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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATED WATER-QUALITY UNITS

Multiply By To obtain
inch (in.) 254 millimeter
inch per year (in/yr) 254 millimeter per year
foot (ft) 0.3048 meter
square foot (ft?) 0.09290 square meter
square mile (mi?) 2.590 square kilometer

Temperature in degrees Celsius (°C) can be converted to degrees Fahrenheit (°F) as follows: °F = 1.8(°C) + 32.

Sea level; In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum
derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level

Datum of 1929.

Abbreviated water-quality units used in this report:
milligrams per kilogram (mg/kg)

milligrams per liter (mg/L)

milliequivalents per liter (meg/L)

liters per milligram (L/mg)

microsiemens per centimeter at 25 degrees Celsius (uS/cm)
micrograms per liter (ug/L)

kilogram (kg)

kilograms per liter (kE/L)




Saltwater in Shallow Aquifers in East-
Central and Northeastern Louisiana
and Southeastern Arkansas

By G.F. Huff and J.P. Bonck

Abstract

Analyses of water from irrigation and monitor wells in east-central Louisiana indicated the
presence of saltwater in the Mississippi River alluvial aquifer and the uppermost part of the Jasper
aquifer system. The salinity of this ground water makes it unsuitable for use in irrigation. Avail-
able geochemical data for bromide (Br) and chloride (Cl) ions and strontium (Sr) isotopes indi-
cated that briny water from 5,800 to 6,800 ft below sea level within the Carrizo-Wilcox aquifer
could be the source of saltwater in the alluvial aquifer and uppermost part of the Jasper aquifer
system. However, in the absence of data on the concentrations of Br and Cl ions and the values of
87Sr/2¢Sr in water from the Catahoula, Cockfield, and Sparta aquifers within the study area, no
conclusive statement can be made on the origin of saltwater in the alluvial aquifer and the upper-
most part of the Jasper aquifer system.

Analyses of water from irrigation wells in northeastern Louisiana and southeastern Arkansas
indicated the presence of saltwater in the Mississippi River alluvial aquifer. Saltwater probably
moves from southern Chicot County, Arkansas, into northeastern Louisiana by flowing to the
southwest along a fluvial channel eroded into the Cockfield Formation. Saltwater in the Missis-
sippi River alluvial aquifer in northeastern Louisiana and southeastern Arkansas can be hazardous
to salt-sensitive crops, such as rice, when used for irrigation.

The geochemistry of Br and Cl ions indicated that saltwater in the Mississippi River alluvial
aquifer of southern Chicot County in southeastern Arkansas has two geochemically distinct
sources. One source, which has Br/Cl ratios less than that of modern seawater, could be derived
from saltwater present in aquifers of Tertiary age that enters the alluvial aquifer by upward flow
from below as part of the natural regional ground-water flow pattern. The other source, which has
Br/Cl ratios greater than that of modern seawater, could be derived, in part, from briny water
present in the Smackover Formation at altitudes from 5,500 to 6,500 feet below sea level that
enters the alluvial aquifer by upward migration along the reported intersection of two regional
wrench faults, at least one of which penetrates from near land surface into the Smackover Forma-
tion.



INTRODUCTION

The Mississippi Alluvial Plain in Louisiana is a major area of ground-water withdrawal for
agricultural irrigation (Williamson and others, 1990). The largest source of ground water in the
Mississippi Alluvial Plain of northern Louisiana is the Mississippi River alluvial aquifer, referred
to as the alluvial aquifer in this report. The alluvial aquifer is heavily used for crop irrigation.
Irrigation with water containing elevated concentrations of dissolved solids can damage crops and
soil. Rice, a major crop in the Mississippi River Alluvial Plain of Louisiana, is very sensitive to
even slightly saline concentrations of dissolved solids in irrigation water during early stages of
growth (J.C. Stevens, Louisiana Agricultural Extension Service, oral commun., 1989). Irrigation
water with concentrations of dissolved solids as low as 1,700 mg/L was associated with reported
failure of rice crops in 1988.

Long-term effects of irrigation with water containing high concentrations of dissolved solids
include the build-up of salts in the soil. Damage to crops and soil has occurred where water from
the alluvial aquifer has elevated concentrations of dissolved solids (J.C. Stevens, Louisiana Agri-
cultural Extension Service, oral commun., 1989; Mark Walthall, Department of Agronomy, Loui-
siana State University, written commun., 1990).

Two areas with known crop damage due to elevated concentrations of dissolved solids in
irrigation water were identified for study, one in east-central Louisiana and the other in northeast-
ern Louisiana and southeastern Arkansas. In 1987, a study of the ground-water systems having
elevated concentrations of dissolved solids in these two areas of the alluvial aquifer was under-
taken as part of the cooperative program of water-resources investigations by the U.S. Geological
Survey and the Louisiana Department of Transportation and Development.

Purpose and Scope

This report describes the occurrence and movement of saltwater in the Mississippi River
alluvial aquifer and underlying shallow aquifers in east-central and northeastern Louisiana and
southeastern Arkansas. Specifically determined are the areal and vertical distribution and
geochemical characteristics of saltwater in the aquifers. A discussion of the possible origin of
saltwater in the aquifers and a method that was developed to determine possible sources of salt-
water in otherwise freshwater aquifers is included.

The report presents data collected from ground-water wells in the east-central and northeast-
ern Louisiana and southeastern Arkansas and data collected on briny water from oil wells in east-
central Louisiana. The report documents the methods used to collect data presented and presents
interpretations of the data. All chemical data for cations and anions presented are for constituents
in the dissolved state. The effects of ground-water salinity on farming practices are briefly dis-
cussed.

The scheme used for classification of the salinity of water by dissolved-solids concentration
1s from Robinove and others (1958) and is summarized as follows:

Dissolved solids,

Classification milligrams per liter
Slightly saline 1,000- 3,000.
Moderately saline 3,000-10,000
Very saline 10,000-35,000
Briny More than 35,000




Lithologic and geophysical data used in this report were obtained from drilling and logging
two test holes. Data for water-quality samples were collected from irrigation, monitor, and oil
wells in 1989 and 1990.

