aquifer has
detectable tritium and is at least 40 years old, but less than 860
years old. In 1998 and 1999, the A3 aquifer wells had cither
no measurable levels or very low concentrations of tritium.
However, in the spring of 2001, tritium was detected in three
A3 well samples. Greater than usual ground water with-
drawals, due to a prolonged drought beginning in 1999, may
have introduced tritiated water into the shallow part of the
A3 aquifer. The elevations of A2 and A3 wells are different
from their respective depths below the water table.

bomb-pulsc in the A2 aquiler with an average ground water
residence time of 36 = 7 years. Figure 3 compares *H con-
centrations and ground water ages (*H/*He) to depth and
establishes the age-depth relationship. The elevations of A2
and A3 wells are different from their respective depths
below the land surface. We are plotting the depth below the
water table in Figure 3 because the *H clock begins once
the water parcel enters the aquifer system and is isolated
from atmospheric exchange.

Long well-screen lengths that allow ground water of dil-
ferent 3H/*He ages to mix cause some of the scatter in the
age-depth relationship observed in Figure 3. The bomb-pulsce
water with high *He and *He* (writiogenic helium is deter-
mined by subtracting the estimated ‘He_ . ... ° Cootubility®
and 3Hemdi0(icnic from the total measured *He [Schlosser et al,
1989]) has a disproportionate cffect on ground water ages,
leading to some scatter in the *H/He ground water age vs.
depth relation. However, we arc confident that the well sam-
ples with tritium, no excess radiogenic helium, and R/R ;> |
have reasonable 3H/He ages, and that those ground water
samples with R/R < I are prenuclear. The age distribution
demonstrates that bomb-pulse water has recharged to depths
of 30 to 50 m below the water table with an average age of 36
years. From that measurement, we estimate an average verti-
cal velocity of 1.35 £ 0.5 m/yr corresponding to a ground
water recharge rate of 40 = 16 cm/yr or ~24% ol the precipi-
tation, a reasonable estimate given the agriculture of the
region and high evapotranspiration potential. A considerable
amount of water that tlows into the aquifers must ultimately
be balanced by discharge to the Gulf of Mexico because there
arc no major regional rivers in Baldwin County. Shallow

rivers (< 5 m) receive recharge very locally and that surface
component does not affect the estimate of recharge rates that
travel deeper in the aquifer.
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In the upper aquiler (A2), the ground water samples
have *He. neon, and argon that lie on the air addition line
trend away from the solubility concentrations at ~20° + 3°C
(Figurc 4). The individual calculated recharge temperature
(modified from Ballentine and Hall [ 1999] and Acschbach-
Hertig et al. [ 1999], and originally discussed in Solomon et
al. [1992] and Solomon et al. [1995]) for each well ranges
from 16° to 23°C with an average of 20° + 3°C. Excess air
typically results from water table fluctuations that trap air
bubbles within the sediment and/or the introduction of air
from the well pumps. We use only ncon, N,, and argon con-
centrations to correct for excess air rather than the more
complete analysis that also measures krypton and xenon
because the recharge temperatures are used for the resolu-
tion of the tritiogenic helium=3 (*He*), not for paleotem-
perature profiles. These samples have little excess air, so the
correction is small, and most of the crror comes from the
uncertainty in the argon concentration (= 2%). The errors
associated with the recharge temperatures generate only a
minor change to the solubility calculation of the *He duc to
the insensitivity ol *He to recharge temperature.

Excess dissolved N, (above air addition Ievels) in the
ground water results from denitrification, a process in
which microbes reduce nitrate and nitrite to nitrogen gas.
While nitrate levels in the A2 aquifer range from 3 to 269
umol/L (mean 59 + 76 umol/L. and median 26.8 pmol/L)
(Carey et al., in review), there is no correlation between
excess N, and NO, (Figure 5). However, excess N, n a
number of samples suggests a smatl amount of denitrifica-
tion (excess N, > 0.5 ce/kg) may occur. Nitrate, a modern
pollutant in ground water, will be a long-term problem for
Baldwin County.
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The ground water of the upper part of the A3 aquifer
(Gulf 07, 30, 31, 36, 38, 39, 46, 65, and 67) has tritium typ-
ically < 0.5 TU, indicative ol water recharged prior to 1960
(bomb peak water has 3 to 5 TU), and is estimated to be
older than 40 ycars. The waters that contain detectable tri-
tium (0.05 to 0.5 TU) are at least 40 years old, but < 80
years old (based on an estimate of transverse dispersion
ID = I°/t; 0.2-0.6 m*/yr] using the length [1] of screens [3-6
m] and the ground water residence time [t]). During the
1998 and 1999 sampling campaigns, several A3 aquifer
wells had no measurable tritium: however, in the spring of
2001, tritium was detected in three A3 well samples. These
wells were sampled after two years of dry conditions as
expressed by the PDSI Greater than usual ground water
withdrawals during this time may have drawn tritiated
water into the shallow part of the A3 aquiler (Figure 3). The
ground water in the lower part of aquifer A3 is tritium dead
(0.05 TU) and most likely older than 80 ycars. There arc no
substantial differences in dissolved gas concentrations
between the A2 and A3 aquifers because the A3 aquifer has
a calculated recharge temperature of 19° = 3°C. The A3
aquifer does differ from the A2 in that it contains consider-
ably less nitrate (0.7 = 0.6 umol/L). demonstrating that
agricultural NO, is dominantly a mid- to late—20th century
contaminant that has not infiltratcd into the A3 aquifer

