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INTRODUCTION 
 

This report was prepared at the request of the Attorney General of the State of 

Mississippi. It updates and confirms previous work performed for the Attorney General 

to determine the effect of Memphis Light, Gas & Water’s (MLGW’s) consistent, 

significant expansion of the commercial water well pumping operations between 1965 

and our last report on Mississippi’s natural groundwater flow and storage. This report 

incorporates updated pumpage information from MLGW and the Mississippi DEQ.    

This report presents the results of our evaluation of the effects of MLGW’s long 

term groundwater pumpage on the natural groundwater flow and storage within the 

confined Sparta Sand within northwest Mississippi. The area of study for the report is 

shown in Figure 1. The tasks performed for this update report by LBG to support our 

opinions include: confirming existing information regarding the natural pre-development 

direction of groundwater movement in the Sparta Sand within Mississippi; collecting 

additional data on the Sparta Sand formation, and updated groundwater modeling to show 

the change in direction of groundwater movement beneath Mississippi caused by changes 

in the natural hydraulic gradients caused directly by MLGW pumping; and, performance 

of calculations to determine the volume of groundwater pumped into the Shelby County, 

Tennessee, area by MLGW out of Mississippi’s natural groundwater flow and storage in 

the Sparta Sand. These calculations were performed using an existing groundwater flow 

model developed by the USGS.  It is our opinion that the results obtained are within the 

expected range, and consistent with information developed and conclusions presented by 

other reliable scientific evaluations.  Those analyses, and ours, clearly demonstrate that 

MLGW pumping has withdrawn billions of gallons of Mississippi groundwater from 

storage in the Mississippi Sparta Sand, permanently taking it out of Mississippi into 

Tennessee for sale and use in Tennessee.  
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BACKGROUND  
 
The primary source of fresh water supply for most of northwest Mississippi and 

the Memphis, Tennessee areas is the deep confined Sparta Sand formation, referred to as 

the Memphis Sand in Tennessee within the Claiborne Geological Group. The confined 

Sparta Sand formation beneath northwest Mississippi and southwest Tennessee is a 

discrete geological formation which has existed for thousands of years. Since its 

formation, a significant but not unlimited quantity of high quality groundwater was 

collected and was stored under hydrostatic pressure from rainwater falling on outcrops 

within each state’s current borders. Because it allows the transmission and storage of 

groundwater in usable quantities and is overlaid by a confining layer, the Sparta Sand is 

classified as a confined aquifer. But the fact that the geological formation underlies both 

states does not mean that any meaningful quantity of the groundwater stored and flowing 

over time within either state has ever been naturally shared between the states.  

Substantially all of the groundwater naturally flowing, collected and stored within 

the Sparta Sand in each state originated, and was stored inside that state’s borders over 

thousands of years. As a confined aquifer, the natural groundwater flow and storage in 

each state has resided in the current borders of that state because it naturally seeped from 

the outcrops in the state and moved exceedingly slowly in a predominantly east to 

west/southwest direction in Mississippi and an east to west/northwest direction in 

Tennessee.  

The water supply in Shelby County, Tennessee, is primarily provided by 

groundwater, and most of the groundwater pumped in the county is pumped by MLGW, a 

public utility owned by the City of Memphis. Since its creation in 1939, MLGW has 

relied exclusively on groundwater from what was originally called the “500-foot Sand” or 

Memphis Sand.  In the mid-1960’s Tennessee learned that the upper part of the “500-

Foot Sand” was correlated with the Sparta Sand (Moore, 1965).  Based on available 

records since 1965, MLGW has consistently, annually increased its groundwater 

pumping for governmental use and sale in Shelby County and surrounding areas over the 

next several decades.  Between 1965 and 2000, MLGW developed one of the largest 

artesian water pumping operations in the world, with over 170 commercial water wells 

located in 10 well fields.  Three of these well fields are within 2 to 3 miles of the 
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Mississippi State line just above DeSoto County, Mississippi.  Figure 1 shows the 

location of MLGW’s ten well fields pumping from the Sparta Sand and the approximate 

quantities pumped in 2016.  

Using their very large artesian groundwater pumping and distribution system, 

between 1965 and 1985 MLGW pumping increased from approximately 72 million 

gallons per day (MGD) to 132 MGD. As of 1985 (Brahana & Broshears, 2001), Shelby 

County, Tennessee, groundwater pumping had increased to a rate of approximately 200 

MGD. This rate of MLGW pumping continued to increase after 1985 until 2000, and the 

Sparta Sand in Tennessee has been continuously pumped at a higher rate than it can be 

naturally recharged based on its geology. As a result, the natural static head pressure 

within the aquifer has been drawn down by MLGW’s pumping in the form of a funnel 

which reaches into Mississippi as far as south DeSoto County, Mississippi. This area in 

which the MLGW wells have reduced the pressure and changed the hydraulic gradients 

can be described as the area of influence of the MLGW wells and is further described in 

groundwater movement terms as a “cone of depression”. This “cone of depression” is 

centered in and drawing groundwater into MLGW wells and expands outward from there 

into northwest Mississippi, pulling groundwater into Tennessee which would never have 

resided within Tennessee under natural conditions. Figure 2 shows generalized 

hydrogeological cross sections and has been prepared to distinguish the natural pressure 

(pre-pumping conditions) in the aquifer from the current pumping conditions.   The non-

pumping groundwater pressure will raise the water to the level shown as the horizontal 

dashed blue line labeled pre-development or pre-pumping potentiometric surface.  

Potentiometric surface is defined in the literature:  For a well penetrating a confined 

aquifer the potentiometric surface is the elevation to which the water rises due to the 

natural pressure within the aquifer.  The upper figure shows several wells pumping with 

each of their respective potentiometric surface (groundwater level) drawdown cones. This 

drawdown of the groundwater level around the well forms a cone of depression as shown 

in the figure.  This cone of depression is actually in the shape of a cone or funnel as 

would be seen three dimensionally and draws the water toward the low point.   

While all wells create a cone of depression, the shape and extent, or size, of the 

cone depends on the rate and duration of the pumping, and the hydraulic properties of the 
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aquifer (groundwater system). If pumping exceeds the rate of recharge, the depth to 

which a pump is lowered will have to be increased, and the area drained by the cone of 

depression will continue to grow.  The upper part of Figure 2 with only a few wells 

pumping shows that the cones of depression for each well do not overlap by exceeding 

the pre-pumping potentiometric surface causing a regional cone of depression. The lower 

part of Figure 2 shows a greater number of wells closer together and their respective 

cones of depression.  In this figure the cones of depression for these wells overlap and 

stay below the pre-pumping potentiometric surface causing a regional cone of depression. 

Historically recorded observations show that potentiometric surface (water levels) for the 

Sparta Sand  have declined (dropped) by as much as 100 feet under Memphis since 1886 

as a result of MLGW pumping, forming a large cone of depression extending into 

substantially all of DeSoto County, Mississippi. As a result, recorded water levels in the 

Sparta Sand under north DeSoto County, Mississippi have been estimated from a USGS 

model (Arthur and Taylor, 1990) to have declined by up to 90 feet. In a deposition on 

March 27, 2007 of Charles H. Pickel, a retired MLGW water manager, he confirmed that 

the cone of depression created by MLGW pumpage extended into northern Mississippi.  

This current large cone of depression only exists because of the continuous, cumulative 

increases in groundwater pumping in Shelby County, Tennessee, primarily in MLGW’s 

170+ commercial wells. Essentially, the ten significant MLGW well field cones of 

depression overlap forming one, large oval-shaped cone of depression centered in 

Memphis from which MLGW draws groundwater.  Figure 1 illustrates the area of the 

larger and somewhat oval-shaped cone of depression that occurs from the cumulative 

MLGW well field pumping. The Davis, Palmer and Lichterman well fields, which are 

located near the Mississippi state line, more readily withdraw groundwater out of the 

Sparta Sand in Mississippi.  

Figure 3 is a three-dimensional illustration showing the approximate total area 

from which the MLGW cone of depression withdraws groundwater. The Arthur and 

Taylor model shows that Mississippi groundwater has been pulled out of storage and 

from its natural west/southwest direction of seep and drawn north into Tennessee by the 

MLGW cone of depression. These conditions were recognized by David Feldman from 

the University of Tennessee, prompting the publishing of a report titled “Water Supply 
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Challenges Facing Tennessee: Case Study Analyses and the Need for Long-Term 

Planning (June 2000), David Lewis Feldman, Ph.D., and Julia O. Elmendorf, J.D.”   In 

this report the author states that, at a groundwater pumping rate of approximately 145 

MGD from the MLGW cone of depression, 20-40 MGD is taken from beneath DeSoto 

County, Mississippi.   The MLGW cone of depression can also be seen in potentiometric 

surface contour maps presented by Moore, 1960; Criner and Parks, 1976; and Parks, 

1990.  Copies of these maps were presented previously in the LBG, April 2014, Update 

Report On Diversion And Withdrawal Of Groundwater From Northern Mississippi Into 

The State Of Mississippi. 
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HYDROGEOLOGY OF SPARTA SAND 
 
There are a number of aquifers and confining units in the northwestern 

Mississippi and southwestern Tennessee area. The major aquifers are the 

Sparta/Memphis Sand and the Fort Pillow Sand. The Sparta Sand is a distinct geological 

formation and primary source of groundwater in northwest Mississippi and Shelby 

County, Tennessee.  Figure 4 is a generalized hydrogeologic cross section showing the 

Sparta Sand and lower Fort Pillow confined aquifers.   

The Sparta Sand is a thick, variable sand and sandstone formation made up of fine 

to very coarse sand with lenses of clay and silt (Graham and Parks, 1986). In north 

Mississippi, the Sparta Sand occurs at a depth of 0 to 600 feet, and varies in thickness 

between 200 to 900 feet.  The formation is thinnest at outcrops at or near the surface in 

the eastern Shelby County and northwestern Fayette County, Tennessee, and in north 

Mississippi beginning in east Marshall County. The outcrops continue in a north and 

south strike along the edge of the Mississippi Embayment in both states. An outcrop is 

defined as the location where a laterally extensive dipping subsurface rock formation is 

exposed at or near land surface. Figure 5 shows the outcrop area of the Sparta Sand. The 

formation descends from the outcrops. Getting progressively thicker, and is thickest near 

the Mississippi River in Shelby County, Tennessee, and in DeSoto County, Mississippi. 

Within north Mississippi and along the common border with Tennessee, the Sparta Sand 

formation has a dominant, gentle dip from eastern outcrops to the west/southwest across 

north Mississippi and Tennessee to the Mississippi River.    

The Sparta Sand is confined above by the Jackson Formation and the upper part 

of the Claiborne Group which consist primarily of clay, silt and fine sand. This serves as 

a confining bed retarding vertical groundwater flow between the unconfined Surficial 

aquifer above and the Sparta Sand. Except in areas where the upper confining bed is 

breached, it protects the high quality of the stored water from surface pollution. The 

thickness of this confining bed is variable in the Tennessee and northwestern Mississippi 

areas, ranging from 0 to 360 feet (Graham and Parks, 1986). The Flour Island Formation 

is a confining bed consisting primarily of silty clay and sandy silt that underlies the 

Sparta Sand and separates it from the deeper Fort Pillow Sand. The Fort Pillow Sand is 

comprised of fine to medium-grained sand in the subsurface throughout the Memphis 
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area and is the second most used aquifer by MLGW.  The Sparta Sand formation has 

allowed the transmission and accumulation of high quality water stored under hydrostatic 

pressure over a long period time within each states border. 

 The Sparta Sand is one of the principal and most productive aquifers in Shelby 

County, Tennessee, and northwestern Mississippi. It is reported that the aquifer provides 

about 95 percent of the water used for all municipal and industrial water supplies in the 

Memphis area.  Aquifer is defined as:  A subsurface geologic formation capable of 

storing and transmitting usable amounts of water. This sandstone formation is saturated 

and stores groundwater collected over thousands of years, and very slowly transmits 

usable amounts of water within the formation, classifying it as an aquifer.  The primary 

source of any new groundwater for collection and storage in the Sparta Sand is the 

recharge that occurs from rainfall. This groundwater recharge generally occurs east of 

Shelby County, Tennessee, east of Memphis, and in east Marshall County, Mississippi at 

the outcrop areas as shown on Figure 5.  Within this outcrop belt, recharge occurs by 

infiltration of rainfall directly into the Sparta formation or by downward seepage of water 

from the overlying Surficial aquifer.  Figure 6 is a 3-dimensional diagram showing a 

cross-section of the hydrogeologic formations in the Memphis and northwestern 

Mississippi area.  This diagram shows that the formations are dipping generally from east 

to west and the Sparta outcrop occurs in the eastern portion of the area.  As rain falls on 

the outcrop area of the Sparta it slowly percolates downward and then under gravity and 

the weight of the water accumulated above it in the formation slowly provides recharge 

as it seeps through the tiny pore spaces of the sandstone down gradient following the dip 

of the formation in a slightly west to southwesterly direction under natural conditions.  

The groundwater recharge is exceedingly slow under natural conditions seeping through 

the sandstone at a rate of about 1 inch per day.  At this rate, groundwater naturally 

collected resides in the Sparta Sand for thousands of years as it gradually moves down 

gradient towards the Mississippi River.  Figure 7 is an idealized hydrogeologic section 

from east to west across the Mississippi Embayment that shows the general relationship 

between the aquifers, confining units, topography and general flow patterns (Arthur & 

Taylor, 1998).  Water levels in the aquifer outcrop areas on the eastern side of the 

embayment are higher than on the western side of the embayment due to higher land 
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surface altitudes.  The Middle Claiborne aquifer, where the Sparta Sand occurs underlies 

the Mississippi Alluvial Plain near the Mississippi River, where the water level is lower 

than the outcrop areas as shown on Figures 7 and 8 (Arthur& Taylor, USGS,1990).  As a 

result of these water-level differences in the potentiometric surface, water naturally 

moves from the outcrop areas on the eastern side of the embayment westward through the 

aquifer, then eventually upward through the confining units into the Mississippi River 

Alluvial aquifer.  The eastern boundary of Mississippi Alluvial Plain aquifer in western 

Mississippi which overlies the Middle Claiborne aquifer runs north-south in northwest 

Mississippi as shown on Figure 8 (Arthur& Taylor, USGS, 1990) and receives discharge 

from the Middle Claiborne aquifer. This causes potentiometric surface levels to 

equilibrate in a north-south direction through northwest Mississippi forcing groundwater 

to flow east to west from the recharge area on the east side of Mississippi Embayment in 

northwestern Mississippi under pre-development conditions.  As a result, structural 

geology in northwest Mississippi influences the shape of potentiometric surface contours 

and direction of groundwater flow, which is westward.  

Figure 9 shows the pre-development potentiometric surface under natural 

conditions generated from groundwater modeling and shows this generally east to 

west/southwest groundwater directional movement perpendicular to the contours in 

northwest Mississippi consistent with information presented by Arthur & Taylor of the 

USGS.  As shown on Figure 9 in blue, all but a very small portion of groundwater flow 

in northern Mississippi stays in Mississippi under pre-development conditions until its 

natural discharge at the Mississippi River Alluvial aquifer system near the river.   Only a 

very small area in northeastern DeSoto County has groundwater flow entering Tennessee 

under pre-development conditions as shown in green in Figure 9.   
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HYDROLOGIC EVALUATIONS 
  
Background Conditions 

Groundwater conditions can be affected by a number of things that include 

climatic conditions, hydrogeologic characteristics and pumping from wells.  For the 

purposes of this evaluation, pumpage from Shelby County, Tennessee wells, primarily 

in MLGW’s well fields, has the greatest impact on Mississippi groundwater 

conditions.  This is shown by an evaluation of available hydrologic data.   

As discussed in the BACKGROUND section of this report, Memphis began 

using the Sparta Sand as its municipal water supply in 1886. There is no data to 

suggest that the initial usage had any impact on Mississippi groundwater.  However, 

by the 1970s, available data shows that MLGW pumpage began increasing 

significantly from year to year, and by the late 1990s total Shelby County pumpage 

had increased to a rate of approximately 200 MGD (Brahana & Broshears, 2001).  

Approximately 75% of the pumpage was from MLGW wells. The continual increase 

in groundwater withdrawals in the Memphis area has drawn out groundwater faster 

than recharge is possible, lowering the potentiometric surface of the aquifer and 

pressure within the formation, and changing the groundwater flow direction and 

hydraulic gradients which are represented by the cone of depression. This has resulted 

in a long-term decline in groundwater levels in the Sparta Sand.  This groundwater 

level condition is observed in hydrographs from observation wells monitored by the 

Tennessee USGS.  Hydrographs were developed from actual water-level 

measurements collected in the field by USGS personnel and presented in the LBG, 

May 2007 Report On Diversion Of Ground Water From Northern Mississippi Due To 

Memphis Area Well Fields. These hydrographs show that water levels have declined 

from approximately 20 to 50 feet in these area observation wells since 1958.  Figure 

10 included in this report contains two hydrographs representative of those presented 

previously in the LBG May 2007 report.   

The USGS has also prepared groundwater elevation maps of the potentiometric 

surface for the Sparta Sand that shows the declining water-level conditions across the 

southwest Tennessee and northwest Mississippi. The potentiometric surface is the 

groundwater level that water in an aquifer will rise to in a tightly cased well.  
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Potentiometric surface maps illustrate the groundwater hydraulic gradient across a 

given area. Potentiometric surface maps were prepared for the following years; 1960, 

1970, 1980, 1988, 1990, 1995, 2000 and 2005 and are presented in the May 2007 LBG 

report.   Figure 11 shows the potentiometric surface for year 2000, which has a similar 

and representative pattern as the potentiometric surface for the other seven years.  As 

with the hydrographs, the potentiometric surface maps are based on actual water-level 

measurements.  Water levels in the Sparta Sand in Shelby County, Tennessee, have 

declined by approximately 100 feet since 1886 forming a large cone of depression. 

Water levels in the Sparta Sand under northern DeSoto County, Mississippi have been 

estimated from a USGS model developed by Arthur and Taylor, 1990, to have 

declined by up to 90 feet. 

 These potentiometric surface maps provide information regarding groundwater 

hydraulic gradient showing the flow direction which is always perpendicular to contours.  

While the natural movement of the groundwater in the Sparta Sand is east to slightly 

southwest, the recent potentiometric maps all show that the groundwater flow in 

northwest Mississippi is now drawn radially to the north toward the center of Memphis 

where the lowest water levels are observed in the aquifer.  This large cone of depression 

seen on Figure 11 has been created by the cumulative groundwater pumping (hundreds 

of wells) in Tennessee, primarily from the MLGW well fields. 

 

Groundwater Modeling Simulations 

The Brahana and Broshears (2001) model has been for this for these diversion 

evaluations because it includes both the Sparta Sand and contributing aquifers in Shelby 

County including the Fort Pillow aquifer.   A detailed description of the groundwater 

flow model prepared by the USGS; 

 Hydrogeology and Ground-Water Flow in the Memphis and Fort Pillow 

Aquifers in the Memphis Area, Tennessee, Water-Resources Investigations 

Report 89-4131 by J.V. Brahana and R.E. Broshears. U.S. Geological Survey. 

2001.  
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was presented previously in the May 2007 and April 2014 LBG reports.  Following is a 

brief summary description of the model.     

This is a regional groundwater model constructed by Brahana and Broshears to 

determine changes in regional flow from pre-development time to 1980 due to changes in 

pumpage in Sparta/Memphis Sand and Fort Pillow aquifers.  The report includes the 

hydrogeology of the Sparta Sand and the Fort Pillow aquifers in the Memphis, Tennessee 

and northwestern Mississippi area.  The model grid consists of three-layers, which are, 

from top to bottom: a) Fluvial Deposits; b) Sparta Sand Aquifer; and c) Fort Pillow 

Aquifer.  The model is a transient groundwater model with hydrologic data from 1886 to 

1980.  The model was developed using the USGS finite difference groundwater flow 

code, MODFLOW (McDonald and Harbaugh, 1988). For our analysis, water-level 

conditions of the Sparta Sand were of primary interest.   

Pre-development simulation was conducted by turning off the well package of 

MODFLOW. Figure 12 included in this report, shows the model-computed 

potentiometric surface of the Sparta/Memphis Sand aquifer prior to 1886, which is 

considered to represent pre-development or pre-pumping conditions.  This figure shows 

that the pre-development groundwater flow direction for the Sparta Sand was generally 

from east to west/southwest toward the Mississippi River in Mississippi.  This pre-

development potentiometric surface map was presented by Brahana, 2001 and has been 

published by others who have performed hydrologic analyses in the region.  Post-

development modeling scenarios were initially conducted from 1924 to 1980.  The post-

development includes changes in hydraulic stress due to pumpage in the Sparta Sand and 

Fort Pillow aquifers.  Figure 13 contained in this report, shows the potentiometric 

surface at the end of the 1980 stress period in the Sparta/Memphis Sand aquifer.  During 

the post-development stage, i.e., in the year 1980, the potentiometric surface in the 

Memphis area was significantly altered due to pumpage in the Sparta/Memphis Sand 

aquifer as evidenced by the shapes of the contours on the figure.  The “bull’s-eye” areas 

in the figure are indicative of significant drawdown or cones of depression.  The bending 

of the potentiometric contours in northwest Mississippi (DeSoto County) indicates that 

groundwater pumpage occurring in the Memphis area is affecting groundwater flow 

conditions in DeSoto County.  This same effect on groundwater levels in northwest 
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Mississippi can be seen from work performed by others including Arthur and Taylor, 

1990; Kinley, 1993; and Outlaw, 1994.  Information on these groundwater levels and 

flow conditions was presented previously in the May 1007 and April 2014 LBG reports.  

All of the information contained in these sequential reports confirms a cone of depression 

originating under MLGW well fields and extending south into northwest Mississippi.  A 

comparison of Figure 12, pre-development potentiometric surface vs Figure 13, 1980 

potentiometric surface, the cone of depression shows that the groundwater flow direction 

has been altered and groundwater is continues to be diverted from its natural path in 

Mississippi northward into Tennessee due to the Memphis pumpage.      

Since the original Brahana and Broshears model was developed only through 

1980 it was determined to update the model in order to evaluate more current conditions.  

These updates were accomplished in both the May 2007 and April 2014 LBG reports.   

For this report, it was decided to further update the model.  In order to further update the 

model, pumpage data was obtained from MLGW and the Mississippi DEQ.     Table 1 

lists the historical pumpage from the MLGW well fields from 1965 through 2016.  Table 

2 lists the historical pumpage for both MLGW and Desoto County, Mississippi.  The 

model was then further updated through 2016 by including several additional stress 

periods.  Drawdown and potentiometric surface maps for 2013 through 2016 are shown 

respectively, on Figures 14 – 21 using the updated model.  These maps are similar to 

potentiometric surface maps presented previously, which are based on actual water-level 

data collected by the USGS.  These comparisons provide additional confidence in the 

updated model.   

Groundwater drawdown at the end of each modeled stress period was determined 

by subtracting the groundwater heads after each stress period from the pre-development 

groundwater heads.  There is a slight decrease in drawdown from 2013 through 2016 as 

shown in Figures 14-17.  The shapes of the drawdown contours in these maps are similar 

to the shapes presented in the two previous LBG report in May 2007 and April 2014.  In 

the Memphis area, drawdown in some places was as much as 100 feet in the Sparta Sand.  

These drawdown figures show the extent of the cone of depression formed in the Sparta 

Sand as a result of the groundwater pumpage which continues to be mostly by MLGW. 