Ground-Water Data Collection and Method of Study

Ground-water samples were collected from irrigation and observation wells in Concordia
Parish in east-central Louisiana, Morehouse Parish in northeastern Louisiana, and Chicot County
in southeastern Arkansas. Wells were pumped until field measurements of pH, temperature, and
specific conductance of the produced water reached stable values. Temperature, pH, specific con-
ductance, and alkalinity as calcium carbonate were determined on unfiltered samples. Water sam-
ples from irrigation and observation wells were analyzed for alkalinity as calcium carbonate by
titrating to an endpoint pH of 4.5 with sulfuric acid. Water samples for determination of cations
and anions were passed through a 0.45-micrometer filter and collected in pre-rinsed polyethylene
bottles. Water samples for analysis of cations were preserved by acidification to a pH of about 1.5
using nitric acid (Wood, 1976). All quantitative elemental analyses not performed in the field
were done in a U.S. Geological Survey laboratory. Analytical precisions of all measurements
done in the laboratory are described by Fishman and Friedman (1989). Analyses of all water sam-
ples for values of 8’S1/*¢Sr were done at Geochron Laboratories, which reported the analytical pre-

cision of ¥SrA¢Sr measurements to be +0.00002.

Samples of briny water were collected from producing oil wells in Concordia, Tensas, and
Catahoula Parishes in east-central Louisiana using methods described by Lico and others (1982).
Only oil wells that had not been subjected to secondary recovery procedures such as steam or
water injection, or injection of surfactant chemicals were chosen for sampling. Any addition of
de-emulsifying chemicals added to the production stream at the wellhead was discontinued for at
least 15 minutes prior to sampling.

Sampled oil wells typically produced a mixture of oil, natural gas, and briny water. Samples
of this mixture were collected from valves near the wellhead into polyethylene carboys with spig-
ots at the base. After the oil and natural gas gravitationally separated from the briny water in the
carboy, samples of briny water were taken from the carboy spigot and passed through glass wool
to further separate oil and briny water. Samples for determination of specific conductance, alka-
linity as calcium carbonate, and #’Sr/2Sr values were collected following filtration through glass
wool.

Specific conductance and alkalinity as calcium carbonate were determined in the field fol-
lowing sample collection. Because organic acid anions can contribute significantly to the titrat-
able alkalinity of oil-field ground water (Willey and others, 1975), alkalinity of briny water
samples was determined by incremental titration with sulfuric acid. Incremental titrations were
carried to at least a pH of 3.5 to ensure titration of all organic species that could have contributed
to titratable alkalinity. Following filtration through glass wool, briny water samples for analysis
of cations and anions were filtered, preserved, and analyzed in the same manner as were samples
from irrigation and observation wells.

Geochemical Tracers in Ground Water

Chloride ions are only rarely involved in sorption or exchange reactions in ground-water
systems (Feth, 1981, p. 2) and are involved in precipitation reactions only for solutions saturated
with halite or halide salts. Accordingly, any change in the concentration of chloride ions in
ground water at less than halite or halide saturation that is not in contact with chloride salts can be



assumed to be the result of mixing with other ground water that contains a different concentra-
tion of chloride ions. A chemical species that changes concentration only as a result of mixing is
said to react conservatively. By this definition, chloride ions react conservatively in ground-water
systems provided no dissolution or precipitation of chloride salts occurs.

Bromide ions are very similar in chemical characteristics to chloride ions and also are
expected to react conservatively in ground-water systems. It is possible that some bromide ions
could enter ground water from the decay of organic matter (Means and Hubbard, 1987; Whitte-
more, 1988).

Because bromide and chloride ions react conservatively, their concentrations, in a simple
mixture of two reasonably homogenous end-member water masses, plot along a linear trend
between the compositions of the end members provided the plots are made using linear axes. In
addition, a unique relation of bromide to chloride exists for any given relative amount of the end
members present. Plots of compositions caused by the mixing of two conservative species can
appear as curved lines if the plot is made using logarithmic axes. Whether the plot is made on lin-
ear or logarithmic axes, it is referred to as a mixing curve.

Strontium ions do not necessarily react conservatively in the natural environment. Dissolu-
tion or alteration of common silicate minerals such as feldspars can add strontium to ground
water. Dissolution or precipitation of common sulfate minerals such as gypsum or anhydrite can
add or subtract strontium from ground water. Dissolution or precipitation of less common but
more strontium-rich minerals like strontianite or celestite can have a substantial effect on stron-
tium concentrations in ground water. Because of their small relative differences in atomic mass,
the isotopes of strontium at atomic mass 87 (¥’Sr) and at atomic mass 86 (*Sr) are not preferen-
tially incorporated into a precipitating mineral. Thus, precipitating gypsum, or other strontium-
bearing minerals, can remove strontium from ground water; however, the 87Sr/3¢Sr ratio of the
solution from which the gypsum precipitates will not be changed. Only dissolution of minerals
with ¥Sr/®Sr ratios different from that of ground water will change the ¥’Sr/*%Sr ratio in ground
water.

In a mixture of two reasonably homogenous end-member waters with differing concentra-
tions of strontium ions, a plot of ¥’Sr/*Sr as a function of 1/Sr will yield a linear relation (Faure,
1977, p. 98-101). The relation of ¥Sr/®Sr as a function of 1/Sr will be more complex if dissolu-
tion of strontium-bearing minerals having differing ¥’Sr/*¢Sr ratios than that of either end-member
ground water takes place during mixing. By analogy, a plot of Br/Cl as a function of 1/Cl will
also yield a linear relation on mixing of two reasonably homogenous end-member waters. It is
often convenient to scale this type of relation by multiplying the values associated with the depen-
dent axis of a plot by an arbitrary constant. In particular, BrX1,000/Cl values are used extensively
in this report.
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GENERAL CHARACTERISTICS OF THE MISSISSIPPI RIVER ALLUVIAL AQUIFER

The uppermost 80 to 200 ft of clay, silt, sand, and gravel deposited by the Mississippi and
smaller rivers within the Mississippi River valley collectively make up the Mississippi River val-
ley alluvium (fig. 1). The alluvium generally thickens southward and toward the present position
of the Mississippi River. The top, about 40 ft of the alluvium, is primarily silt and clay of
Holocene age. Sand and gravel of Pleistocene age make up the remainder of the alluvium and
form the alluvial aquifer. Deposits of Pleistocene age systematically coarsen with depth with
gravel up to 3 in. in diameter common in basal deposits. The base of the Mississippi River allu-
vium is marked by the deepest occurrence of gravel of Pleistocene age (Whitfield, 1975).