(Carey et al., in review).

Discussion

“He Age Dating
In the future, water utilities are planning to increase
their withdrawals ol A3 ground water. Ground water ages
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Figure 4. Dissolved neon vs. helium and argon. Typically, the A2 aquifer has ground water samples with *He, neon, and argon
at or near the air addition line indicating excess air in the samples. The air addition typically ranges from 16° to 22°C. Based
on the dissolved gas data, the recharge temperature for the A2 aquifer is 20° = 3°C and the A3 aquifer is 19° + 3°C. Some sam-
ples from the A3 aquifer also lie on the air addition line, but most show excess helium from in situ release from quartz.
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Figure 5. Excess N, vs. nitrate. Excess nitrogen and nitrate
have an inverse correlation in the A2 aquifer, suggesting that
denitrification is not an important process. Even though a
small amount of denitrification (excess N, > 0.5 ce/kg) may
occeur, the nitrate will remain in the ground water for a long
period of time.

and flow cstimates can be used to determine sale ground
water withdrawal amounts for domestic and agricultural
use. To establish approximate ground water ages for those
samples that did not contain tritium and have RR, <1, we
examined the release of *He from the Alabama aquifer
sands dominated by quartz that contain a small amount of
uranium and thorium (Table 2b). We excluded ground
water samples from the northwest part of Baldwin County

(e.g., Tensaw, Stockton) because the changes in structural
geology (c.g., faults). ground water geochemistry, and
potentiometric contours show that the samples are not part
of the same ground water flow system (Robinson ¢t al.
19964, 1996b). We focused on those ground water samples
that contained a clear excess of *He above solubility (Fig-
ure 4).

We studied two kinds of sediment samples—quartz
separates from the cliffs of Ecor Rouge (A2 aquiter—
Fairhope) and drill core samples from the Pensacola Clay
(GSA 5386). Only results from the helium release experi-
ments from the Ecor Rouge quartz samples were used (or
the dissolved helium accumulation modef in ground water.
The drill core samples from the Pensacola Clay (GSA 5386)
were used only for the diffusion model of the Meyer Gas
into the lower part of the A3 aquifer from the underlying
Pensacola Clay. The accumulation of radiogenic *He in
water could be used as an indicator of ground water age if
*He relcase rate from the aquifer protolith can be established
(Solomon ct al. 1996; Hunt 2000). The age dating method
assumes the diffusional relcase of helium stored within the
quartz grains to the aquifer is valid in arcas of moderate
recharge and where deep crustal sources of *He can be ruled
out. As we have demonstrated carlier, the Baldwin County
aquifers reccive adequate recharge (40 = 16 cm/yr). Further
in our discussion, we will establish that the underlying
sources of *He (e.g., Meyer Gas) are negligible,

We estimate the release of helium from quartz by mod-
eling the diffusional release over time. Alpha particle gen-
eration (*He) of the uranium—thorium serics produces 2'Ne
by "0 (o, n) *'Ne with a constant *He/2'Ne ratio of 2.2 x

Table 2a
Noble Gas Data for the Ecor Rouge Outcrop
‘He 2INe 2INe ‘He/*'Ne ‘He % 1.oss
CXCOsS EXCeSss
Sample Number pee/g pee/g peelg 4He/*?Ne (X 1079 Initial of *He
Jlzcor Rouge-1 27.34 6.1 0.456 1403106 59.91 10.04 None
ficor Rouge-2 .44 7.0 (0.220 12394 6.56 4.83 70.2
Ecor Rouge-4 1.05 4.5 0.134 6979 7.85 2.95 64.3
Ecor Rouge-7 0.40 9.2 0.000 1248 — — —
Ecor Rouge-8A 0.93 3.6 0.301 3668 3.09 6.61 86.0
Table 2b
Noble Gas and Select Trace Metal Data for the GSA 5386 Drill Core
Depth R/R,;, ‘He He INe  MNe ‘He2'Ne, | *He % 1.0ss Th 0]

