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GLOSSARY
Agquifer
A formation, group of formations, or part of a formation that con-
tains sufficient saturated permeable material to yield significant
quantities of water to wells and springs.

Artesian well
A well in which the water level rises above the base of the bed
confining the aguifer; an artesian well may be either flowing or
nonf lowing.

Base of freshwater
Top of the transition zone between freshwater and saline water.

Brackish water
An indefinite term for water with a salinity intermediate between
that of normal seawater and that of normal freshwater (American
Geological Institute, 198G, p. 79).

Brine
Water with dissolved solids exceeding 35,000 mg/L {Hem, 1970, p.
219) .

Cone of depression
The depression, roughly conical in shape, produced in a potentiomet-
ric surface by pumping (or artesian flow).

Confining bed ‘
A body of “impermeable" material stratigraphically adjacent to one
or more aguifers that serves to confine water in the aguifer so that
the water level rises above the base of the confining bed.

Dip
The angle at which a stratum or any planar feature is inclined from
the horizontal.

Freshwater

Variously defined as water containing less than 1,000 mg/L dissolved
solids and (or) water containing less than 250 mg/L chloride or
less. In this report freshwater is defined as having 250 mg/L of
chloride or less.

Freshwater-gsaltwater interface
The boundary surface between two fluids of different density
(American Geological Institute, 1980, p. 321); the boundary is the
sloping surface between freshwater and slightly saline water in this
report,

High~chloride water
Water containing a significantly higher chloride concentration than
is typically found locally.



Hydraulic conductivity
The volume of water at the existing kinematic viscosity that will
move through a unit area of an isotropic porous medium in unit time
under a unit hydraulic gradient through a unit area measured at
right angles to the direction of flow. Replaces the term "field
coefficient of permeability." The hydraulic conductivity multiplied
by 7.48 is equal to the coefficient of permeability. For conversion
of hydraulic conductivity in feet per day to meters per day,
multiply by 0.3048.

Hydraulic (water-level! gradient
The difference in head per unit distance measured normal to lines
connecting points of equal head. The hydraulic gradient, hydraulic
conductivity (permeability), and porosity determine the velocity, or
rate of ground-water movement.

Milligrams per liter {mg/L)
For the purpose of converting to the metric system, the unit
"milligrams per liter" replaces the unit "parts per million,”
formerly used by the U.S. Geological Survey. The two units are
equivalent at dissolved-solids concentrations less than about 7,000

mg/ L.

Potentiometric (water-level) surface
The surface which represents the static head with reference to a
specified datum, such as mean sea level. As related to an aquifer,
it is defined by the levels to which water will rise in tightly
cased wells, The water table is a particular potentiometric surface.

Recharge
The process by which water is absorbed and added to the zone of
saturation, either directly into a formation or indirectly by way of
another formation.

Saline water
Water with a dissolved solids content between 1,000 and 35,000 mg/L
(Hem, 1970, p. 219}, Three classes of salinity were defined
according to the concentration of dissolved solids in milligrams per
liter: (1) slightly saline water (1,000 to 3,000), (2) moderately
saline (3,000 to 10,000), and (3) very saline (10,000 to 35,000).

Saltwater coning (or vertical intrusion)
A phenomenon caused when two fluids of different density at dynamic
equilibrium are made dynamically unstable because of pumping one of
the fluids (Muskat, 1946, p. 482).

Saltwater encroachment (or intrusion)
The phenomenon occurring when a body of saline water, because of its
greater density, invades a body of freshwater. The balance between
the freshwater and salty water, in static situations, is expressed
by the Ghyben-Herzberg equation.
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Saltwater wedge
Saltwater is generally wedge shaped as it invades a body of fresh-
water. The leading edge of the wedge is at the base of the aquifer,
the top of the wedge intersects the top of the aguifer in the coastal
zZone.,

Transmissivity

The rate at which water of the prevailing kinematic viscosity is
transmitted through a unit width of the aquifer under a unit
hydraulic gradient. It is equal to an integration of the hydraulic
conductivities across the saturated part of the aquifer perpendicular
to the flow paths. (Formerly termed “transmissibility," defined as
the rate of flow of water, at the prevailing water temperature, in
gallons per day, through a vertical strip of the aquifer 1 foot wide
extending the full saturated height of the aquifer under a unit
hydraulic gradient.) The transmisgivity multiplied by 7.48 is equal
to the coefficient of transmissibility. For conversion of
transmissivity in feet squared per day to meters squared per day,
multiply by 0.0929.

Water table
That surface in an unconfined water body at which the pressure is
atmospheric (water  level below the top of the aguifer). It is

defined by the levels at which water stands in wells that penetrate
the water body just far enough to hold standing water. In wells
which penetrate to greater depths, the water level will stand above
or below the water table if an upward or downward component of
ground-water flow exists.



FACTORS FOR CONVERTING INCH-POUND UNITS TO THE
INTERNATIONAL SYSTEM OF UNITS (SI)

Multiply . By

billion gallons per day 3,785,000
(Bgal/d)

foot (ft) 0.3048

foot per day (ft/4Q) 0.3048

foot per mile (ft/mi) 0.1894

square foot per day 0.092%0
(££2/4)

gallon per minute (gal/min) 0.003785

gallon per minute per foot 0.0002070
{{gal/min) /ft]

gallon per minute per square 0.00002436

mile [(gal/min) /mi2]

million gallons per dQay 3,785
(Mgal/d)

grains per gallon (gr/gal) 17.1
of sodium chloride (NaCl)

milligram per liter (mg/L) 1

mile (mi) L.609

To obtain

CUblC meter per day
(m3/d)

meter {m)
meter per day (m/d)
meter per Kilometer (m/km)

square meter per day
(m2/d)

cublg meter per minute
/min)

cubic meter per second per
meter {(m3/s)/m]

cubic meter per second per
square kllometer
[ (m3/s) /km?]
cublg meter per day
milligram per liter (mg/L)
of chloride (Cl)
part per million (ppm)

kilometer (km)

To convert temperature in degree Fahrenheit (°F) to degree Celsius

(°C), subtract 32 and divide by 1.8.
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THE OCCURRENCE OF HIGH CONCENTRATIONS OF CHILORIDE

IN THE CHICOT AQUIFER SYSTEM OF SOUTHWESTERN IOUISIANA

By Dale J. Nyman

ABSTRACT

High-chloride water in the Chicot aquifer system of southwestern
Iouisiana occurs in the coastal zone and in isolated bodies north of the
coast. Before 1900 the natural flow of freshwater was gulfward, but
industrial and irrigation pumping have reversed the water-level gradient
and water now flows northward from the coast. The small northward
water~level gradient has generally caused no detectable charge in
salinity in the coastal area, indicating that, in most of the area,
saltwater encroachment is not a current problem,

However, despite the slow rate of saltwater movement local areas are
particularly susceptible to encroachment. In the "upper sand" of the
Chicot aquifer system near Franklin (St. Mary Parish), Gueydan (Vermilion
Parish) , and Sweet Lake (south of Iake Charles), saltwater has moved
northward toward pumping centers or has a potential for movement.
Encroachment is indicated near Sweet Lake by chloride concentrations that
have been increasing more than 20 milligrams per liter per year in the
"upper sand," and in the southern part of Lake Charles where chloride
concentrations are increasing about 25 milligramg per liter per vear in
the "700-foot" sand. <Changes in chloride concentration generally
correspond to changes in pumping at pumping centers and the conseguent
increased rate of ground-water movement.

Most of the saltwater problems in southwestern ILouisiana are the
result of saltwater coning. Saltwater at the base of the agquifer moves
upward toward large-capacity producing wells. The upconing causes water
from a well to become increasingly saline with time and presently affects
a minimum area of 150 square miles near and, locally, north of the
coastal freshweter-saltwater interface. Iocal, isolated saltwater bodies
at the base of the "upper sand" near Abbeville (Vermilion Parish) and
Iowa (Calcasieu and Jefferson Davis Parishes) and in the "500-foot" sand
of the Lake Charles industrial area yield water to wells generally
ranging in chloride concentration from 50 to 500 milligrams per liter.
Saltwater coning can be minimized by shorter pumping intervals, setting
well screens higher above the saltwater, or by using scaverger wells that
intercept the saltwater before it reaches the production well.



INTRODUCTION

The 13 parishes of southwestern Iouisiana (fig. 1) comprise less
than a gtarter of the land area of the State, yet raise about two-fifths
of the crops sold,t produce more than one-fourth of the o0il and
condensate,? and nearly half of the natural gas.2 This high level of
productivity is sustained by a plentiful supply of freshwater used for
agriculture, industrial processes, and human consumption. One of this
area's greatest concerns 1s the protection of the freshwater resource
from increases in salinity and from pollution. 1In this report freshwater
is defined as water having a concentration of 250 mg/L of chloride or
less. The chloride concentration of the water discussed rarges from
slightly above background concentrations (about 30 mg/L), to slightly
saline (about 400 to 1,500 mg/L chloride).

Purpose and Scope

The purpose of this report is to document the occurrence of high-
chloride water in the Chicot aquifer system, describe the processes
causing saltwater problems, indicate areas having potential saltwater
problems, and publish the existing salinity data. 2a knowledge of the
areas susceptible to saltwater encroachment is important in order to
control encroachment, because once saltwater moves into an aquifer and
replaces the freshwater, it is very difficult to reclaim the aquifer.