Rainfall is the largest source of recharge to the alluvial aquifer (Whitfield, 1975). The allu-
vial aquifer also is recharged by upward flow from below (Ackerman, 1989). Lateral flow of
water in the alluvial aquifer of northern Louisiana generally is southward to southeastward (Whit-
field, 1975).

Calcium and bicarbonate generally are the dominant cation and anion, respectively, in allu-
vial water with concentrations of chloride ions less than about 250 mg/L. Sodium replaces cal-
cium as the dominant cation in parts of Richland Parish, Louisiana. Whitfield (1975) and Smoot
(1986) have mapped areas of the alluvial aquifer in Franklin, Richland, and Madison Parishes,
Louisiana, that contain water with concentrations of chloride ions about 250 mg/L or greater.
Whitfield (1975) has mapped additional areas of the alluvial aquifer in Ouachita and Morehouse
Parishes, Louisiana, which contain water with concentrations of chloride ions about 250 mg/L or
greater. Concentrations of chloride ions greater than 250 mg/L exceed the secondary maximum
contaminant level! recommended for public water supply (U.S. Environmental Protection
Agency, 1992).

Background values of dissolved solids and dissolved-chloride ion concentrations in water
from the alluvial aquifer of northern Louisiana and southern Arkansas are approximately 500
mg/L and 100 mg/L or less, respectively, based on data from Whitfield (1975) and Boswell and
others (1968). Whitfield (1975) identifies areas of chloride concentrations greater than 250 mg/1
in all the parishes in Louisiana underlain by the alluvial aquifer except East and West Carroll Par-
ishes (fig. 1).

An area of dissolved-solids concentrations greater than 1,000 mg/L in alluvial water exists in
southern Chicot County (Boswell and others, 1968). Upward flow of saltwater from below has
been suggested as the source of elevated concentrations of dissolved solids in alluvial water
within the band of ground water having concentrations of dissolved solids and dissolved-chloride
ion concentrations above background values (Boswell and others, 1968; Whitfield, 1975) and
within the area containing dissolved-solids concentrations greater than 1,000 mg/L in southern
Chicot County (Fitzpatrick, 1985).

EAST-CENTRAL LOUISIANA STUDY AREA

This section presents a brief description of the east-central Louisiana study area and
describes the hydrogeology and water quality of aquifers in the area. The areal and vertical distri-
bution, composition, geochemistry, and origin of saltwater are discussed.

! Secondary maximum contaminant level: Contaminants that affect the aesthetic quality of drinking water. At high
concentrations or values, health implications as well as aesthetic degradation may also exist. SMCLs are not Federally enforceble
but are intended as guidelines for the States.
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Table 3.--Values of ¥strontium/8strontium and 1/dissolved strontium for ground water from selected monitor wells
and briny water from oil wells in the east-central Louisiana study area

Altitude
of screen level 1/dissolved Sr
Well no. (feet below sea level) 87gr/86gr (liters per milligram)
Monitor Wells

Co-200 146 0.70818 0.13

Co-201 160 70831 .20

Co-202 187 70814 077

Co-203 185 70820 .10

Co-204 175 70820 a2

Oil Wells

LA-080417 4,312 70772 .0040
LA-088238 4,486 70767 .0050
LA-095680 4,458 70772 .0059
LA-095872 4,506 70788 .0059
LA-098906 4,500 70769 .0050
LA-105062 5,103 70763 .0050
LA-107536 5,036 70770 .0053
LA-119940 3,886 70728 .0053
LA-120339 3,880 70725 .0050
LA-121879 3,531 70728 .0056
LA-124885 3,652 70732 .0059
LA-127547 4,392 70726 .0053
LA-158070 4,496 70749 .0050
LA-165026 6,517 .70805 .0048
LA-182150 6,660 70797 .0067
LA-204281 5,893 70807 .0067
LA-205722 5,918 70797 .0067
LA-208729 5,895 .70800 .0067
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Saltwater in Shallow Aquifers in East-central Louisiana

Areal and Vertical Distribution of Saltwater

Concentrations of dissolved solids (fig. 5) and chloride ions (fig. 6) in water samples from
the alluvial aquifer and the upper part of the Jasper aquifer system were highest near the location
of plugged and abandoned oil wells and test holes within the east-central Louisiana study area.
North and northeast of the plugged and abandoned oil wells and test holes at wells Co-119 and
Co-200, ground-water samples had elevated concentrations of dissolved solids and chloride ions.
Possible sources of saltwater contamination in the shallow aquifers in the study area could be
additional unknown abandoned oil well(s) and density-driven flow of saltwater controlled by
paleotopography.

Salinity of ground water beneath the east-central Louisiana study area generally increases
with depth. Winslow and others (1968) reported the location of ground water with a dissolved-
solids concentration of 1,000 mg/L at an altitude about 500 ft below sea level (Catahoula aquifer),
3,000 mg/L at about 650 ft below sea level (Catahoula aquifer), and 10,000 mg/L at about 1,000 ft
below sea level (Cockfield Aquifer). The general pattern of increasing ground-water salinity with
depth reported by Winslow and others (1968) was supported by chemical analysis of a ground-
water sample from well Co-43. This well was screened at an altitude about 640 ft below sea level
(Catahoula aquifer) and yielded ground water with a dissolved-solids concentration of about
1,490 mg/L in 1967.

Ground-water salinity also apparently increases with depth within the alluvial aquifer and
uppermost part of the Jasper aquifer system based on greater concentrations of dissolved solids
and chloride ions in monitor wells screened within the uppermost part of the Jasper aquifer sys-
tem than is present in water from irrigation wells screened in the alluvial aquifer. The greater con-
centrations of dissolved solids in monitor wells screened in the uppermost part of the Jasper
aquifer system could result from the proximity to the known locations of plugged and abandoned
oil wells rather than a general increase of salinity with depth.