Sampic Number m neelg pecly pec/g peclg He2Z2Ne (< 1079) Initial ol 4He ppm ppm  Th/U
GSA 5386 378 381 0.11 205 0.241 13.7 0.375 149 5.48 9.36 78.1 2,74 090  3.03

(1240-1250) BIk
GSA 5386 390-393 0.04 2.81 0.045 15.1 0.358 186 7.83 8.96 08.7 .66 .68 2.4

(1280-1290) Blk
GSA 5386 436-445 0.13 1.64 0.227 1.6 0.418 142 3.93 10.45 84.3

(1430-1460) Qz
GSA 5386 439-442 0.07 2.61 (1135 14.2 0.705 183 3.70 17.62 85.2 2.67 0.77 348
(1440-1450) Blk
GSA 5386 390 3290 0.29 4.17 1.482 H.s 0.270 362 15.41 6.76 38.4 (.95 .72 1.31
(Gas sand) Quz
“Sample not analyzed
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107 (Yatsevich and Honda 1997). Assuming a grain has an
initially homogencous distribution of *He and *'Ne, then a
simple spherical release model can be used for *He with
Ne being retained. The inttial e concentration can be
estimated by multiplying the (1 Ic/”Nc)ln_mhmi(m o DY
2INe. Over time. the e in the grain dilfuses out and the
helium concentration in the grain decereases, while #'Ne
levels rise stightly from uranium-thorium decay. The rate
ol "He toss is controlled by the initial *He concentration,
the THe distribution in the grain, and the grain size. Thus,
the initial diffusional release of *He follows an exponential
decrease with time {from an initial homogencous distribu-
tion, as *He is quickly lost from the grain boundaries. In
this environment, for grains of 150 to 800 um diameter, the
*He release rates becomes lincar by 5 Ma and the model is
cquivalent to the simple mass transfer model of Solomon ct
al. (1996). For these low uranium sands, the relcasce rate is
not entirely sensitive 1o grain size after 5 Ma as shown
Fiaure 6, so it approaches steady-state release rate, which is
cquivalent 1o in situ production at 5 Ma (the age of the
deposit). Conversely, for fine-grained clays, the release rate
is very rapid for the first 100 ka (because of the clays™ large
surface arca/volume ratio) and quickly approaches to
steady-state with HHe production (Funt et al. 2000).

Using the measured helium and neon concentrations,
and theoretical 'He”'Ne  production
ratio (2.2 x 107y in the core samples, the initial concentration
of helium is determined to be 5+ 2 pec/g (Table 2a) {or the
measwred diameters of 150 to 800 um for the Ecor Rouge
quartz separates. We use our measured helium diffusion rate
from quartz of 1.5 x 10712 cm’/sec at 20°C (recharge tem-
perature for the A2 and A3 aquifers) and the total He

calculated “'Ne
CACC

SN

radiogenic
in the water to assess the age of the ground water (Soll(()ﬁ]()n
et al. 1996). Using the average initial 'He concentration and
the diffusion rate at 20°C. the modcel from Hunt et al. (2000)
estimates a release rate from the quartz grains to be 0.0004
pee (Heyke (quartz)/ye (Figure 6), or a tevel about two to
three times higher than the steady-state production from ura-
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Figure 6. Modeled *He release rate from sediment vs. time,
The modeled helium release rates for seleet grain diameters
(150 to 800 um), an initial helivm concentration of 5 = 2 pec/g,
and a diffusion coefficient of 1.5 x 107" em?/sec are shown.
This model shows the helinm release rate from the quartz
grains to be 0.0004 pee/kg(quartz)/yr which is comparable to,
but slightly higher than, the steady-state diffusion from ura-
niwm and thorium.
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nium and thorium (1.5 x 10~ pee/kg/yr). The modeled
accumulation rate of *He in the water is 0.0032
pec/kg(water)/yr or 313 years for I pee ol radiogenic
helium to accumulate in 1 kg of water. Using the same ini-
ttal conditions as our helium accumulation model and the
mass transter model of Solomon ct al. (1996), an accumula-
tion rate of 2.2 + 0.8 peeskg (water)/ 1000 years or 0.0022
pec/kg (water)/yr is caleulated. Based on these models, the
around water ages for the five samples that contain excess
helivm range from 2000 o 7500 years, becoming progres-
sively older as they become deeper and closer to the sea.