This report summarizes and tabulates chloride and conductance data
accumulated by the U.S. Geological Survey since 1937, with particular
attention to the results of saltwater monitoring programs that began about
1961. Geologic and hydrologic maps have been drawn based on geophysical
and driller's logs. These maps define the base of freshwater and the top
of major aguifers and can be used to estimate the thickness of freshwater
section available. Chlorographs and hydrographs for key wells were drawn
and tabulations of data for other important saltwater-monitor wells
compiled to show chloride trends and to illustrate the relation between
water-level change and change in chloride concentration. Chloride-concen-
tration maps have been drawn for local areas with saltwater problems-~-such
as the lower Vermilion River basin; the Towa area, east of Lake Charles;
and the Lake Charles industrial area--to indicate the areas of greatest
concern.

Acknowledgments and Cooperation
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Based on parish crop evaluations for 1976, compiled by Iouisiana State
University Agriculture Extension Service.

Based on parish oil and gas production for 1980, compiled by the
Iouisiana Department of Natural Resources, Office of Conservation.
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0il Co., and by Mr. V. S. Scoggins (deceased), founder of (oastal Water
Wells, Inc., of Welsh, ILouisiana.

Special appreciation is expressed to D. G. Sheppard, S. T. Mumme,
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Natural Resources, and the U.S. Geological Survey, Conservation Division
{(now Minerals Management Service).

CHIQOT AQUIFER SYSTEM

The Chicot aquifer system, as used in this report, is a massive sand
in the outcrop area and the northern half of the project area; it is
divided downdip into two or more sand layers separated by clay beds. East
of Calcasieu Parish the massive sand of the Chicot aquifer system has been
divided into two units called the "upper sand" and "lower sand"; whereas
in Calcasieu and Cameron Parishes, the massive sand has been divided into
three units called the "200-foot", "500-foot", and "700-foot" sands (table
1) . The "upper sand" is connected to the “200-foot" sand, Abbeville unit,
and Atchafalaya River alluvium; thus, together these units constitute
essentially one hydrologic unit. The "lower sand" is connected to the
"700-foot" sand. The "S500-foot" sand is largely isolated except where it
merges with the "700-foot" sand toward the outcrop area (fig. 2).

Geohydrology

The Chicot aquifer system was named by Jones and others (1954, p. 7)
for a deltaic sequence consisting mostly of thick sand and gravel
deposits that dip and thicken southward from southern Vernon and Rapides
Parishes. The acuifer thins slightly to the west and continues into
Texas, To the east the aguifer thickens toward the axis of the
Mississippi Embayment trough where it is cut by or overlain by the
alluvium of the Atchafalaya and Mississippi Rivers; thus, the Chicot
agquifer system and Atchafalaya aquifer are hydraulically connected., The
aquifer units thicken gulfward but become increasingly subdivided by
clays and individual sand beds may thin and become finer textured.
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Table 1.--Geologic and aquifer correlations

lhis report Harder
System Series Lake Charles Fast of .
area Lake Charles Formation
Holocene Alluvium, Atchafa~
________ E laya aquifer, and
B 1 alluviam Abbeville unit
O e . Prairie
g i
" n
‘§ "200-foot" Jpper sand
5 . A Montgomer
E Pleistocene §{ sand Y
’ & | "500~foot"
8 sand Bentley
"é* Undifferentiated
"960~foot "lower sand"
sand Williana
Pli . .
;ggene Evangeline Evangeline
51 Mioene aquifer aquifer Foley
| Miocene Flemin
Jasper 9
aquifer

1
—/Fbr Lake Charles area. g-/For area east of Lake Charles.

Ancient Pleistocene rivers carried large quantities of sediments and
deposited them along the gulf coast. The thick, coarse-sand units south
of central Jefferson Davis, Acadia, and Lafayette Parishes are flood-plain
and deltaic deposits that grade southward into buried beaches and off-
shore sand bars. The confining clay beds are flood-plain, natural-levee,
and lagoonal deposits. These features can be interpreted from the
geohydrologic sections, which show that the sand units interfinger and
become increasingly subdivided by clay units toward the gulf coast. Sand
thickness and the presence of clay beds are very important to the under-
standing of saltwater movement because as sand units thicken laterally
sand-grain size and hydraulic conductivities typically increase. The
hydraulic conductivity? of the sand controls the potential rate of
ground water, and therefore saltwater movement. The clay beds are the
primary restriction on the vertical movement of saline water.

3 See Glossary, p. V.



for southwestern Iouisiana and eastern Texas

(1960) %/ Harder
and Wesgelman| Wesselman j Whitfield Jones
N others {1965) (1971} {1975) (1956)
fyaro (1967) 2/
ogic
unit Hydrologic unit
Upper Upper Atchafalaya
Chicot Shallow aquifer aquifer regervoir
shallow sand
"200-foot" | "Upper~-sand Chicot
sand unit” aquifer

"R500-foot" | Undiffer-

sand entiated Middle Lower Chicot
"lower-sand | aquifer aquifer reservolir

"700-foot" { unit"

sand

Evangeline | Fvangelice | Lower Evangeline | Evangeline | Evangeline

aguifer aquifer aquifer aquifer aquifer aguifer

Burkeville | Burkeville
aquiclude | aguiclude

Jasper Jasper
aquifer aguifer

In Calcasieu and Cameron Parishes the Chicot aquifer system was
subdivided by Jones (1950, p. 4) into the "200-foot", "500-foot”, and
"700-foot" sands, based on their depths in the Lake Charles industrial
area. These aquifers are described in detail by Harder (1960). ‘The
"200-foot" sand correlates with the top of the "lower Chicot" of
Wesselman (1971) in Texas, and the Chicot "upper sand" of Harder and
others (1967). The "500-foot" and "700-foot" sands correlate with the
lower part of the "lower aquifer" in Texas (Wesselman, 1971), and the
"lower sand unit" of the Chicot aquifer system to the east. The Chicot
aquifer system overlies the Evangeline and Jasper aquifers. The relations
between aquifer names used in the study area are shown in table 1.

East of Calcasieu and Cameron Parishes the Chicot aquifer system has
been informally divided into upper and lower units (Whitman and Kilburn,
1963, p. 10). In the same area, subdivisions of the aquifer were cor-
related with the Williana, Bentley, Montgomery, and Prairie Formations,
which correspond to the four periods of Pleistocene glaciation. A

7



regional subsurface correlation of terrace formations is not obvious,
therefore the names "upper sand" and "lower sand" are used to designate
units of the Chicot aquifer system in the eastern part of the report area.

Ground-Water Hydrology

Water Levelg

Water levels in the Chicot aquifer system have ranged from near land
surface to about 150 ft below land surface. Water levels are lowest in
the Lake Charles industrial area and highest near rivers in the recharge
area (pl. 1).4 Annual water-level fluctuations range from 2 to 3 ft in
essentially unpumped areas in parts of Beauregard and Allen Parishes and
from 20 to 40 £t near pumping centers for rice irrigation in Jefferson
Davis and Acadia Parishes, fTotal pumpage from the Chicot aquifer system
averaged about 1 Bgal/d in 1980 (Walter, 1982). Centers of concentrated
pumping cause cones of depression in the potentiometric surface of the
aquifer that induce the flow of water from all directions causing a slope
(gradient) in the water-level surface toward the area of heavy pumping.
The slope of the water-level surface is indicative of the rate of
ground-water movement; the steeper the slope the faster ground water
moves through the aquifer, assuming aquifer transmissivity and other
factors are constant.

Water levels in wells tapping the "200-foot", "500-foot", and
"700-foot" sands in the Iake Charles area are significantly different
near pumping centers. Levels of the "200-foot" sand are the nearest to
land surface, levels of the "500-foot" sand generally are farthest below
land surface, and the water level in the "700-foot" sand is generally
intermediate. Drawdown of the potentiometric surface of the "500-foot"
sand was primarily caused by industrial ground-water withdrawals, which
averaged about 100 Mgal/d during 1980 (Walter, 1982). The center of the
drawdown cone in the "200-foot" sand is primarily related to withdrawals
of water from the "500-foot" sand and leakage between the two sands. The
cone of depression for the "700-foot" sand is caused by ground-water
withdrawals averaging about 10 Mgal/d and leakage to the "S500-foot" sand.

The water-level map for 1903 (Jones and others, 1954, pl. 17; 1956,
pl. 13) shows the natural southward gradient that probably existed before
extensive ground-water development began. Rain falling on the recharge
areas of the Chicot aquifer system during pre-development years provided
base flow to the Sabine, Vermilion, and Atchafalaya Rivers {and other
coastal streams) and also created the hydrostatic pressure that flushed
saltwater southward and stabilized the saltwater wedge in the coastal
area.

4 The regional potentiometric map is based on the massive sand in the
northern part of the area, the "upper sand" in the coastal area,
and the "200-foot" sand in the Lake Charles area.



The water-level gradients that sloped southward in 1900 have now been
reversed in the coastal area and slope northward toward pumping centers in
Calcasieu, Jefferson Davis, and Acadia Parishes (pl. 1). The northward
gradient is very low (generally less than 1 ft/mi) in the coastal wetlands
area because of little pumping and because of recharge from vertical leak-
age. Because of these factors, the northward movement of the freshwater-
saltwater interface has been very slow and probably averages less than
100 ft/yr in the gulf coast area. However, a potentially serious problem
may develop if the water-level gradient near the coast is increased.
Saltwater encroachment, which has occurred in the Texas-Gulf region at
Houston and Orarge (Baker and Wall, 1976, p. F2l; Gabrysch and McAdoo,
1972, p. 10), could render large parts of the Chicot and other aquifers
unusable,

Water Movement

Ground water moves from areas of recharge to areas of discharge,
which under current conditions coincide with pumping centers. The
recharge areas are indicated by the large patterned area of the water-
level map (pl. 1}: the pumping centers are dJenerally Jlocated in areas
indicated by closed contours. Water pumped in southwestern Louisiana may
originate as rain falling on the outcrop area to the north, as flow from
the Atchafalaya River to the east, or as water moving downward through the
clays to the Chicot aguifer system from marshlands in the coastal area to
the south. There is very little movement of ground water from the west
toward Lake Charles because of pumping at Orange, Texas. Additional
recharge is received through direct interconnectiong with underlying
aquifers (Whitfield, 1975, p. 12), or directly from streams, such as the
Calcasieu River in the reach above Kinder and the Vermilion River in the
reach below Abbeville.