Composition of Saltwater

Bromide-ion concentrations plotted as a function of chloride-ion concentrations in water
from the alluvial aquifer, collected from irrigation and monitor wells within the east-central Loui-
siana study area (excluding well Co-43), and briny water from the Carrizo-Wilcox aquifer indi-
cates a strong linear relation (r = 0.99, correlation coefficient, based on linear least-squares
regression). The best agreement between all collected data and the best-fit line occurs when the
chloride-ion concentration equals or exceeds 500 mg/L (fig. 7). The linear relation shown in fig-
ure 7 indicates that the source of saltwater having concentrations of chloride ions equal to or
greater than 500 mg/L in the alluvial aquifer and the uppermost part of the Jasper aquifer system
could be derived from the mixing of freshwater from the alluvial aquifer or from the uppermost
part of the Jasper aquifer system with briny water from the Carrizo-Wilcox aquifer.

The values of ¥’Sr/*Sr in saltwater from the uppermost part of the Jasper aquifer system col-
lected from monitor wells Co-200, -201, -202, -203, and -204 and briny water from the Carri-
zo-Wilcox aquifer are plotted against 1/Sr in liters per milligram in figure 8. The values of
87Sr/%Sr plotted against 1/Sr for samples of water from the uppermost part of the Jasper aquifer
system follow a linear relation. The best-fit line through points representing analyses of these
water samples was calculated using the least-squares linear regression technique (r = 0.94).
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Figure 5. Concentrations of dissolved solids in water from irrigation and monitor wells
within the indicated area of the east-central Louisiana study area.
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Figure 6. Concentrations of dissolved chloride ions in water from irrigation and monitor
wells within the indicated area of the east-central Louisiana study area.
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The concentrations of strontium in briny water sampled from the Carrizo-Wilcox aquifer in
areas including and surrounding the east-central Louisiana study area ranged from 150 to 250
mg/L. The corresponding values of 1/Sr are about 0.0067 and 0.0040 L/mg. Values of 1/Sr in
briny water from the Carrizo-Wilcox aquifer typically are approximately 0.005 L/mg in the study
area. Extrapolation of the best-fit line through data from monitor wells in figure 8 to a value of
0.005 L/mg for 1/Sr yields a #S1/*Sr value of about 0.70805. The standard deviation of 8’Sr/*Sr
values along the best-fit line through data from monitor wells in figure 8 was calculated to be
0.00006. The lines parallel to the best-fit line in figure 8 graphically represent this value of the
standard deviation. All data points representing water samples from monitor wells are within one
standard deviation of the best-fit line (fig.8).

Extrapolation of the best-fit line and the lines representing one standard deviation to a 1/Sr
value of 0.005 L/mg yields a value of 0.70805 = 0.00006. This value represents the range of
87S1/3Sr values in briny water that could be mixing with freshwater from the uppermost part of the
Jasper aquifer system resulting in water with an elevated concentration of dissolved solids.

Hydrogeochemistry and Origin of Saltwater

Water from monitor well Co-202, which is completed in the uppermost part of the Jasper
aquifer system, had a dissolved-solids concentration of about 8,410 mg/L, the highest concentra-
tion of dissolved solids from any sampled monitor well in the study area (table 1). Ground water
with a dissolved-solids concentration of approximately 8,000 mg/L previously was detected at an
altitude between 650 and 800 ft below sea level (Winslow and others, 1968), which corresponds
to an altitude near the base of the Jasper aquifer system.

The relation between concentrations of bromide and chloride ions in ground water from irri-
gation and monitor wells within the east-central Louisiana study area is consistent with mixing of
freshwater from the alluvial aquifer or the uppermost part of the Jasper aquifer system with briny
water from the Carrizo-Wilcox aquifer (fig. 7). The ¥’Sr/*Sr value of briny water from the Carri-
zo-Wilcox aquifer systematically increases with depth (fig. 9). The range of #’Sr/*Sr values in the
high-strontium end member, as defined by one standard deviation (fig. 8), coincides with the
87S1/%Sr ratios in briny water from the Carrizo-Wilcox aquifer at altitudes from 5,800 to 6,800 ft
below sea level (fig. 9).

Available geochemical data indicate that briny water from 5,800 to 6,800 ft below sea level
within the Carrizo-Wilcox aquifer could be the source of saltwater in the alluvial aquifer and
uppermost part of the Jasper aquifer system. However, in the absence of data on the concentra-
tions of bromide and chloride ions and the values of #’Sr/*Sr in water from the Catahoula, Cock-
field, and Sparta aquifers, no conclusive statement can be made on the origin of saltwater in the
alluvial aquifer and the uppermost part of the Jasper aquifer system.

Of the 16 plugged and abandoned oil wells and test holes (fig. 4), 11 were completed at alti-
tudes between 5,800 and 6,800 ft below sea level. These wells and test holes could provide an
avenue for upward movement of saltwater from the Carrizo-Wilcox aquifer into the alluvial aqui-
fer and the uppermost part of the Jasper aquifer system.
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Figure 9. 87 strontiumy 86 strontium as a function of altitude below sea level in
briny water from oil wells (Carrizo-Wilcox aquifer) within the east-central
Louisiana study area.
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NORTHEASTERN LOUISIANA AND SOUTHEASTERN ARKANSAS STUDY AREA

This section presents a brief description of the northeastern Louisiana and southeastern
Arkansas study area and describes the hydrogeology and water quality of aquifers in the area.
The areal and vertical distribution, composition, geochemistry, and origin of saltwater are dis-
cussed.

Description of the Study Area

The study area includes northeastern and south-central Morehouse Parish, Louisiana, and
adjoining areas of southern Chicot County, Arkansas (fig. 10). The land surface has very little
local topographic relief and a mean altitude of about 90 ft above sea level.

Hydrogeology and Water Quality of the Mississippl River Alluvial Aquifer

The geologic column including the Louann Salt and younger formations, and the hydrogeo-
logic column including the Carrizo-Wilcox and younger aquifers and confining units are shown in
figure 11. The alluvium of Pleistocene age, which makes up the alluvial aquifer, unconformably
overlies the Cockfield Formation of Tertiary age throughout the study area. Thickness of the allu-
vium ranges from 90 ft over paleotopographic highs on the Cockfield Formation to more than 150
ft over fluvial channels eroded into the Cockfield Formation (Saucier, 1967; Sanford, 1973). The
alluvium that fills the fluvial channels contains a greater fraction of coarse sand and gravel than
alluvium that covers paleotopographic highs (Sanford, 1973). No known salt domes or diapirs are
located in or near the northeastern Louisiana and southeastern Arkansas study area (Beckman and
Williamson, 1990).