The Gulf State Park well, which has methane. the high-
est HHe (30 times solubility), and an R/R, value of 0.525,
is excluded rom the helium accumulation model. This well
contains natural gas components (*He, *He, and CH ) in the
eround water sample, attributed to a lux of He and CH,
from the natural methane reservoir in the Meyer Gas Sand
at 400 m depth in the Pensacola Clay. The gas well sample
(West Magnolia Springs) and the Gulf State Park well have
similar R/R ;- (0.548) and 4Hc/(‘,H_1 ratios {Table 1) that are
quite anomalous for the Gull Coast and passive tectonic
settings in general. The helium and methane dissolve into
the porc waters of the Pensacola Clay and then diffusce
upward into the A3 aquifer; they are not from the diffu-
sional release of *He from the quartz grains. In the A3
aquifer, the high CH,. *He. and “He concentrations are
observed only in the Gulf State Park well and not in any of
the wells higher in the aquifer with the possible exception
of the Orange Beach deep well. The excess *He in the deep
Orange Beach well (Gulf 04, 33) is greater than can be
explaincd by leakage from quartz and may result from the
tail of the flux from the Pensacola Clay. The helium and
CH, fluxes from the Pensacola Clay are confined close to
the basc of the A3 aquilcr, indicating that substantial hori-
rontal ground water flow (V) is occurring near the sea
water/fresh water transition zone (Figure 7). If the ground
water were stagnant and did not f{low through the A3
aquifer, then all the samples would contain CH, and *He
and have a similar R/R ;. Becausc only two samples in the
A3 aquifer have elevated levels ot *He and CH, and a com-
parable R/R ; , the dissolved *He in the ground water sam-
ples is not coming from an underlying source (e.g., Meyer
Gias), but from in situ production. In the nitrate flux discus-
sion, we expand this model and estimate the horizontal
velocity based on the shape of the methanc and helium
plume, and flux from the Pensacola Clay.

Meyer Gas Sand

The Meyer Gas Sand occurs only in southern Baldwin
County and has an unusual helium isotopic signature,
which can be seen in the clevated *He and “He concentra-
tions of the West Magnolia Springs and Smacko natural gas
wells. The natural gas affects the helium concentrations and
R/R ;. in the Meyer Gas Sand quartz and the other sediment
samples from the Pensacola Clay (Table 2b, Figure 8). The
Meyer Gas Sand quartz has an R/R_ value of 0.29, *He
concentration of 1.48 pec/g, and “He content of 4.17 ucc/g
that are considerably higher than the average sediments
above or below (R/R; = 0.09 + 0.04, “He = 0.16 = 0.09
pec/g, He = 2.3 + 0.5 pec/g). The *He (from uranium-—

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Orange
Beach

e

100 -{]A3 Aquifer] ®

®
Depth ® ©® ® B B
{mbsl) o l\/x: 1 3iiﬁf‘yr
000 - CH,and He \
RS
CH,and He
[Pensacolo Clay diffusing upward
300

Dissolved gas in pore waters:
6.8 co/kg He; 900 co/kg CH,
Gas: 150 ppm He, 95% CH,

58

\ Meyer Gas
]
0 Distance (km) 20

Figure 7. Ground water samples in the deep A3 aquifer of
southern Baldwin County. The natural gas components (‘He,
‘He, and CH,) in the decpest ground water sample (Gulf
State Park) are attributed to the flux of gas from the natural
methane reservoir found in the Meyer Gas Sand. The helium
and methane dissolve into the pore waters of the Pensacola
Clay and then diffuse upward into the A3 aquifer. Substan-
tial ground water flow (V) is occurring in the A3 aquifer
since the helium and CH, fluxes from the Pensacola Clay are
confined close (o the lower limit of the A3 aquifer.

thorium decay series) diffusion from quartz occurs in the
Pensacota Clay sediments above and below the Meyer Gas
Sand quartz, and the estimated helium loss from diffusion
is > 70%. Because the Meyer Gas Sand already has high
concentrations of *He and *He from the natural gas reser-
voir, the estimated He loss through diffusion from the
Meyer Gas Sand quartz is < 30%. The natural gas infuses
the Meyer Gas Sand quartz with *He and *He, giving rise to
elevated noble gas concentrations and distinctive ratios.
One explanation for the *He and “He is that there exists a
finite solubility of helium in quartz that leads to the unusual
ratios and limits diffusional loss. An estimate of helium sol-
ubility in quartz at 400 m (40 atm) is 600 pee/g/atm (Poreda
1982; Hunt et al. 2000). The finite solubility of helium in
quartz may have important implications for the assumption
of zero helium at the boundary and for uranium-helium
systematics in apatites, which assumes a complete loss of
*He and not a partial reset at depth. This same effect can be
seen in Medina quartz gas sands (Hunt et al. 2000).