Recharge from the outcrop area in Beauregard and Allen Parishes and
areas to the north supplies about 50 percent of the total water pumped
from the Chicot aquifer system, and most of the water pumped in Calcasieu
and Jefferson Davis Parishes, according to analog-model studies (A. L.
Zack and A. N. Turcan, written commun., 1975). Recharge to the agquifer
from the outcrop area in REvangeline Parish supplies less than 5 percent
of the total water pumped. The amount of flow through Evangeline Parish
is small because an east-west trending zone of low transmissivity (Fader
and Harder, 1954) north of Ville Platte inhibits ground-water movement.
On the water-level map (pl. 1) this zone is indicated by closely spaced
water-level contours in central Evangeline Parish. In general, therefore,
the amount of recharge in the outcrop area to the north is not determined
solely by the amount of rainfall, but also by the aguifer®s ability to
transmit the water away from the recharge area,

The Atchafalaya aquifer (Jones and others, 1956 p. 293) and the
Chicot aguifer system are essentially one continuous hydrologic unit from
St. Landry Parish to near St. Martinville. Water levels in the
Atchatalaya River alluvium change with river stage. Water levels are
higher in the alluvium, causing water to move down gradient to the west
into the Chicot aquifer system. The water-level map (pl. 1) indicates
recharge from the Atchafalaya alluvium because of the essentially north-
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south trending water-level contours near the cities of Lafayette and
Opelousas and the westward water-level gradient. Water is moving from
the Atchafalaya Basin toward pumping centers in St. Landry and Acadia
Parishes., About 15 percent of the total water pumped from the Chicot
aquifer system is supplied from the Atchafalaya Basin (A. L. Zack and
A. N. Turcan, written commun., 1975).

South of St. Martinville the Chicot aquifer system is often poorly
connected to the Atchafalaya alluvium and much of the recharge to the
Chicot aquifer system in Iberia, St. Mary, and southern St. Martin
Parishes is from vertical leakage. 'The ground-water contribution from
the south and west totals less than 5 percent of the total withdrawals
from the aquifer (A. L. Zack and A. N. Turcan, written commn. , 1975).

Recharge from vertical leakage is the water that moves very slowly
through the clays from aquifers of higher hydrostatic head (water level)
to aquifers having lower hydrostatic head. 1In the coastal area the water
level in the Chicot aquifer system is lower than the water level in the
wetlands above it and the Evangeline aquifer below it. About 25 percent
of all the water pumped from the Chicot aquifer system is derived from
vertical leakage and much of the vertical leakage occurs in the coastal
wetland area (A. L. Zack and A. N. Turcan, written commun., 1975). This
recharge is extremely important because it deters saltwater encroachment
by decreasing the water-level gradient. Increases in withdrawals from the
coastal area and the immediate area to the north would probably increase
vertical leakage; however, increased withdrawals would also increase the
northward water-level gradient and would therefore increase the rate of
northward ground-water (saltwater) movement.

Ground-Water Salinity

High-chloride water occurs mainly in the coastal area of the major
sand units, as well as in small isolated bodies in the freshwater areas
to the north. 1In the coastal area, movement of the saltwater wedge is
controlled by the hydrostatic balance between freshwater and saline water
and retarded locally by areas of decreasing transmissivity. High-chloride
water in isolated bodies or associated with the coastal-saltwater wedge
accounts for most of the saltwater problems in the "upper sand.”

The Freshwater-Saltwater Interface

The freshwater-saltwater interface is the sloping surface between the
freshwater body and the saltwater body below. The vertical shape of the
interface can generally be described as a low-angle wedge with a slight
upward (concave) curve toward the gulf (fig. 2). ‘There is a downdip
saltwater wedge in each sand. ‘'The leading edge of the wedge lies at the
base of each sand and generally extends many miles north from the main
body of salty water.

10



The configuration of the base of freshwater reflects the history of
saltwater movement in the coastal area. Seventeen thousand years ago,
the sea level was about 300 ft lower than it is today (Shepard, 1960, p.
338-344) . The steeper ground-water gradients during this period of low
sea level probably flushed out most of the saltwater in the "upper sand"
some distance seaward of the current shoreline., As sea level rose, the
offshore migration of freshwater ceased and saltwater started migrating
northward, with highest rates of encroachment in areas where the aquifer
materials were most permeable. One such area is the permeable zone
underlying the Atchafalaya River basin. Ground-water development,
primarily irrigation, has slightly altered movement of the saltwater
interface locally. The configuration of the base of freshwater has
largely developed in response to sea-level change.

A saltwater "high" can be caused by a hydraulic connection between
the "upper" and "lower sand." A hydraulic connection is probable where a
clay thickness of less than 20 ft separates the "upper" and "lower
sands.” The "lower sand" generally has a slightly higher artesian head
than the "upper sand." For example, saltwater "highs" in Vermilion
Parish are related to hydraulic connections. The "lower sand" contains
only saltwater below the interconnection, and salty water has moved
upward through openings in the clay into the "upper sand.”

Saltwater Coning

Saltwater coning, also termed "upconing" or "vertical-saltwater
encroachment ," is the most common cause of wells pumping saline water in
southwestern Louisiana. The phenomenon of coning results when two fluids
of different density at equilibrium are made dynamically unstable because
of pumping one of the fluids (Muskat, 1946, p. 482). Because saline water
is more dense than freshwater, the freshwater floats on top (fig. 3A).
High-capacity wells pumping from just the freshwater portion of the
aquifer will cause the level of slightly saline water to rise and even-
tually enter the well. JFigure 3B diagramatically shows the components of
flow through an aquifer having a freshwater-saltwater interface. 1In the
situation shown by figure 3B, as pumping continues, an increasing propor-
tion of water comes from the lower part of the aquifer.

Some of the factors affecting the rate of coning include: (1) the
depth from the bottom of the well screen to the base of freshwater, (2)
the pumping rate, (3) the duration of pumping, (4) the vertical perme-
ability of the aquifer, (5) the thickness of the acquifer, and (6) the
difference in density between the two waters.

High-Chloride Water in the Chicot "Upper Sand"

Saltwater coning causes most of the saltwater problems because the
saltwater wedge at the base of the "upper sand" extends from 5 to nearly
40 mi north of the gulf coast. The northern limit of the wedge is shown
on plate 2. North of the patterned area the entire aquifer contains
freshwater; south of the patterned area the aguifer contains only saline
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water. Generally speaking, the concentration of chloride is highest and
the water at the base of the aquifer is most saline where the saltwater
wedge 1s broadest and thickest. The thickness of the freshwater section
can be estimated by subtracting the altitude of the top of the aquifer
{pl. 2) from the altitude of the base of freshwater.

Although saltwater coning is the most. common cause of saltwater
problems in the coastal area, several areas are susceptible to saltwater
encroachment by lateral movement. This is generally of greater concern
than saltwater coning because the effects of lateral encroachment are
essentially permanent (not seasonal). Areas that have a high potential
for saltwater encroachment are: (1) along a north-south trending
saltwater high underlying the Atchafalaya River basin, (2) along the
north-south trending saltwater high underlying the Vermilion-Cameron
Parish boundary, and (3) along the leading edge of the saltwater wedge
near Sweet Lake in central Cameron Parish and the town of Hayes in
Calcasieu Parish (pl. 2).

Atchafalaya River Basin

The west side of the north-south trending saltwater high underlying
the atchafalaya River basin is defined by the 400-foot contour on the
base of freshwater (pl. 2). Currently there is no evidence of saltwater
movement; in fact, data for the key monitor well (I-93) shows a reduction
in chloride concentration. The reduction in chloride is probably related
to movement of fresh ground water from the northeast as in the New Iberia
area (pl. 1). Chloride and water-level trends in wells monitoring salt-
water are given in table 2, well locations are on plate 2, and chloride
data are given in table 7.

Vermilion Parish

There is 1little indication of movement of the coastal-saltwater
wedge in Vermilion Parish; however, there are local saltwater problems
near the mouth of the Vermilion River which are described in the next
section. Ground water in northern Vermilion Parish is protected from
saltwater encroachment by a large body of freshwater which extends
offshore near Southwest Pass on the west gide of Marsh Island (pl. 2).
Saltwater encroaching from the south would first have to displace this
volume of freshwater before the mainland would be affected. Profiles
through this area are shown in figures 4 and 5, the location of the
geohydrologic sections is shown on plate 1.