The drawdown contours in the Sparta Sand tend to be longitudinally oriented, between 
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the Mississippi River and the aquifer outcrop in the east.  Due to the higher heads of the 

Mississippi River (simulated in the model as a constant head in layer -1), an effective 

hydrologic boundary is created that prevents the drawdown cone of depression from 

moving past the river into Arkansas.  The Sparta Sand outcrops to the east in Tennessee 

and Mississippi, and in many places it gets direct recharge from precipitation, keeping the 

cone of depression from moving further out in the east. The cone of depression on all of 

these drawdown maps shows that the natural groundwater flow has been diverted from 

Mississippi to the Memphis area of Tennessee due to Memphis pumpage.   

Potentiometric surface maps for 2013 through 2106 using the updated model are 

shown on Figures 18 – 21.   The shapes of the potentiometric surface contours in these 

maps are similar to the shapes presented in the two previous LBG report in May 2007 and 

April 2014.  A comparison of Figure 12, pre-development potentiometric surface vs 

Figures 18 - 21, shows that the groundwater flow direction continues to be altered and 

groundwater is being, and will continue to be, diverted northward from Mississippi into 

Tennessee due to the  Tennessee pumpage.      

 

Groundwater Budget Analysis 

A groundwater budget analysis was conducted using the updated Brahana and 

Broshears model which includes the time period from 2013 through 2016.  The 

groundwater budget represents the components of inflows, outflows and changes in 

storage to the aquifer. Groundwater budget analysis for the Memphis area was conducted 

using the same U.S. Geological Survey MODFLOW model (Brahana and Broshears, 

2001). Once the model simulations were completed the cell-by-cell flow data for each of 

the zones was calculated for a specified time interval, which provides the amount of 

inflow and outflow such as pumping wells, constant heads, and storage out and into the 

county.  The groundwater budget also provides amount of net flow being contributed by 

one county to another county due to stress in the system such as pumping wells. The net 

flow indicates the difference of flow from the developmental conditions to pre-

development conditions (i.e., prior to any pumpage).  

The focus of the budget analysis was to determine the net groundwater flow to the 

Shelby County, Tennessee area, from DeSoto and Marshall Counties, Mississippi.  
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Figure 22 included in this report shows a plot of net flow of groundwater to the Shelby 

County area under the influence of MLGW pumpage. The contribution or diversion of 

groundwater to Shelby County, Tennessee, from DeSoto and Marshall Counties has 

steadily increased with time as MLGW pumpage increased.  From both Figure 22 and 

Table 3, in 1965 the diversion from DeSoto and Marshall Counties was 12.9 MGD, 

whereas in 1988 the diversion was 27.2 MGD. This increased flow from DeSoto and 

Marshall Counties to Shelby County is attributed to an increase in pumpage from the 

MLGW wells.  The high pumpage creates a cone of depression that stretches as far south 

as DeSoto County with pronounced drawdown near the political boundary between 

Shelby County and DeSoto County.  Some of the largest well fields of Shelby County, 

such as Davis and Lichterman well fields operated by MLGW are very close to the state 

boundary between Tennessee and Mississippi, causing significant drawdown and 

groundwater flow from DeSoto County to Shelby County, Tennessee.  Moore in 1960 

also presented a groundwater budget for the Memphis area. His analysis, which was 

based on 1960 data, shows that 25 MGD of groundwater is derived as underflow through 

the Sparta Sand from Mississippi.  The results depicted in Figure 22 are in the same 

range of values reported by Moore in 1965, Criner in 1964, Feldman in 2000, Gentry in 

2000 and Arthur in 2006. 

After 1988 to the current (2016), the contribution from DeSoto and Marshall 

Counties to Shelby County decreased to 13.5 MGD.  This decrease can be observed on 

Figure 22 and Table 3.  Even though pumpage in Shelby County increased during most 

of this period from approximately 143 MGD to a high of approximately 162 MGD as 

shown in Table 1, the decrease in contribution from DeSoto and Marshall Counties likely 

resulted from increases in pumpage from DeSoto County, which reduces the amount of 

groundwater available to flow into Shelby County.  Upon further review of Table 2, 

MLGW pumpage has been on a decreasing trend from approximately 150 MGD in 2006 

to approximately 124 MGD in 2016.  Table 2 also shows a steady increase in pumpage 

from DeSoto County.  The decrease in pumpage from MLGW and increases in pumpage 

from DeSoto County explain the shape of the plot in Figure 22.  However, with these 

pumpage changes, groundwater is still being diverted from the Mississippi flow path into 

Shelby County, Tennessee from MLGW pumpage. In fact, the total volume of 
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groundwater taken from Mississippi due to MLGW pumpage since 1965 is calculated to 

be approximately 411.9 billion gallons. 

It is our opinion that based on our hydrologic evaluation and from the review of 

technical reports, groundwater pumpage from the MLGW has created a large cone of 

depression that has altered natural groundwater flow paths in the Sparta Sand in 

northwest Mississippi, and as a result is diverting, and will continue to divert, and take 

groundwater from Mississippi that only naturally occurs within the state of Mississippi.  

The Mississippi groundwater gradient in the Sparta Sand has been altered from its natural 

generally east to west/southwest flow direction to a northerly direction.  Figures 23 and 

24 are potentiometric surface maps for pre-development and 2016, respectively.  Each of 

these maps also shows groundwater flow direction.  The pre-development flow direction 

shown in Figure 23 in northwestern Mississippi is generally from east to west/southwest 

in Mississippi with a very small flow component into Tennessee.  The 2016 flow 

direction in Figure 24 shows that the natural flow has been significantly changed and 

diverted towards Tennessee as a result of MLGW pumpage.    
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CONCLUSIONS 
 
The primary purpose of our investigation as presented in this report is the 

evaluation of the effects on natural groundwater flows and availability in northwestern 

Mississippi caused by the unregulated groundwater pumpage in Shelby County, 

Tennessee, primarily by MLGW, which has been taking groundwater from Mississippi 

for decades without permission.  This update evaluation included the review of existing 

technical reports and hydrologic data from the USGS, University of Memphis GWI, 

MLGW and the MDEQ and the performance of calculations to determine the volume of 

groundwater that is diverted from its natural flow in Mississippi by pumping in the 

Memphis, Tennessee area, focusing on MLGW through 2016.  These calculations were 

performed using the existing groundwater flow model developed by the USGS and 

updated previously by LBG in May 2007 and April 2014.   

It is clear from our review of a number of technical reports described previously 

that a large cone of depression of the potentiometric surface for the Sparta/Memphis Sand 

aquifer has been created by the groundwater pumpage in the Memphis, Tennessee area.  

Most of this pumpage that is diverting Mississippi’s groundwater is attributable to 

MLGW.  This cone of depression extends into northern Mississippi and has altered the 

groundwater gradient.  The groundwater gradient of the Sparta Sand has been altered 

from its natural east to west/southwest flow direction and diverted to a northerly direction 

by this continued pumping.  This finding is also confirmed from our review of water-

level data associated with potentiometric surface maps prepared by the USGS and from 

groundwater flow modeling.  Observations have shown that water levels in the 

Sparta/Memphis Sand aquifer have declined (dropped) by as much as 100 feet since 1886 

forming the center of this large man made cone of depression. This cone of depression 

had dropped water levels under northern DeSoto County, Mississippi, as estimated by a 

USGS model (Arthur and Taylor, 1990), by up to 90 feet.  In a deposition on March 27, 

2007 of Charles H. Pickel, a retired MLGW water manager, he indicated that the cone of 

depression created by MLGW pumpage extended into northern Mississippi.  These 

conditions were recognized by David Feldman from the University of Tennessee 

prompting the publishing of a report titled “Water Supply Challenges Facing Tennessee: 

Case Study Analyses and the Need for Long-Term Planning (June 2000), David Lewis 
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Feldman, Ph.D., and Julia O. Elmendorf, J.D.”   In this report the author states that, at a 

groundwater pumping rate of approximately 145 million gallons per day (MGD) from the 

Memphis area a cone of depression is formed and 20-40 MGD is derived from beneath 

DeSoto County which is located in northwestern Mississippi.   The cone of depression of 

the Sparta Sand can also be seen in potentiometric surface contour maps presented by 

Moore, 1960; Criner and Parks, 1976; and Parks, 1990. 

Groundwater flow modeling was performed for calculating groundwater flow 

contribution or diversion from Mississippi as a result of Memphis area pumpage.  The 

modeling exercises were performed utilizing the USGS model prepared by Brahana and 

Broshears (2001).  Table 3 in this report list the diversion volumes calculated from the 

updated modeling for 1965 through 2016 as a result of the MLGW pumpage that has 

averaged approximately 21.7 MGD.  These quantities are in the same range of values 

reported by Moore in 1965, Criner in 1964, Feldman in 2000, Gentry in 2000 and Arthur 

in 2006.  From the review of Table 2 contained in this report, which shows the pumpage 

amounts from MLGW and DeSoto County, an increase in pumpage from DeSoto County 

can be observed over time, while a decrease in MLGW pumpage occurred.  This 

corresponds with a decrease in the flow diversion from DeSoto County to Shelby County 

calculated from the model.  As a result, the increased pumpage in DeSoto County and 

decrease in MLGW pumpage is reducing the amount of groundwater being diverted from 

the northern Mississippi area.   

Based upon the original Brahana Model, potentiometric surface mapping, updated 

groundwater modeling by LBG, and our review of studies by other reputable scientists 

and water policy analysts (as discussed herein), it is our opinion that Memphis area 

pumpage, primarily by MLGW, has altered the natural flow path and created a cone of 

depression in the Sparta Sand, resulting in the diversion of Mississippi’s groundwater.  

The total volume of groundwater taken from Mississippi due to MLGW pumpage since 

1965 is calculated to be approximately 411.9 billion gallons. 
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TABLES 



Table 1
MEMPHIS LIGHT, GAS AND WATER DIVISION

CITY OF MEMPHIS
Water Pumpage By Stations

Gallons Per Day
1965-2012

Sheahan Mallory Allen Lichterman McCord Davis Palmer Morton LNG Shaw TOTAL Starting Ending Monthly Comments (If not raw pumpage data)
Row 41 41 45 44 33 50 48 33 26 33 Bates # Bates # or Yearly

Column 25 17 21 29 25 17 24 18 26 32
1965 17,773,000     13,268,000      22,519,000   4,220,000     14,181,000    71,961,000     MLGW  66416 Yearly Net Pumpage 
1966 16,991,000     12,618,000      22,969,000   9,697,000     13,472,000    75,747,000     MLGW  66417 Yearly Net Pumpage 
1967 15,870,000     12,364,000      22,592,000   13,277,000   13,599,000    77,702,000     MLGW  66417 Yearly Net Pumpage 
1968 15,961,000     12,582,000      23,430,000   14,621,000   14,487,000    81,081,000     MLGW  66417 Yearly Net Pumpage 
1969 15,063,000     11,961,000      23,934,000   16,192,000   15,495,000    82,645,000     MLGW  66418 Yearly Net Pumpage 
1970 15,556,000     11,231,000      27,167,000   16,775,000   16,211,000    3,258,000      101,000   90,299,000     MLGW  66418 Yearly Net Pumpage 
1971 18,332,000     12,953,000      25,420,000   15,585,000   15,930,000    7,487,000      151,000   95,858,000     MLGW  66418 Yearly Net Pumpage 
1972 15,927,000     15,973,000      22,024,000   16,373,000   15,491,000    10,204,000    2,801,000    249,000   99,042,000     MLGW  66419 Yearly Net Pumpage 
1973 17,167,583     18,880,000      21,578,667   18,084,333   17,281,583    10,867,333    2,776,333    1,660,000     174,166   108,469,998    MLGW  67682 MLGW  67741 Monthly  
1974 17,579,833     20,101,500      22,193,750   18,142,667   15,353,667    10,617,083    2,944,833    2,354,083     255,750   109,543,166    MLGW  67622 MLGW  67681 Monthly  
1975 18,130,916     19,148,583      21,276,750   17,378,916   19,111,750    11,688,416    3,047,666    160,500        243,833   110,187,330    MLGW  67562 MLGW  67621 Monthly  
1976 19,007,000     20,641,000      19,947,000   18,148,000   18,721,000    11,370,000    3,158,000    3,000            260,000   111,255,000    MLGW  66420 Yearly Net Pumpage
1977 18,564,000     22,114,000      21,680,000   18,809,000   19,986,000    13,226,000    3,360,000    5,000            268,000   118,012,000    MLGW  66420 Yearly Net Pumpage 
1978 16,055,000     20,785,000      21,316,000   20,517,000   21,086,000    13,779,000    3,545,000    34,000          361,000   117,478,000    MLGW  67562 MLGW  67848 Monthly  
1979 17,419,000     20,294,000      19,867,000   22,645,000   22,164,000    14,125,000    2,869,000    4,000            327,000   119,714,000    MLGW  67831 MLGW  67835 Monthly  
1980 20,744,000     20,953,000      21,591,000   23,151,000   20,700,000    13,262,000    3,186,000    53,000          343,000   123,983,000    MLGW  67818 MLGW  67882 Monthly  
1981 21,229,000     20,375,000      19,305,000   21,633,000   21,556,000    11,526,000    3,425,000    20,000          339,000   119,408,000    MLGW  67805 MLGW  67809 Monthly  
1982 21,465,000     17,526,000      20,508,000   22,524,000   19,124,000    11,591,000    2,850,000    5,618,000     421,000   121,627,000    MLGW  67791 MLGW  67795 Monthly  
1983 22,914,000     17,338,000      20,947,000   22,163,000   17,269,000    12,705,000    179,000       10,874,000   465,000   124,855,983    MLGW  67778 MLGW  67782 Monthly  
1984 20,743,000     18,693,000      21,102,000   21,850,000   20,772,000    12,244,000    724,000       11,091,000   460,000   127,680,984    MLGW  67765 MLGW  67769 Monthly  
1985 20,499,000     21,784,000      23,607,000   21,550,000   20,764,000    11,294,000    255,000       11,402,000   500,274   -                131,655,274    MLGW  0003 Yearly Net Pumpage
1986 20,310,411     20,834,795      24,906,027   24,151,781   20,575,068    12,620,548    138,904       12,447,671   554,247   -                136,539,452    GWI  013666 GWI  013684 Monthly  
1987 18,876,438     20,218,082      24,590,411   24,483,562   20,714,795    12,785,753    293,425       12,953,425   530,411   -                135,446,301    GWI  013685 GWI  013722 Monthly  
1988 21,445,479     21,059,178      24,733,973   25,466,575   20,743,562    12,714,521    1,681,096    14,218,082   526,849   -                142,589,315    GWI  012946 GWI  013051 Monthly  
1989 19,761,096     19,727,397      21,925,753   24,121,370   20,559,726    11,349,589    3,776,712    13,705,753   397,260   -                135,324,658    GWI  013082 GWI  013208 Monthly  Some Net pumpage used for Nov - MLGW 00005
1990 21,005,205     19,690,959      24,137,260   23,247,945   19,839,178    10,447,671    4,101,644    12,236,712   434,247   5,867,397      141,008,219    GWI  01321 GWI  013384 Monthly  Net pumpage used for Jan  - MLGW 00005
1991 20,998,082     20,714,795      21,012,603   21,771,507   18,516,438    10,135,890    5,079,178    10,465,753   393,151   10,983,562    140,070,959    GWI  012341 GWI  012487 Monthly  
1992 20,023,836     20,626,849      20,444,110   21,130,685   19,223,562    9,701,918      5,337,534    10,458,904   423,014   11,872,603    139,243,014    GWI 012490 GWI  012636 Monthly  
1993 19,548,219     20,222,192      21,248,767   21,801,644   18,483,836    9,960,000      4,808,767    12,719,726   497,534   10,325,479    139,616,164    GWI  012639 GWI  012785 Monthly  
1994 20,627,397     15,901,370      21,576,712   21,936,438   17,695,890    11,866,027    4,938,356    14,360,548   477,260   12,982,466    142,362,466    GWI  012787 GWI  012943 Monthly  
1995 20,570,137     16,029,315      22,800,548   21,915,342   17,398,082    12,569,863    4,903,562    17,106,301   529,589   14,177,260    148,000,000    GWI  011938 GWI  012085 Monthly  
1996 20,170,137     17,329,589      22,532,055   21,929,041   17,373,425    14,135,616    4,668,767    18,168,767   515,342   13,058,630    149,881,370    GWI 012087 GWI  012235 Monthly  
1997 19,556,438     15,529,315      22,114,521   21,377,534   15,968,493    14,602,466    4,284,658    16,915,068   444,384   14,880,000    145,672,877    GWI  012239  GWI  012337 Monthly  Net pumpage used for Sept-Dec - MLGW 00009
1998 21,355,068     17,229,863      22,910,137   23,288,767   15,794,795    15,442,466    4,090,411    17,976,986   419,726   17,894,795    156,403,014    GWI  011534 GWI  011631 Monthly  Net pumpage used for Jan-Apr  - MLGW 00009
1999 21,441,370     18,560,548      25,246,575   23,447,397   16,404,932    12,718,356    5,067,945    18,886,027   493,425   19,609,863    161,876,438    GWI 011632 GWI  011767 Monthly  Some Net pumpage used - MLGW 00010
2000 21,641,370     17,321,096      24,287,123   22,502,466   17,129,589    13,992,603    4,998,082    19,012,329   369,315   20,854,521    162,108,493    GWI  011773 GWI  011911 Monthly  Net pumpage used for May - MLGW 00010
2001 19,443,014     17,588,767      19,972,329   19,626,575   16,318,904    17,500,548    4,785,205    17,477,260   446,301   20,248,493    153,407,397    MLGW  00011 Yearly Net Pumpage
2002 18,140,000     17,300,000      22,000,000   18,550,000   15,550,000    19,000,000    4,525,000    18,000,000   475,000   20,983,333    154,523,333    MLGW2  03771 CD Monthly  
2003 15,616,666     15,708,333      22,383,333   18,133,333   16,066,667    19,508,333    5,108,333    18,941,667   334,167   20,100,000    151,900,832    MLGW2  03771 CD Monthly  
2004 15,775,000     16,075,000      21,858,333   17,700,000   16,341,667    19,641,667    5,150,000    18,741,667   400,000   22,666,667    154,350,001    MLGW2  03771 CD Monthly  
2005 15,266,667     17,141,667      21,675,000   19,158,333   17,700,000    20,225,000    3,383,333    18,783,333   558,333   23,000,000    156,891,666    MLGW2  03771 CD Monthly  
2006 16,658,333     16,575,000      21,358,333   19,550,000   17,458,333    20,566,667    4,166,667    18,341,667   358,333   21,200,000    156,233,333    MLGW2  03771 CD Monthly  
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118.2

1989 135.6 3.60

1982 121.8 4.18

1985 131.9 3.60
1986 136.8 3.60

1983 125.1 3.60
1984 127.9 3.60

1990 141.3 3.60

1987 135.7 3.60
1988 142.8 3.60

Year
Shelby 
County      
(MGD)

DeSoto 
County      
(MGD)

1980 124.2 4.18
1981 119.6 4.18

4.18
4.18

99.2
108.7
109.7
110.4
111.4

77.8
81.2
82.8
90.5
96.0

0.90
1.23
1.23

1991 140.3 3.60
1992 139.5 3.60
1993 139.9 3.60
1994 142.6 3.60
1995 148.3 13.04
1996 150.1 13.04
1997 145.9 13.04
1998 156.7 13.04
1999 162.2 13.04
2000 162.4 13.43
2001 153.7 13.43
2002 154.8 13.43
2003 152.2 13.43
2004 154.6 13.43
2005 157.2 13.97

14.44
2011 147.6 13.37

2006 149.8 14.47
2007 151.9 11.09
2008 142.6 10.68

Table 2 - Pumpage Amounts From MLGW and DeSoto County

2015 125.6 19.83
2016 123.9 19.83

Year
Shelby 
County      
(MGD)

DeSoto 
County      
(MGD)

2012 140.7 15.31
2013 132.4 18.27
2014 132.3 17.35

2009 135.9 12.44
2010 147.6



Table 3 ‐ Volume of Groundwater Taken 
From Mississippi Due to MLGW Pumpage 

 

Year MGD  Year MGD 

1965 12.9 1991 25.1 

1966 14.5 1992 24.5 

1967 15.3 1993 24.8 

1968 16.0 1994 25.3 

1969 16.5 1995 23.1 

1970 18.6 1996 23.5 

1971 19.8 1997 22.7 

1972 21.1 1998 24.3 

1973 22.5 1999 24.8 

1974 22.9 2000 24.4 

1975 21.8 2001 22.9 

1976 21.9 2002 23.2 

1977 23.5 2003 23.0 

1978 23.6 2004 22.9 

1979 24.0 2005 22.7 

1980 25.1 2006 21.6 

1981 23.6 2007 22.3 

1982 23.8 2008 20.5 

1983 23.9 2009 18.6 

1984 23.9 2010 19.8 

1985 24.3 2011 20.2 

1986 25.8 2012 18.6 

1987 25.6 2013 15.7 

1988 27.2 2014 16.2 

1989 25.8 2015 14.1 

1990 26.1 2016 13.5 
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EXHIBIT 2 
 

J.H. Criner, P-C. P. Sun, and D. J. Nyman, Hydrology of Aquifer 
Systems in the Memphis Area, Tennessee, Geological Survey 
Water-Supply Paper 1779-O (“1964 USGS Report “)   
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I.   Introduction 

 

Groundwater Management Associates (GMA) was retained by the firm of Daniel Coker 

Horton & Bell, P.A. (DCH&B) to provide expert geologic and hydrogeologic consulting 

regarding the origin and distribution of groundwater, interactions between surface water 

and groundwater, natural and man-induced migration patterns of groundwater, and 

specific topics regarding the geology and hydrogeology of predominantly sandy 

sediments in the Eocene-age Middle Claiborne Group that host the Sparta-Memphis 

Sand aquifer system in northwestern Mississippi and southwestern Tennessee.  GMA’s 

services included production of an expert report by Dr. Richard Spruill that focused on 

known or likely impacts on groundwater distribution and migration patterns within the 

Sparta-Memphis Sand (aka, SMS, Sparta Sand, Memphis Sand, Sparta Aquifer, Memphis 

Aquifer, Middle Claiborne aquifer, among others) in response to historic and ongoing 

pumping in Shelby County, Tennessee. 

 

The expert report was produced for DCH&B on June 30, 2017.  The report provided here 

is Addendum #1 to that expert report, and it is primarily an evaluation and critique of 

(1) the 2015 report by Waldron and Larsen that forms the basis of claims that, prior to 

intense pumping in Tennessee, the Sparta-Memphis Sand (SMS) has always had 

substantial northwestward-directed groundwater flow from Mississippi across the state 

border and generally into the area of the City of Memphis and Shelby County, 

Tennessee, and (2) the expert reports submitted on June 30, 2017, by two of the three 

individuals retained on behalf of the State of Tennessee, the City of Memphis, and the 

Memphis Light, Gas & Water Division (MLGW).  My review and evaluation of new or 

previously-available information have not changed the opinions that I provided in my 

expert report. 

 

 

II. Qualifications 

 

I, Richard K. Spruill, am submitting this addendum to my expert report dated June 30, 

2017.  My descriptions, interpretations, conclusions, and professional opinions described 
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within this expert report addendum are subject to revision, expansion, and/or retraction 

as additional information becomes available.  Reference materials considered and 

evaluated, and my curriculum vitae, are provided as Appendix A and Appendix B of the 

expert report, respectively.  Additional reference materials considered as part of this 

addendum are listed in Appendix A-1.  