We do not know the source of the elevated *He natural
gas, although other rescarchers have observed similar find-
ings (Hiyagon and Kennedy 1992). Typical natural gas

reservoirs have *He/*He < 0.05R . and arc dominated by
the foss of *He from uranium-rich sediment (Poreda et al.
1986). The presence of high *He/*He gas causes the Meyer
Gas Sand quartz to have elevaled *He/*He. which is dis-
tinctive from the sediment above and below that does not
have high R/R or *He levels (Table 2b, Figure 8). The
gases also do not fit a simple mixing model between man-
tle and crustal gases in *He/*He-CH /*He space. In the
absence of tectonic or magmatic activity (of which there is
none along the southern coastline of the United States). the
anomalous *He values may be from interplanetary dust par-
ticles (IDP) in the sediment or cosmic ray production of
He in the protolith of the Pensacola Clay. IDP typicalty
retains *He at 20°C unless the mineral structure breaks
down (Farley 1995). Cosmic ray production of *He in
quartz would also lcave a relict 2'Ne signature and require
at least 1 Ma years of surlace exposure at sea level, an
unrcasonable estimate for most fluvial setlings. We cannot
rule out cosmic ray production in the quartz as the origin of
elevated *He in the Meyer Gas rescrvoir samples, but the
release of *He from IDP appears more likely. The unique
*He/*He ratio in the Meyer Gas serves as the fingerprint for
helium and CH, release from the Pensacola Clay.

Ground Water Withdrawal

As communitics along the Gulf Coast look to exploit
ground water resources that are not contaminated by agri-
culture or industry, they are withdrawing more ground water
from the deep A3 aquifer. The question that needs o be
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Figure 8. *He and R/R;. vs. depth in the Pensacola Clay
(GSA 5386). The Meyer Gas Sand quartz in the Pensacola
Clay (drill core GSA 5386, Table 2b) has unusually high
amounts of “He and *He compared to the sediment samples
above and below it. Because the Meyer Gas Sand already has
high concentrations of *He and “He from the natural gas
reservoir, the estimated helium loss through diffusion from
the Meyer Gas Sand quartz is < 30% (compared to the csti-
mated 70% loss of the surrounding sediments). The natural
gas infuses the Meyer Gas Sand quartz with 3He and 4He, giv-
ing rise to elevated noble gas concentrations and distinctive
ratios.
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sional model are 0.21 ce/m%yr and 6000 pce/m?/yr, respectively. Because the natural situation is more complex, the
one-dimensional model can provide only limits to the horizontal velocity. The regional extent of the Meyer Gas Sand and the
flux from the Pensacola Clay (controlled by permeability and effective diffusion coefficients) are some of the unknowns of this
model. Because the highest ?He and CH, concentrations are found only in the deepest sample (Gulf State Park) and not mea-
sured in the other samples, the ground water has to be flowing through the A3 aquifer and suppressing the ‘e and CH, plume

from the Pensacola Clay.

addressed is il recharge can sustain the elevated withdrawal
ratc. The question centers on whether the ground water in
the A3 aquifer is stagnant or discharging at a significant rate
into the Gulf of Mexico. Our calculations ol submarine dis-
charge are based on three lines ol evidence. The *H/ e data
from A3 wells in northern Baldwin County (the recharge
sone for A3) suggest that < [0% of the total recharge flows
into the A3 aquiler, which generates a ground water flux of
2.4 = 0.9 % 108 m¥/yr to the sca. The *He age of the oldest
ground water samples gives an approximate ground water
travel time between the recharge area and the wells (a dis-
tance < 100 km), from which we can roughly estimate the
horizontal velocity of the deeper aquifer at 13 =5 m/yr. This
suggests that substantial ground water discharge into the
coastal ocean is occurring from the A3 aquifer. The shape of
the He-CH, plume emanating [rom the Pensacola Clay also
constrains the fresh water flux estimate to the Gulf of Mex-
ico. Simply put, if the ground water were stagnant in the A3
aquifer, then the natural gas and helium from the Pensacola
Clay would migrate to the A3, resulting in high levels of dis-
solved CH, and helium from the ground water wells
throughout the entire aquifer. Instead, only the lowermost
and most seaward well contains clevated CH, and He con-
centrations.