Cameron Parish

In northern Cameron Parish, the leading edge of the saltwater wedge
probably is being drawn northward. Well Cn-92 (well location on pl. 2)
showed an increase in chloride concentration of 20 (mg/L}/yr until 1975
when the rate of increase reduced to about 3 (mg/L)/vyr. A chlorograph
ard hydrograph for well C(n-922 is shown in figure 6. The decrease in the
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Table 2.--Summary of wells in the Chicot "upper sand" in the

Atchafalaya River basin and Vermilion Parish

[See plate 2 for location of wells]

Chloride Water- Rate of

Well No. Area monitored trend level water-level
gradient decline
SMn-108 Monitors west side of salt- Increasing 0.4 £t/mi No trend

water high underlying the
Atchafalaya River basin
and locally near the
Section 28 salt dome
(2,000 £t bhelow)

(well depth 505 ft).

I-93 Monitors front of "toe"
of saltwater wedge
(well depth 585 ft).

SM-570 Monitors changes in base
of freshwater zone north
of an offshore fault
(waell depth 638 ft).

SM-57L Monitors changes in salin-
ity below interface zone
(well depth 738 ft).

Ve-639 Monitors potential salt-
water encroachment near
the gulf coast {well
depth 608 f£t).

Ve-630U Monitors change in
salinity above bhase of
freshwater 10 mi south
of "toe" of saltwater
wedge and 10 mi east
of north-south trending
saltwater ridge (well
depth 498 ft).

Ve-630L Monitors change in sali-
nity below base of
freshwater (well depth
528 ft).

5 (mg/L)/yr.

Decreasing
5 (mg/L}/yr.

No consis-
tent trend

2 {mg/L)/yr.

No consis-
tent trend.

Increasing
5 (mg/L)/yr.

toward (water

southwest. level in
aquifer
reflects
river

stage) .

0.4 £t/mi 0.5 £t/yr.
toward
southwest.

0.3 £t/mi. No con-
sistent
trend,

0.3 £t/mi No con-
west, sistent
trerd.

0.5 £t/mi 0.2 ft/yr.
north-~
northwest.

L.0 £ft/mi 0.2 £t/yr.
north.

1.0 ft/mi 0.2 ft/yr.
north.
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upward trend of the chloride concentration following 1975 occurred because
water levels stabilized after 1970 and there was a decrease in the water-
level gradient. If there is another period of several vears of increasing
withdrawals, and a steepening of the water-level gradient, chloride concen-
trations will probably begin to increase significantly, indicating northward
saltwater movement. Increasing salinity at wells Cn-92 and Cu-971 (pl. 2,
Calcasieu Parish) suggests that there was movement along a 20-mi width of
the saltwater wedge northeast of Sweet Lake in Cameron Parish and near Hayes
in Calcasieu Parish. This part of the saltwater wedge is affected by
irrigation pumping in Calcasieu and Jefferson Davis Parishes. Areas of
corcentrated ground-water withdrawals are indicated by the closed contours
on plate l. The wells monitoring saltwater movement in Cameron Parish are
summarized in table 3.

The northward movement of the saltwater wedge in this area has yet to
cause major problems because the aquifer is generally more than 400 ft in
thickness and there is enough distance between the bottom of wells and the

Table 3.--Summary of wells monitoring the Chicot “upper sand" in

Cameron Parish

{See plate 2 for location of wells]

Rate of
Well Area monitored Chloride trend Waterflevel water-level
No. gradient p ,
ecline
Cn~-81U Monitors changes near west Decreasing 0.8 f£t/mi 1.0 ft/yr.
side of saltwater ridge 5 (mg/L)/yr. northwest.
and near irrigation pump-
ing, screened above base
of freshwater (well depth
448 ft).
Cn-8lL As above but well screened Decreasing 0.8 ft/mi 1.0 £t/yr.
below base of freshwater 5 (mg/L)/yr. northwest,
(well depth 478 ft).
Cn-93 Monitors changes in salinity Decreasing 0.5 ft/mi 0.8 ft/yr.
in coastal area at town 3 (mg/L)/yr. north,
of Cameron {(well depth
360 f£t}.
Cn-90 Monitors changes in salinity Decreasing 1.0 ft/mi 0.9 ft/yr
in central part of parish 5 {mg/L)/yr. north- until 1975,
(well depth 396 ft). northwest., 0.7 ft/yr.
Cn-92 Monitors saltwater encroach- Increasing 20 1.5 ft/mi 1.2 ft/yr
ment near leading edge of (mg/L)/yr north- until 1975,
saltwater wedge 15 mi until 1975, northeast. 0.9 £t/yr
southeast of ILake Charles 3 (mg/L)/yr since 1975.
(well depth 443 ft). since 1975,

20



base of freshwater to minimize saltwater coning. Further ground-water
development in most of eastern Cameron Parish for domestic use and small
municipal and industrial supplies should cause no significant changes in
the rate of saltwater movement, but large industrial development snould
be carefully studied as saltwater encroachment could shorten the life of
the water supply.

The aquifers in most of the western half of Cameron Parish probably
have contained saline water since the sediments were deposited.

High-Chloride Water in the Lower Vermilion River Basin

The lower Vermilion River basin is the location of unique saltwater
problems in the Abbeville unit and in the "upper san " of the Chicot
aquifer system (table 1). Salinity problems are not related to of fshore
saltwater encroachment, but represent local saltwater problems caused
by: (1) movement of saltwater from the Vermilion River into the Abbeville
unit, and (2) the upward movement of salty water from the "lower san "
into the "upper sand," which is increasing owing to pumping.

Abbeville unit.--The Abbeville unit of the Chicot aquifer system is
the "shallow sand" described by Harder, and others (1967, p. 35). They
stated, "This shallow sand is a distinct hydrologic unit throughout most
of the [lower Vermilion River] basin and generally consists of fine to
sandy silt at the top and grades downward within a few tens of feet into
sand and gravel. The thickness of the sand usually ranges between 100 to
250 feet." Before large-scale irrigation began, ground-water discharge
from the Abbeville unit supplied the base flow of the Vermilion River.
However, because of ground-water withdrawals in Vermilion Parish and
parishes to the north, water levels in the Abbeville unit gradually
declined below the channel of the Vermilion River. By 1951, the river
began recharging the aquifer in the Bancker area (fig. 7). Since that
time brackish water has infiltrated the Rbbeville unit on the infreguent
occasions when brackish water was pushed that far upstream {Harder and
others, 1967, p. 37-40). The saline-water contribution from the Vermilion
River to the Abbeville unit has been very small in the Bancker area and
the saline water that has infiltrated is being slowly flushed out. (See
chlorograph of well Ve-626, fig. 8.) ‘'the Vermilion River at Bancker
contains water of more than 200 mg/L chloride only 15 percent of the time
(fig. 9). Flushing action (decreasing salinity) will continue until
either the chloride concentration in the aquifer reflects the average
annual chloride concentration of the river, the infiltration of rainwater
continues to locally dilute the salty water in the aquifer, or saline
water again recharges the aquifer in the Bancker area following an unusual
hydrologic event, such as a series of very high tides accompanying storms.
After the high tides occur, the flushing (or dilution) phase will be
repeated.

The Abbeville unit in the reach of the Vermilion River between
Little Bayou and the mouth ig being recharged by brackish water more
frequently than in the Bancker area because of tides bringing brackish
water upstream during periods of low stream flow., Because of this the
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CHLORIDE CONCENTRATION, IN MILLIGRAMS PER LITER

100

i00

500

400

300

200

1100

1000

900

800

700

600
400

300

200

100

7 T
i Well: Ve-640

Dept{h: 64;“ | 1 ] 1 | 1 f O o ¥ of oo oo oulatrPgndey ! { 1
T T T T H T T T T T T T T T T T L
L Well: Ve-625
Depth: 97 ft
o et retorhut witiotend ket St el il bttdee] . ool el e YL Ul B SRt T

L Well: Ve-626
Depth: 66 {t

Wall: Ve-628
"Depth: 88 ft

T T
| Well: Ve-633
Depth: 65 ft

1 1

H i i

SRAN
1 i [ 1

I ] [ |

T

| Well: Ve-634

Depth; 86 ft
Five

T L T I 1 H T

e e
s et e '
e e i

1 1 I 1 | 1 1

I I 1 T

1966 1968

1970

1972 1974 1976

1978 1980

Figure 8.~-Wells along the lower Vermilion River screened in the
Abbeville unit.

23




*ISATY UOTTTWISA ISMOT SUF UT UOTIRIFUSOUCD SPTIOTYD UYBTY JO UOTIRING--*§ 2anbTg

NMOHS LVHL NVYHi H31v3yd HO Oi 1V¥ND3I SYM NOILVHINIONOO 3QIHOTHO IWIL 40 IDVINIOHI

¥e 2¢ ot 8¢ oc ¥e 22 0¢ Bl 9l 14 48 (073 g 9 ¥ 2 0

T _ 1 T T T ; T T T T I T T

(4861 ‘siouyio pue s8pieH wWoLd) 2961 ‘0 “Jdy o} cs6l 'L .woO.\.. .
F . 194OUBY }B J8A1H UOHIWIBA--UOIIBIND 8pLOIYD .. 7
n 0861 "0 "3d8S 01 ¥/i6L ‘L "100 *AUD |BISEOSBAIU] mec\ ..... Lol
~ 300] UBAIY UOHIUWIIBA JO OPIS JSBO--UOIIBIND apLIoyD * A

N T
J

i i i ] i } ! i I £ § 1 1 I l i

0

0co!L

0002

0oo0¢g

Q00¢y

000¢

- 0009

0004

0008

HALIT H3d SWYHOITIIW NI ‘NOILVHLINIONOD JAIHOTHD

24



saltwater body in the Abbeville unit south of Little Bayou is increasing
in size and in chloride concentration and will continue to grow until the
wstream movement of brackish water from Vermilion Bay is controlled.
Water in the Vermilion River near the mouth has chloride concentrations
exceeding 1,000 mg/L more than 4 months each vear (fig. 9), generally
during the late summer and fall. Water from the Vermilion River has been
recharging the Abbeville unit near Intracoastal City since 1962, when
water levels in the aquifer were lowered below the river stage (Harder and
others, 1967, p. 39).