 

 

_____________________________ 

      Richard K. Spruill, Ph.D., P.G. 

      Principal Hydrogeologist 

 

 

III. Summary of General Opinions Provided in My Expert Report 

 

The opinions provided in my expert report dated June 30, 2017, are summarized below. 

 The Sparta-Memphis Sand, also known as the Middle Claiborne Aquifer or the 

Memphis Aquifer, is an important source of potable groundwater within 

northwestern Mississippi and southwestern Tennessee.  Most of the Sparta-

Memphis Sand is a hydraulically-confined aquifer that consists of geologic 

deposits that accumulated within the Mississippi Embayment approximately 40 

million years ago.  The Sparta-Memphis Sand is inclined (dips) toward the west 

from areas where the unit outcrops in both Mississippi and Tennessee.  These 

sandy deposits thicken toward the center of the Embayment, which generally 

coincides with the present trace of the Mississippi River. 

 The Middle Claiborne contains several lithologic constituents, including the Sparta 

Sand, that comprise an aquifer that has accumulated groundwater over many 

thousands of years.  Historically, most of that groundwater originated as surface 

precipitation that infiltrated the formation where it is exposed at or near the 

surface, and that groundwater migrated generally westward in both states to 

create a source of high-quality groundwater that did not naturally flow to any 

significant extent in a northerly direction out of Mississippi and into Tennessee.  

 The Sparta-Memphis Sand is the most productive source of high-quality 

groundwater available in northwestern Mississippi and southwestern Tennessee.   
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 Massive withdrawal of groundwater by pumping wells operated by Memphis 

Light, Gas and Water (MLGW) in southwestern Tennessee has reduced 

substantially the natural hydraulic pressures existing in the Sparta-Memphis Sand 

in both Tennessee and Mississippi, and these withdrawals have artificially 

changed the natural flow path of Mississippi’s groundwater in this aquifer from 

westward to northward toward MLGW’s pumping wells.  This groundwater 

withdrawal has dramatically reduced the natural discharge of Mississippi’s 

groundwater in the Sparta-Memphis Sand to the Mississippi River’s alluvial 

aquifer system within the state of Mississippi.  

 The taking of Mississippi groundwater by MLGW’s pumping has decreased the 

total amount of available groundwater in the Sparta-Memphis Sand available for 

development in Mississippi, thus increasing the cost of recovering the remaining 

available groundwater from the aquifer within the broad area of depressurization 

(aka, cone of depression) created by MLGW’s pumping.  

 The intensity of pumping that has been, and continues to be, conducted by 

MLGW is not consistent with good groundwater management practices, and 

denies Mississippi the ability to fully manage and utilize its own groundwater 

natural resource. 

 The best management strategy for sustainability of groundwater resources 

involves withdrawing groundwater at a rate that is equal to or less than the 

recharge rate of the aquifer being developed. 

 

 

IV. Summary of General Opinions Provided in Addendum #1 

 

The following is a summary of my opinions provided within this addendum to my expert 

report.  The opinions summarized below are based upon (1) my education, training, and 

experience, (2) detailed study of the geology and hydrogeology of the Mississippi 

Embayment, (3) evaluation of the specific geological and hydrological characteristics of 

the pertinent geological formations in north Mississippi and west Tennessee, (4) specific 

resources and materials referred to and identified with this report, and (5) careful 
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evaluation of expert reports submitted by two of three representatives for the 

defendants. 

 

Overall, it is my opinion that these reports do not directly address the geological and 

hydrological issues that must be addressed in any dispute between states over the right 

to regulate and take groundwater naturally occurring and present within each separate 

state.  High-quality groundwater stored underground in hydraulically-confined aquifers 

over thousands of years is a valuable and finite natural resource.  Each state regulates 

the use of its groundwater resources.  Unlike rivers and streams that generally reveal 

their presence and water supply at the surface, each confined aquifer has unique 

characteristics based on the local geology which determine the groundwater’s origin, 

movement, quality, availability, and the amount of development through pumping that 

can be undertaken consistent with long-term sustainability.  Because of these unique 

characteristics, the natural resource question must be focused on the specific origin, 

characteristics, and flow of groundwater that is subject to the regulations of each state 

while it naturally resides within its borders.  

 

The two expert reports that I evaluated appear to intentionally conflate geologic 

relationships and the common presence of groundwater without significant scientific 

analysis of the actual groundwater that occurs naturally within the separate states of 

Mississippi and Tennessee.  Groundwater is the natural resource that must be examined 

for the purpose of its regulation, protection, conservation, and sustainability. Beyond the 

failure of these two reports to deliver clear, credible scientific analysis, the hydrological 

analysis that was offered was not developed using well-established methodologies or 

reliable data, and therefore should not be considered in determining whether the 

disputed groundwater is “interstate” or “intrastate” groundwater. 

 

I offer the following opinions on the three main areas of review that I performed in 

connection with preparation of my expert report addendum.             

 I performed a detailed evaluation of the study published by Waldron and Larsen 

(2015) that purports to provide a superior and more accurate depiction of the 

natural, pre-pumping hydraulic pressures (the “equipotential surface”) in the 
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Middle Claiborne aquifer (aka, SMS) in the vicinity of the Mississippi-Tennessee 

border in and near Shelby County, Tennessee.  I consider the dataset employed 

by Waldron and Larsen (2015) to be wholly unreliable, thus rendering their 

depiction of the SMS’ pre-development (1886) equipotential map meaningless in 

the context of sound science and the litigation under discussion. 

 Mr. Larson’s (no relation to Dr. Larsen) expert report can be distilled to one 

opinion; the Middle Claiborne aquifer, and all groundwater stored over many 

thousands of years within it, is an interstate resource.  To reach that conclusion, 

Larson: (1) conflates a massive geologic feature (Claiborne Group sedimentary 

deposits) with a hydrogeologic feature (water producing portions within the 

Claiborne Group that qualify as an aquifer system); (2) takes the simplistic view 

that, because a geological formation qualifying as an aquifer system may cross 

state lines, all of the groundwater residing within that formation must be 

considered an interstate resource, apparently without regard to current or pre-

development patterns of flow within each separate state; (3) conveniently 

ignores the natural manner by which the groundwater was recharged and moves 

over many hundreds to thousands of years; and (4) claims that because a 

specific agency of the federal government (United States Geological Survey;  

USGS) created a regional computer model to mimic aspects of the regional 

aquifer system, that entire system is obviously an interstate resource.  In my 

opinion, Mr. Larson’s core opinion and his supporting justifications do not 

represent a disciplined scientific analysis or interpretation of the available 

geological and hydrological evidence.  

 The expert report by Dr. Waldron is a curious mixture of arguments.  He adopts 

and argues the superiority of a study in which he participated (Waldron and 

Larsen, 2015), and he attacks the work of the same USGS scientists that Mr. 

Larson holds in high esteem.  In my opinion the Waldron and Larson (2015) 

report is so badly flawed as to render Waldron’s conclusions gleaned from that 

study fundamentally unreliable. 

 I provide opinions and illustrative examples, calculations, and analogies that 

reveal some of the special characteristics of groundwater not considered in these 

three reports, including the surprisingly slow rate of movement of groundwater 
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in the subsurface.  In my opinion, there is no doubt that the groundwater within 

the Middle Claiborne (aka, SMS) aquifer beneath Mississippi is an intrastate 

natural resource under natural conditions, especially when one considers the 

component of time that Mr. Larson and Dr. Waldron elect to disregard. 

 

 

V. Scope of Addendum #1 

 

On June 30, 2017, the City of Memphis, MLGW, and the State of Tennessee submitted 

three expert reports as part of the defense of the litigation initiated by the State of 

Mississippi that is being addressed herein.  Specifically, expert reports were submitted 

by Dr. David Langseth, Mr. Steven Larson, and Dr. Brian Waldron.  I was tasked with 

evaluating, critiquing, and responding to the two latter reports.  The Langseth report is 

being addressed by another expert for the State of Mississippi.  Section VI of my 

Addendum #1 report evaluates and summarizes the 2015 publication by Dr. Waldron 

and Dr. Daniel Larsen that is integral to arguments made by these parties.  The Waldron 

and Larsen report states that “The pre-development map constructed from [our] 

research will have direct bearing on what injury, if any, can be substantiated” (Waldron 

and Larson, 2015, page 5).  Appendix B-1 provides my detailed analysis of the historic 

data used by Waldron and Larsen (2015) to produce what they consider to be the most 

correct and reliable equipotential map available that shows the pre-development 

distribution of hydraulic head in the Sparta-Memphis Sand aquifer and the natural 

pattern of groundwater flow.  Sections VII and VIII of my Addendum #1 address the 

expert reports submitted by Mr. Larson and Dr. Waldron, respectively. 

 

VI. Summary of My Evaluation of the 2015 Report by Waldron and Larsen 

 

The Waldron and Larsen (2015) report was evaluated in connection with preparation of 

my expert report and this addendum.  I summarize herein some basic aspects of the 

work described in that publication that render their interpretations and conclusions 

unreliable for determining the natural characteristics of the groundwater in Mississippi, 
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which has been, and continues to be, pumped out of Mississippi and into Tennessee to a 

measurable degree. 

 

VI.1 Introduction 

 

The purpose of Waldron and Larsen’s 2015 study (W&L 2015) was clearly to contradict 

the accuracy of the USGS’ pre-development groundwater flow patterns in the boundary 

region between Mississippi and Tennessee, with special emphasis on flow patterns in the 

Sparta-Memphis Sand in the vicinity of the City of Memphis and Shelby County, 

Tennessee.  Figure 4 of W&L 2015 is the final summary of their investigation and the 

pertinent figure discussed here, so it is reproduced below as Figure 1 for discussion in 

this addendum to my report.  Appendix B-1 of my addendum provides a detailed 

evaluation of the data sources reportedly used by W&L 2015.  In this section, I 

summarize my opinions regarding the data relied on within W&L 2015, the methods and 

assumptions used in their study, and the errors embedded in their analysis of, and 

conclusions regarding, pre-development groundwater flow in the SMS aquifer in 

northwestern Mississippi and southwestern Tennessee.   

 

W&L 2015 states that significant extraction of groundwater from the Sparta-Memphis 

Sand (aka, Middle Claiborne aquifer) began in 1886 with the first commercial production 

well installed in the City of Memphis, and that withdrawals from the aquifer “in Shelby 

County, Tennessee, has continued to increase exponentially since 1886” (Waldron and 

Larsen, 2015, page 3).  W&L 2015 reports that “current” withdrawals are 712,000 cubic 

meters per day (m3/day), which is approximately 188,089,000 gallons per day (gpd).  

However, it appears that the “exponential” withdrawal volume in Shelby County, 

Tennessee, was reached long before the present; “a maximum of 190 Mgal/d (190 

million gpd; mgd) was reached in 1974” (Criner and Parks, 1976, page 1).  In fact, I 

contend that the graph by Criner and Parks (1976) provided below as Figure 2 shows 

that there was a linear increase during the first 10 years of withdrawals from the SMS, 

no obvious increase for the following quarter century (steady at ~33 mgd), and a linear 

increase in withdrawals between approximately 1920 and 1975. 
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Figure 1: Waldron and Larsen (2015) Pre-Development Equipotential Map for 

the Middle Claiborne Aquifer (aka, SMS or Memphis Aquifer) 
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Figure 2: Criner and Parks (1976) Graph of Groundwater Withdrawals from 

the Middle Claiborne Aquifer (aka, SMS or Memphis Aquifer) between 

1886 and 1975. 

 

 

 

W&L 2015 is focused on (1) critiquing a pre-development equipotential map for the SMS 

produced by Criner and Parks (1976), and (2) evaluating a data set that they consider to 

be more pertinent and robust than that employed by Criner and Parks.  W&L 2015 does 
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not mention a study by the USGS (Reed, 1972) which pre-dates, and shows good 

agreement with, the report by Criner and Parks (1976).  Waldron and Larsen’s apparent 

goal was to produce their own pre-development equipotential map (Figure 1) that could 

be used to contradict the USGS study that showed “zero or no flow according to Criner 

and Parks (1976)” for the trans-border migration of SMS groundwater from Mississippi 

to Tennessee.  Waldron and Larsen used their new and purportedly superior 

equipotential map to determine that “the estimated average quantity of flow from 

Mississippi into Shelby County around the time of pre-development was approximately 

220,000 m3/day” (~58,118,000 gpd) (W&L, 2015, page 151). 

 

VI.2 Comments on the Report by Criner and Parks (1976) 

 

Before discussing the flaws and errors in the data used and conclusions reached in W&L 

2015, some background on the Criner and Parks (1976) report is useful to provide 

context for W&L 2015. 

 Criner and Parks (C&P) were USGS employees who acknowledge that their report 

was “Prepared in cooperation with the City of Memphis (and) Memphis Light, Gas 

and Water Division” (C&P, 1976, page I).  However, this was an independent USGS 

investigation and report funded by the United States government. 

 Criner and Parks do not estimate the volume of SMS groundwater flowing from 

Mississippi into Tennessee prior to or after extensive pumping in Tennessee.  The 

report does, however, make it unambiguously clear that “one of the effects of 

escalating pumping (in the Memphis area) has been the development of a broad 

cone of depression in the originally, nearly flat, potentiometric surface” of the 

SMS (C&P, 1976, page 14, emphasis added). 

 The C&P report states that the evaluation of water-use patterns in the vicinity of 

Memphis and Shelby County, Tennessee, “did not include pumpage from a few 

thousand suburban and rural wells nor any wells in the Arkansas and Mississippi 

parts of the Memphis area” but that the “annual pumpage from these wells 

probably does not amount to more than an additional 2 or 3 percent of the total 

pumpage values given in this report” (C&P, 1976, page 35, emphasis added). 



 Page 11 of 51 

 C&P relied upon historic water-level data “for six wells screened in the Memphis 

Sand” that “were selected for their long-term record and their areal 

distribution…within the Memphis area” (C&P, 1976, page 11).  Significantly, C&P 

only relied upon data from “observation wells, located at various distances from 

well fields and away from the estimated center of pumping” (C&P, 1976, page 11). 

 Measurements from those six well-documented observation wells were “projected 

backward in time to illustrate the probable original (pre-1886) water level with 

respect to the land surface” (C&P, 1976, page 11) to illustrate the most likely 

configuration of the pre-development equipotential surface for hydraulically-

confined portions of the SMS aquifer (Figure 3).  It is significant that Criner and 

Parks only employed data from confined portions of the SMS aquifer system.  

Problems introduced by mixing water-level data for confined and unconfined 

portions of an aquifer were discussed in my expert report, and the topic is revisited 

below in the context of the Waldron and Larsen (2015) study and their pre-

development map. 

 While the Criner and Parks study was not perfect, it employed data from reliable 

sources, and their pre-development equipotential map (Figure 3) provides a 

reasonably-sound basis for illustrating, testing, and refining changes to the SMS’ 

equipotential surface that have resulted from intense and localized groundwater 

withdrawals in southwestern Tennessee. 

  Criner and Parks were fully aware that their methods could not yield the data 

necessary to produce the most detailed and accurate pre-development 

equipotential map, but their resulting map (Figure 3) provides a reasonable basis 

for illustrating subsequent changes to the SMS’ equipotential surface as a result of 

intense and localized groundwater withdrawals in southwestern Tennessee. 

 The pre-development equipotential map (Figure 3) produced by C&P (1976) 

correlates reasonably well with equipotential maps produced for the SMS within 

other studies (e.g., Reed, 1972).  Likewise, USGS and other computer simulations 

of the pre-development equipotential surface for the SMS yields patterns that 

generally agree with the interpretation by C&P (e.g., LBG, 2014).  In fact, the map 

produced as Figure 4 of W&L 2015 being discussed herein is the only significant 

interpretation of the pre-development equipotential surface within the SMS in 
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Tennessee and northwest Mississippi that differs considerably from the work of all 

other researchers. 

 W&L 2015 does not mention the earlier USGS study (Reed, 1972) that produced a 

pre-development (1886) equipotential map for the SMS (Figure 4) that appears 

remarkably similar in the vicinity of southwestern Tennessee to the interpretation 

produced by Criner and Parks (1976).  A comparison of the map by C&P (1972) 

with the pertinent portion of the map by Reed (1972) is provided below (Figure 5). 

 Significantly, the recent expert report by Mr. Steven Larson (page 20, paragraph 

54) identifies the Reed (1972) pre-development equipotential surface as the basis 

for the regional computer modeling of the SMS conducted by the USGS (e.g., Clark 

and Hart, 2009). (See Section VII below) 

 

Figure 3:  Criner and Parks (1976) Equipotential Map for Confined Portions of 

the Middle Claiborne Aquifer (aka, SMS or Memphis Aquifer) in 1886. 
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Figure 4: Reed (1972) Equipotential Map for Confined Portions of the Middle 

Claiborne Aquifer (aka, SMS or Memphis Aquifer) in 1886. (Note: the image was 

converted to black-and-white and the contrast was enhanced to facilitate readability.) 
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Figure 5: Comparison of Equipotential Maps for Confined Portions of the 

Middle Claiborne Aquifer (aka, SMS or Memphis Aquifer) in 1886 Produced by 

Criner and Parks (1976) and Reed (1972), Top and Bottom, Respectively. 

(Note: The image for Reed (1972) was converted to black-and-white, contrast was enhanced, 

and the image was cropped, rotated slightly, and scaled to better match the area shown in the 

map by Criner and Parks (1972).) 
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VI.3 Summary of Flaws in Data and Methods Used in the Waldron and 

Larsen (2015) Study 

 

Hydrogeologists have long recognized that accurate and meaningful results and 

interpretations of the distribution of hydraulic head and patterns of groundwater flow 

within an aquifer can only occur if significant controls are maintained during collection of 

water-level data from properly designed new and/or vetted existing monitoring wells.  It 

is particularly critical to ensure that such controls are applied when evaluating an 

unconfined aquifer because that system is characterized by downward-directed flow 

patterns in local recharge areas, and upward-directed flow patterns in local discharge 

areas.  These flow patterns cannot be quantified or evaluated properly in unconfined 

aquifers by using data from wells that have long sections of screens and/or have 

unknown construction details.  Examination of the data sources cited by W&L 2015, and 

the locations assigned for many of their “well” data points used to create their Figure 4, 

reveals that they elected to combine indiscriminately data from confined and unconfined 

portions of the Sparta-Memphis Sand aquifer.  Waldron and Larson’s decision to 

combine these disparate data, in addition to the fundamentally flawed nature of the 

data itself, render the interpretation of the SMS’ pre-development equipotential surface 

in W&L 2015 meaningless, and also explains why their interpretation is considerably 

different from that of USGS researchers (e.g., Reed, 1972; Criner and Parks, 1976). 

 

The following additional observations and opinions reinforce my conclusions and 

opinions that Waldron and Larsen’s (2015) alternative interpretation of the pre-

development equipotential surface for the SMS is fundamentally flawed. 

 The abstract of W&L 2015 states that “The basis of the (MS v. TN) lawsuit was 

potentiometric maps of groundwater levels for the Memphis aquifer that showed 

under suggested pre-development conditions no flow occurring across the 

Mississippi-Tennessee state line, but subsequent historic potentiometric maps 

show a cone of depression under the City of Memphis with a clear northwesterly 

gradient from Mississippi into Tennessee.”   This statement contains two notable 

mischaracterizations.  First, Mississippi acknowledges that there was some limited, 

natural, cross-border exchange of groundwater prior to development, but that 
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does not materially change its position about the location of this Mississippi 

groundwater resource.  Second, Mississippi’s claim is not based solely on pre- and 

post-development potentiometric maps, but also on the results of a calibrated 

groundwater-flow model produced by Leggette, Brashears & Graham, Inc. (LBG) 

early in this dispute, and that model has been refined and updated to include all 

currently available data appropriate for use.  LBG’s modeling confirms the natural 

pre-development flow pattern, and clearly demonstrates the formation of a vast 

cone of depression extending from MLGW’s well fields to deep within Mississippi 

which has changed the natural east to west flow in Mississippi to south to north in 

response to MLGW’s pumping.  Not only has the intense pumping in Shelby 

County, Tennessee, changed the natural direction of movement in the Mississippi 

groundwater, but this high-volume pumping has significantly accelerated the 

velocities of groundwater flow from Mississippi toward MLGW’s pumping centers.  

This process and its impact were well established by the mid-1970s; the report by 

Criner and Parks (1976) identified a dramatic five- to seven-fold steepening of the 

pre-development SMS hydraulic gradient between 1886 and 1970 (to 10 feet per 

mile) between Olive Branch, Mississippi, and MLGW’s Allen well field (C&P, 1976, 

page 11). 

 In addition to their use of ambiguous, uncertain, or clearly defective historic data 

from wells of unknown construction to develop a map based on those completely 

unreliable data, W&L 2015 employed numerous errant assumptions in 

manipulating the elevation references that introduced additional uncertainty and 

error into their already-flawed analysis.  I discuss these issues below. 

 In summary, Waldron and Larsen (2015) produced “FIGURE 4. Pre-development 

Potentiometric Surface for the Memphis Aquifer from This Study.” by relying upon 

data that are inherently unreliable and should not have been used to draw any 

conclusions, let alone to produce their Figure 4, making it scientifically unreliable. 

 

A complete evaluation of the specific data employed by Waldron and Larsen (2015) is 

provided in Appendix B-1 of this expert report.  I summarize below some very serious 

issues that demonstrate the lack of value in the historical data used by W&L to prepare 

their flawed Figure 4. 
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1. Many “wells” cited W&L 2015 are not actually wells.  Instead, those “wells” are 

generic observations or claims about zones that were being targeted in particular 

areas for the potential drilling of water-supply wells in the late 1800s or very early 

1900s.  In the following discussion, I will refer to all W&L 2015 data points as 

“wells” to simplify the discussion, but the fact remains that a significant 

percentage of the data cited in W&L 2015 is invalid for this reason alone. 

2. Exact locations for most wells used by W&L were simply not known, so they 

estimated the locations based on various lines of information, narrative , and/or 

assumption.  W&L 2015 assumed land surface elevations based upon criteria of 

their choosing, and those values often do not match the elevations reported in 

the three source documents that date from 1903 and 1906 (see Appendix B-1). 

3. Methods of measurement of water levels are not documented in any of the three 

original source reports.  This fact alone introduces an unacceptable level of 

uncertainty for the stated or assigned values for depth to groundwater. 

4. All of these historic measurements represent a period of time that post-dates the 

start of municipal/commercial pumping in the vicinity of Memphis in 1886, 

typically by at least a decade. 

5. Historic water-level values in the three data-source reports used in W&L 2015 are 

listed as whole numbers in feet, which, at best, provide accuracy to the nearest 

foot (~0.305 meters).  W&L rounded all land elevations used for calculating water 

level elevations to the nearest meter, which further degrades the accuracy of 

contoured head values presented on their Figure 4.   

6. Historical records of groundwater measurements do not specify the pumping 

conditions of the wells.  It is not known if the reported water levels were 

measured during active pumping or under non-pumping (static) conditions. 

7. Reference points for water-level measurements are not given.  Many of the 

historical publications list the depth to water below the “mouth” of the well, and 

the height of the mouth of the well (above or below land surface) is not listed. 