The CH, and “He fluxes from the Pensacola Clay,
which are calculated to be 0.018 cc/m*yr and 3000
uce/m*fyr, respectively, can further constrain the ground
water velocity (Figure 7). We base these {luxes on the sol-
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ubility of helium and methane gas in water at 40 atm (using
the West Magnolia Gas) (Table 1), the cffective aqueous
diffusion coefficients (10% of the frec solution value), and
porosity of the clay (20 = 5%). We apply the basal fluxes to
a onc-dimensional model of the A3 aquifer to determinge the
height of the plume within the A3 (Figure 9). The major
uncertainties that alfect the plume height are the regional
extent of the Meyer Gas Sand (10 = 5 km) and the trans-
verse dispersion coefficient in the A3 (3.15 x 107 em?/sec).
The horizontal velocity of the A3 ground water relates (o
the (one-dimensional diffusion) time (3000 £ 1000 yrs) and
the width of the Meyer Gas Sand (10 = 5 km). The flow
based on this modcel is ~3 £ 1 m/yr, lower than the calcula-
tion of 13 =5 m/yr based on *te ground water age, but still
in reasonable agreement given model uncertainties. If we
double the width of the Meyer Gas Sand, we would double
the horizontal velocity. Regardless of the uncertaintics, the
highest *He and CH, concentrations arc found only in the
deepest sample (Gulf State Park) closest to the Pensacola
Clay: the other A3 well samples have only minor “He, indi-
cating that the A3 ground water is indeed discharging into
the Gulf of Mexico and suppressing the height of the
upward diffusing *He and CH, plume from the Pensacola
Clay. The horizontal velocity (Vx) of ~3 m/yr translates to
a discharge of 5.6 x 107 m¥/yr. More data from a multilevel
well across the sea water/fresh water transition zone would
advance our understanding of the ground waler resources in
the A3 aquifer.
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Nitrate Flux

As in most hydrologic systems, precipitation will be
distributed between evapotranspiration to the atmosphcre,
runoft to the rivers, and recharge to the aquifer. In Baldwin
County, only a small portion of recharge contributes water
to the minor rivers and streams found mostly in the south-
crn third of the county. The small river system cannot
accommodate the volume of water that fulls as precipitation
in the region. In large regional systems such as Baldwin
County. the recharged water does not travel for 100 km at
the aquifer surface. but rather penetrates deeply (40 o 60
m) into the aquifer. The vertical hydraulic gradients always
arc downward and the horizontal gradients are very low.
Such conditions approximate the simplest flow conditions
for porous media; therelore, the water packet becomes
older as it flows deeper (vertical velocity) in the aquifer and
toward the occan (horizontal velocity). We estimate the
recharge by measuring the time (ground water age) it takes
o descend (o a given depth. The annual recharge that
oceurs over the entire region (km'/yr) must discharge into
the coastal oceans because discharge must eventually equal
recharge. At prescit, the ground water resources of Bald-

win County are underutilized in that ~5.6 x 107 m¥/yr of

ground water, or 3% of our recharge estimate, is withdrawn
for agricultural and domestic use (Robinson et al. 1996a).
The average A2 aquiler recharge rate of 40 + 16 cim/yr con-
siders only that portion of ground water that flows bencath
the shallow river system and discharges directly to the
ocean. This flux must be balanced by the subsurfacc ground
walter discharge to the Gulf of Mexico and forms the basis
for our mass transport calculations.

The recharge and 1Tux estimates from the A2 are much
simpler to caleulate because they rely on JH/ He travel time
and arc consistent with the recharge pereentage of total pre-
cipitation. We use our estimate of travel times for ground
water o establish the ground water flux from Baldwin
County 1o the Gull of Mexico. By using the avcrage
recharge rate (40 = 16 ecm/yr) and surface arca of Baldwin
County (4481 km?), we assume a steady-state system in
which flux in (recharge) = flux out (subsurface discharge).