Lateral ground-water flow in the alluvial aquifer generally is to the south. Locally, the pres-
ence of rivers and streams or large withdrawals of ground water can affect the direction of
ground-water flow (Sanford, 1973).

Recharge through the top of the alluvial aquifer, excluding contributions from rivers and
streams, was estimated to be between 0.51 and 1.5 in/yr over the study area. This recharge could
result from direct infiltration of rainfall in areas where sandy sediments extend to the surface, or
leakage from a perched water table in areas where clays and silts overlie the alluvial aquifer. A
net recharge of as much as 0.5 in/yr flows upward from below through the base of the alluvial
aquifer in the study area. (See Ackerman, 1989.)

Water in the alluvial aquifer generally is a calcium-magnesium bicarbonate type. Areas of
the alluvial aquifer within the northeastern Louisiana study area contain water of higher chloride
concentrations than elsewhere in the parish (Sanford, 1973).

Compiliation of Data

Water samples from the alluvial aquifer were collected between 1988 and 1989 from irriga-
tion and domestic wells (fig. 12). Two test holes were drilled in northeastern Morehouse Parish
and examined using electric logs. The analyses of physical properties and chemical constituents
of selected water samples collected from wells in the northeastern Louisiana and southeastern
Arkansas study area are given in table 4.
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L%E’%L ’_ Quaternary Pleistocene | Mississippi River alluvium | Mississippi River alluvial aquifer
Cockfield Formation Cockfield aquifer
Cook Mountain Formation | Cook Mountain confining unit
% Sparta Formation Sparta aquifer
1,000 —
- 8 . . . —
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=
5 -
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Figure 11. Stratigraphic and hydrogeologic units within the northeastern Louisiana and
southeastern Arkansas study area (modified from Eversull, 1984 and Smoot, 1989).
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Suitabllity of Water for Irrigation

Replacement of calcium ions and magnesium ions sorbed onto clay particles in soil by dis-
solved sodium ions from irrigation water can cause undesirable soil characteristics such as
decreased permeability and deflocculation. The sodium-adsorption ratio (SAR) is a measure of
the replacement tendency and is defined by the following equation (U.S. Salinity Laboratory
Staff, 1954):

+
SAR = Na , 1)

J ety + gty

where Na*, Ca?*, and MgZ* represent the concentrations of sodium ions, calcium ions, and mag-
nesium ions in irrigation water in milliequivalents per liter. As indicated by equation 1, the SAR
depends on the concentrations of all three cations in the solution. Water with high concentrations
of sodium ions can have low to moderate SAR’s if the concentrations of calcium ions and magne-
sium ions also are high.

Specific conductance of water from the alluvial aquifer indicated a strong linear relation
(r = 0.99) when plotted against the concentration of dissolved solids (fig. 13). The equation for
the best-fit line shown in figure 13 is:

dissolved solids (mg/L) = specific conductance (uS/cm at 25° C) x 0.631 - 107. )

Equation 2 was generated using the least-squares linear regression technique.

Equation 2 can be used to estimate the dissolved-solids concentration of irrigation water
sampled from a wellhead or discharge pipe based on a measurement of specific conductance.
Because equation 2 was empirically derived from data collected during this study, it should be
considered valid only for the northeastern Louisiana and southeastern Arkansas study area.

Irrigation water from the study area ranged from medium to very high in salinity hazard and
low to medium in sodium hazard based on a classification scheme developed by the U.S. Salinity
Laboratory Staff (1954) (fig. 14). The relatively low sodium hazard (associated with relatively
low values of the sodium- adsorption ratio), even in alluvial water of high salinity hazard and high
concentrations of sodium ions, is caused by elevated concentrations of calcium ions and magne-
sium ions. Leaching of the soil during the winter and spring months when rainfall is high has so
far prevented substantial salt build-up in the soils of eastern Morehouse Parish (J.C. Stevens, Lou-
isiana Agricultural Extension Service, oral commun., 1989).
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Figure 13. Dissolved solids as a function of specific conductance of water
from the Mississippi River alluvial aquifer in northeastern Louisiana and
southeastern Arkansas.
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Figure 14. Classification scheme tor evaluating the suitability of ground water for
irrigation and sodium-adsorption ratio as a function of specific conductance of
water from wells in the Mississippi River alluvial aquifer within the northeastern
Louisiana and southeastern Arkansas study area.



Saltwater in the Mississippi River Alluvial Aquifer in Northeastern
Louisiana and Southeastern Arkansas

Areal and Vertical Distribution of Saltwater

Concentrations of dissolved solids (fig. 15) and chloride ions (fig. 16) in water samples from
the alluvial aquifer are plotted on the mapped altitude of the unconformable contact between the
bottom of the alluvial deposits and the top of the underlying Cockfield Formation.

Paleotopographic features (Saucier, 1967) on the top of the Cockfield Formation indicate
two roughly parallel northeast-southwest trending fluvial channels. In east Morehouse Parish
wells producing water with concentrations of dissolved solids (fig. 15) greater than about 500
mg/L and concentrations of chloride ions (fig. 16) greater than about 100 mg/L are within or near
the mapped location of the easternmost fluvial channel. Saltwater in the alluvial aquifer is present
within, but is not limited to, the mapped location of this same fluvial channel in southern Chicot
County.