The growth of the saltwater body is indicated by the increasing
chloride concentration at well Ve-628 (fig. 8), about 4 mi north of
Intracoastal City (fig. 7). The average increase in chloride
concentration was 36 (mg/L)/yr. The chlorograph for well Ve-634 (fig. 8)
shows an increase of about 5 (mg/L}/yr, indicating that the saltwater
body was also moving eastward until 1977. Growth to the north and east
means that the saltwater body is probably expanding in all directions. A
summary of these data and hydrologic factors affecting the wells in the
Abbeville unit is given in table 4,

Table 4.--Summary of data from saltwater-monitor wells in the

Bbbeville unit in the lower Vermilion River basin

Well No. Area monitored Chloride trend

Wells along the river

Ve-640 Monitors changes in salinity in the Abbeville Decrease of

unit north of Bancker {well depth 64 ft). 2 (mg/L) /vr
1974-78.
Ve-625 Monitors salinity changes in Abbeville unit No consistent
north of leading edge of saltwater high trend.
below river (well depth 97 ft).
Ve-626 Monitors saline zone at Bancker (well depth Decrease of
66 f£). - 25 (mg/L) /vr
1963~66,
20 {mg/L)/yr
1974-80.,
Ve-628 Monitored salinity changes below bagse of Increase of
freshwater (well depth 88 ft, destroyed 30 {mg/L)/yr
before 1975). 1964-74.

Ve~633 Monitored salinity changes above base of fresh- No c¢hange.
water (well depth 65 ft deep, destroyed 1978).

Ve-634 Monitors salinity changes near base of fresh- Increased
water 1.5 mi east of river (well depth 86 4 (mg/L) /yr
ft, destroyed 1981). 1967-178.
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"Upper Sand".--Below the Abbeville unit lies a saltwater body in the
"upper sand,” about 50 miZ in extent. This saltwater body is slowly
enlarging because saline water is moving upward into the "upper sand" from
the "lower sand" through.a sandy zone in the confining layer between the
two aquifers near well Ve-649 (figs. 10 and '11). The areas between Perry
and Little Bayou are particularly susceptible to saltwater encroachment
from this saline source. Chlorographs for wells in the "upper sand" show
a steady, small increase in chloride concentration, indicating that the
saltwater body is probably spreading in all directions. As water levels
decline in the "upper sand," the differential head between the "upper
sand" and the “lower sand” becomes greater, - thus increasing the rate of
saltwater movement upward through in the confining layer.

The largest volume of saltwater in the "upper sand" underlies the
Vermilion River. Most of the salty water in the "upper sand" was not
induced from the Vermilion River because it would take longer than the
approximately 30 years since water levels in the aquifer dropped below
~river level to induce the saltwater present. The saltwater in the "upper
sand" probably moved upward from the "lower sand" over thousands of years.
Wells monitoring the saltwater body have yielded water containing nearly
700 mg/L chloride, according to.Harder and others (1967, p. 42); the
highest chloride concentration observed was 14,000 mg/L. Wells Ve-637U,
-637L, and -649 monitor the "upper sand" in the lower Vermilion River
basin (figs. 10 and 12, table 5). Well Ve-637U, for example, shows an
increase in chloride concentration of 10 (mg/L) /yr from 1974 to 1977 and
4 (mg/L)/yr from 1977 to 1981. 'This change, although small, nevertheless
indicates the slow, steady, northward expansion of the saltwater body in
the most important freshwater aquifer ("upper sand") supplying this
area. The "upper sand" supplies the high-capacity wells in the area,
which include most of the irrigation, .industrial,. and municipal wells in
Vermilion Parish.

High-Chloride Water in the Iowa Area

A local saltwater problem in the "upper sand" is located north and
east of the town of Iowa (pl. 3), about 5 mi east of Lake Charles. The
problem has been an important concern to farmers having irrigation wells
in a 90 mi2 area. The wells have yielded water ranging in chloride
concentration from 50 to 550 mg/L. 'The highest chloride concentration in
the saltwater body is unknown. There is little indication that this body
of high-chloride water is spreading or increasing in salinity.

The shape of the saltwater body is related to channel and flood-plain
features incised into the lower confining clay of the Chicot "upper sand,”
features now buried under about 300 ft of sediment. The structure
contours define a flood plain located mostly in Jefferson Davis Parish
and a serpentine channel that curves around the town of Iowa and lies at
the base of a buried bluff which is 60 ft high in most places. Geohydro-
logic sections E-E' and F-F' (pl. 3) show the'configuration of the base
of the aquifer and of chloride zones increasing  inconcentration with
depth. It should be noted that. wells screened above the buried channel
and its flood plain (about 3 mi to the east and north of Iowa) may have
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Table 5.--Summary of data from saltwater-monitor wells in the

"upper sand" in the lower Vermilion River basin

Rate of
Well . Chloride Water-level water-level
No. Area monitored trend gradient dectine
(ft/yr)
Wells away from the river
Ve-637U Monitors salinity changes in Increasing 0.5 £t/mi 0.2
saltwater high 2 mi west 7 (mg/L)/Yr  northwest.
of Vermilion River, 5 mi 1975-81,
south of Abbeville. Moni-
tors above base of fresh-
water (well 198 ft deep).
Ve-637L As above, but monitors below Increasing 0.5 ft/mi Y
the base of freshwater 8 (mg/L)/yr northwest.
(well 243 ft deep). 1970-81.
Ve-649 Monitors salinity changes Increasing 0.5 ft/mi o2
below base of freshwater 6 (mg/L)/yr northwest,

near well Ve-640 (table 4) 1965-81,
(well 350 ft deep).

about twice the chloride concentration as wells to the west. Movement of
the saltwater probably has been southerly, the direction of the slope of
the buried channel at the base of the bluff.

Comparisons of analyses of samples collected during the past 30 vears
indicate that the entire body is now essentially static in all directions,
Three analyses (spanning 18 years) for well JD-113, which is directly above
the buried channel, show no definite trend (table 6). Wells JD-410 and
JD-411, near the channel, have the same depth and have had about the same
chloride concentration for the past 19 vyears. (See pl. 3 and table 6).
The high-chloride water has probably existed at its present location since
ground-water development began in the area. Wells east and northeast of
lowa that are screened near the base of the aquifer and pumped continuously
for long periods of time probably eventually will experience saltwater
coning. This is less of 3 problem to the west (on top of the buried
bluff) in Calcasieu Parish, where salinities are lower at the base of the
aquifer. The most practical solution to salinity problems in this area is
to screen high-capacity wells as far above the base of the aquifer as
possible,
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Table 6.--~Chloride analyses of water from wells in the Towa area

Well depth,

Chloride concentration,

Well in feet in milligrams per liter
No. Owmer below land
surface  1948-49 1955-58 1962-68 1973-78
CALCASIEU PARISH
Cu-144 R. & R. Hardy---~ 312 150 150 Destroyed — ———=—mmw——
Cu-347 Amy Waite Egt--- 280 290 T eI
Cu~640  ~—w=m do————m———— 200 — 300 310 e
Cu-646 J. Metzger—-—ww=-—- 330 e 140 e 200
Cu-651  Town of Iowaw-—-- 237 — 170 180 0 e
Cu-652  ——--- Jo-——m=m=—m 240 -— —— 180 000 e
Cu~659 Richardson-Basgs 225 —-—— 300 memmmmmmm e
0il Co.
Cu~68L B, L. Pugh------ 350 —-— 140 1406 0 e
Cu-752 C. H. Findley=--=- 307 — e 140 000 e
Cu-837 C. Foreman=wm=m=- 200+ ——— —— e 260
Cu-969 U.S. Geological 190 - m—— e 200
Survey.
Cu=-975  —wmwe e Lo 237 - m—— e 260
Cu~992  W. Grougmw=m=rmmmemw 250 - et e D 320
JEFFERSON DAVIS PARISH
Jb-20 0. le Jeung=w—w=-—- Unknown 200 e e
JD~-24 O. Davidmmmm=mmm—- 410 200 m—— mmmmmmmme e
Jb-113 L. Bourgeaig—--- 355 330 250 30000 e
JD-159 W. M. Fear 277 a0 120 e e
& Son.
JD-410 R. Fontenotw—=—m—-—- 400 ——— m—— e 120
JD-411 ----- A= o oo e e 406 s 100  ememmmemm e
JD-447 C. leger————=—=—- 262 - 56 51 46
JD~-448 D. J. Forman=-—~- 311 - 550 @ memeeewemees e
JD-449 W. R. Firegtone- 325 o 280 memem—me— 240
JD-450  I. J. Spalding-- 178 ——— 94  mmmmmmee— meme—————
JD-451  E. A, Sharp--—-—- 303 ——— 180  mmmemmmeme e
Jp-452 R, Vidrine-=—==- 280 - B4 e e
JD-453  Shell Oil Cowwm- 352 - 100 smmmmmme
JD~455  Richardson-Bass 350 - I e
0il Co.
JD-458 W. Jones-——=m——- 156 e 120 mrmmmmeme e
JD-462  C. Oliver------- 215 - 210 —————mm— —mmmmmew
JD-463 Mrs. F. Gary---- 222 —-— 290  mmmmmemme o
JD-464 L. Ardoin===-=—-- 220 - 120 —mmmmmmem e
JD~-485%  U.S. Geological 250 —— e 200 00000 e
Survey.
JD=-4858 e o o SRR 290 —— e m—mm 310(2-78)
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Table 6.--Chloride analyses of water from wells in the Iowa area--Continued

Well depth, Chloride concentration,
Well in feet in milligrams per liter
No. Owner below land

surface  1948-49 1955-58  1962-68 1973-78

JEFFERSON DAVIS PARISH--Continued

JD-488B H. & L. Pousson- 218 - ——— 300(3-64) =m—wmwa——-

JD-489A  ~m-- e R 323 ——— . £ L € oY) J——

JD-490  —-eee AOm~—mmm——— 240 -—— - 180 (6-64) 250(7-77)

JD-505 R. Geary----~--- 321 ——— R T —— 300 (7-73)

JD-506  B. Bourgeois, 287 — wm— eem————— 320(7-77)
No. 1.