Surface Arca (m?) x Recharge Rate (m/yr)
= Submarine Discharge (m3/yr)

This calculation gives an annual subsurface discharge from
Baldwin County (o the Gulf of Mexico of 1.9 = 0.8 x 10V
m¥/yr, equivalent 1o ~3% and 0.3% of the Mobile-Alabama
River System (7.1 > 10" m¥/yr) and Mississippi River Sys-
tem (5.8 x 10" m¥yr) water fluxes to the Gulf of Mexico.
respectively. An assumption in our calculation of a ground
waler system in steady state is reasonable given the short
residence time of the A2 aquifer and the highly conductive
nature of the sediments. Our submarine flux estimate is
independent ol scasonality and short-term perturbations
because it is based on the long-term average ground water
recharge estimated from *H/%He ground water ages
(40 = 16 cm/yr) and the average dissolved nitrate concen-
trations. However, our discharge estimates are significantly
lower than aquifer test results that yield an average trans-
missivity of 253 = 141 m%day (range 65 to 502 m¥day)
(Robinson ct al. 1996a). These values result in the subma-

rine discharge estimate of 1.2 = 0.6 x 10" m¥/yr, 2% of the
Mississippi River System input, or 1.5 times more than the
annual precipitation that Baldwin County receives (7.5 x
102 m¥yr). Aquifer tests, although susceptible to local het-
erogeneity in permeability, demonstrate that the A2 aquifer
is highly conductive and support the *H/3He recharge esti-
mates that integrate the sediment permeability over the
entire flowpath.

There are few published studies concerning submarine
ground water discharge into the Gulf of Mexico (Bugna ct
al. 1996; Cable et al. 1996a: Cable et al. 1996b; Corbett e
al. 1999: Krest et al. 1999; Pope ct al. 2001). The Baldwin
County site may represent one end member for submarine
ground water discharge. There exists a thick (200 m) and
wide (100 km) scction of coarse-grained siliciclastic uncon-
solidated sediments that rapidly transmit water to depth (the
high transmissivity of the aquifer is highlighted by Robin-
son ¢t al. [1996al). Rainfall on the wide coastal plain does
not discharge to rivers, but rather predominantly enters the
aquifer. This setting contrasts with other submarine ground
water sites that focus on mainly shallow flow (< 10 m depth)
to coastal lagoons or river-dominated systems in which
major rivers collect the flow and discharge into the coastal
ocean via an estuary. In these cases, if an aquitard underlics
the sctting at shallow depths, then the river system will cap-
ture most of the recharge. However, il the coastal aquifer is
thick and extensive. even in the presence of major rivers, the
surface flow will represent only a portion of the total dis-
charge. Such is the casc in the Ganges-Brahmaputra River
System of Bangladesh, where *H/3He ages indicated that a
significant (99+9%) amount of (otal recharge bypassed the
surface flow system to enter the deeper aquifer and ulti-
mately discharge to the Bay of Bengal as submarine ground
water discharge (Dowling ct al. 2003).

In karstic systems, the magnitude of submarine dis-
charge will be much higher but most likely not uniform.
Using #2?Rn concentrations in the coastal ocean, Cable et
al. (1996b) have determined that the ground water dis-
charge in their 620 ki’ study arca in the Florida Panhandle
is ~1.4 % 10" mYyr (equivalent to 23 m of annual recharge,
> 100% of precipitation), suggesting that the [low is being
channeled in karst and difficult to integratc over a wide
area. When their discharge rate is extrapolated over the
Gulf coastline of Florida. the total discharge rate is 3.0 x
101" m¥/yr. In order to integrate over a larger study area, the
amount of annual precipitation, recharge, and surface area
needs to be considered. Using this method, the estimated
discharge from the Florida Panhandle is 1.0 x 10" m¥/yr,
The coastal aquilers of the Gulf of Mexico are roughly 60%
siliccous and 40% karstic, so we used a weighted average
ol the discharge values of Baldwin County and Florida
extrapolated to the Gulf Coast. The submarine ground
water discharge into the Gulf of Mexico is ~2.8 x 10!
m?/yr or 50% ol the Mississippi Tux. The water and nitrate
submarine discharge values integrated over the Gulf Coast
are very rough values and could either overstate or under-
state the magnitude of discharge to the Gulf of Mexico. The
calculated discharges, based on ground water velocities
determined from *H/He, are higher than would be calcu-
lated simply using Darcy velocities and ground water
heads. Duc to the hydraulics of sea water intrusion (Smith
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and Wheateraft 1993), the velocity of the ground waler
increases as it approaches the coastal zone.