Two test holes were drilled into the Cockfield aquifer. Test hole Mo-709 was drilled through
the easternmost fluvial channel and test hole Mo-708 was drilled through an adjoining paleotopo-
graphic high on the Cockfield Formation (fig. 15). Wells Mo-709 and Mo-708 were completed in
the locations of these test holes. The trace of electric logs in test holes Mo-708 and Mo-709 is
shown in figure 17. Measured induction resistivity (dashed line) was lower in test hole Mo-709
than in test hole Mo-708 for the total thickness of the alluvial aquifer. Measured normal resistiv-
ity (solid line) shows the same pattern, except for the top 30 ft of test hole Mo-709, where normal
resistivity could have been affected by invasion of drilling fluid into the alluvial aquifer. In the
absence of large changes in subsurface temperature or lithology, changes in the measured resistiv-
ity between two points in an aquifer reflect changes in the concentration of dissolved solids in the
water. Drillers’ logs indicated lithology changes between test holes Mo-709 and Mo-708 were
limited to a greater fraction of coarse sand and small gravel in about the lower 40 ft of the alluvial
aquifer penetrated by test hole Mo-709 than was present in test hole Mo-708. Thus, the lower
resistivity measured in the alluvial aquifer penetrated by test hole Mo-709 indicates the presence
of alluvial water that had greater concentrations of dissolved solids than alluvial water in test hole
Mo-708. Drillers’ logs indicated that about 30 ft of clay and silty clay immediately underlie the
base of the fluvial channel in test hole Mo-709. Where present, this layer of clay to silty clay
obstructed vertical flow between the alluvial and Cockfield aquifers.

Paleotopographic Controls on the Areal Distribution of Saltwater

The trace of the electric log in test hole Mo-709 shows higher resistivities in the sandy inter-
val of the Cockfield aquifer at an altitude from 145 to 165 ft below sea level than in the overlying
alluvial aquifer. This indicated the presence of water with lower concentrations of dissolved sol-
ids in the Cockfield aquifer than in the overlying alluvial aquifer. Wells Mo-709 and Mo-710
were located about 100 ft apart near the site of test hole Mo-709 (fig. 12). Well Mo-709 was
screened in the Cockfield aquifer at an altitude from 155 to 175 ft below sea level. Well Mo-710
was screened in the alluvial aquifer from 30 to 40 ft below sea level.

The dissolved-solids concentration of a water sample from well Mo-709 (895 mg/L), com-
pared to a water sample from well Mo-710 (about 1,800 mg/L), confirmed that the alluvial aquifer
within the easternmost fluvial channel had a greater concentration of dissolved solids than the
underlying Cockfield aquifer. This indicated that upward flow from directly below the alluvial
aquifer within the easternmost fluvial channel is not the source of saltwater to the aquifer.
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Figure 15. Concentrations of dissolved solids in water from the Mississippi River
alluvial aquifer shown on the mapped altitude of the unconformable contact between
the Mississippi River alluvial deposits and the underlying Cockfield Formation,
northeastern Louisiana and southeastern Arkansas.
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River alluvial aquifer shown on the mapped altitude of the unconformable contact

between the Mississippi River alluvial deposits and the Underlying Cockfield
Formation, northeastern Louisiana and southeastern Arkansas.
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The easternmost fluvial channel in Morehouse Parish intersects a zone of saltwater in south-
ern Chicot County. Because the density of saltwater is greater than that of freshwater, saltwater in
the alluvial aquifer in southern Chicot County becomes trapped within the easternmost fluvial
channel and flows to the southwest, even though water in the alluvial aquifer generally flows to
the south or southeast. The layer of clay to silty clay present at the base of test hole Mo-709 could
be laterally extensive in the channel and thus prevent downward flow from above of saltwater into
the Cockfield aquifer.

Because bromide and chloride ions can be assumed to react conservatively in ground-water
systems, their geochemistry can be interpreted in terms of mixing curves. Concentrations of bro-
mide and chloride ions in water from the alluvial aquifer plotted against one another fall along
two distinct trends (fig. 18). A best-fit line was drawn through each of the data trends using the
least-squares linear regression technique. Each separate data trend in figure 18 represents the con-
centrations of bromide and chloride ions produced by mixing of fresh alluvial water with ground
water having higher concentrations of bromide and chloride ions. Because the compositions of
end members lie on or along an extension of a given mixing curve, the presence of two distinct
trends in the data indicated the presence of two saline end members with distinct Br/Cl ratios.

The relation between concentration, in milligrams per liter, of bromide ions times 1,000
divided by the concentration, in milligrams per liter, of chloride ions as a function of the concen-
tration of chloride ions in alluvial water samples is shown in figure 19. Hereafter, this relation
will be referred to as the BrX1,000/C] value.

For reference, calculated BrX1,000/Cl values as a function of chloride-ion concentrations on
mixing of modern seawater with freshwater from the alluvial aquifer are shown in figure 19. The
compositions used for freshwater alluvial aquifer end members in constructing the modern seawa-
ter mixing curves (fig. 19) are those which appear at the low chloride end of the mixing curves
near the dependent (BrX1,000/Cl) axis. The BrX1,000/Cl value for modern seawater is 3.46
(Drever, 1982). The seawater mixing curve is used herein for reference only; its use for reference
does not imply that Mississippi River alluvial saltwater in the northeastern Louisiana and south-
eastern Arkansas study area is formed by a mixture of seawater and fresh alluvial water.

In addition to providing a frame of reference, the modern seawater mixing curve indicates
the rapid convergence of the BrX1,000/Cl value for a mixture of dilute and a more saline end
member toward the BrX1,000/Cl value for the more saline end member. Most of the data points
representing a concentration of chloride ion about 50 mg/L or greater are in two clearly defined
groups (fig. 19). One group of data points represents alluvial water with BrX1,000/Cl values
greater than that of modern seawater and the other group with values less than that of modern sea-
water. When the BrX1,000/Cl values of alluvial water are less than that of modern seawater they
overlap the range of BrX1,000/Cl values of briny water in sediment of Tertiary age in southern
(Hanor, 1984) and central (table 2) Louisiana.

Most of the data points representing alluvial water having BrX1,000/C1 values greater than
that of modern seawater correspond to sampling locations in southern Chicot County, and values
less than that of modern seawater correspond to sampling locations in Morehouse Parish.