8. The total head difference presented in Figure 4 of W&L 2015 is 79 meters (259 

feet).  W&L 2015 reported the estimated vertical errors for land surface elevations 

of up to 5.5 meters (18 feet; approximately a 7% error).  The estimated vertical 

error for elevation reference does not take into account the inherent error in 
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rounding values to the nearest meter for each water level value used for 

contouring head in Figure 4. 

9. Head values used to produce Figure 4 of W&L 2015 do not consider the effects of 

well construction on the reliability of the water level data.  If a well installed into a 

confined aquifer does not have a properly grouted casing seal, there will be 

vertical hydraulic interconnection with the unconfined surficial aquifer via the 

ungrouted borehole.  Until relatively recently, it was common practice to ‘seal’ 

water-supply well casings using very little grout that typically extended just a 

short distance below the land surface.  Historic records used in W&L 2015 to 

obtain water level data do not provide any information about well construction 

and grouting. 

10. Figure 4 of W&L 2015 does not discriminate between head values representing 

confined and unconfined portions of the aquifer system, and fully 60 percent of 

the data set used by W&L represent wells that are placed within unconfined 

portions of the SMS aquifer.  In contrast, maps produced by Criner and Parks 

(1976) and Reed (1972) only consider groundwater-flow conditions in the 

confined portions of the aquifer.  The distinction between confined and 

unconfined portions of the aquifer system correlates with the differences in 

regional versus local groundwater flow systems, respectively, as illustrated 

generically below in Figure 6. 

11. W&L’s dataset lists Well #3 (Forest City, Arkansas), but the well was excluded 

from their map even though it is located closer to Memphis than many other wells 

used to construct their Figure 4.  Well #3 had an estimated elevation of 28 

meters, the lowest head value reported in W&L 2015.  Had this data point been 

used in contouring, the orientation of groundwater flow via equipotential lines in 

the confined portion of the aquifer system would have been more westerly, rather 

than northwesterly. Two other wells (#1 and #2) in eastern Arkansas were used 

to construct Figure 4, and W&L 2015 offers no justification for ignoring Well #3. 

12. W&L 2015 commonly uses the land surface elevation as the head elevation for 

wells reported to be free-flowing (artesian).  That assignment of head elevation is 

not accurate because those values are too low for those locations.  By definition, 

a free-flowing (artesian) well has a hydraulic head that is at some elevation above 
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the local land surface.  To determine the correct head for free-flowing wells, the 

well must be equipped with a pressure gauge, or the well casing must be 

extended above the land surface to a height that prevents free flow of water from 

the top of the pipe.  Only then can the amount of hydraulic pressure above the 

land surface at those locations be determined accurately.  The historic records 

relied upon by W&L 2015 never include this information, so it not scientifically-

reliable data to use to produce their Figure 4. 

 

Figure 6: Local versus Regional Groundwater Flow Systems in Unconfined and 

Confined Aquifers, Respectively. 

 

 

13. Figure 4 of W&L 2015 contains numerous errors in contouring the pre-pumping 

equipotential surface, including: (1) an inconsistent contour interval that varies 

from 9 to 13 meters, (2) assigning Well #16 (Taylor’s Chapel, Tennessee) a head 

value of 91 meters, but the data point is contoured incorrectly on the inside (i.e., 

lower elevation) of the 91-meter contour line, (3) Well #17 (Bell Eagle, 

Tennessee) is located in a contoured area that should give the well a head 
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elevation greater than 91 meters, but the value assigned to Well #17 is only 82 

meters, and (4) Well #6 (Hudsonville, Mississippi) has an estimated head 

elevation of 104 meters, yet the well is shown almost 6 miles (~9,500 meters) 

up-gradient from the 104 meter contour line in an area where W&L’s contouring 

indicates that the elevation should be more than 106 meters.  Collectively, these 

issues demonstrate that W&L’s Figure 4 does not conform to standard contouring 

rules and thus presents a fundamentally flawed interpretation of the pre-pumping 

equipotential surface in the aquifer system. 

14. An area of low head elevation is illustrated in Figure 4 in southern Tennessee near 

the Mississippi border.  The head representation of this area is dominated by 

values assigned to Wells #12 (Moscow, Tennessee) and #14 (Rossville, 

Tennessee).  These are fundamentally flawed data points that should not have 

been considered for pre-pumping equipotential contouring.  Historic data for Well 

#12 does not reflect a specific well at a known location, and there is no specific 

reference of water level for Well #12, only the meaningless statement that “water 

is found in abundance at depths of 60 to 80 feet”.  In the context of the 

discussion by Glenn (1906), these depths identify drilling target depths at which 

known water-producing strata occur, not the depth of the water level in any well.  

Similarly, the data from Well #14 at Rossville, Tennessee, does not include a 

reported water level in a well.  Like Well #12, it only reflects a general statement 

of the drilling depth to a sand layer from which water can reportedly be obtained.  

Simply put, there are no reported water level values for Wells #12 and #14 that 

can be used to construct Figure 4.  When the fictitious head values assigned to 

these wells are removed from Figure 4 of W&L 2015, there is no longer any 

indication of a steep pre-development hydraulic gradient directed northward. 

15. It is clear that most of the water levels presented in Figure 4 of W&L 2015 are not 

scientifically supportable.  At many locations, Waldron and Larsen’s map suggests 

pre-development equipotential surface elevations that are actually lower than 

more recent post-development observations.  This is especially noticeable in areas 

of eastern and central Fayette County, Tennessee.  A comparison of head 

elevations shown in Figure 4 of W&L 2015 with post-development equipotential 

measurements shown in Schrader (2008) indicates that Moscow, Tennessee, has 
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a post-development head of approximately 107 meters, which is 20 meters (more 

than 65 feet) higher than the estimated pre-development head.  The estimated 

head at Moscow, Tennessee, presented on Figure 4 of W&L 2015 is significantly 

in error because this location is within the well-known pumping cone of 

depression centered on Shelby County, Tennessee.  Likewise, there is a post-

development head of approximately 96 meters at Rossville, Tennessee, which is 

10 meters (more than 32 feet) higher than the estimated pre-development 

equipotential values shown in Figure 4 of W&L 2015.  These are two clear 

examples of egregious errors in the interpretations of W&L 2015. 

 

The following are my concluding opinions regarding Waldron and Larsen’s approach to 

investigating and illustrating the pre-development groundwater flow patterns in their 

study area: 

 The study lacks the rigorous data control that is essential to producing any 

meaningful hydrological interpretations or conclusions. 

 Minimal data control requirements include precisely known locations and 

elevations of the measuring point at the tops of well casings.  The specific 

screened interval(s) of the wells must be known, not assumed.  Well construction 

records should also be available and considered, in addition to other information 

such as driller’s logs.  Measured depth to water in the well must be reported.  It 

must be known that the well has not been pumped recently (i.e., the water level 

is static) and that there are no nearby wells pumping from the same aquifer.  The 

data used by Waldron and Larsen in their 2015 study do not meet any of these 

requirements, making their Figure 4, and any conclusions or inferences drawn 

from it, completely unreliable. 

 As described and illustrated in my report, monitoring wells with short screen 

intervals placed at accurately known depths must be used for evaluations of 

groundwater flow in unconfined aquifer systems.  Data in the Waldron and Larson 

2015 report indicate that this was not done. 

 Interpretations of flow patterns based on incomplete or inaccurate well and head 

data fail to account for local flow patterns in the unconfined portions of the 
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groundwater system, wherein groundwater generally moves from recharge to 

discharge areas along circuitous flow paths, as illustrated above in Figure 6.  

 Groundwater flow patterns in unconfined portions of the groundwater system are 

complex, and reflect relatively small, local groundwater ‘basins.’  Data for the 

unconfined aquifer system should never be used to define groundwater flow 

patterns in the confined portions of the aquifer system which reflect regional flow 

patterns. 

 Considering the unreliability of the data employed, and the fundamental errors 

identified in their study, I assert that (1) Waldron and Larson did not provide a 

scientifically-reliable basis to support the pre-development distribution of hydraulic 

head and associated flow patterns for the SMS aquifer that are described and 

illustrated as Figure 4 in their 2015 report, and (2) there is no meaningful 

application of their work or their interpretations in Figure 4 to the border region 

between northwestern Mississippi and southwestern Tennessee. 

 Interpretations by other researchers regarding the pre-development equipotential 

surface of the Middle Claiborne aquifer are properly focused on the confined 

portions of the groundwater system, and thus provide the best evidence and basis 

for accurate groundwater modeling and evaluation. 

 It is my opinion that, with limited variations near the common border between 

Mississippi and Tennessee, the natural groundwater flow in the confined portions 

of the Middle Claiborne aquifer and other regional aquifers in both Mississippi and 

Tennessee is from eastern recharge areas toward western discharge areas.  As 

demonstrated by computer simulations (e.g., LBG, 2014), there is a small area 

near the border between Mississippi and Tennessee where limited cross-border 

flow may occur under natural conditions.  However, almost all groundwater in 

these regionally-important aquifers in Mississippi originates from recharge 

occurring inside the state. This groundwater naturally travels within the confined 

portions of the aquifer system in Mississippi and, absent intense pumping in 

Tennessee, the same water ultimately discharges to the Mississippi River many 

thousands of years later by moving upward through younger strata. 
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VI.3 Failure by Waldron and Larsen (2015) to Consider the Time Component 

Time, specifically geologic time, is a key aspect of groundwater flow and aquifer 

hydraulics that must be considered in evaluating confined groundwater as a natural 

resource.  It is easy for a layman to examine a groundwater equipotential map or 

computer simulation and assume incorrectly that the groundwater is migrating at a 

significant rate.  As described in my expert report, time and flow velocity are what 

clearly separate concepts of surface water flow at the land surface from groundwater 

flow in geological materials. 

 

The velocity of groundwater flow in a particular location can be described by the 

relationship between the hydraulic gradient (dh/dl), the aquifer’s porosity (n), and the 

permeability (hydraulic conductivity, or k) of the aquifer.  The velocity of the horizontal 

component of groundwater flow (Vh) can be calculated as Vh = (k/n)*(dh/dl).  I have 

assumed, for purposes of this illustration, that the SMS has the following parameters: an 

average k of 51.8 feet/day (mean of the range per Waldron and Larsen, 2015), 30 

percent porosity (per page 6 of Dr. Waldron’s expert report), and an average pre-

development hydraulic gradient of 0.00033 feet/foot (per Criner and Parks, 1976).  

These values yield a calculated Vh of 0.057 feet/day (20.8 feet/year), which translates to 

only 2,725 feet (~0.5 miles) of natural groundwater migration between 1886 and 2017 

(131 years) if there had been no steepening of the hydraulic gradient by massive 

pumping in Shelby County, Tennessee. 

 

In my report, I noted that a relatively slow example of stream flow will transport water 

more than 16 miles in a day, which is more than 30 times as far in a single day as what 

the SMS groundwater would have migrated in 131 years if not for the intense pumping 

in Shelby County, Tennessee.  Put another way, my hypothetical stream will transport a 

specific quantity or mass (packet) of surface water farther in a single day than an 

equivalent packet of groundwater in the SMS would travel in 4,061 years if the 

groundwater is flowing under the pre-development hydraulic gradient.  The roughly five-

fold steepening of the hydraulic gradient attributed to copious withdrawals in Shelby 

County, Tennessee, by Criner and Parks (1976) accelerated flow velocity to a calculated 

SMS groundwater flow rate towards Tennessee of approximately 120 feet per year.    
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The border between Mississippi and Tennessee along the east-west length of Shelby 

County is approximately 37.6 miles in length. Assuming the pre-development hydraulic 

gradient of Criner and Parks (1976) and flow parallel to that state boundary at 

approximately 20.8 feet per year, my back-of-the-envelope calculations indicate that a 

generic packet of SMS groundwater would require more than 9,500 years for SMS 

groundwater to traverse this 37.6-mile east to west trip within Mississippi.  The United 

States is only 241 years old, or roughly 1/40th of the 9,500-year age of that illustrative 

groundwater packet migrating parallel to the state boundary located between Shelby 

County, Tennessee, and DeSoto County, Mississippi.  For all practical intents, the natural 

groundwater in the SMS in Mississippi would not have left the state to any appreciable 

degree if massive quantities of groundwater had not been pumped out of the SMS in 

Shelby County, Tennessee.  Nevertheless, even though groundwater may be flowing 

slowly, the area and thickness of the SMS are large, and the volumes of water moving 

each day across the Mississippi-Tennessee border under the influence of pumping in 

Shelby County, Tennessee, are immense.  This subject is addressed in Section VIII. 

 

 

VII. Summary of My Evaluation of the Expert Report by Steven Larson 

 

I have evaluated the expert report submitted by Mr. Steven P. Larson in support of the 

defendants.  Mr. Larson cites four (4) core opinions in support of his conclusion that “the 

groundwater of the Middle Claiborne aquifer is an interstate water resource” (Page 2, 

paragraph 4).  His four opinions are essentially variations on an initial position that 

conflates a broad regional view of the Middle Claiborne aquifer (aka, the SMS) with the 

more nuanced issues that exist at the border area between northwestern Mississippi and 

southwestern Tennessee.  I address Larson’s four opinions individually below in the 

order that he presents them. 

 

Larson, page 2: “Opinion 1. The Middle Claiborne aquifer and the 

groundwater within it constitute an interstate resource because they form a 

single hydrological unit that extends beneath eight states: Louisiana, 

Mississippi, Tennessee, Arkansas, Alabama, Kentucky, Illinois, and Missouri.”  
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Larson disregards the differences between a geologic formation and an aquifer.  The 

Eocene-age geologic materials comprising the Claiborne Group include multiple 

formations of varying lithology, specifically including the deposits known as the Sparta 

Sand and Memphis Sand in Mississippi and Tennessee, respectively.  Those geologic 

deposits are not an aquifer except where saturated by groundwater and where other 

criteria are met, such as the ability to produce sufficient quantities of water for use by 

people.  The solid materials and/or the water moving slowly through that regional 

aquifer system most certainly does not represent a single, homogeneous entity. 

 

The Sparta-Memphis Sand and related time-contemporaneous geologic deposits do exist 

beneath multiple states within the structural sedimentary basin known as the Mississippi 

Embayment.  Larson’s claim is incorrect that “As in all aquifers, the groundwater in the 

Middle Claiborne aquifer is hydraulically and hydrologically connected. There is no 

physical impediment that precludes groundwater from migrating across State boundaries 

under natural conditions within the Middle Claiborne aquifer.” (page 2, paragraph 5).  In 

fact, most named aquifers are highly complex mixtures of rock, sediment, and water.  

The rate and direction of groundwater migration and ‘connection’ in those aquifers 

under natural conditions varies tremendously, both vertically and horizontally, as a 

function of the geology and setting of a specific location.  This inherent heterogeneity is 

most certainly true of the SMS on the scale of the Mississippi Embayment that Larson is 

focusing on in his expert report.  For example, in the vicinity of the Mississippi-

Tennessee border area, the SMS contains a ‘transition’ zone (a sedimentary facies 

change) in northern Mississippi (e.g., Hosman and others, 1968; Reed, 1972) at roughly 

34.8 degrees north latitude where the relatively low-permeability Cane River Formation 

to the south becomes more sandy and permeable, thus ‘thickening’ the Sparta Sand as it 

merges with the Memphis Sand north of the ‘transition’ zone (see Figure 4) to ‘become’ 

what is termed here the Sparta-Memphis Sand.  Likewise, it is well known that “…there 

are many normal faults with vertical displacements ranging from about 50 to 150 feet” 

that crosscut and displace the SMS in and near Shelby County, Tennessee (Kingsbury 

and Parks, 1993, page 1).  Differences in sedimentary lithology and/or vertical and 

lateral continuity of the SMS can and do influence greatly the rate and pattern of 
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groundwater flow within the Middle Claiborne aquifer system, especially at the scale of 

the Mississippi-Tennessee border region under discussion here. 

 

Another key aspect of inherent aquifer heterogeneity involves geologic time.  Virtually all 

aquifers consist of materials with relatively high and low permeability.  If groundwater 

migration in more permeable portions of the aquifer occurs at, for example, a rate of 20 

feet per year, then flow in low-permeability portions of that same aquifer may occur at a 

rate several orders of magnitude slower (e.g., 0.02 feet per year).  Hydrogeologists 

have long recognized that hydraulic head patterns change significantly at boundaries 

between materials with different permeability, and therefore flow patterns will also 

change.  One simply cannot claim that because similar solid geologic materials hosting 

groundwater exist across multiple states, the entrained groundwater necessarily 

behaves the same in all places and at all times; that is simply not true.  The pervasive 

hydraulic ‘connection’ that Mr. Larson claims is only present as a pressure distribution 

within confined portions of an aquifer, not as any wholesale exchange of groundwater 

due to the important but too often overlooked component of time that I discussed in the 

previous section.  My professional experience has shown that there can be substantial 

differences in aquifer geology and hydraulic characteristics within a single well field, to 

say nothing of an area the size of Shelby County, Tennessee, or the larger Mississippi-

Tennessee border region under discussion herein. 

 

Larson, page 3: “Opinion 2. The Middle Claiborne aquifer and the 

groundwater within it constitute an interstate water resource because they 

are hydrologically connected to other bodies of interstate groundwater and 

surface water.”  Larson claims that the Mississippi Embayment Regional Aquifer 

System Study (MERAS) produced by the USGS, a computer modeling framework or tool, 

can “…be used to refer to either the aquifer system or the aquifer study because they 

are essentially one and the same.” (page 3, paragraph 9).  Here, he improperly 

conflates a very large and extremely complex natural system with a computer simulation 

that attempts to mimic some aspects of the natural system by employing a necessarily 

large number of simplifying assumptions; these two things are most certainly not “one 

and the same” in any sense.  Larson attempts to merge these two distinct things by 
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invoking the scientific reputation of the USGS to support an opinion that is not an expert 

geological or hydrological opinion.  Larson actually acknowledges that he is conflating a 

physical system with a computer simulation to meet his objective by stating that “The 

fact that the numerical models of the Middle Claiborne are grounded on interstate 

connections and intend to simulate interstate conditions further supports my view that 

the groundwater within the Middle Claiborne aquifer is an interstate resource.” (page 3, 

paragraph 10). 

 

While one USGS publication describes their computer framework as a “…tool that is 

useful for interstate sustainability issues while focusing on a particular State…” (Clark et 

al., 2013, page 2), my search of the pertinent MERAS literature has revealed that this is 

the only instance where the USGS has used the words ‘interstate’ or ‘intrastate’ in any 

context.  Likewise, Larson’s claim that “…a hydrologist cannot create a numerical model 

of the groundwater in the Middle Claiborne aquifer without reference to the MERAS as a 

whole.” (page 13, paragraph 44) is astonishing and conflicts with the facts.  Computer 

simulations have long been created, tested, and used by many entities other than the 

USGS, sometimes in order to capture and evaluate details or scenarios that cannot be 

simulated accurately by the MERAS code because of the inherent limitations and 

simplifying assumptions of the USGS’ tool.  Furthermore, depending on Mr. Larson’s use 

of his broad definition of the term ‘MERAS’, it is not necessary for a computer simulation 

to consider all confining beds and permeable zones above and/or below an aquifer of 

interest to evaluate specific issues of interest. 

 

Larson, page 4: “Opinion 3. The groundwater within the Middle Claiborne 

aquifer under Mississippi is an interstate water resource because, under any 

reasonable assumptions, none of the groundwater beneath Mississippi, under 

current or historical conditions, would remain permanently within 

Mississippi’s territory.”  Larson states that “Groundwater that is “stored” within the 

aquifer system is not static.” (page 4, paragraph 11)  From a technical standpoint, 

groundwater in the SMS in Mississippi is not ‘static’, nor is it flowing dynamically like 

surface water.  Larson simply ignores the key components of natural groundwater flow 

direction and time of travel.  My illustrative calculations in the expert report and in this 
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addendum report represent the scientific reality that groundwater within Mississippi in 

the SMS aquifer originated and resided within Mississippi’s state territory for thousands 

of years under natural conditions on a slow-motion journey that has lasted many times 

longer than the United States has been in existence.  Larson’s only acknowledgement of 

the time component of groundwater flow is misleading at best: “Because groundwater 

moves continuously (albeit slowly) under natural conditions, it eventually would have left 

Mississippi’s territory – with or without any pumping – and would have been replaced by 

new groundwater recharge…” (page 4, paragraph 12).  The fact that this groundwater 

would eventually naturally leave Mississippi many thousands of years after it initially 

entered the subsurface by recharge has no practical application to the issue of whether 

the groundwater is a natural resource within the territory of the state of Mississippi.      

 

Larson’s justifying paragraph 13 contains several fundamental misstatements about 

hydrogeology that appear designed to confuse or misrepresent the concept of an 

aquifer’s groundwater budget.  I surmise that Larson is attempting to justify his 

unsupported notion that massive groundwater pumping in Tennessee has not had, and 

will not have, any meaningful impact on Mississippi’s natural groundwater resources.  

From a hydrologic standpoint, the reduction of pressure in a confined aquifer system 

induced by pumping will not only change the pattern and velocity of flow, it reduces the 

volume of recoverable groundwater and well yield, thus limiting the quantity that can be 

withdrawn by a well and increasing the total cost of recovery. 

 

Larson, page 4: “Opinion 4. The United States Geological Survey has 

repeatedly recognized that the Middle Claiborne aquifer is an interstate 

resource.”  This is not an expert opinion of a geologist or hydrologist.  Nor have I 

located a single written instance where the USGS has referred to the Middle Claiborne 

aquifer as an “interstate resource”.  As stated above, the USGS did use the word 

‘interstate’ on one occasion, describing their computer framework as a “…tool that is 

useful for interstate sustainability issues while focusing on a particular State…” (Clark et 

al., 2013, page 2).  This single statement by the USGS is not a comment about, or 

opinion on, any aspect of any state’s claim to, or management of, the naturally present 

groundwater within its borders. 
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The mission of the USGS is to serve the national interest by supplying scientific 

information that others may then use to make informed decisions.  The USGS does not 

have the mandate or authority to manage groundwater or dictate patterns of 

groundwater use within the borders of the separate states. The USGS has developed a 

computer simulation that it makes available to others (e.g., individual states) to better 

understand and visualize how groundwater within a large regional system of aquifers 

behaves, and that tool facilitates simulation of past, present, and future events on a 

groundwater system or component of interest.  How the USGS views aquifer systems is 

important to how they choose to study those features, and potentially to make 

recommendations that may assist the state’s use and regulation of its groundwater 

resources.  However, the USGS does not address the rights of the respective states 

regarding the groundwater within their borders, and it specifically does not address the 

origin and location of the specific groundwater in Mississippi that is in dispute. 