Antweiler et al. (1996) estimated the Mississippi
River's total input of nitrate into the Gulf of Mexico to be
1.5 x 10 mol/yr, and Goolsby et al. (1999) calculated a
similar nitrate contribution (1.5 = 0.06 x 10'Y mol/yr). The
Mobile-Alabama River System, that drains ~75% of
Alabama, contributes ~2.2 to 2.3 x 10% mol/yr of nitrate
into the Gull of Mexico (Carcy et al. 2003). Using the aver-
age nitrate concentrations for the A2 aquifer and the calcu-
lated discharge rate for Baldwin County, the annual
submarine flux of nitrate into the Gult of Mexico is 1.1 =
0.01 x 10% mol/yr or 0.8% and 50% ol the yearly nitrate
input from the Mississippi and the Mobile-Alabama rivers,
respectively. This becomes significant because Baldwin
County is only 1% of the entire Gulf Coast shoreline and
may inject nitrate Far {rom the known river sources.

However, ground water discharge rates and nitrate fev-
cls can vary dramatically between locations, and the ele-
vated nitrate concentrations measured in the Baldwin
County wells may not be found clsewhere. Some of the
shallow wells of Florida have very low nitrate levels (0.25
+0.05 uM 10 0.62 £ 0.48 uM) and the interstitial pore water
of Florida Bay has .68 uM NO, (Bugna ct al. 1996; Cor-
bett et al. 1999). Even if the ground water and interstitial
pore [luids have a low amount of nitrate, submarine dis-
charge can still contribute a significant amount of nutrients
1o the coastal occans and have a local effect on the ecosys-
tem. Using the discharge rate for the Floridian Gulf Coast
and the nitrate level found in the interstitial water, the
nitrate flux from the Gulf coastline of Florida to the Gulf of
Mexico is 6.9 x 107 mol/yr or 0.5% of the nitrate flux from
the Mississippi River System. However, this nitrate {lux is
underestimated because there are areas in Florida that have
much higher dissolved nitrate in their ground water systems
associated with long-term agriculture. In the Florida Keys,
the ground water nitrate ranges from 15 to 50 uM (Shinn et
al. 1994y, and the ground waters surrounding sewage injec-
tion facilitics can have nitrate as high as 2.89 mM
(LaPointe ct al. 1990).

Submarine discharge estimates for the different aquifer
systems along the Gulf Coast need to be evaluated on an
individual basis because there are such large ranges of
nitrate values, recharge rates, and spatial variability in
ground water discharge throughout the Gull of Mexico.
Areas with moderate discharge rates and elevated levels of
nitrate (c.g., Baldwin County and wastewater injection sys-
tems) will have a significant eftect on the local ecosystem
and arc an overlooked, but important, source of additional
nitrate in the Gulf of Mexico.

Conclusions

The A2 aquifer is an active flow system characterized
by anthropogenic tritium valucs, moderate vertical veloci-
(ics, and high nitrate concentrations. From the ground water
age distribution, we calculated a recharge rate of 40 + 16
cm/yr. The A3 aquifer, physically separated from the A2
aquifer for ~40 km infand, is tritium dead and has low nitrate
values. Using the helium diffusion model for the A3 aquifer.
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the ground water ages range from 2000 to 7500 ycars,
becoming progressively older as the samples become deeper
and closer to the sca. The natural gas that is diffusing into
the A3 aquifer from the Pensacola Clay is found only in the
deepest sample, indicating that the ground water is flowing
into the Gulf of Mexico and suppressing the natural gas
plume in the A3 aquifer. Knowledge of this deep flux can
provide important constraints when estimating the safe yield
of ground water withdrawal [rom coastal aquifers.

The deep submarine discharge along this portion of the
Gulf of Mexico is significant. The mature siliceous aquifer
of Baldwin County has a ground water flux of 1.9 + 0.8 x
10 mY/yr. The submarine flux of nitrate from Baldwin
County to the Gulf of Mexico is 1.1 £0.01 x 10% mol/yr or
0.8% and 50% of the annual contributions from the Missis-
sippi and Mobile-Alabama river systems. This {lux might
become substantial even though Baldwin County is only
1% of the entire Gulf Coast shoreline. If other regions with
substantial long-term agriculture have significant subma-
rine ground water discharge that bypasses the surface sys-
tem, then the cstimates could be underestimated by 50%.
The Floridian aquifers discharge more water (1.1 x 10
m3/yr). but less nitrate (6.9 x 107 mol/yr), than Baldwin
County. However, this nitrate discharge into the Gult of
Mexico from Florida is underestimated since there are arcas
that have much higher dissolved nitrate in their ground
water systems. By using *H/*He ages to establish recharge
and discharge rates, and average nutrient levels in ground
water, we can obtain reasonable estimates for nutrient load-
ing over a significant scction of coastline in contrast to
point discharge estimates. Further studies need to be done
on individual aquifer systems along the coastline to provide
better estimates of the global submarine flux of nutrients
into the oceans.
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