Jb-507  B. Bourgeois, 322 —— e — 250 (7-77)
No. 2.

JD-527  Shell 0il Co---- 252 - ———  momemeemeee 130(5-77}

JD-528 Mobile Oil Co--- 259 - —— ——— 75(7-77)

High-Chloride Water in the "S00-Foot" Sand

In the "500-foot" sand, the coastal freshwater-saltwater interface
currently lies near the Calcasieu-Cameron Parigh line {pl. 4}. The zone
is currently essentially static but represents a potential problem for
large ground-water-using industries that might locate in that area. The
"500~-foot" sand is extensively developed in the Lake Charles industrial
area and significant increases in pumping could draw the freshwater-
saltwater interface northward, The saltwater problems in the Lake
Charles industrial area are of local origin and not the result of
encroachment from the coastal area.

The Coastal Area

The high-chloride water in the Lake Charles "500-foot" sand occurs
primarily in Cameron and southeastern Calcasieu Parishes (pl. 4). The
interface, as mapped for this report, is in about the location shown in
the report by Harder and others (1967, p. 26). The stratigraphic
correlation of the "500-foot" sand is shown in section C'-C" (fig. 5) and
sections I-~I' and J-J' (fig. 17). Despite heavy pumping in the Lake
Charles area, there is little to indicate that the saltwater wedge in the
"500~foot™ sand is moving northward.

Wells Cu-787, Cn-88U, and Cn-88L monitor changes in chloride
concentration in the "500-foot" sand near the Cameron-Calcasieu Parish
line (pl. 4). Changes in chloride concentration (table 7) in these wells
are small, even though water levels declined about 2 ft/yr prior to 1974;
water-level contours on plate 1 show a northward gradient of about 2.5
ft/mi.
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The northward movement of high-chloride water in Cameron Parish is
partially controlled by a thinning of the aquifer (fig. 17) near the West
and East Hackberry and the Black Bayou salt domes (pl. 4). The primary
barrier to the movement of water is the reduction in transmissivity of the
aquifer.

The "500-foot"® sand is about 200 to 300 ft thick south of ‘the
Hackberry salt domes and near Calcasieu Lake. North of the Hackberry
salt domes, the "500-foot" sand becomes especially thick in areas where
the "500-foot" and "700-foot" sands are possibly interconnected. This. is
an area where the "700-foot"™ sand is entirely salty and could possibly
contribute salty water to the "500~foot" sand.

The Lake Charles Industrial Area

The Lake Charles industrial area was originally developed primarily
to support the petrochemical needs for World War IT. Most of the water
pumped has been used for cooling, however, the use of water for other
purposes is increasing. Harder (1960, p. 34) determined that the typical
water from the "500-foot" sand had an average concentration of dissolved
solids of about 300 mg/L, chloride of about 30 mg/L, and hardness
generally ranged from 60 to 120 mg/L. Most of the wells pumping from the
"500-foot" sand produce this type of water for the life of the well, but
in an 8 miZ area the quality of water may change drastically within a
few months or vears after the well is put in service. Industrial wells
affected yield water ranging in chloride concentration from 75 to 370
mg/L. The saltwater body is known to contain chloride concentrations
ranging from 50 to 550 mg/L.

Increased industrial pumpage lowered water levels an average of 8
ft/yr during the 4-year period, 1967 to 1970. As a result, the chloride
concentration in some industrial wells began increasing during 1970 and
continued to increase for several years thereafter, although water levels
remained reasonably constant. About 1972, many of the local industries
became alarmed at the increased salinity, and an investigation was begun
to determine the source and extent of the salty water and the potential
severity of the salinity probdlem.

During the investigation it was found that: (1) there was no
consistent correlation between the basal topography of the adquifer and
the location of high-chloride water (the water does not have the chemical
characteristics of seawater: therefore seawater trapped in depressions at
the time of deposition appeared an unlikely source); (2) in clay cores
obtained from the confining clays above and below the "500-foot" sand,
the chloride concentration of the pore water was found to average about
70 mg/L, which is much lower than the chloride concentration in water
from the high-chloride areas; and (3) plugging reports (William Wilhite,
Ipuisiana Office of Conservation, oral commun., 1978) indicated that all
known oil- and gas-test wells that might have caused the problem (for
example, well 50999 in central chloride body, pl. 5) were properly
drilled and plugged. The possibility still remains that improperly
drilled and plugged oil- and gas-test wells were abandoned and forgotten
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before laws were enacted to safeguard energy resources and freshwater
aquifers. No other sources of chloride were found in the area., The
areal distribution of high~chloride water in the industrial area is shown
on plate 5 for the fall of 1981. The map outlines a large area where the
chloride concentration exceeds 50 mg/I. and shows three saline water
bodies exceeding 100 mg/L chloride--a central body south of Hollywoed, a
southern body within the Cities Service oil refinery, and a northern body
near Westlake. Profiles through the chloride bodies are shown on plate 6.

Central Chloride Body.--The central chloride body is a thin layer of
salty water occurring at the base of the "500-foot" sand in an essentially
unpumped part of the industrial area. The central chloride body lies
between two pumping centers (pl. 5), and the salty water is being drawn
toward both cones of depression. The demand for water is seasonal,
causing water levels in the two cones of depression to be higher in the
spring and lower in late summer and fall. The change in chloride concen-
tration in the central body also has a cyclic nature, but not as clearly
defined as the pumping cycles. The monitor wells in the central body show
that the chloride cycles have the greatest amplitude and shortest wave
length near the center of the chloride body, and the chloride cycles are
generally reduced in amplitude, have longer wave lengths and are less
symmetrical away from the center of the chloride body (area of highest
chloride concentration, fig. 13).

The cyclic nature of the chloride concentration probably is related
to the rate of ground-water movement toward the cones of depression.
When water-level depressions (pumping cones) are deep, chloride
concentrations increase; conversely, when drawdowns are less, chloride
concentrations decrease. The different characteristics of the chloride
cycles at each well probably reflect a composite of conditions unique to
that site, such as local transmissivity, rate of movement, and distance
from the chloride source. The source of the salty water is unclear, but
it may be related to incidents that occurred during the early development
of the lockport oilfield (H. G. Chalkley, oral commun., 1977). The salty
water may have been injected during the "blowout" of an oil-test well
drilled in the early 1900's, or the source could be an early oil well
that was improperly abandoned and continues to inject brine, under high
pressure, into the base of the "500-foot" sand. It is likely that the
saltwater source is near saltwater monitor well Cu-851.

The chlorographs in figure 13 are arranged in sequence through the
central chloride body from north (well Cu-847) to south (well Cu-842).
(See pl. 5 for locations.) Well Cu-847 is north of the chloride body and
has the lowest chloride concentration and poorly defined chloride cycles.
Well Cu-851 generally has the highest salinity and the greatest range in
concentrations, Wells Cu-850, -852, and -842 are in a line southward and
generally have lower chloride concentrations and a less distinct cyclic
response as distance from well Cu-851 increases. The chloride cycles can
be expected to become less defined and more distorted because the pumping
(drawdown) cycles since 1978 have been more poorly defined. (See water-
level hydrograph for Cu-445, fig. 13.) Water levels have been rising
sharply since 198l; this will further confuse the chloride cycles, but
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Figure 13.--Chlorographs for selected wells monitoring chloride concen-
frations in the central saltwater body and hydrograph for well Cu-445.

should have the net effect of slowing the movement of the salty water, and

in the long term reduce the saltwater problems related to the central
chloride body.

Southern Chloride Body.--The southern chloride body underlies the
Cities Service oil refinery (pl. 5). Industrial well Cu-694 (Cities
Service No. 13) is near the center of the body. A significant chloride
increase was noted between 1970 and 1972, and the concentration continued
to increase until 1976 (fig. 14). The most probable cause of the increase
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Figure 14.--Chlorographs for selected wells monitoring chloride concen-
trations in the southern chloride body and hydrographs for wells
Cu-445 and 789,

is an indirect connection between the "500-foot" and "700-foot" sands.
The "500-foot" sand is intensively pumped; therefore, the artesian head
in the "700-foot" sand has typically been about 40 ft higher than in the
"500-foot" sand. This difference in artesian head may have been suf-
ficient to push salty water through the interconnection into the base of
the "500-foot" sand near well Cu-694,
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The movement of the salty water is monitored by well Cu-789, screened
at the top of the "700-foot" sand (pls. 5 and 6). Chloride concentrations
rose sharply between 1970 and 1972 and since then the chloride concentra-
tion in well Cu~789 has been sensitive to rates of withdrawal from the
"500-foot" sand. (Compare the chlorograph for well Cu~-789 and the hydro-
graph for Cu-445, fig. 14.) Corresponding chloride changes in wells in
the southern chloride body ("500-foot" sand) may be delayed more than a
year after a change in chloride trend occurs in the "700-foot" sand. Well
Cu-848 monitors the west side of the southern chloride body and it
reflects chloride trends in the "500-foot" sand more slowly than well
Cu-694. The chloride trends indicated by well Cu-848 are possibly delayed
and distorted because the well is in a part of the pumping cone where
easterly moving ground water opposes the westerly moving component of the
growing saltwater body (pl. 5). Higher water levels in the "500-foot"
sand (fig. 13, well Cu-445) will reduce the differential artesian pressure
between the "500-foot" and "700-foot" sands and reduce the movement of
salty water into the "500-foot" sand. However, vertical upward movement
of salty water will not stop completely until the artesian heads in the
two aquifers are equal or the water level in the "500-foot" sand is higher
than in the "700-foot" sand.