 

To summarize, Mr. Larson’s position that the groundwater in the entire Middle Claiborne 

aquifer is an interstate resource is predicated on: (1) conflation of a massive geologic 

feature (Claiborne Group sedimentary deposits) with a hydrogeologic feature (water-

producing portions of an aquifer system); (2) a simplistic view that, because the geology 

of an aquifer system may exist across state lines, the groundwater within that system 

must be considered an interstate resource, and specifically without regard to the natural 

hydrologic conditions under which the groundwater was recharged, exists, and 

ultimately discharges within separate states; and, (3) what he contends to be 

authoritative declarations of the USGS that he adopts as support for his opinion.  As 

such, his opinions do not address the factual and scientific issues relating to the specific 

groundwater underlying Mississippi and Tennessee which are critical to understanding 

the natural occurrence, availability, sustainability, protection, and conservation involved 

in this dispute. These are the issues that are unique to each specific occurrence of 

groundwater natural resources that must be evaluated in each dispute of this type.  
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VIII. Summary of My Evaluation of the Expert Report by Brian Waldron 

 

I have evaluated the expert report submitted by Dr. Brian Waldron in support of the 

defendants.  Waldron focuses throughout his report on the question of “whether the 

groundwater in the middle Claiborne aquifer is an ‘interstate resource’’” (page 2, 

paragraph 5).   Groundwater is the issue at the heart of this legal matter, but the 

emphasis by Waldron is on the Middle Clairborne aquifer, which he defines as “part of a 

larger set of aquifers within the regional geologic framework, the Mississippi 

Embayment…” (page 2, paragraph 6).  He cites two (2) core opinions in support of his 

conclusion that “the water in the aquifer is an interstate water resource” (Page 2, 

paragraph 8). 

 

Waldron, page 2: “Opinion 1: The Middle Claiborne aquifer extends 

continuously underneath Tennessee and Mississippi, and groundwater in the 

aquifer is not and has never been “confined” to the borders of Mississippi or 

any other state.”  In his justifications for Opinion 1, Waldron introduces a convoluted 

definition of the term “confined” by stating that “Mississippi’s use of the term ‘confined’ 

implies that groundwater within a singular aquifer such as the Middle Claiborne does not 

flow laterally across state lines even though the geologic formation is continuous…” 

(page 3, paragraph 11).  I do not know the origin or intent of the verbiage that Waldron 

is supposedly referencing, but it is my opinion that the term “confined” is a hydrologic 

term with a specific meaning, and groundwater flows in both confined and unconfined 

aquifers in response to changes in hydraulic head. 

 

 I generally agree with the hydrologic use of the term “confined” as Waldron employs it 

(page 3, paragraph 10), although I disagree with Waldron that the presence of a less 

permeable layer (e.g., clay) above an aquifer necessarily makes the aquifer confined.  

For example, an aquifer with a clay layer above the aquifer that has a static water level 

below the top of the aquifer is not confined in a hydrologic sense because it exhibits a 

large value for storativity.  Confined aquifers have small values of storativity relative to 

unconfined aquifers, and the degree of confinement of an aquifer is based on the actual 

value of storativity of that aquifer. 



 Page 31 of 51 

A single important scientific fact absent in Waldron’s analysis and description of 

groundwater flow in the Middle Claiborne aquifer is the concept of groundwater velocity, 

or the amount of distance that groundwater travels per unit of time.   My opinion is that 

groundwater in the Middle Claiborne aquifer naturally flows very slowly.  Using the 

aquifer characteristics that I describe above in Section VI, and assuming Criner and 

Parks’ (1976) pre-development hydraulic gradient in the SMS, groundwater in 

northwestern Mississippi would only be expected to move approximately 1,456 feet in an 

average human’s lifetime (70 years times 20.8 feet per year), a distance of less than 0.3 

miles!  Even under Criner and Parks’ (1976) pumping-steepened hydraulic gradient, the 

groundwater in the SMS would be moving from Mississippi and toward Memphis and 

Shelby County, Tennessee, at a rate of approximately 120 feet per year, or a distance of 

less than 1.6 miles in a lifetime.  Considering such slow velocities, I can understand how 

the non-scientific community could perceive that groundwater is “confined” to a general 

location such as a state or county.  Relative to a human life span, or even the age of the 

United States, groundwater seems to be immobile, and it certainly is not flowing at a 

rate anywhere close to that of stream or river water. Of course, MLGW’s pumping 

continued after 1976, thus further steepening hydraulic gradients towards its well fields.  

 

Regarding Waldron’s use of the term “confined” for aquifer systems, it is my opinion that 

groundwater naturally flows very slowly in all portions of the Middle Claiborne aquifer.  

The fact that researchers such as the USGS have produced groundwater flow models 

that “…treat as fundamental the fact that the Middle Claiborne aquifer is a single 

hydrological unit” (page 3, paragraph 13) has nothing to do with the degree of hydraulic 

confinement of the aquifer.  Waldron’s entire discussion of whether or not groundwater 

is ‘confined’ to within Mississippi’s borders is based on a failure to understand and/or 

acknowledge the component of natural flow time, and specifically the inherently slow 

nature of groundwater flow. 

 

Waldron, page 3: “Opinion 2: Under predevelopment conditions, there was 

substantial flow of groundwater within the Middle Claiborne aquifer from 

Mississippi into Tennessee.”  Many of Waldron’s claims in support of his second 

opinion are based on his own publication (Waldron and Larsen, 2015) regarding the pre-
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development distribution of hydraulic head in the border region between northwestern 

Mississippi and southwestern Tennessee.  He provides a detailed discussion of his 

perceptions of the many problems with water-level data used in other studies, primarily 

those performed by the USGS (e.g., Criner and Parks, 1976).  As I describe above in 

Section III, it is ironic that Waldron and Larsen’s 2015 analysis of pre-development 

hydraulic conditions in the Middle Claiborne aquifer relies upon data which fail to meet 

the rigorous criteria necessary for such studies (also see Appendix B-1 of my addendum 

report).  I reiterate my opinion that the Waldron and Larsen (2015) interpretation of the 

SMS’ pre-development equipotential surface is fundamentally and fatally flawed, and 

thus provides no reliable information about interstate flow prior to intense pumping in 

Shelby County, Tennessee. 

 

I acknowledged in my expert report, and I reaffirm here, that there probably was a 

relatively small component of groundwater flow directed from Mississippi to Tennessee 

during pre-development time, as demonstrated by several studies other than Waldron 

and Larsen (2015).  But, Waldron’s extensive discussion of groundwater-flow patterns in 

a narrow strip of land adjacent to the state border (e.g., his Figure 10 on page 22) is, in 

my opinion, little more than a distraction.  The more important issues concern the 

regional-scale flow patterns, velocity, and residence time of groundwater in the Middle 

Claiborne aquifer, especially in the context of post-development pumping by Tennessee. 

Extensive pumping of the SMS aquifer in southwestern Tennessee has altered 

significantly the natural groundwater-flow patterns, dramatically increased the hydraulic 

gradient toward MLGW’s well fields, and markedly increased the rate and volume of 

groundwater flowing from Mississippi into Tennessee.  Confined portions of the SMS 

aquifer are impacted significantly by those groundwater withdrawals and reductions in 

hydraulic pressure.  Although groundwater flows very slowly in confined portions of the 

aquifer, the water is indeed moving.  Groundwater in the aquifer within the State of 

Mississippi on the whole flows from recharge areas located in Mississippi, through the 

confined aquifer within Mississippi at very slow rates, and most of the water ultimately 

discharges to overlying aquifers and/or to streams and the Mississippi River within the 

State of Mississippi. 
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Waldron appears to be claiming in his expert report that groundwater is automatically an 

“interstate” resource if any component of groundwater flow in a regionally-extensive 

aquifer is directed from one State to another State under natural conditions over an 

extremely long period of time.  I disagree completely with such an expansive definition.  

Waldron cites the fatally-flawed, pre-development equipotential map and study byEven 

if W&L 2015 (see Section VI) to claim (page 25, paragraph 51) that the volume of pre-

pumping flow of groundwater from Mississippi to Tennessee in 1886 was approximately 

49,136,000 gpd (~186,000 cubic meters per day, or m3/day).  Waldron concludes that 

by 2008, pumping had only increased the cross-border flow from Missississippi to 

Tennessee by about 9,250,000 gpd (~35,000 m3/day), which equates to less than five 

(5) percent of the total daily withdrawals in Shelby County, Tennessee. If one assumes 

that Waldron’s number are correct, then he is implicitly acknowledging that pumping in 

Shelby County, Tennessee, is causing about 3.38 Billion gallons of groundwater to leave 

Mississippi and enter Tennessee each year due to MLGW’s pumping. 

 

Assuming a north-south aquifer width of 300 miles, an aquifer thickness of 500 feet, and 

a hydraulic gradient of 0.001 feet per foot, I calculate that the total flow in the Middle 

Claiborne aquifer in Mississippi is approximately 591,740,000 gallons per day 

(~2,240,000 m3/day).  Even if one accepts Waldron’s estimated volume of groundwater 

that left Mississippi and entered Tennessee under natural, pre-development conditions, 

that volume is roughly eight (8) percent of the total flow occurring solely within the 

State of Mississippi.  The volume of water flowing from one state to another along a 

narrow section of a shared border should not be used to evaluate the nature of 

groundwater flow on a more regional scale, and it should not serve at the basis for 

defining the intrastate versus interstate nature of the groundwater resource. 

 

 

IX. Concluding Opinions 

 

From a hydrological perspective, the ultimate decision to classify groundwater in the 

Claiborne aquifer as an intrastate versus an interstate resource should be based on 

overall flow patterns within the aquifer, and not on flow patterns in the border region 



 Page 34 of 51 

between states, as implied by Dr. Waldron’s report.  Alternatively, Mr. Larson’s view that 

groundwater flow in a stratigraphically-equivalent aquifer located elsewhere in a very 

large sedimentary basin (e.g., northeastern Texas), and as modeled with a computer 

program replete with inherent assumptions and simplifications, has no potential bearing 

on this issue.  It is well known that groundwater-flow patterns in an aquifer located 

within a state can be dramatically altered by groundwater withdrawals occurring nearby 

within adjacent states.  An example of the impact of groundwater withdrawals on flow 

patterns in an adjacent state is the case of Hilton Head Island, South Carolina, a focus 

area for my own research for more than a decade.  Prior to any development on Hilton 

Head Island, groundwater in the preferred aquifer was from south to north across the 

island.  Extensive pumping by the City of Savannah, Georgia, located south of Hilton 

Head Island, resulted in a reversal of the natural groundwater-flow direction and caused 

saltwater to migrate into the aquifer beneath the island.  Development in Georgia has 

rendered much of the preferred aquifer beneath Hilton Head Island unusable without 

costly treatment.  This is but one example of predevelopment groundwater flow being 

dramatically changed by withdrawals initiated in an adjacent state.   

 

It is clear that some aquifers extend over very large areas, including multiple states.  

However, the geographic distribution of those aquifers does not define the groundwater 

resources as interstate.  Imagine a layer of coal that underlies the border region 

between two states; is the coal layer an interstate or intrastate resource?  Would one 

state have the right to directionally bore and mine the coal from beneath the adjacent 

state?  My opinion is that the answer to that question is no.  Likewise, groundwater in 

the case of the Middle Claiborne aquifer in Mississippi is an intrastate resource that 

would not leave the state to any appreciable extent in the absence of intense pumping 

in adjacent Tennessee. 

 

There is no dispute that withdrawing more than 180 Million gallons per day in 

southwestern Tennessee has changed the natural flow patterns in the Middle Claiborne 

aquifer in the trans-border region.  Unless these withdrawals are reduced dramatically, 

the groundwater-flow patterns will not be returned to their natural, pre-development 

condition.  The development potential of the natural groundwater resource (e.g., 
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available drawdown) in northwestern Mississippi has been adversely impacted by the 

large-scale and long-term withdrawals in southwestern Tennessee.  I fully described this 

impact on total available drawdown and the concept of a well’s specific capacity in my 

expert report. 

 

Mr. Larson and Dr. Waldron have evaluated and relied upon the work of the USGS very 

differently within their respective expert reports.  On the one hand, Larson seems to 

believe that the USGS’ computer modeling framework and tool can, and should, be used 

as a basis for classifying all SMS groundwater as a shared interstate natural resource.  

Conversely, Waldron provides a detailed critique of the work of the USGS, criticizing the 

quality of their underlying database and their analyses and interpretations of the pre-

development groundwater conditions.  In fact, the USGS is not an aquifer management 

or regulatory organization, it is a federal, taxpayer-funded scientific organization with 

the following water-related mission statement: “Information about water is fundamental 

to the national and local economic well-being, protection of life and property, and 

effective management of the Nation’s water resources. The USGS works with partners to 

monitor, assess, and conduct targeted research on the wide range of water resources 

and conditions, including streamflow, groundwater, water quality, and water use and 

availability”.  (https://www.usgs.gov/science/mission-areas)  The USGS’ Water 

Resources Mission (https://water.usgs.gov/mission.html) is “To provide reliable, 

impartial, timely information that is needed to understand the Nation’s water resources. 

WRD actively promotes the use of this information by decision makers to – 

 Minimize the loss of life and property as a result of water-related natural hazards, 

such as floods, droughts, and land movement. Effectively manage ground-water 

and surface-water resources for domestic, agricultural, commercial, industrial, 

recreational, and ecological uses. 

 Protect and enhance water resources for human health, aquatic health, and 

environmental quality. 

 Contribute to wise physical and economic development of the Nation’s resources 

for the benefit of present and future generations. 

 

https://www.usgs.gov/science/mission-areas
https://water.usgs.gov/mission.html
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It is my opinion that the USGS does not exist to provide management directives or 

options for use of the groundwater resources by individual states.  I find no consistent 

evidence in any USGS reports or statements that the agency has defined any specific 

groundwater resources as “interstate” with respect to state use or management options. 

 

Several important concepts should be considered regarding classification of the 

groundwater resources of the Middle Claiborne aquifer as intrastate versus interstate.  

Because no criteria have been developed and vetted for classification of groundwater 

resources as either intrastate or interstate, my opinion is that management of the 

groundwater resources of individual states should be left to the individual states.  In this 

particular case involving this particular aquifer system, I see no hydrological basis for 

either state claiming a right to take any groundwater that occurs naturally in the other 

state without the neighboring state’s permission.  Different natural geological and 

hydrological conditions might demonstrate the presence of groundwater resource that is 

naturally shared by more than one state that simply cannot be developed by both states 

without producing an unreasonable impact on the other, but case under litigation here is 

not such a situation. 

 

What are the specific criteria to be used to establish the definition of intrastate versus 

interstate groundwater resources?  I have not found any statements by Dr. Waldron or 

Mr. Larson in their reports to clearly define the meaning of the term interstate 

groundwater resource, or identify valid general or specific criteria that can be used to 

define an interstate groundwater resource.  In the remainder of this section, I offer my 

opinions on this subject, as an experienced practicing hydrogeologist specializing in the 

evaluation, development, and management of groundwater resources in aquifer systems 

analogous to those of the Mississippi Embayment. 

 

First, it is my opinion that the claims by Waldron and/or Larson are NOT criteria that can 

be used to define the nature or classification of intrastate versus interstate groundwater 

resources.  It is my opinion that: 
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 An aquifer system is not an interstate resource because the aquifer’s geologic 

framework (i.e., solid parts of the system such as grains of sand, sedimentary 

rock, etc.) extends over large areas. 

 An aquifer system is not an interstate resource because hydrogeologists and 

hydrologists study aquifer systems over large areas. 

 An aquifer system is not an interstate resource because some well-meaning 

scientists have produced groundwater computer models that extend over multi-

state regions. 

 An aquifer system is not an interstate resource because a small percentage of 

groundwater flowing in the aquifer crosses the boundary from one state to 

another state. 

 An aquifer system in not an interstate resource because a scientist says it is an 

interstate resource based on an interpretation of what the USGS may or may not 

have said. 

 

It is my opinion that the definition of an intrastate groundwater resource must be based 

on the fate of water in the groundwater system under natural conditions.  If the 

majority of groundwater in an aquifer enters the groundwater system by recharge within 

a specific state, and that water flows VERY slowly through the aquifer within that same 

state, such that the water remains in the state for VERY long periods of time before 

ultimately being discharged from the groundwater system, then that groundwater is an 

intrastate resource. 

 

Aquifers are not rivers of water flowing underground.  The residence time for 

groundwater in the hydraulically-confined portions of the Middle Claiborne aquifer within 

Mississippi is measured in thousands of years, not days.  Groundwater in this important 

and valuable aquifer is a life-sustaining resource for the residents of Mississippi, and it is 

an intrastate resource as based on my definition. 

 

It is also my opinion that decisions regarding the classification of groundwater resources 

as intrastate versus interstate should not be conducted without a detailed consideration 

of the advantages and disadvantages of such a classification on the ability of a state to 
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protect and manage the resource for the full benefit of its citizens.  My professional 

experience has provided many examples of groundwater resource management issues 

that involve the problematic withdrawal of water from regionally-extensive confined 

aquifer systems by water purveyors located in border regions between states.  In my 

experience, it is not the withdrawal of groundwater from these aquifers by production 

well fields located significant distances from state borders that is problematic.  The 

conflicts occur in border regions between states when water purveyors unilaterally 

develop large-scale groundwater systems near state borders and create regional-scale 

cones of depression.  My recommendation is to encourage states to use their state-

specific regulatory framework to not allow the development of large-scale pumping 

centers located in trans-border regions if scientific studies indicate that such 

development will have a clear detrimental impact on the groundwater resources of the 

neighboring state.  
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Appendix A-1:  List of References 

 

This list supplements Appendix A of the expert report, and it includes references cited in 

Addendum #1.  Additional documents and data may be reviewed or considered. 
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Appendix B-1:  Evaluation of the Well Data Used by 

Waldron and Larsen (2015) to Produce Figure 4 of Their Report 

 

 

Data Sources Cited by Waldron and Larsen (2015) 

 

Crider, A.F., and Johnson, L.C., 1906, Summary of the underground-water resources of 

Mississippi: U.S. Geological Survey Water-Supply and Irrigation Paper No. 159, 86 p. 

Fuller, M.L., 1903, Contributions to the hydrology of eastern United States: U.S. 

Geological Survey Water-Supply and Irrigation Paper No. 102, 522 p. 

Glenn, L.C., 1906, Underground waters of Tennessee and Kentucky west of Tennessee 

River and of an adjacent area in Illinois: U.S. Geological Survey Water-Supply and 

Irrigation Paper No. 164, 173 p. 

 

 

Well #1 at Turrell, Arkansas (Fuller, 1903).  Exact location of the well is not 

known.  Location of the Baker Lumber Company property was apparently selected from 

a search of the name Baker within the Tyranza Township.  Then, the land surface 

elevation was estimated for this property location.  Local elevations at Turrell range from 

approximately 202 feet (61.5 M) at Big Creek to approximately 225 feet (68.6 M) in the 

center of Turrell.  Well construction details are not reported (i.e., screen interval of the 

well and whether or not the casing was grouted).  Method of water depth measurement 

is not reported.  Height of the top of well casing is also not reported. 

 

Well #2 at Helena, Arkansas (Fuller, 1903).  Means of water level measurement 

not specified.  Accuracy of reading reported is unknown.  Well construction details 

(screened interval and status of grouting of the well casing) are unknown.  Status of 

well pumping relative to water-level measurement is unknown (i.e., was the reported 

water level the original static level or had the well been in operation for some period of 

time before the water level was reported).  Water level is referenced below the “mouth” 

of the well, but the height of the well “mouth” relative to land surface is not referenced.  

Because the elevation of the original “mouth” of the well is unreported, and because 

Waldron and Larsen rounded the reported water level to the nearest meter, it is 

incorrect to list the estimated vertical error as 0.0 M within Table 1.  Rounding the water 

level from 30 feet to 9 meters already introduces a minimum error of 0.146 meters. 
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Well #3 at Forest City, Arkansas (Fuller, 1903).  Well construction details (screen 

placement, grout interval, and height of “mouth” of the well) are unknown.  Rounding of 

water level from 160 feet to 49 meters incorporates an error of 0.22 meters.  Rounding 

of the land surface elevation to the nearest whole meter also incorporates an error.  

Likewise, the unknown height of the “mouth” of the well adds uncertainty as to the 

elevation reference for the reported water level.  Therefore, it is incorrect to represent 

the estimated vertical error as 0.0 meters.  Status of well pumping relative to water-level 

measurement is unknown (i.e., was the reported water level the original static level or 

had the well been in operation for some period of time before the water level was 

reported).   

 

Well #4 at Hernando, Mississippi (Crider and Johnson, 1906).  The data source 

describes, in general terms, some information about depth, stratigraphy, yield, and 

water level for “a well in Hernando.”  Ownership of the well and the well’s specific 

location are not provided.  Methods of measurement of water level are not presented.  

Waldron and Larsen summarize information about the well in Table 1.  The reported well 

depth (165 feet on Table 1) does not match the documentation in Crider and Johnson 

(1906) where the total drilling depth can be calculated to be 220 feet.  Well construction 

details (depth, screened interval, and depth of any grout seal) are not presented in 

Crider and Johnson.  Waldron and Larsen locate the well at the “City center” and they 

estimate the land surface elevation to be 109 meters AMSL.  A review of the USGS 

topographic quadrangle map of Hernando indicates that land surface elevation within 

Hernando ranges from about 350 feet (106.7 meters) to over 400 feet (~122 meters), a 

range of more than 15 meters.  However, Waldron and Larsen suggest that their 

estimated vertical error is only 4.2 meters.  Furthermore, the method of measurement of 

the estimated water level, the date of measurement, and whether the water level is an 

original static level versus the reported level in 1906 after some years of pumping at the 

reported 150 gallons per minute is unknown. 

 

Well #5 at Holly Springs, Mississippi (Fuller, 1903).  Reportedly, there are two 

adjacent wells on the same site.  It is not known how the water-level was measured and 

whether or not one or both of the wells on site may have been pumping.  Height of the 
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mouth of the well is unreported.  Waldron and Larsen report that method of location is 

“Located in the town center.”  Exact location of well (and associated land elevation) is 

unknown.  Local land elevation at Holly Springs varies from 530 feet (161.5 m) to 620 

feet (189 m) AMSL.  Waldron and Larsen indicate a vertical error of only 2.5 meters, but 

clearly the elevation error is likely much greater than that. 

 

Well #6 at Hudsonville, Mississippi (Fuller, 1903).  The data source does not 

identify specific well location at Hudsonville.  Waldron and Larsen researched property 

records from 1900 census to identify property that they assumed to represent the well 

site, they then assumed a location (and associated elevation) on that property.  The 

local topography near Hudsonville includes significant elevation variances, ranging from 

about 460 feet (140 m) to about 520 feet (158.5 m).  Therefore, the potential elevation 

error for the well location could be as much as 18.5 meters.  The height of the mouth of 

the well above land surface is unknown.  The method of water-level measurement and 

the accuracy of measurement is unknown.  The depth of the well is reported to be 168 

feet, and the well was indicated to have only 15 feet of water depth.  Details of well 

construction are unknown, including type and depth of well opening, construction 

method, and grout seal (if any).  The reported water depth of 153 feet is much deeper 

than would be expected for an unconfined section of the aquifer, especially considering 

that the nearby perennial stream (Coldwater River) at Hudsonville has a local elevation 

of 460 feet (140 m).  The calculated water elevation (104 m) presented in the Waldron 

report would be 36 meters lower than the Coldwater River elevation.  This would not be 

expected if the Memphis Aquifer were unconfined at Hudsonville.  Based upon 

documentation of Well #6 at Hudsonville, it is not appropriate to rely upon this well for 

mapping the pre-development potentiometric surface mapping for the aquifer. 

 

Well #7 at Canadaville, Tennessee (Glenn, 1906).  However, the discussion of 

groundwater conditions at Canadaville is not about any specific individual well example.  