Hydrogeochemistry and Origin of Saitwater

To understand the origin of these geochemically distinct sources of ground water having ele-
vated concentrations of dissolved solids, the regional geochemistry of deep subsurface ground
water and regional ground-water flow patterns in both deep and shallow aquifers must be consid-
ered. The following sections discuss aspects of geochemistry and regional ground-water flow in
aquifers and formations that contain potential sources of elevated dissolved solids in alluvial

water.
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Figure 18. Concentrations of dissolved bromide ions as a function of the
concentrations of dissolved chloride ions in water from the Mississippi
River alluvial aquifer within the northeastern Louisiana and southeastern
Arkansas study area.
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alluvial aquifer within the northeastern Louisiana and southeastern
Arkansas study area.
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Aquifers of Tertiary Age

A part of the precipitation falling on the highlands to the west of the Mississippi Alluvial
Plain flows downward and eastward into the Sparta aquifer or perhaps deeper into the Carrizo-
Wilcox aquifer before circulating upward and entering the alluvial aquifer (fig. 20). Deeply circu-
lating ground water is brought into contact with ground water having dissolved-solids concentra-
tions ranging from 3,000 to greater than 10,000 mg/L. A similar circulation pattern exists on the
eastern side of the Mississippi Alluvial Plain (Payne, 1968). Upward circulating ground water
contains a greater concentration of dissolved solids, derived from mixing with more saline ground
water at depth, than is present in fresh alluvial water. Upward flow from below of saltwater along
the Mississippi Valley alluvium as shown in figure 20 could account for the zone of dissolved-sol-
ids and chloride ion concentrations in a part of the alluvial aquifer that are greater than back-
ground values shown in figure 1.

Hanor (1984; 1987, p. 81-82) proposed that briny water within aquifers of Tertiary age in
southern Louisiana, which are sodium-chloride type water with BrX1,000/Cl values less than that
of modern seawater, are created by subsurface dissolution of the mineral halite from salt domes.
Halite usually contains about 100 mg of bromide per 1 kg of halite at initial halite saturation in
evaporating seawater (Herrmann, 1980). Holser (1966) reported a concentration of 48 mg of bro-
mide per 1 kg of halite in a coastal Louisiana salt dome. Congruent dissolution of halite having
concentrations of 100 and 48 mg of bromide per 1 kg of halite into pure water would produce salt-
water with BrX1,000/Cl values of about 0.17 and 0.08. These BrX1,000/Cl values are within the
lower part of the range of BrX1,000/Cl values in briny water from aquifers in sediment of Tertiary
age in southern and central Louisiana (fig. 19).

If saltwater present in the aquifers of Tertiary age in northern and central Louisiana had
originated from dissolution of halite, it is likely that the associated BrX1,000/Cl values would be
similar to briny water in southern Louisiana. Provided that saltwater within aquifers of Tertiary
age in the study area has BrX1,000/Cl values less than that of modern seawater, upward circulat-
ing water having elevated concentrations of dissolved solids derived from mixing with saltwater
at depth would represent the more saline end member required to produce alluvial saltwater with
BrX1,000/Cl1 values less than that of modern seawater.

The Smackover Formation

Alluvial saltwater having BrX1,000/Cl values greater than that of modern seawater requires
a source that also has a BrX1,000/Cl value greater than that of modern seawater. The Smackover
Formation of Jurassic age is present at altitudes from 5,500 to 6,500 ft below sea level in the
northeastern Louisiana and southeastern Arkansas study area (fig. 11). Briny water from the
Smackover Formation in southwestern Arkansas contains BrX1,000/Cl values that are among the
highest reported in the literature (Collins, 1974; Carpenter and Trout, 1978). This briny water
represents a possible end member in a mixing scheme that could produce saltwater in the alluvial
aquifer with BrX1,000/Cl values greater than that of modern seawater. Briny water having
BrX1,000/C1 values greater than modern seawater is associated with an east-west trending,
trough-shaped structure about 125 mi long and 25 mi wide (Carpenter, 1984). Briny water having
high BrX1,000/Cl values within the Smackover Formation has not been confirmed to be present
in Chicot County, possibly because of the lack of oil and gas development in the area. It is not
unreasonable to assume, however, that briny water having high BrX1,000/Cl values that occur
along an east-west trend in southwestern Arkansas could extend into Chicot County.

Figure 21 shows average concentrations of bromide and chloride ions in water from selected
areas of ground water from southern and central Louisiana northward to southeastern Arkansas
(table 2, this report; Collins, 1974; Carpenter and Trout, 1978; Hanor, 1984). The average com-
position of saltwater in the alluvial aquifer from the study area having a BrX1,000/Cl value less
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than that of modern seawater (point B) is near a mixing curve between the average composition of
fresh alluvial water (point A) and the average composition of briny water from aquifers of Ter-
tiary age in southern and central Louisiana (point D). The relation of points A, B, and D indicates
that saltwater in the alluvial aquifer in the study area having BrX1,000/Cl values less than that of
modern seawater could be formed by a binary mixture of alluvial freshwater and briny water from
aquifers of Tertiary age.

The average composition of saltwater in the alluvial aquifer with BrX1,000/Cl values greater
than that of modern seawater is represented by point C (fig. 21). The average composition of
briny water having high BrX1,000/Cl values from within the Smackover Formation is represented
by point E (fig. 21). Because point C does not lie on a mixing curve between the average compo-
sition of fresh alluvial water (point A) and either known more saline end member (points D and
E), the composition of saltwater in the alluvial aquifer with BrX1,000/Cl values greater than that
of modern seawater (point C) cannot be explained as a binary mixture of fresh alluvial water with
either known more saline end member. The composition of a hypothetical more saline end mem-
ber required to generate saltwater in the alluvial aquifer with BrX1,000/Cl values greater than that
of modern seawater is intermediate in composition between briny water having high BrX1,000/Cl1
values of the Smackover Formation and briny water from aquifers of Tertiary age in southern and
central Louisiana.

The final concentrations of conservative constituents, such as bromide and chloride ions, in a
mixture depend solely on the concentrations of conservative constituents present in the end mem-
bers and the relative amounts of each end member present in the mixture. Thus, the composition
represented by point C could be generated by mixing the appropriate amounts of water repre-
sented by points A, D, and E (fig. 21) in any order.

Mechanisms of Introduction of Saltwater

Saltwater in the alluvial aquifer with BrX1,000/Cl values less than that of modern seawater
could be produced by mixing fresh alluvial water circulating to altitudes more than 2,500 ft below
sea level with more saline water in aquifers of Tertiary age. This saltwater returns toward the sur-
face and flows upward through the base of the alluvial aquifer as part of the regional ground-water
flow pattern.

Saltwater in the alluvial aquifer with BrX1,000/Cl values greater than that of modern seawa-
ter could be derived, at least in part, from briny water within the Smackover Formation. For briny
water from the Smackover Formation to affect the geochemistry of saltwater, a mechanism must
exist for transporting briny water from the Smackover Formation, or water derived from briny
water within the Smackover Formation, upward through the base of the alluvial aquifer.