Northern Chloride Body.--The northern chloride body primarily under-
lies PPG Industries (pl. 5). It is the smallest of the three high-chloride
bodies and currently (1983) has the smallest range of chloride concentra-
tions (about 50 to 160 mg/L chloride). The small chloride range reflects
a chloride source of lower salinity than that occuring in the central and
southern chloride bodies.

The northern chloride body was formed by salty water moving upward
from the "700-foot" sand into the "500~foot" sand through connections
between the two aquifers, indicated by pumping tests near well Cu-754
(pls. 5 and 6). The intervening clay is indicated to be very thin and
probably is missing locally. Salty water moves upward from the "700-foot"
sand when water levels in wells in the "500-foot" sand are below water
levels in wells in the "700-foot" sand. This relationship can be seen by
comparing the chlorographs and hydrographs in figure 15. From 1969 to
1971, water levels in wells in the "500-foot” sand were obelow levels in
wells in the "700-foot® sand (fig. 15, comparing wells Cu-725 and Cu-726).
By 1973 chloride concentrations had risen in wells Cu-754, Cu-709, and
Cu-725. Between 1971 and 1975 concentrations in the northern chloride
body of the "500-foot" sand increased from 120 to 260 mg/L at well Cu-754.
Thig followed a 25~ft water-level decline (1968-70) that resulted in water
levels that were 5 to 20 ft lower in wells in the "500-foot” sand than in
the "700-foot" sand (fig. 15). Locally since 1975, water levels in wells
in the "500-foot" sand have been higher than in the "700-foot" sand, and
chloride concentrations have been steadily declining in well Cu-754. A
water-level decline of 28 ft was observed in well Cu-725 ("700-foot" sand)
from 1969 to 1971 (fig. 15) and since 1971 water levels in wells in the
"700-foot" sand have been below those in the "500-foot" sand. In response
to lower water levels in the deeper aquifer, water from the "500-foot"
sand began recharging the "700-foot" sand. Chloride levels at well Cu-725
("700-foot" sand) have declined from 230 mg/L in 1973 to about 50 mg/L in
1979 (well Cu-725 was replaced by well Cu-1040) and ‘are now {1982} at the
lowest concentrations recorded since monitoring began in 1961.
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Figure 15,--Chlorographs for selected wells monitoring chloride concen~
trations in the northern chloride body and hydrographs for wells
Cu-725 and 726,

High-Chloride Water in the "700-Foot" Sand

The transition zone from slightly saline to freshwater in the "700-
foot" sand underlies the central half of Calcasieu Parish (pl. 7). 'The
transition zone ranges from 10 to 18 mi wide. The northward movement of
slightly saline water is related to water-level gradients (fig. 16) caused
by the cone of depression at Lake Charles, and the rate of movement is
influenced by acquifer thickness and intercalated clays. In western
Calcasieu Parish the "700-foot" sand is divided by numerous clay lenses
(fig. 17), which thicken southward. Only the thickest and most contin-
uous clay lenses are shown on geohydrologic sections I-I' and J-J e {(See
pl. 1 for location of geohydrologic sections.)
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Figure 16.--Potentiometric surface of the "700-foot" sand of the
Lake Charles area.

Saltwater encroachment is occurring in most of the "700-foot® sand
in the Lake Charles area. Saltwater movement is more rapid near pumping
centers and slowest farthest from pumping. The rate of saltwater movement
is greatest in southern Lake Charles where chlorides have been increasing
steadily at an average of 25 (mg/L)/yr since 1971 (fig. 18). The lowest
chloride concentration was 370 mg/L in 1965. Currently (1983) the chlo-
ride concentration is 770 mg/L in well Cu-767 (figs. 16 and 18, screened
in middle of "700-foot sand), which is 1.5 mi south of a municipal well
pumping from the "700-foot" sand (well Cu-66l, fig. 16, screened at the

39



SHILIWONM 01t g ] S
i 1 f113f]
; T EEENE
S3ITNW Ol S 0 g
Aed Apson oo
SUOII08S JO UOIIBOO| 10} | aield 985 L ==
($1830uw-wyo). (si10aH 1w} PUES Jalemleg
saino 8AIND
AllANSIS9Y |etiual0d
. mo......'. snoauejuodsg PuUES JBiEMYSBIL
b gL 0
00¥<Z
NOILLVYNYIdX3 —0GtZ
00eeg— .
B n.ﬂOHOE.ﬂO JOo Yjinos sgoyIm GZ o1 1a1gng ~00€¢
a00g
Foooe
008 I
008t
0081
—0081
00¥ 1
—00v|
[erat
ro0et
0001
—0001
8084
008
009
09
Q0%
—O0Y
00c—
s - 002
001 0ol L o Ll
TIAIT vIs~ b ¥ | 0ot 0001 0 :
1334 o 0 o 0 e b o L 13A37 vas
o jos] © 1334
5 3 T g % 2
kN w Y
HiNos & . 3 2 i & H1HON
W > # B
; = D ia
— o HN
Je

Gt

40



00¥ 1+

0021+

0001+

008

0094

Cov

002+

J3A3T ¥3S -
1333
nh
svd

spaie S9TIRYD oMl Ul UBNOI SUOTIOSS DIBOTOIPAYOSD--°LT 21Inbta

= Honnb ey

*g] ‘Iaylay oY®I 01 ‘¥a] ‘BInquisy

UBAT, . .

r00F i

0031

0004

—008

—009

~00¥

-l
0 o 0
W o] O ] o
+ L] o =21 (o)
5 © i o e =
~ @ ~ &S %
[+ )] (=] _S +

-~ © i

6_0

@ g

T!.

=]

1=

yeyz9 oF o

- 002

-T13A37 V38
1334

P
1s3m

206-0929 o4

41



I I I I I I H I 1 H | I I I I 1 I I |
800 Welt: Cu-767 |
Depth: 850 ft PR

700 [~ -1 —

600 L / —

0"

500 - -

4000~ _,_ -

300b—o» Lo L 0§y

400[!ill|iilllfillf¥[i
Well: Cu-786L N

Depth: 880 fi
300~ g -
-
200 W -

1 I I I I I 1 I I I T | I I I I

GHLORIDE CONCENTRATION, IN MILLIGRAMS PER LITER

B
Well: Cu-788
800 ™ pepth: 805 ft - .

500 i ] | | I ] [ 1 [ I i H | ] ] ] [ | { |
1963 18686 1967 1989 18714 1973 1975 1977 1979 1981 19882

Figure 18,--Selected wells in the "700-foot" sand.

top of "700-fort" sand). The chloride concentration in well Ca-786L, 2.5
mi south from well Cu-767, has increased at an average rate of about 15
(mg/L) /yr from 1974 to 1980. The chloride concentration in water from
well Cu-788 in the western half of Calcasieu Parish, has increased at the
rate of 5 (wmg/L)/yr since 1974 because the location is more remote from

pumping.

Total pumpage from the “700-foot" sand is about 10 Mgal/d (1980);
however, the pumping cone shown in figure 16 appears larger than the cone
that this amount of pumping should create. This is very likely the result
of heavy pumping from the "500-foot" sand causing water to move through
widely scattered interconnections between the two aquifers, thus lowering
water levels in the "700-foot" sand.
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DISCUSSION OF SALTWATER PROBLEMS

Solutions to Saltwater Coning

Solutions to the problem of saltwater coning (upconing) include
reduced or controlled pumping to minimize vertical movement and screening
the wells higher above the saltwater. Other solutions include the use of
gkimmer wells or scavenger wells.

Ground-Water Augmentation

Saltwater problems in the Lake Charles industrial area are being
reduced by the substitution of Sabine River water for some of the ground
water previously pumped. The Sabine River Diversion Canal, created by
renovating the old Krause and Managan Irrigation Canal, went into
operation during the summer of 198l. With this new source of water for
industrial use, the probability of coning, or of northward saltwater
encroachment from the coastal area, should lessen. Reduced pumping from
the "500-foot" and "700-foot" sands in the Lake Charles industrial area
will decrease water-level gradients toward the pumping centers, reducing
the risk of encroachment and possibly reducing saltwater problems in the
Lake Charles area. 'fhe combination of the initial effects of this project
are evident in the sharply rising water levels during the later part of
1981l. (See hydrograph for well Cu-445; fig. 13.)

Skimmer Wells

Skimmer wells are groups of low-yielding wells, screened near the
top of an aguifer and spaced to minimize well interference and vertical
movement of saltwater. Although the individual wells may produce gmall
vields, collectively the wells would provide the quantity of water needed.
Skimmer wells can be used in an interior area to minimize coning or along
a coastline to intercept water that would normally be discharged seaward
(Bear and Dagan, 1963}.