Glenn discusses generalities about depths of wells and estimated depths to groundwater 

levels.  Waldron and Larsen incorrectly list a specific well at Canadaville with a depth of 

150 feet.  No such well is mentioned in Glenn for this location.  Likewise, the mention of 

depth to the water level being 125 feet is not specific to a particular well.  Rather, the 
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report states “Some small bored wells, ranging from 90 to 140 feet in depth, yield an 

abundant supply of good soft water, but in the deeper wells it rises only within 125 feet 

of the surface.”  It is important to note that topography in the area near Canadaville 

varies from a high of about 477 feet (145 M) MSL to a low of about 375 feet (114 M).  

Because no specific well location is referenced in Glenn for the reported 125 feet depth 

to groundwater, the selection of an estimated land surface elevation in the Waldron 

report is arbitrary and unreliable.  The elevation error for this estimated location could 

be as much as 31 meters, depending upon the specific location selected as 

representative of the well site used for Well #7.  The water-level contouring presented 

in Waldron and Larsen’s Figure 4 or their report is strongly influenced by the estimated 

water level value shown for Well #7.  This is unfortunate, because the cited reference 

for this water-level does not reflect any specific well location in the area. 

 

Well #8 at Claxton, Tennessee (Glenn, 1906).  The discussion of conditions at 

Claxton does not reference any specific well, and instead Glenn describes wells typical in 

the area and states that wells “may go 75 to 100 feet deep, and the water rises within 

about 40 feet of the surface.”  The location selected for the well is based upon an 

interview with an elderly lady who supposedly worked for the Claxton family.  No 

specific details of well locations are available for this station.  Clearly this discussion of 

generalities and approximations should not be relied upon for contouring of an 

equipotential map.   

 

Well #9 at Ina, Tennessee (Fuller, 1903).  The exact location of the well is not 

known.  The location of the well was assumed by Waldron and Larsen based upon 

property records and research of the OMNI Gazetteer.  Well location and elevation 

cannot be verified, and the height of the well opening is not known.  The reported well 

depth and water depth cannot be verified, and the method of water-level measurement 

(and accuracy of measurement) is also not known.  Using topographic maps, the land 

elevation near Ina ranges from 480 feet (146 m) to 520 feet (158 m).   

 

Well #10 at LaGrange, Tennessee (Glenn, 1906).  The exact locations of wells 

referenced in the source publication are not known.  General statements are made 
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about wells being drilled to 175 and 213 feet depth.  No specific measurement of water 

depth is referenced for these wells in LaGrange.  Waldron and Larsen assume incorrectly 

that well depth equates to non-pumping water level depth by selecting a water depth of 

194 feet (59 m).  Because one well referenced by Glenn was stated to be 175 feet 

depth, it is certainly not clear that the depth to water was less than 175 feet pre-

development.  There is no reasonable way that one could conclude that the pre-

development water level could be as deep as 194 feet at LaGrange.  It is obvious that 

there is no reliable means of determining a pre-development water level for the Town of 

Lagrange to use for preparing an equipotential contour map.  Furthermore, the Glenn 

(1906) publication states explicitly that the Town of LaGrange is “532 feet above the 

sea.”  But, the Waldron report selects a land surface elevation of 165 meters (541 feet) 

for calculating a water elevation.  Because the specific locations of wells are not known, 

the adjustments of land elevation for this datum are based upon assumptions that 

simply cannot be tested.  The estimated water level for LaGrange are totally unreliable 

and further render the pre-pumping equipotential map of Figure 4 to be incorrect. 

 

Well #11 at Moorman, Tennessee (Glenn, 1906)..  As with many other wells used 

by Waldron and Larsen to produce their pre-development equipotential map, the exact 

location of the well(s) is not identified.  Glenn reports that, “One 103 feet deep struck 

water of good quality at 53 feet.”  This statement does not say that the static water 

level was 53 feet deep, it just implies that water was “struck”, which could mean that 

water-bearing strata were encountered at 53-feet depth during drilling.  The non-

pumping water level is not known for this well.  Nonetheless, Waldron and Larsen chose 

to use the 53 feet depth as a non-pumping water level for a well with an unknown 

location and unknown construction.  Furthermore, the location listed in Table 1 of 

Waldron and Larsen is “Intersection of Hwy 222 and Winfrey” which corresponds closely 

to the location of Well #8 at Claxton. 

 

Well #12 at Moscow, Tennessee (Glenn, 1906).  Again, the reference provided by 

Glenn only relates to the target depth of drilling at which water-producing materials are 

reportedly encountered.  No specific wells are referenced as to location and specific 

construction details.  Glenn makes no explicit statement referring to the depth to which 



 Page 45 of 51 

water is measured in a well, let alone under non-pumping conditions, so this location 

should not be used for contouring the pre-development equipotential surface of the 

aquifer.  Instead, Waldron and Larsen chose to arbitrarily select the location of the 

“well” at the town center, which is not supported by any specific historical records.  

Glenn also reports generally that “…water is found in abundance at depths of 60 to 80 

feet”.  Waldron and Larsen assumed a specific value of 69 feet as the water level for 

their mapping purposes, which is 9 feet below the reported minimum depth of 60 feet 

referenced by Glenn.  There is no justification for Waldron and Larsen’s arbitrary 

assignment of this water level depth.  Finally, Table 1 incorrectly lists the estimated 

water elevation as 27 meters; the estimated value shown on Figure 4 for this station is 

87 meters.   

 

Well #13 at Oakland, Tennessee (Fuller, 1903). Specific location of the well is not 

known from information presented by Fuller.  Waldron and Larsen arbitrarily select a 

location in the center of a block defined by four roads, even though the “supplemental 

information” in their Table 1 states that there is “no location information”.  Based upon a 

USGS topographic map, the land elevation at Oakland ranges from 350 to 400 feet 

elevation.  Waldron and Larsen use an assumed land elevation at the assumed well 

location of 116 meters (380.5 feet), but the actual well elevation could be as low as 107 

meters to as high as 122 meters, depending on where the actual well was originally 

located.  Although the depth to the water level in the well is reported as 75 feet below 

the “mouth” of the well, the method of water-level measurement is not stated, and the 

degree of accuracy of this water level is simply not known.  Also, the height of the 

“mouth” of the well above land surface is not known.  Finally, the original source (Glenn, 

1906) states that “At Oakland, elevation 388 feet, the wells are from 60 to 125 feet in 

depth.”  This information suggests that water level depths shallower than 75 feet may 

have occurred at Oakland prior to extensive pumping of the aquifer at Memphis. 

 

Well #14 at Rossville, Tennessee (Glenn, 1906).  No specific location of a well is 

given for the Town of Rossville.  Waldron and Larsen arbitrarily selected a well location 

at the intersection of Main Street and the railroad.  Glenn actually states that “At 

Rossville, elevation 311 feet, water is obtained from white sand beneath a layer of pipe 
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clay at 28 to 35 feet”.  No well depth is reported, and no specific water level 

measurement is reported for a well tapping the “white sand”.  Waldron and Larsen 

assumed a depth to water of 32 feet (10 M) for the pre-development water level at 

Rossville, but this assumption is not supported by any actual data for a well at Rossville. 

 

Well #15 at Somerville, Tennessee (Glenn, 1906)..  Glenn presents some 

generalities about multiple wells drilled from depths of 100 to 150 feet at Somerville.  No 

specific well location is described, however, Glenn does reference a land elevation of 

356 feet (108.5m).  Inexplicably, Waldron and Larsen decided to adjust the assumed 

land surface elevation at Somerville upward by 8 meters (or 26 feet) based upon their 

arbitrary selection of the well location.  This is a large adjustment and injects a 

significant potential error to the Well #15 data.  Furthermore, Waldron and Larsen use a 

water depth of 50 feet (15 m) for this location, despite Glenn’s specific statement that 

“The water rises in some of these (wells) within 50 feet of the surface”.  Because 

Glenn’s term “within” means inside of or less than, assigning 50 feet as the water depth 

for Well #15 will produce a water elevation that is too low.  [Fuller (1903) mentions a 

specific well owned by C.W. Robertson, but the location of that well is still not known.]   

 

Well #16 at Taylor’s Chapel, Tennessee (Fuller, 1903).  The exact location of well 

is not identified.  Waldron and Larsen assumed a land surface elevation of 109 meters 

(357.5 feet).  Local topography of the Taylor’s Chapel area ranges from approximately 

340 feet to 370 feet in the vicinity of Taylor’s Chapel church and the Taylor’s Chapel 

cemetery.  Water depth is reported at 60 feet below the “mouth” of the well, but the 

actual elevation of the “mouth” is not known.  Means and accuracy of the water depth 

measurement is not reported.  Glenn (1906) provides additional information about water 

depth at Taylor’s Chapel, stating that “At Taylors Chapel water is obtained from some 

good strong springs and wells that range from 25 to 125 feet in depth.  In many places 

at depths of 30 to 40 feet a stratum of black mud is struck, averaging about 40 feet 

thick and furnishing foul-smelling water.  It is underlain by a thin ironstone layer and 

when this is pierced good water, that rises 30 or 40 feet, is found in abundance.”  Based 

on Glenn’s description, a well drilled to 70 or 80 feet depth would have a non-pumping 
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water level of 30 to 50 feet depth.  This suggests that the 60 feet water depth assigned 

by Waldron and Larsen to the Taylor’s Chapel area may be too deep by 10 to 30 feet.  

 

Well #17 at Belle Eagle, Tennessee (Fuller, 1903).  Fuller does not indicate the 

land surface elevation of Belle Eagle or the exact location of the well used by Waldron 

and Larsen.  The well location is only referenced relative to a property owner (R.H. 

Taylor).  The USGS topographic map of the Belle Eagle area indicates that local land 

elevation ranges between approximately 320 and 370 feet AMSL.  The method of water 

depth measurement and height of the well casing are not reported.  Well construction 

details are not provide, nor is information about the lithology of sediments encountered 

or tapped by the well.  The well depth is 70 feet, which makes it uncertain if this well 

actually penetrates the Memphis Sand.   

 

Well #18 at Brownsville, Tennessee (Glenn, 1906).  Glenn states that the land 

surface elevation at Brownsville is 344 feet (105 meters) AMSL.  Waldron and Larsen 

adjusted the assigned land elevation upward to 108 meters AMSL.  Glenn reports 

multiple wells at Brownsville, and the water level depth (14 meters) reported for Well 

#18 is apparently an average from a number of wells in Brownsville.  Averaging the 

depth to water is inappropriate where the land surface elevation has variability.  The 

topographic variation at Brownsville is substantial (ranging locally from less than 337 

feet to more than 390 feet AMSL).  The method of water depth measurement is not 

reported, nor is the height of the top of well casing.  Glenn describes large withdrawals 

(150,000 to 500,000 gallons per day) from individual municipal wells at Brownsville.  

The original (pre-development) static water level at Brownsville is not reported.  

Considering the large withdrawals reported from multiple wells at Brownsville, one must 

conclude that the water levels reported by Glenn have been lowered as a result of local 

groundwater withdrawals.  Therefore, these water-levels cannot be equated with pre-

development groundwater levels, but Waldron and Larsen elected to do so anyway. 

  

Well #19 at Forked Deer, Tennessee (Fuller, 1903).  No data on the land surface 

or exact well location is provided by Fuller for the well at Forked Deer.  Waldron and 

Larsen estimated the land surface to be 106 meters AMSL based upon the well owner 
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named H.A. Rainey.  The method of water depth measurement is not reported, nor is 

the height of the top of well casing.  Waldron and Larsen describe the well as being free 

flowing, but Fuller lists the depth to water at -0 feet.  If the well was a free-flowing 

artesian well, then the static water level would actually be at some (unknown) height 

above the top of the well casing. 

 

Well #20 at Ged, Tennessee (Glenn, 1906).  The elevation was determined for Ged 

by triangulation “from current road intersections to historic location”.  The “Hinkle well” 

was located “half a mile” in no specific direction from the town of Ged on “high ground”.  

So, it seems the elevations assigned to the town and to the Hinkle well are essentially 

guesses that render any water level elevation data suspect or useless.  The Hinkle well 

is listed as having a water level that rises to “within” 60 feet of the surface.  Waldron 

and Larsen assign 60 feet (18m) as the depth to water at this unknown location on 

“high ground”.  The reality is that Waldron and Larsen have no reliable knowledge of the 

well location or depth to water at Ged. 

 

Well #21 at Keeling, Tennessee (Glenn, 1906).  Very minimal well information is 

listed by Glenn, essentially that there are a number of wells in the area and one of them 

is 96 feet deep with a water-level within 46 feet of the land surface.  The exact location 

of that, or any, well is not known.  The land surface elevation was estimated based 

upon a general location of the town, and the land surface elevation in the immediate 

vicinity of Keeling can vary by more than 40 feet.  Well construction details are not 

reported, nor is the method of measuring the depth to water.  Lithology penetrated by 

the well is not reported, and it is not known if the well reported by Glenn actually taps 

the Memphis Sand. 

 

Well #22 at Stanton Depot, Tennessee (Glenn, 1906).  Glenn says that the town 

elevation is 290 feet AMSL, but there is no mention of land surface elevation for any 

specific well in or near the town.  Glenn states that water rose to within 40 feet of the 

land surface when an “indurated layer had been penetrated”, but there is no mention of 

a specific well or location.  Waldron and Larsen decided that the land surface elevation 

at the “well” was 13 meters (41 feet) higher than the elevation reported by Glenn.  
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There is no justification for making this large adjustment in land surface elevation.  If 

the depth to water was 40 feet and the land surface was 290 feet, as stated by Glenn, 

then the water-level elevation would be 250 feet (76 meters) AMSL.  The method of 

water depth measurement, the height of the top of well casing, and the construction of 

the well are not reported by Glenn.   

 

Well #23 at Arlington, Tennessee (Fuller, 1903).  The depth of the well listed in 

Waldron and Larsen’s Table 1 (228 feet) does not match the original data provided by 

Fuller (221 feet).  Waldron and Larsen incorrectly report the water-level elevation that 

they assigned to Well #25 in Table 1 as 25 meters, although they correctly list the water 

level elevation (81 meters) on Figure 4.  The exact location of the well is not known.  

The land surface elevation was estimated based upon a general location of the town.  

Well construction details, height of the top of well casing, and the method of measuring 

the depth to water are not known. 

 

Well #24 at Bleak, Tennessee (Glenn, 1906).  Only minimal well information is 

listed by Glenn, although he reports that there is a well 176 feet deep with a water level 

within 47 feet of the land surface.  The exact location of the well is not known, and 

Bleak is no longer an established town.  The land surface elevation was estimated based 

upon a general location of the town from a 1916 U.S. Soils Map.  Well construction 

details, height of the top of well casing, and the method of measuring the depth to 

water are not known. 

 

Well #25 at Collierville, Tennessee (Glenn, 1906).  Glenn states that there are 

two wells, six feet apart, at depths of 239 and 248 feet with water levels between 95 

and 100 feet below land surface.  Waldron and Larsen assigned 95 feet as the depth to 

water, but that depth could just as easily have been 100 feet based on Glenn’s report.  

Once again, the water-level elevation is incorrectly listed in Waldron and Larsen’s Table 

1 as 27 meters, although the correct water level value (90 meters) is listed on Figure 4.  

The method of water depth measurement is not reported.  Well construction details, 

height of the top of well casing, and the method of measuring the depth to water are 

not known. 
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Well #26 at Cordova, Tennessee (Fuller, 1903).  The location of the well is not 

known, and the land surface elevation was estimated based upon a general location of 

the historic community.  Well construction details, height of the top of well casing, and 

the method of measuring the depth to water are not known. 

 

Well #27 at Eads, Tennessee (Fuller, 1903).  Minimal well details are reported by 

Fuller.  The exact location of the well is not known, and the land surface elevation was 

estimated based upon a general location of the well owner from the 1910 Census.  The 

local relief of the land surface elevation in Eads varies by as much as 50 feet, so a 

significant potential error is introduced by not knowing the location and assigning an 

elevation for the well head.  Well construction details, height of the top of well casing, 

and the method of measuring the depth to water are not known. Fuller reported that the 

well was 100 feet deep, so it may be too shallow to be open to the confined aquifer. 

 

Well #28 at Massey, Tennessee (Fuller, 1903).  Fuller provides minimal well 

information. Well construction details, height of the top of well casing, and the method 

of measuring the depth to water are not known. 

 

Well #29 at Memphis, Tennessee (Glenn, 1906).  Minimal details are provided in 

the original data source.  Well construction details, height of the top of well casing, and 

the method of measuring the depth to water are not known.  Glenn states that the well 

is “artesian”, and Waldron and Larsen uses the land surface elevation to assign the 

water elevation, which by the very definition of a free-flowing well tapping a confined 

aquifer is too low.  The height of the water elevation above the “mouth of the well” is 

not known. 

 

Well #30 at Covington, Tennessee (Glenn, 1906).  The discussion of conditions at 

Covington does not reference any specific well, and instead describes typical wells in the 

area by stating that the wells “may go 75 to 100 feet deep, and the water rises within 

about 40 feet of the surface.”  Clearly, such a discussion of generalities and 

approximations should not be relied upon for contouring an equipotential map.  This 

same situation describes other “wells” used by Waldron and Larsen (e.g., Well #8).   
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Well #31 at Ina, Tennessee (Fuller, 1903).  The exact location of the well is not 

known, and the location and elevation were assumed based upon property records and 

research into the OMNI Gazetteer.  Well construction, height of the well opening and 

method of measuring the depth to water are not known.  USGS topographic maps 

indicate that the land elevation near Ina ranges from 480 feet (146 m) to 520 feet (158 

m), so any assumed elevation based upon property records without specific details of a 

well location can result in an error in elevations assigned to the land surface and water 

level of up to 40 feet .  
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¿¯«·º»®ò

ß» ¬¸» »¨¬»²¬ô °¸§·½¿´ ½¸¿®¿½¬»®·¬·½ô 
¿²¼ ½±²²»½¬·ª·¬§ ±º ¬¸» Ó»³°¸· ¿²¼ Ú±®¬ 
Ð·´´±© ¿¯«·º»®ô ¿ ©»´´ ¿ ¬¸»·® ®»´¿¬·±²ó
¸·° ¬± ±¬¸»® ®»¹·±²¿´ ¿¯«·º»®ô «½¸ ¿ 
the Mississippi Alluvial and shallow fluvial/
alluvial aquifers, and intervening confining 
«²·¬ò

ß» ¬¸» ¯«¿´·¬§ ±º »¨·¬·²¹ ¸§¼®±¬®¿¬·ó
¹®¿°¸·½ ¼¿¬¿ ¿²¼ ¯«¿²¬·¬¿¬·ª»´§ ¿» 
where the existing data are insufficient in 
»¨¬»²¬ ±® ¯«¿´·¬§ ¬± ¿½½«®¿¬»´§ ³±¼»´ ¬¸» 
¿¯«·º»® §¬»³ 

Ì¸»» ±¾¶»½¬·ª» ¸¿ª» ¾»»² ¿¼¼®»»¼ ¾§ 
¿½¯«·®·²¹ ¹»±´±¹·½ ¿²¼ ¹»±°¸§·½¿´ ¼¿¬¿ º®±³ 
state and U.S. Geological Survey offices as 
©»´´ ¿ °®·ª¿¬» ¼¿¬¿ ±«®½» ¿²¼ ½±³°·´·²¹ ¬¸» 
®»«´¬ ·²¬± ¿ ³¿¬»® ¼¿¬¿¾¿»ò  Ì¸» ¹»±°¸§·ó
½¿´ ´±¹ ¼¿¬¿ô ©¸·½¸ ¿®» ¬¸» °®·³¿®§ ±«®½» 
±º ¬®¿¬·¹®¿°¸·½ ·²º±®³¿¬·±²ô ©»®» »ª¿´«¿¬»¼ 
º±® ¬¸»·® ¯«¿´·¬§ ±º ´±¹ ·¹²¿´ô ¿½½«®¿½§ ±º ©»´´ 
´±½¿¬·±² ¿²¼ ²«³¾»® ±º ½±®®»´¿¬·ª»ô «»º«´ ´±¹ 
°´±¬ò  Ü¿¬¿ ³»»¬·²¹ ¬¸» ¯«¿´·¬§ ¬¸®»¸±´¼ ©»®» 
«»¼ ¬± »ª¿´«¿¬» ¼±©²¸±´» ´·¬¸±´±¹·½ ª¿®·¿ó
¬·±² ·² »¿½¸ ¾±®»¸±´»ò  Û¨·¬·²¹ ¬®¿¬·¹®¿°¸·½ 
®»°±®¬ ¿²¼ °«¾´·½¿¬·±² ©»®» «»¼ ¬± ½±®®»´¿¬» 
´·¬¸±´±¹§ ¬± ¹»±´±¹·½ º±®³¿¬·±² ¿²¼ ¸§¼®±ó
stratigraphic units (aquifers and confining units) 
¿²¼ ·²¬»®°®»¬ ¬¸» ¬®¿¬·¹®¿°¸·½ ¿²¼ ¬®«½¬«®¿´ 
®»´¿¬·±²¸·°ò  Ì¸» ¹»±´±¹·½ º±®³¿¬·±² ©»®» 
¬¸»² ½±®®»´¿¬»¼ ¾»¬©»»² ·²¼·ª·¼«¿´ ¾±®»¸±´» 
¬± °®±¼«½» ®»¹·±²¿´ ½®±ó»½¬·±²ò  Ì¸»» 
®»¹·±²¿´ ½®±ó»½¬·±² ©»®» «»¼ ¬± »ª¿´«¿¬» 
²±¬ ±²´§ ¬®¿¬·¹®¿°¸·½ ª¿®·¿¬·±² ·² ¬¸» «²·¬ ¾«¬ 
¿´± ´·¬¸±´±¹·½ ª¿®·¿¬·±² ©·¬¸·² ¬¸» «²·¬ ¿²¼ 
°®±¾¿¾´» º¿«´¬ ¬¸¿¬ ¼·°´¿½» ¬¸» ¬®¿¬¿ò  Ì¸» 
·¼»¿ ±º ¬¸· °®±½» ©¿ ²±¬ ¬± ¼»ª»´±° ²»© 
¬®¿¬·¹®¿°¸·½ «²·¬ô ¾«¬ ®¿¬¸»® ¬± ³»®¹» ¬®¿¬·ó
¹®¿°¸·½ ¿²¼ ¬®«½¬«®¿´ ½±²½»°¬ ¿½®± ¬¿¬» 
¾±«²¼¿®·»ô ©¸»®» ¼·ºº»®»²¬ ²±³»²½´¿¬«®» ¿²¼ 
definitions are applied.  Quality of the geoó
physical log data was quantified by ranking the 
¼¿¬¿ ¿½½±®¼·²¹ ¬± Ì¿¾´» ß°°ï ø»» ß°°»²¼·¨
Ù»±°¸§·½¿´ Ô±¹÷ º®±³ ¬¸» Ð®±¶»½¬ ÏßÐÐò  
Ô±¹ ©»®» ¼»»³»¼ ¿½½»°¬¿¾´» ©·¬¸ ¿ ®¿²µ ±º 

êò

The refined stratigraphic cross-sections were 
¬¸»² «»¼ ¬± ·²¬»®°®»¬ ©»´´ ´±¹ ¬¸¿¬ »¨·¬ 
¾»¬©»»² ¬¸» »½¬·±² ´·²» ¬± ·³°®±ª» ¼¿¬¿ 
½±ª»®¿¹» ¿½®± ¬¸» ¬«¼§ ¿®»¿ò  Ú±´´±©·²¹ 
¬¸· °®±½»ô ½±²¬±«® «®º¿½» ±º ¬¸» ¬®¿¬·ó
¹®¿°¸·½ ¾¿» ±º º±®³¿¬·±² ©»®» ½®»¿¬»¼ò  