Geochemical data on the abundance of bromide and chloride ions reported by Broom and
others (1984) indicated that locally occurring saltwater in the upper part of the Sparta aquifer in
Union County, Arkansas (fig. 1), could have been derived from briny water within the Smackover
Formation. This area is associated with the location of a graben. The depth of penetration of the
faults bounding the graben was not reported by Broom and others (1984). The presence of gra-
ben-bounding faults in the proximity of local maximum salinity indicates that graben-bounding
faults could function as conduits along which dissolved ions migrate upward from depth.

The areal distribution of concentrations of chloride ions greater than about 100 mg/L in
water from the alluvial aquifer of southern Chicot County occurs along a roughly north-south
trend in an area about 17 mi long and 3 mi wide (Fitzpatrick, 1985) and coincides with the area of
concentrations of dissolved solids greater than 1,000 mg/L mapped by Boswell and others (1968)
(fig. 1). The areal distribution of concentrations of chloride ions greater than about 100 mg/L in
water from the alluvial aquifer of southern Chicot County is not consistent with a point source of
saltwater contamination. Fitzpatrick (1985) has suggested that saltwater could migrate into the
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alluvial aquifer by upward flow along a fault or through a thin or missing section of the regional
confining layer (Jackson Formation) which underlies the Cockfield aquifer in southern Arkansas.
Less restricted upward flow of saltwater from below in an area where the Jackson Formation is
thin or missing could explain a local increase in the salinity of alluvial water. However, upward
flow of saltwater from below in an area where the Jackson Formation is thin or missing does not
account for the geochemically distinct BrX1,000/Cl values observed in alluvial water within the
area of chloride concentrations greater than 100 mg/L in southern Chicot County, Arkansas.

The location of two regional wrench faults in northern Louisiana and southern Arkansas was
reported by Zimmerman (1992). The reported intersection of these two faults coincides with the
area of maximum chloride and dissolved-solids concentrations in the alluvial aquifer of southern
Chicot County (fig. 22). At least one of these faults extends into the Smackover Formation and
has been active as late as Pleistocene or Holocene time Zimmerman (1992). Upward movement
of dissolved ions, derived at least in part from briny water within the Smackover Formation, along
the intersection of these faults in southern Chicot County could introduce saltwater having
BrX1,000/Cl values greater than that of modern seawater into the alluvial aquifer. Increased ver-
tical hydraulic conductivity along the intersection of these faults also could explain the locally-
elevated salinity in southern Chicot County, Arkansas.

The present delineation of the zone of high to very high salinity hazard in eastern Morehouse
Parish (fig. 23) is based on the southernmost location of alluvial water samples from within the
easternmost fluvial channel which fall into the C3 or C4 category (fig. 14). Because the saltwater
appears to be largely confined within the fluvial channel, lateral spreading is unlikely. It is possi-
ble, however, that saltwater within the easternmost fluvial channel could migrate southwestward
along the fluvial channel in the future.
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SUMMARY AND CONCLUSIONS

Analyses of water from irrigation and monitor wells in east-central Louisiana, indicated the
presence of saltwater in the Mississippi River alluvial aquifer and the uppermost part of the Jasper
aquifer system. The salinity of this ground water makes it unsuitable for use in irrigation. Avail-
able geochemical data for bromide (Br) and chloride (Cl) ions and strontium (Sr) isotopes indi-
cated that briny water from 5,800 to 6,800 ft below sea level within the Carrizo-Wilcox aquifer
could be the source of saltwater in the alluvial aquifer and uppermost part of the Jasper aquifer
system. However, in the absence of data on the concentrations of Br and Cl ions and the values of
87S1/3Sr in water from the Catahoula, Cockfield, and Sparta aquifers within the study area, no
conclusive statement can be made on the origin of saltwater in the alluvial aquifer and the upper-
most part of the Jasper aquifer system.

Analyses of water from irrigation wells in northeastern Louisiana and southeastern Arkansas
indicated the presence of saltwater in the Mississippi River alluvial aquifer. Saltwater in the Mis-
sissippi River alluvial aquifer in these areas can be hazardous to salt-sensitive crops, such as rice,
when used for irrigation. The location of saltwater in the alluvial aquifer in eastern Morehouse
Parish is controlled by the paleotopography of the unconformable contact between the alluvium
of Pleistocene age and sediments of the Cockfield Formation of Tertiary age. Saltwater could
move into the alluvial aquifer in southern Chicot County, Arkansas, by upward flow from below
as part of the natural regional ground-water flow pattern and by movement along a fault that pen-
etrates into the Smackover Formation. Because the density of saltwater in southern Chicot
County is greater than that of the surrounding fresh ground water, the saltwater probably becomes
trapped within a northeast-southwest trending fluvial channel eroded into Cockfield Formation
and flows along the fluvial channel to the southwest into Morehouse Parish.

Water from the alluvial aquifer with concentrations of Cl ions greater than about 50 mg/L
can be divided into two groups on the basis of BrX1,000/Cl values. One group has a BrX1,000/C!
value less than that of modern seawater and the other group has a BrX1,000/Cl value greater than
that of modern seawater.

The geochemistry of Br and Cl ions in saltwater from the alluvial aquifer with BrX1,000/Cl
values less than that of modern seawater could be explained as a binary mixture of fresh alluvial
water with more saline water derived from aquifers of Tertiary age. Saltwater with BrX1,000/Cl1
values less than that of modern seawater could be introduced into the alluvial aquifer of southern
Chicot County by upward flow from below as part of the natural regional ground-water flow sys-
tem.

The geochemistry of Br and Cl ions in saltwater from the alluvial aquifer with BrX1,000/Cl
values greater than that of modern seawater could be explained as a ternary mixture of fresh allu-
vial water, saltwater from aquifers in sediments of Tertiary age, and saltwater from the Smackover
Formation of Jurassic age at altitudes from 5,500 to 6,500 feet below sea level. Saltwater could
be derived from the Smackover Formation by upward migration of briny water along the intersec-
tion of two regional wrench faults, at least one of which penetrates from near land surface into the
Smackover Formation.
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