Scavenger Wells

Scavenger wells were first proposed in Louisiana by Tader (1957,
p. 18); and a working system was described by Long (1965) . Factors that
Long (1965) found to affect rate of coning, and thus the design of a
scavenger-well system, were: (1) transmissivity of the aquifer, (2) the
relation of horizontal to vertical permeability (hydraulic conductivity),
(3) distance between bottom of screen and base of freshwater, (4) length
and location of screen with respect to the top and bottom of the aquifer,
(5) salinity of the water below the base of freshwater, and (6} the
quantlty of water pumped and resultant water-level decline. The principle
involved is shown in figure 19. A scavenger well is screened below a
production well at the same site to intercept salty water rising toward
the screen of the production well. A problem related to a scavenger-~well
system is the proper disposal of the saline water.
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Figure 19,--Operation of a scavenger-well system.

Long (1965) tested a scavenger well system at Gonzales, Louisliana,
where the basal part of the Gonzales-New Orleans aquifer contained saline
water. The 23-ft screen of an existing public-supply well was divided by
a packer and the lower 4 ft of screen was pumped at rates of 30-75 gal/min
and the upper 19 ft of screen was pumped at 45-200 gal/min. During the
test the upper screen yielded water having chloride concentrations ranging
from 14 to 238 my/L and the lower screen (scavenger portion) vielded water
containing 700 to 1,450 mg/I of chloride. A pumping ratio of 4:l {supply
well to scavenger well) generally yielded water of acceptable quality.

The doublet well is a unigue type of scavenger well patented by C. E,
Jacob in 1965 to eliminate the saltwater disposal problem. An actual
working prototype has not yet been built according to Wickersham (1977,
P. 344-347). Basically the doublet well is two wells in one--two pumps
are operated on a common drive shaft--the upper purp yields freshwater and
the lower pump circulates salty water by intaking salty water from Jjust
below the base of freshwater and discharging the salty water deeper in the
aquifer through the bottom of the well. The upper pump is separated from
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the lower pump by a packer and there is no mixing of freshwater and high-
chloride water within the well casing. The lower part of the well is also
separated into two parts by a packer--the upper part screened below the
base of freshwater intakes salty water and the lower pump discharges the
salty water through a screen at the bottom of the well. The doublet well
has been described in detail by Wickersham (1977) .

Controlling Saltwater Encroagchment

The quality of water yielded by wells pumping in and near the fresh-
water-saltwater interface is potentially subject to deterioration because
of the encroachment of saline water. ‘The problem becomes more serious
toward the southern limit of freshwater (patterned areas, pls. 2 and 7}
where the layer of freshwater becomes increasingly thin. As stated in
earlier sections, intensive pumping in coastal areas can cause local
saltwater encroachment and result in degradation of water quality and
loss of freshwater storage.

Methods of controlling saltwater encroachment may involve reducing
punping rates and (or) some form of artificial recharge. There are many
techniques for artificial recharge and most of them either involve
collecting water at the earth's surface and allowing it to infiltrate
into the aquifer by gravity, such as using recharge basing, or by using
injection wells. A combination of the two techniques may also be used.

Artificial recharge using surface basins generally involves the
collection of rainwater, floodwater, or storm runoff in an area where the
upper part of the aquifer is very shallow and permeable, thereby allowing
the water collected to percolate directly into the aquifer. Although this
method of artificial recharge has some application in the outcrop area
(pl. 1) of the Chicot aquifer system and in the lower Vermilion River
basin (p. 21), the method has little application for controlling saltwater
encroachment in most of southwestern Louisiana. The primary problem is
the thick clay (generally more than 100 ft in thickness) that separates
the main body of the "upper sand," for example, from surface sands oOr
permeable soils. In the coastal areas where the additional recharge is
needed, the confining clays are often the thickest. (See geologic section
A-A', fig., 4.) Another problem is that there are extensive areas of
tidally-affected saltwater marsh, and unlined surface impoundments may
become brackish.

Injection wells using storm runoff, or using treated industrial and
irrigation effluent are applicable to southwestern Louisiana. Just as
wells can be designed to withdraw water from an aguifer, they can be
designed to inject water into an aquifer. An injection well may be used
alone-~simply to locally raise water levels or improve the quality of
water in the immediate vicinity of the well; or there may be a series of
wells working together--a line of injection wells to create a pressure
ridge (in an artesian agquifer system such as the Chicot) or a ground-water
mound {(in a water-table aguifer).
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A line of wells injecting freshwater near the toe of the freshwater-
saltwater transition zone, or in an area where the base of freshwater has
a steep gradient, has the local effect of reducing or reversing the water-
level gradient and generally slowing or temporarily stopping saltwater
encroachment., The major drawback to injection wells is the cost of treat-
ing the injection water and the cost of maintaining the wells. ({See
Bruington and Seares, 1965.)

SUMMARY AND OONCLUSIONS

Saltwater encroachment is a potential problem in the three most
heavily pumped units of the Chicot aquifer system--the "upper sand" east
of Lake Charles and the "500-foot" and "700-foot" sands of the Lake
Charles industrial area. Ground-water withdrawals have created pumping
Cones in all three aquifers, reversing the natural southerly gradients in
the coastal areas. These reversed gradients are causing a very slow
northward movement of the freshwater-saltwater interface, and some of the
saltwater-monitor wells have shown a significant increase in chloride
concentration.

This slow rate of saltwater movement is primarily caused by water-
level gradients of less than 1 ft/mi in the coastal zone (wetlands areas
and offshore). The gradients are low because of vertical recharge and the
relatively small amount of ground-water development in the wetland areas.

Although there has been little change in chloride concentration, some
areas of the "upper sand" are very susceptible to encroachment--such as
along the Atchafalaya River basin near New Iberia, in western Vermilion
Parish south of Gueydan, and along the Vermilion River south of Abbeville.
In north-central Cameron Parish chlorides have increased more than 20
(mg/L) /yr at well (n-92, primarily in response to irrigation purping, The
saltwater front is currently essentially static; but if pumping for rice
irrigation increases significantly causing additional water-level
declines, the northward movement of the saltwater will accelerate. Fresh-
water resources in areas irrigated for rice in southern Calcasieu and
Jefferson Davis Parishes could deteriorate with the northward movement of
saltwater.

Water-level declines in the rice-growing area increase the differen-
tial artesian pressure between the ‘saline Chicot "lower sand" and the
freshwater "upper sand," thereby increasing the movement of salty water
upward through openings in the confining layer separating the two
aquifers, Existing saltwater highs are now enlarging at a faster rate in
response to water-level declines caused mostly by irrigation pumping.
Local saltwater mounds and ridges, for example in Vermilion Parish, are
enlarging in response to this mechanism.

The Abbeville unit of the Chicot aquifer system in Vermilion Parish
has reflected the quality of water in the Vermilion River since water
levels in the aquifer were drawn down below the river level. Near Bancker
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the Abbeville unit generally is recharged by freshwater more than 85
percent of the time; however, high tides may cause inland movement of
seawater in the river and the temporary recharge of brackish water into
the agquifer. This brackish water is then diluted and the salinity reduced
because of recharge by the fresh river water that follows.

The Abbeville unit near Intracoastal City is also recharged directly
from the Vermilion River. Because this area is near the mouth of the
Vermilion River, the river water contains chloride concentrations exceed-
ing 1,000 mg/L more than 4 months each year, generally during the low-flow
season (August-November). This brackish water has been recharging the
aquifer since 1951. The nearly continuous recharge of brackish water
since that time has caused a saliwater body to grow beneath the river.
Currently (1983), chloride .concentrations are increasing 30 (mg/L) /vr
north of the mouth of the Vermilion River and 5 (mg/L}/yr to the east,
but there is probably saltwater movement in all directions. If current
conditions continue, salty water in the Abbeville unit will begin moving
into the "upper sand," which provides water to most of the high~capacity
wells in the area. Saltwater recharge will continue along the Vermilion
River until the upstream movement of brackish water from Vermilion Bay is
controlled.,

Increases in salinity of water in the "500-foot" sand of the Lake
Charles industrial area are not related to coastal saltwater encroachment.
The increases are mostly the result of vertical movement of saltwater from
the "700-foot" sand related to changes in water level caused by pumping.
The increases in chloride concentration noted by industries after 1970
were primarily caused by water-level declines from 1967 to 1969. Salt-
water in the "700-foot" sand is moving laterally in response to pumping,
and northward saltwater encroachment is evident in the lower half of
Calcasieu Parish. The largest increase in chloride concentration observed
to date (1982) is 25 (mg/L)/yr within the southern city limits of Lake
Charles at well Cu-767. The lowest chloride concentration was 370 mg/L
during 1965 and the highest 770 during 1981-82. The use of Sabine River
water to replace ground-water withdrawals should lessen saltwater problems
in the Lake Charles area.,

Most of the current saltwater problems in the project area result
from saltwater coning--where large-capacity wells tap a sand that contains
saltwater at the base of the sand unit. Wells screened above the coastal
freshwater-saltwater interface, and wells screened above local inland
saltwater bodies, may have upconing problems. Such problems have been
best documented locally in Vermilion, Jefferson ‘Davis, and Calcasieu
Parishes, but may occur near the freshwater-saltwater interface in all of
the major sand units. Inland saltwater bodies include an area of at least
150 mi2, and affected wells typically yield water having a chloride
concentration of 50 to 500 mg/L.
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