ëòð

Î»«´¬
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ïê

Ú·¹«®» îò Ó¿° ±º ¬¸» ²±®¬¸»®² Ó···°°· Û³¾¿§³»²¬ øÒÓÛ÷ ¸±©·²¹ ¿°°®±¨·³¿¬» ¼·¬®·¾«¬·±² ±º ±«¬½®±° 
¿²¼ «¾½®±° ±º ¬¸» É·´½±¨ ¿²¼ Ý´¿·¾±®²» ¹®±«° »¼·³»²¬ øÚ®±³ Þ®¿¸¿²¿ ¿²¼ Þ®±¸»¿®ô îððï÷ò  
Ü¿¸»¼ ´·²» ¸±© ¬®¿½» ±º ½®±ó»½¬·±² ¸±©² ·² Ú·¹«®» íò

Ì¸» ·²¬»®°±´¿¬·±² °®±½» ·²ª±´ª» ¿½¸·»ª·²¹ ¿ 
best-fit curve between data points to produce 
the surface.  The residual from the best-fit 
°®±½» · «»¼ ¿ ¿² ·²¼·½¿¬±® ±º ¬¸» ¿½½«ó
®¿½§ ±º ¬¸» ¬®¿¬·¹®¿°¸·½ ³±¼»´ò  ß®»¿ ±º ¸·¹¸ 
®»·¼«¿´ ø¸·¹¸ »®®±®÷ ¿®» ½±²·¼»®»¼ ¿®»¿ ¬¸¿¬ 
®»¯«·®» º«®¬¸»® ¬«¼§ ¬± ¿½½«®¿¬»´§ ¼»°·½¬ ¬¸» 
¬®¿¬·¹®¿°¸·½ ¿²¼ ¬®«½¬«®¿´ ½±³°´»¨·¬·» ±º ¬¸» 
¿±½·¿¬»¼ ¿¯«·º»® §¬»³ò  

Ì¸» ®»«´¬ ±º ¾±¬¸ ¬¸» ½®±ó»½¬·±² ¿²¼ 
«®º¿½»ó³¿° ¬«¼·» °®±ª·¼» ¬¸» º®¿³»©±®µ 
º±® ¹«·¼·²¹ ¸§¼®±¬®¿¬·¹®¿°¸·½ ¿²¼ ¸§¼®±´±¹·½ 
·²ª»¬·¹¿¬·±² ·² «¾»¯«»²¬ °®±¶»½¬ °¸¿»ò

Ù»±°¸§·½¿´ Ô±¹ ß²¿´§· 

Ù»±°¸§·½¿´ ´±¹ ¿²¿´§· ·²ª±´ª»¼ ¿ ®»ª·»© ±º 
°«¾´·¸»¼ ´·¬»®¿¬«®» ±² Ì»®¬·¿®§ ¬®¿¬·¹®¿°¸§ ¿²¼ 
¸§¼®±¬®¿¬·¹®¿°¸§ ±º ¬¸» Ó···°°· Û³¾¿§³»²¬ 
øÓÛ÷ ®»¹·±² øÚ·¹«®» ï÷ô ¿ ©»´´ ¿ °»®¬·²»²¬ 
¬«¼·» ±º ½±®®»´¿¬·ª» Ù«´º Ý±¿¬ ¬®¿¬¿ò  Ì¸» 
®»ª·»© ±º ¬¸» ®»¹·±²¿´ ¬®¿¬·¹®¿°¸§ ¿´´±©»¼ 

²±³»²½´¿¬«®» ¿½®± ¬¸» ¬¸®»» ¬¿¬» ¬± ¾» 
correlated and problems identified.  A prelimió
²¿®§ Ì»®¬·¿®§ ¬®¿¬·¹®¿°¸·½ ½±®®»´¿¬·±² ½¸¿®¬ ©¿ 
¼»ª»´±°»¼ ¿²¼ «¾»¯«»²¬´§ ¿°°´·»¼ ¬± ¬¸» 
·²¬»®°®»¬¿¬·±² ±º ¹»±°¸§·½¿´ ´±¹ ¼¿¬¿ò  

Ð®»ª·±« ¬«¼·» ¸¿ª» ¸±©² ¬¸¿¬ ¬¸» 
¬®¿¬·¹®¿°¸·½ ½¸¿®¿½¬»® ±º ¬¸» Ý´¿·¾±®²» ¿²¼ 
É·´½±¨ ¹®±«° ½¸¿²¹» ¿¬ ¿°°®±¨·³¿¬»´§ ¬¸» 
Ì»²²»»»óÓ···°°· ¬¿¬» ´·²» øÚ·¹«®» î÷ô 
©¸·½¸ ¸¿ ½¿«»¼ °¿¬ °®±¾´»³ ·² ½±®®»´¿ó
¬·±² øÓ±±®»ô ïçêë÷ ¿²¼ ¿»³»²¬ ±º ©¿¬»® 
®»±«®½» øØ±³¿² ¿²¼ É»·ô ïççïå Þ®¿¸¿²¿ 
¿²¼ Þ®±¸»¿®ô îððï÷ò  ×² ¬¸· ¬«¼§ô ¬¸» Ú±®¬ 
Ð·´´±© Í¿²¼ô Ú´±«® ×´¿²¼ô Ó»³°¸· Í¿²¼ô 
Cook Mountain, and Cockfield formations as 
defined in Moore (1965), Hosman et al. (1968), 
Ó±±®» ¿²¼ Þ®±©² øïçêç÷ô Ú®»¼»®·½µ»² »¬ ¿´ò 
øïçèî÷ô ¿²¼ Ø±³¿² øïççê÷ ¿®» ³¿°°»¼ ·² 
Ì»²²»»» ¿²¼ ·² ¿¼¶¿½»²¬ ®»¹·±² ±º ß®µ¿²¿ 
¿²¼ Ó···°°·ò  Ý±®®»´¿¬·ª» Ð¿´»±½»²» ¿²¼ 
Û±½»²» ¹»±´±¹·½ «²·¬ øÝ«¸·²¹ »¬ ¿´òô ïçêìå 
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ïé

Ó¿²½·²· ¿²¼ Ì»©ô ïççïå Ü±½µ»®§ô ïççêå 
Ó½Ú¿®´¿²¼ô îððì÷ ©»®» ³¿°°»¼ ·² Ó···°°· 
and Arkansas where they are well-defined.  In 
¹»²»®¿´ô ¬¸» ¬®¿¬·¹®¿°¸·½ ²±³»²½´¿¬«®» «»¼ ·² 
»¿½¸ ±º ¬¸» ¬¿¬» · «»¼ ©¸»®» ½´»¿® ¼·ª··±² 
±º ¹»±´±¹·½ º±®³¿¬·±² ½¿² ¾» ³¿¼»ò

É» ±¾¬¿·²»¼ ¸·¹¸ó¯«¿´·¬§ ¹»±°¸§·½¿´ ´±¹ º®±³ 
¬¸» ª¿®·±« ´±¹ ´·¾®¿®·»ô ¼·¹·¬·¦»¼ ¿²¼ ½¿´»¼ 
¬¸» ´±¹ ·²º±®³¿¬·±²ô ¿²¼ ½±®®»´¿¬»¼ ¬¸» µ²±©² 
Ð¿´»±½»²»ó ¬¸®±«¹¸ Ø±´±½»²»ó¿¹» ¹»±´±¹·½ 
«²·¬ ©·¬¸·² ¬¸» ®»¹·±²ò  Ì¸» °®·³¿®§ ¼¿¬¿ º±® 
¬¸· »ºº±®¬ »¨·¬ ¿ °¿°»® ¹»±°¸§·½¿´ ¿²¼ ¹»±ó
´±¹·½ ´±¹ ±¾¬¿·²»¼ ¼«®·²¹ ¼®·´´·²¹ ±º ³±¬ ©¿¬»® 
©»´´ ¿²¼ ¿´´ °»¬®±´»«³ »¨°´±®¿¬·±² ©»´´ò  Ñ¬¸»® 
±«®½» ±º ¼¿¬¿ ø¹»±´±¹·½ ´±¹ô ¹»±´±¹·½ ³¿°ô 
»·³·½ ´·²»ô »¬½ò÷ ©»®» «»¼ ¬± ¿«¹³»²¬ ¬¸» 
¹»±°¸§·½¿´ ´±¹ ¼¿¬¿ ©¸»®» ¿ª¿·´¿¾´»ò  Ø±©»ª»®ô 
identification of stratigraphic units from geologic 
´±¹ô «²´» ¿½½±³°¿²·»¼ ¾§ ¼»¬¿·´»¼ ¾·±¬®¿¬·ó
¹®¿°¸·½ ¼¿¬¿ ±® ½±®®»´¿¬·ª» ¹»±°¸§·½¿´ ¼¿¬¿ô · 
commonly ambiguous.  Geologic units defined 
·² ³¿°°·²¹ ø»ò¹òô Î«»´´ ¿²¼ Ð¿®µô ïçéëå 
Thompson, 2003a, b, c, and d) are difficult to 
®»½±²½·´» ©·¬¸ ¼±©²¼·° «¾«®º¿½» »¨°®»·±² 
±º ¬®¿¬·¹®¿°¸·½ «²·¬ ±¾»®ª»¼ ±² ¹»±°¸§·½¿´ 
´±¹ò  Ì¸«ô ¹»±´±¹·½ ³¿° ¼¿¬¿ ¿®» «»¼ ¬± 
½±²¬®¿·² ¬¸» ¼·¬®·¾«¬·±² ±º ¬®¿¬·¹®¿°¸·½ «²·¬ 
±²´§ ·² ±«¬½®±° ¿®»¿ò  Í»·³·½ ¼¿¬¿ ¿®» ´·³·¬»¼ 
·² ¬¸» ®»¹·±² ¿²¼ ¹»²»®¿´´§ ¼± ²±¬ °®±ª·¼» 
sufficient detail to define individual stratigraphic 
«²·¬ ©·¬¸·² ¬¸» ¸¿´´±© Ì»®¬·¿®§ »½¬·±²ò

Ù»±°¸§·½¿´ ´±¹ ©»®» ±¾¬¿·²»¼ º®±³ »ª»®¿´ 
±«®½»ô ·²½´«¼·²¹ ¬¸» Ë²·ª»®·¬§ ±º Ó»³°¸· 
Ground Water Institute (GWI), USGS offices, 
State Geology offices, and private companies.  
Ì¸» ÙÉ× ¸±«» ¿² »¨¬»²·ª» ´±¹ ´·¾®¿®§ º±® 
©»¬»®² Ì»²²»»» ¿²¼ ¿ ª±´«³·²±« »¨°´±®¿ó
¬·±² ¹»±°¸§·½¿´ ´±¹ ¼¿¬¿»¬ ±¾¬¿·²»¼ ¾§ Ò±®¬¸ 
ß³»®·½¿² Ý±¿´ Ý±³°¿²§ò  ×² ¿¼¼·¬·±²ô ¹»±ó
°¸§·½¿´ ¿²¼ ¹»±´±¹·½ ´±¹ ©»®» ±¾¬¿·²»¼ º®±³ 
¬¸» Ó···°°· Ü»°¿®¬³»²¬ ±º Û²ª·®±²³»²¬¿´ 
Ï«¿´·¬§ô ß®µ¿²¿ Í±·´ ¿²¼ É¿¬»® Ý±²»®ª¿¬·±² 
Commission, and USGS offices in Little Rock 
¿²¼ Ò¿¸ª·´´»ò  Ì¸» ´±¹ «¬·´·¦»¼ ¾§ ¬¸» ËÍÙÍ 
ÓÛÎßÍ ¬«¼§ øØ¿®¬ »¬ ¿´òô îððèå Ø¿®¬ ¿²¼ 
Ý´¿®µô îððè÷ ·² Ì»²²»»» ¿²¼ ß®µ¿²¿ ©»®» 
·²½±®°±®¿¬»¼ ·²¬± ±«® ¼¿¬¿¾¿»å ¸±©»ª»®ô ±³» 
±º ¬¸» ´±¹ º®±³ ²±®¬¸»®² Ó···°°· ©»®» 
²±¬ ¿ª¿·´¿¾´» ¿¬ ¬¸» ¬·³» ±º ±«® ¿²¿´§·ò  ×² 

¿¼¼·¬·±²ô ¿ ´·³·¬»¼ »¬ ±º ·²¼«¬®§ ´±¹ ©¿ 
obtained through the Nashville USGS office 
øÝ¿®³·½¸¿»´ô °»®ò ½±³³òô îððé÷ò 
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ïè

Ù»±´±¹·½ ½±®®»´¿¬·±² ¿²¼ ½±²¬®«½¬·±² ±º 
½®±ó»½¬·±²

Ì¸» ´·¬¸±´±¹·½¿´ ª¿®·¿¬·±² ·² ¬¸» Ð¿´»±½»²» 
¬¸®±«¹¸ Ø±´±½»²»ó¿¹» ¹»±´±¹·½ «²·¬ ·² ¬¸» 
²±®¬¸»®² Ó···°°· Û³¾¿§³»²¬ · ¹»²»®¿´´§ 
´·³·¬»¼ ¬± ª¿®·±« ½´¿¬·½ »¼·³»²¬ ¿²¼ ½±¿´ 
øÝ«¸·²¹ »¬ ¿´òô ïçêì÷ò  Ì¸» ¹»±°¸§·½¿´ ´±¹ 
·²¬»®°®»¬¿¬·±² ±º ¬¸»» »¼·³»²¬ · ¹»²»®¿´´§ 
straightforward; however, finely interbedded fine 
sand, silt and clay are difficult to differentiate.  
Ù»±´±¹·½ ½±®®»´¿¬·±² · ½±³°´»¬»¼ ¾§ ³¿¬½¸·²¹ 
¼·¹·¬·¦»¼ ´±¹ °¿¬¬»®²ô ®»°®»»²¬·²¹ ¹»±´±¹·½ 
º±®³¿¬·±² ±® ³»³¾»®ô ¿³±²¹ °¿¬·¿´´§ ¼·¬¿²¬ 
¾±®»¸±´»ò  ×²·¬·¿´ ¬«¼·» ·²¼·½¿¬» ¬¸¿¬ ´±¹ 
°¿¬¬»®² º±® »ª»®¿´ ±º ¬¸» ¹»±´±¹·½ º±®³¿¬·±² 
¿®» ²±¬ ½±²·¬»²¬ ±ª»® ¬¸» ®»¹·±² øÑ©»² ¿²¼ 
Ô¿®»²ô îððëå Ó¿®¬·²ô îððè÷ò  ×² ¬¸· ½¿»ô 
³¿®µ»® ¸±®·¦±²ô «½¸ ¿ ¬¸» Æ·´°¸¿ Í¸¿´» 
·²¬»®ª¿´ô ©»®» «»¼ ©¸»®» °®»»²¬ ¬± ½±®®»´¿¬» 
º±®³¿¬·±²ò  ×º ²± ³¿®µ»® ¸±®·¦±² ¿®» »ª·¼»²¬ 
·² ¬¸» ´±¹ô ¬¸»² ¿ª»®¿¹» ¬¸·½µ²»» ±º ¹»±´±¹·½ 
º±®³¿¬·±² ©»®» «»¼ ¬± ¿°°®±¨·³¿¬» ½±®®»´¿ó
¬·±²ò  Ñ¾»®ª¿¬·±² ±º »ª·¼»²½» º±® «°´·º¬ ±® 
«¾·¼»²½» ±º ¬¸» ¬±° ±® ¾±¬¬±³ ±º º±®³¿¬·±² 
·² ³«´¬·°´» ½±®®»´¿¬»¼ »½¬·±² ©¿ «»¼ô ¿´±²¹ 
©·¬¸ ±¬¸»® ·²º±®³¿¬·±² ø»·³·½ ½®±ó»½¬·±²ô 

®»¹·±²¿´´§ ·²¬»®°±´¿¬»¼ «®º¿½»ô »¬½ò÷ô ¬± ¿» 
¬¸» °®»»²½» ±º º¿«´¬ ±ºº»¬ ±º ¬¸» »¼·³»²ó
¬¿®§ °¿½µ¿¹»ò  ×²¬»®°®»¬»¼ º¿«´¬ ¬¸®±«¹¸ ¬¸» 
»¼·³»²¬¿®§ °¿½µ¿¹» ©»®» ½±³°¿®»¼ ¬± ¬¸±» 
identified in regional studies of faulting in the 
Ó···°°· Û³¾¿§³»²¬ øÛ®ª·² ¿²¼ Ó½Ù·²²·ô 
ïçéëå Ì¸±³¿ô ïççïå Í½¸©»·¹ ¿²¼ Ê¿² 
ß®¼¿´»ô ïççêå Ý±¨ »¬ ¿´òô îððïå Ð¿®®·¸ ¿²¼ 
Ê¿² ß®¼¿´»ô îððìå Ý±¨ »¬ ¿´òô îððêå Ý±²¬± »¬ 
¿´òô îððè÷ò  

A principle objective of the first phase of the 
°®±¶»½¬ · ¬± «» ¬¸» ¿ª¿·´¿¾´» ¼¿¬¿ ¬± ½±²¬®«½¬ 
¼»¬¿·´»¼ ´·¬¸±ó ¿²¼ ¸§¼®±ó¬®¿¬·¹®¿°¸·½ ³±¼»´ 
±º ¬¸» ¬«¼§ ¿®»¿ ¿²¼ ¬¸« ¼»¬»®³·²» ©¸»®» 
existing data are insufficient to constrain 
¬¸» ¸§¼®±¬®¿¬·¹®¿°¸·½ ³±¼»´ò  ×² ¿² »ºº±®¬ ¬± 
¿¼¼®» ¬¸· ±¾¶»½¬·ª»ô ¬®«½¬«®» ½±²¬±«® ³¿° 
±º ¬¸» ¬®¿¬·¹®¿°¸·½ «²·¬ ©»®» °®»°¿®»¼ò  Ì¸»» 
«®º¿½» ³¿° ¿®» ¿ °®»½«®±® ¬± ½±²¬®«½¬·±² 
±º ¯«¿·ó¬¸®»»ó¼·³»²·±²¿´ ´·¬¸±ó ¿²¼ ¸§¼®±ó
¬®¿¬·¹®¿°¸·½ ³±¼»´ò  Ì¸» °®·²½·°´» ¼¿¬¿ «»¼ 
¬± ½±²¬®«½¬ ¬¸» «®º¿½» · ¬¸» ¾¿» »´»ª¿¬·±² 
±º ¬®¿¬·¹®¿°¸·½ «²·¬ô ©¸·½¸ ¿®» ±¾¬¿·²»¼ º®±³ 
¬¸» ·²¬»®°®»¬»¼ ¹»±°¸§·½¿´ ´±¹ ¿²¼ ½®±ó»½ó
¬·±²ò  Ì¸» ¬®«½¬«®» ½±²¬±«® «®º¿½» ©»®» ½±²ó
¬®«½¬»¼ «·²¹ ¬¸» ·²ª»®»ó¼·¬¿²½»ó©»·¹¸¬»¼ 

Ú·¹«®» íò Ý®±ó»½¬·±² ¬¸®±«¹¸ ¬¸» ²±®¬¸»®² Ó···°°· Û³¾¿§³»²¬ øÒÓÛ÷ ¸±©·²¹ ¬¸» ¹»²»®¿´·¦»¼ ¬®¿ó
¬·¹®¿°¸§ øÚ®±³ Þ®¿¸¿²¿ ¿²¼ Þ®±¸»¿®ô îððï÷ò  Í»» Ú·¹«®» î º±® ´±½¿¬·±² ±º ½®±ó»½¬·±²ò
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ïç

ø×ÜÉ÷ ³»¬¸±¼ò  ×ÜÉ ©¿ ½¸±»² ¾»½¿«» ·¬ · 
»ºº»½¬·ª» ·² ½±²¬±«®·²¹ ´·³·¬»¼ ²«³¾»® ±º ¼¿¬¿ 
points.  Best fit was determined by minimization 
±º ¬¸» ®±±¬ ³»¿² ¯«¿®» øÎÓÍ÷ »®®±®ò  Ì¸»» 
·²¬»®°±´¿¬»¼ «®º¿½» °®±ª·¼» ¿ ¾¿»´·²» º±® 
¼»¬»®³·²·²¹ ©¸»®» ¿¼¼·¬·±²¿´ ¼¿¬¿ ¿®» ²»»¼»¼ 
¬± ½±²¬®¿·² ¬¸» ¬¸®»»ó¼·³»²·±²¿´ ´·¬¸±¬®¿¬·ó
¹®¿°¸·½ ¿²¼ ¸§¼®±¬®¿¬·¹®¿°¸·½ ³±¼»´ ²»½»ó
¿®§ ·² «¾»¯«»²¬ °®±¶»½¬ °¸¿»ò 

Ù»±´±¹·½ Þ¿½µ¹®±«²¼

Ì¸» Ó···°°· Û³¾¿§³»²¬

Ì¸» Ó···°°· Û³¾¿§³»²¬ øÓÛ÷ · ¿ ¾®±¿¼ 
south-plunging trough filled with Upper 
Ý®»¬¿½»±« ¿²¼ Ð¿´»±¹»²» ³¿®·²» ¬± ²±²ó
³¿®·²» »¼·³»²¬ ±ª»®´¿·² ¾§ ¿ ª»²»»® ±º 
Pliocene and Quaternary fluvial sediments 
¿²¼ Ð´»·¬±½»²» ´±» øÝ«¸·²¹ »¬ ¿´òô ïçêìå 
Ý±¨ ¿²¼ Ê¿² ß®¼¿´»ô ïççé÷ò  ß¬ ¬¸» ±«¬¸»®² 
³¿®¹·² ±º ¬¸» ÓÛô ©¸»®» ·¬ ³»®¹» ©·¬¸ ¬¸» 
Ù«´º Ý±¿¬ô ¬¸» °±¬óÝ®»¬¿½»±« »¼·³»²¬¿®§ 
fill is approximately 2 km thick and the embayó
³»²¬ · ¿°°®±¨·³¿¬»´§ êðð µ³ ¿½®± º®±³ 
ÉÒÉ ¬± ÛÍÛ øÚ·¹«®» í÷ò  Ì¸» ±«¬¸»®² ³¿®¹·² 
±º ¬¸» ÓÛ ¿´± ½±®®»°±²¼ ¬± ¬¸» ½®¿¬±²ó©¿®¼ 
´·³·¬ ±º ¬¸» ß°°¿´¿½¸·¿²óÑ«¿½¸·¬¿ ¼»¬¿½¸³»²¬ 
øÌ¸±³¿ô ïççï÷ò  Ì¸» ¬®»²¼ ±º ¬¸» ¬®±«¹¸ ±º ¬¸» 
ÓÛ ®±«¹¸´§ º±´´±© ¬¸» ¿²½·»²¬ Î»»´º±±¬ Î·º¬ 
øÛ®ª·² ¿²¼ Ó½Ù·²²·ô ïçéë÷ô «¹¹»¬·²¹ ¬¸¿¬ 
Ð®»½¿³¾®·¿²ó»¿®´§ Ý¿³¾®·¿² »¨¬»²·±²¿´ ¬®«½ó
¬«®» »¨»®¬ ¿ °®±³·²»²¬ ½±²¬®±´ ±² ¬¸» ¬»½¬±²·½ 
»ª±´«¬·±² ±º ¬¸» ÓÛ øØ±©» ¿²¼ Ì¸±³°±²ô 
ïçèìå Ó¿®¸¿µ ¿²¼ Ð¿«´»²ô ïççêå Ý±²¬± »¬ 
¿´òô îððè÷ò

Ì¸» ¹»±´±¹·½ º±®³¿¬·±² ¿²¼ »ª±´«¬·±² ±º ¬¸» 
Mississippi Embayment was first examined 
·² ¼»¬¿·´ ¾§ Í¬»¿®² øïçëé÷ ¿²¼ Í¬»¿®² ¿²¼ 
Ó¿®½¸»® øïçêî÷ò  Ì¸»·® ¹»²»®¿´ ·²¬»®°®»¬¿¬·±² 
·²ª±´ª» ¬®«½¬«®¿´ ¼±³·²¹ ±º ¬¸» ²±®¬¸»®² 
ÓÛ ¼«®·²¹ Û¿®´§ Ý®»¬¿½»±« ¬·³» ¬± º±®³ ¬¸» 
Ð¿½±´¿ ß®½¸ º±´´±©»¼ ¾§ ¼»°±·¬·±² ±º ¬¸» 
Ë°°»® Ý®»¬¿½»±« Ì«½¿´±±¿ Ú³ò ¿®±«²¼ 
¬¸» »¿¬»®² ¿²¼ ±«¬¸»®² ³¿®¹·² ±º ¬¸» 
¿®½¸ò  Í«¾·¼»²½» ·² ¬¸» ®»¹·±² ±º ¬¸» Ð¿½±´¿ 
ß®½¸ º±´´±©»¼ô ´»¿¼·²¹ ¬± ¬¸» ¾®±¿¼ô ¸¿´ó
low ME basin.  The northern ME was filled 
«¾»¯«»²¬´§ ©·¬¸ Ë°°»® Ý®»¬¿½»±« ¬¸®±«¹¸ 
«°°»® Û±½»²» ¬®¿¬¿ ¿ ©»´´ ¿ ¬¸·² »½¬·±² 
±º Ñ´·¹±½»²» ¿²¼ Ó·±½»²» ¼»°±·¬ ¬± ¬¸» 

±«¬¸ ©¸»®» ¬¸» ÓÛ ³»®¹» ©·¬¸ ¬¸» Ù«´º 
Ý±¿¬ øÝ«¸·²¹ »¬ ¿´òô ïçêì÷ò  Ú±®³¿¬·±² ¿²¼ 
«¾·¼»²½» ©·¬¸·² ¬¸» ÓÛ ¸¿ª» ¾»»² ª¿®·¿¾´§ 
·²¬»®°®»¬»¼ ¬± ¾» ®»´¿¬»¼ ¬± ¼·¬¿´ »ºº»½¬ ±º ¬¸» 
ß°°¿´¿½¸·¿²óÑ«¿½¸·¬¿ ±®±¹»²»· øÝ«¸·²¹ 
»¬ ¿´òô ïçêì÷ ±® ±°»²·²¹ ±º ¬¸» Ù«´º ±º Ó»¨·½± 
øÛ®ª·² ¿²¼ Ó½Ù·²²·ô ïçéëå Õ¿²» »¬ ¿´òô ïçèïå 
Þ®¿·´» »¬ ¿´òô ïçèê÷ò  Ó±®» ®»½»²¬´§ô Ý±¨ ¿²¼ 
Ê¿² ß®¼¿´»ô ïççéå Ê¿² ß®¼¿´» ¿²¼ Ý±¨ô îððé 
°®±°±»¼ ¬¸¿¬ ¬¸» ÓÛ º±®³»¼ ·² ®»°±²» ¬± 
¬¸» ¬®¿½µ ±² ¬¸» Þ»®³«¼¿ ¸±¬ °±¬ ¾»²»¿¬¸ ¬¸» 
©»¿µ ½®«¬ «²¼»®´§·²¹ ¬¸» Î»»´º±±¬ Î·º¬ò  ß 
¬¸» ¸±¬ °±¬ °¿»¼ ¾»²»¿¬¸ ¬¸» ÓÛ ·¬ ½¿«»¼ 
³¿¹³¿¬·³ ¿´±²¹ ¬¸» ¿²½·»²¬ ®·º¬ ³¿®¹·² ¿ 
©»´´ ¿ ¼±³·²¹ ¿²¼ »®±·±²ò  Ú±´´±©·²¹ °¿ó
¿¹» ±º ¬¸» ¸±¬ °±¬ô ¬¸» ¬±°±¹®¿°¸·½ ¼±³» 
«²¼»®©»²¬ ¬¸»®³¿´ «¾·¼»²½» ´»¿¼·²¹ ¬± 
accommodation space that was filled by the 
Ë°°»® Ý®»¬¿½»±« ¬¸®±«¹¸ Û±½»²» «½½»·±²ò  
Ì¸» ³¿¹³¿¬·½ ¿²¼ »¨°±«®» ¸·¬±®§ ±º ¬¸» ÓÛ 
· ½±²·¬»²¬ ©·¬¸ ¬¸» ¸±¬ °±¬ ³·¹®¿¬·±² ¸§°±¬¸ó
»· øÝ±¨ ¿²¼ Ê¿² ß®¼¿´»ô ïççéå Ê¿² ß®¼¿´» 
¿²¼ Ý±¨ô îððé÷å ¸±©»ª»®ô ¼»¬¿·´»¼ ¬®¿¬·¹®¿°¸·½ 
¬»¬ ±º ¬¸» ³±¼»´ ¸¿ª» §»¬ ¬± ¾» ½±²¼«½¬»¼ò

Í»¼·³»²¬¿®§ ¼»°±·¬·±² ©·¬¸·² ¬¸» Ó···°°· 
Û³¾¿§³»²¬ ¾»¹¿² ·² ¬¸» »¿®´§ Ý®»¬¿½»±«ô 
³¿·²´§ ·² ¬¸» ±«¬¸»¿¬»®² ¿²¼ ±«¬¸©»¬»®² 
°±®¬·±² ±º ¬¸» ÓÛ ©¸»®» ¬¸» Ù«´º Ý±¿¬ 
§¬»³ ³»®¹» ©·¬¸ ÓÛ ¬®¿¬¿ øÝ«¸·²¹ 
»¬ ¿´òô ïçêì÷ò  Ô±©»® Ý®»¬¿½»±« ¬®¿¬¿ ¿®» 
´¿®¹»´§ ³··²¹ ·² ¬¸» ½»²¬®¿´ ÓÛô ©¸»®» ¿² 
¿²¹«´¿® «²½±²º±®³·¬§ »¨·¬ ¾»¬©»»² Ë°°»® 
Ý®»¬¿½»±« ¬®¿¬¿ ¿²¼ ±´¼»® ¼»°±·¬ øÓ«®®¿§ô 
ïçêïå Ý±¨ ¿²¼ Ê¿² ß®¼¿´»ô ïççé÷ò  Þ¿¿´ 
Ë°°»® Ý®»¬¿½»±« ¹®¿ª»´ øÌ«½¿´±±¿ Ù®±«°÷ 
©»®» ¼»°±·¬»¼ ·² ¿ ½®»½»²¬ó¸¿°»¼ ¿®½ ¿´±²¹ 
¬¸» »¿¬»®² ³¿®¹·² ±º ¬¸» ÓÛ øÍ¬»¿®² ¿²¼ 
Ó¿®½¸»®ô ïçêî÷ò  Ì¸»» ¼»°±·¬ ¹®¿¼» «°©¿®¼ 
¿²¼ ©»¬©¿®¼ ·²¬± ¬¸» ³¿®¹·²¿´ ³¿®·²» ¿²¼ 
³¿®·²» ¬®¿¬¿ ±º ¬¸» Û«¬¿© Ú³ò ¿²¼ Í»´³¿ 
Ù®±«°ò  Ì¸» Ý®»¬¿½»±« ¼»°±·¬ ©·¬¸·² ¬¸» 
ÓÛ ¿®» ¬¸·½µ»¬ ¿´±²¹ ¬¸» ±«¬¸»¿¬»®² ¿²¼ 
±«¬¸©»¬»®² ³¿®¹·² ¿²¼ ¬¸·² «¾¬¿²¬·¿´´§ ·² 
¬¸» ²±®¬¸»®² ¿²¼ ²±®¬¸©»¬»®² ÓÛ øÝ«¸·²¹ »¬ 
¿´òô ïçêìå Ø±³¿²ô ïççê÷ò  Ì¸» «°°»® ½±²¬¿½¬ 
±º Ý®»¬¿½»±« ¼»°±·¬ ·² ¬¸» Ù«´º Ý±¿¬ · 
´±½¿´´§ ¼·¬«®¾»¼ ¿²¼ »®±·±²¿´ô ©¸·½¸ ¸¿ 
¾»»² ·²¬»®°®»¬»¼ ¬± ¸¿ª» ®»«´¬»¼ º®±³ ¬«²¿³· 
¿±½·¿¬»¼ ©·¬¸ ¬¸» ÕóÌ ·³°¿½¬ »ª»²¬ øÍ³·¬ »¬ 
¿´òô ïççê÷ò  Ò± ¬®¿¬·¹®¿°¸·½ »ª·¼»²½» ±º ¬«²¿³· 
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îð

¿¬ ¬¸» ÕóÌ ¾±«²¼¿®§ · ±¾»®ª»¼ ·² ¬¸» ²±®¬¸»®² 
ÓÛ øÐ¿¬¬»®±²ô ïççè÷ô ¿²¼ »®±·±² · ½±²·¬»²¬ 
©·¬¸ ®»¹®»·±² ¿±½·¿¬»¼ ©·¬¸ ®»´¿¬·ª» »¿ó
´»ª»´ º¿´´ò  

Ì¸» ¾«´µ ±º »¼·³»²¬¿®§ ¼»°±·¬·±² ©·¬¸·² 
¬¸» ÓÛ ±½½«®®»¼ ¼«®·²¹ ¬¸» Ð¿´»±½»²» ¿²¼ 
Û±½»²»ô ¿²¼ · ®»½±®¼»¼ ·² Ó·¼©¿§ô É·´½±¨ô 
Ý´¿·¾±®²»ô ¿²¼ Ö¿½µ±² ¹®±«° »¼·³»²¬ 
øÝ«¸·²¹ »¬ ¿´òô ïçêìå Ø±³¿²ô ïççêå Ê¿² 
ß®¼¿´» ¿²¼ Ì»²Þ®·²µô îððð÷ò  Ì¸» Ý»²±¦±·½ 
¬®¿¬·¹®¿°¸§ · ¼·½«»¼ ·² ¼»¬¿·´ ¾»´±©ô ©·¬¸ 
³±¬ ±º ¬¸» »³°¸¿· °´¿½»¼ ±² ¬¸» É·´½±¨ ¿²¼ 
Ý´¿·¾±®²» ¹®±«° ¬¸¿¬ ·²½´«¼» ¬¸» ³¿¶±® Ì»®¬·¿®§ 
¿¯«·º»® ·² ¬¸» ÓÛ øØ±³¿² »¬ ¿´òô ïçêèå 
Ø±³¿² ¿²¼ É»·ô ïççï÷ò  Ì¸» °±¬óÖ¿½µ±² 
»¼·³»²¬¿®§ ¸·¬±®§ ±º ¬¸» ÓÛ ·²½´«¼» ³·²±® 
¼»°±·¬·±² ±º Ñ´·¹±½»²» ¿²¼ Ó·±½»²» ¬®¿¬¿ ·² 
¬¸» ±«¬¸»®²ó³±¬ °¿®¬ ±º ¬¸» ÓÛ ¿²¼ ©·¼»ó
°®»¿¼ ²±²ó¼»°±·¬·±² ¿²¼ñ±® »®±·±² ¼«®·²¹ 
¬¸» Ñ´·¹±½»²» ¿²¼ Ó·±½»²» ¬¸®±«¹¸±«¬ ¬¸» 
½»²¬®¿´ ¿²¼ ²±®¬¸»®² ÓÛ øÝ«¸·²¹ »¬ ¿´òô ïçêìå 
Ø±³¿²ô ïççêå Ê¿² ß®¼¿´» ¿²¼ Ì»²Þ®·²µô 
îððð÷ò  Ì¸» Ð´·±½»²» ¿²¼ Ð´»·¬±½»²» ¼»°±·ó
tional history of the ME is mainly that of fluvial 
·²½··±² ¿²¼ ¬»®®¿½» º±®³¿¬·±² øÚ·µô ïçììå 
ß«¬·² »¬ ¿´òô ïççïå Í¿«½·»®ô ïççìå Þ´«³ »¬ ¿´òô 
îðððå Î·¬¬»²±«® »¬ ¿´òô îððëå Ê¿² ß®¼¿´» »¬ ¿´òô 
îððè÷ò

Ì¸» ¬®«½¬«®¿´ ¸·¬±®§ ±º ¬¸» Ó···°°· 
Embayment is strongly influenced by the 
¬®«½¬«®¿´ ¹®¿·² ±º ¬¸» Î»»´º±±¬ Î·º¬ øØ±©» ¿²¼ 
Ì¸±³°±²ô ïçèìå Ö±¸²¬±² ¿²¼ Í½¸©»·¹ô 
ïççêå Ý±¨ »¬ ¿´òô îððï¿å Ð¿®®·¸ ¿²¼ Ê¿² 
ß®¼¿´»ô îððìå Ý±²¬± »¬ ¿´òô îððèå Ó¿®¬·²ô 
îððè÷ò  Ø±©»ª»®ô ¿¼¼·¬·±²¿´ ¬®«½¬«®¿´ ½±²¬®±´ · 
°®±ª·¼»¼ ¾§ ÒÉóÍÛó¬®»²¼·²¹ ´·²»¿³»²¬ ¿²¼ 
º¿«´¬ ¦±²» øØ±©» ¿²¼ Ì¸±³°±²ô ïçèìå Í¬¿®µô 
ïççéå Ý±¨ô ïçèèå Ý±¨ »¬ ¿´òô îððï¾÷ô ½®»¿¬·²¹ 
¿ »®·» ±º ¬®«½¬«®¿´ ¾´±½µ ¬¸¿¬ ¬·´¬ ¿²¼ ®±¬¿¬» 
·² ®»°±²» ¬± ¿°°´·»¼ ½±³°®»·±²¿´ ¬®»» 
øÝ±²¬±ô îððé÷ò  Ì¸» »ºº»½¬ ±º ¬¸»» º¿«´¬ 
¬®«½¬«®» ±² ¬¸» Ì»®¬·¿®§ ¬®¿¬·¹®¿°¸§ ·² ¬¸» 
¬«¼§ ¿®»¿ ¸¿ª» ¾»»² ¬«¼·»¼ ³±¬´§ ¿´±²¹ 
¬¸» ±«¬¸»¿¬»®² ³¿®¹·² ±º ¬¸» Î»»´º±±¬ ®·º¬ ·² 
Ì»²²»»» ¿²¼ ß®µ¿²¿ øÝ±¨ »¬ ¿´òô îððï¿å 
Ð¿®®·¸ ¿²¼ Ê¿² ß®¼¿´»ô îððìå Ý±²¬± »¬ ¿´òô 
îððè÷ô ¾«¬ ¿ ®»½»²¬ ¬«¼§ ¾§ Ó¿®¬·² »¨¬»²¼»¼ 
¬¸»» ·²ª»¬·¹¿¬·±² ·²¬± ²±®¬¸»®² Ó···°°· 

øÓ¿®¬·²ô îððè÷ô ¬¸«ô »²½±³°¿·²¹ ¬¸» 
ÓÛÎÙÉÍ ¬«¼§ ¿®»¿ò  

Ý«®®»²¬ »·³·½·¬§ ·² ¬¸» ²±®¬¸»®² ÓÛ · 
º±½«»¼ ¿´±²¹ ¬¸» ÒÛó¬®»²¼·²¹ Ò»© Ó¿¼®·¼ 
º¿«´¬ §¬»³ øÍ½¸©»·¹ ¿²¼ Ê¿² ß®¼¿´»ô ïççê÷ô 
although lesser seismicity also defines the 
±«¬¸»¿¬»®² ¬®«½¬«®¿´ ³¿®¹·² ±º ¬¸» ¿²½·»²¬ 
Î»»´º±±¬ ®·º¬ øÝ¸·« »¬ ¿´òô ïççéå Ý±¨ »¬ ¿´òô 
îððï¿÷ò  Ü«®·²¹ ¬¸» Ø±´±½»²»ô ¸±©»ª»®ô ¾±¬¸ 
¬¸» ±«¬¸»¿¬»®² ¬®«½¬«®¿´ ³¿®¹·² ±º ¬¸» 
Î»»´º±±¬ ®·º¬ øÝ±¨ »¬ ¿´òô îððê÷ ¿²¼ ¬¸» ÒÉóÍÛó
¬®»²¼·²¹ Í¿¾·²» ¿²¼ ß®µ¿²¿ Î·ª»® º¿«´¬ ¦±²» 
(Cox et al., 2007) may have defined loci of 
»·³·½·¬§ô ·²¼·½¿¬·²¹ ¬¸¿¬ Ø±´±½»²» »·³·½·¬§ 
is not confined in time or space to the New 
Ó¿¼®·¼ ¦±²»ò

Ì»®¬·¿®§ ¿²¼ Ï«¿¬»®²¿®§ Í¬®¿¬·¹®¿°¸§ ±º ¬¸» 
Ó···°°· Û³¾¿§³»²¬

Ì¸» Ì»®¬·¿®§ ¿²¼ Ï«¿¬»®²¿®§ ¬®¿¬·¹®¿°¸§ ±º 
¬¸» Ó···°°· Û³¾¿§³»²¬ øÓÛ÷ ¸¿ ¾»»² 
®»ª·»©»¼ ·² »ª»®¿´ ®»¹·±²¿´ °¿°»® øÌ¿¾´» ï÷ 
øÍ¬»¿®²ô ïçëéå Ý«¸·²¹ »¬ ¿´òô ïçêìå Ø±³¿²ô 
ïççêå Ê¿² ß®¼¿´» ¿²¼ Ì»²Þ®·²µô îððð÷ ¿ 
well as in state-specific publications (Table 2) 
øÜ±½µ»®§ô ïççêå Ó½Ú¿®´¿²¼ô îððì÷ò  Ü»¬¿·´ ±º 
¬¸» ¬®¿¬·¹®¿°¸§ ¸¿ª» ¾»»² ¼»ª»´±°»¼ ·² ´±½¿´ 
¬«¼·» ø»ò¹òô Ó±±®» ¿²¼ Þ®±©²ô ïçêçå Î«»´´ 
¿²¼ Ð¿®µô ïçéëå Ú®»¼»®·½µ»² »¬ ¿´òô ïçèîå 
Ì¸±³°±²ô ïççë÷ ¬¸¿¬ ¿®» ²±¬ ¿´©¿§ ¿³»²¿¾´» 
¬± ®»¹·±²¿´ ½±®®»´¿¬·±²ò  Ì± ¾»¬¬»® »²¿¾´» ½±®®»ó
´¿¬·±² ±º ´±½¿´ ¹»±´±¹§ ¬± ¬¸» ®»¹·±²¿´ ½¿´»ô ·¬ · 
·³°±®¬¿²¬ ¬± «²¼»®¬¿²¼ ¬¸» ¼»°±·¬·±²¿´ ½¸¿®ó
¿½¬»® ±º ¬¸» ¹»±´±¹·½ «²·¬ ±º ·²¬»®»¬ ¿²¼ «» 
this information as identifiable markers during 
·²¬»®°®»¬¿¬·±²ò  Í«½¸ ·²º±®³¿¬·±² · °®»»²¬»¼ 
¾»´±©ò  Ì¸» ¼»¬¿·´ ¿²¼ ¿±½·¿¬»¼ ½±®®»´¿¬·±² 
°®±¾´»³ ¿®» ¼·½«»¼ ·² ¬¸» ®»«´¬ »½¬·±²ò

Ì¸» ¾¿¿´ Ó·¼©¿§ Ù®±«° ¼·½±²º±®³¿¾´§ 
±ª»®´·» Ý®»¬¿½»±« øÓ¿»¬®·½¸¬·¿²÷ ¬®¿¬¿ 
¿½®± ¬¸» »²¬·®» ÓÛò  Ì¸» Ó¿»¬®·½¸¬·¿²ó
Ü¿²·¿² ¬¿¹» ¾±«²¼¿®§ · ¿ ¬§°» × «²½±²º±®³·¬§ 
øÓ¿²½·²· ¿²¼ Ì»©ô ïççï÷ô ·²¼·½¿¬·²¹ »¨°±«®» 
±½½«®®»¼ ¿½®± ³±¬ ±® ¿´´ ±º ¬¸» ½±²¬·²»²ó
¬¿´ ¸»´ºò  Ì¸» ¾¿¿´ ³¿®·²» ¿²¼ ±º ¬¸» 
Ð¿´»±½»²» Ý´¿§¬±² Ú±®³¿¬·±² ¹®¿¼» ¿¾®«°¬´§ 
into marine clay and fine sand of the Porters 
Ý®»»µ Ý´¿§ò  Ì¸» Ð±®¬»® Ý®»»µ Ý´¿§ · ³¿®·²» 
¬¸®±«¹¸±«¬ ¬¸» »²¬·®» ÓÛ øÓ½Ú¿®´¿²¼ô îððìå 
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Ì¿¾´» ïò Ù»±´±¹·½ ¿²¼ ¸§¼®±¬®¿¬·¹®¿°¸·½ «²·¬ ½±®®»´¿¬»¼ ¬¸®±«¹¸±«¬ ¬¸» Ó···°°· Û³¾¿§³»²¬ øÚ®±³ Ø¿®¬ 
»¬ ¿´òô îððè÷ò 
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îî

Ì¿¾´» îò Ù»±´±¹·½ ½±®®»´¿¬·±² ¼·¿¹®¿³ º±® Ý»²±¦±·½ ¬®¿¬¿ ·² Ó···°°· øº®±³ Ü±½µ»®§ô ïççê÷ò
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îí

Ú®»¼»®·½µ»² »¬ ¿´òô ïçèîå Î«»´´ ¿²¼ Ð¿®µô 
ïçéë÷ô «¹¹»¬·²¹ ¬¸¿¬ ·¬ ±®·¹·²¿´ »¨¬»²¬ ³¿§ 
¸¿ª» ¾»»² «¾¬¿²¬·¿´´§ ¹®»¿¬»®ò  Ì¸» «°°»® 
Ó·¼©¿§ Ù®±«° ·² Ó···°°· ·²½´«¼» ¬¸» 
Ò¿¸»±´¿ Ú³ øÜ±½µ»®§ô ïççê÷ô ©¸·½¸ · ²±¬ 
defined in either Arkansas or Tennessee.  The 
Ò¿¸»±´¿ ·²½´«¼» ¬©± ³»³¾»®ô ¬¸» Ñ¿µ Ø·´´ 
and the Coal Bluff, which are well-defined in 
»¿¬»®² ½»²¬®¿´ Ó···°°·ò  Ì¸» Ñ¿µ Ø·´´ ®»¬ 
½±²º±®³¿¾´§ ±² ¬¸» Ð±®¬»® Ý®»»µ Ý´¿§ ¿²¼ 
®»°®»»²¬ ¿ ½±¿®»²·²¹ó«°©¿®¼ »¯«»²½» ¬¸¿¬ 
includes interbedded clay, silt, and fine-grained 
¿²¼ øÌ¸±³°±²ô ïççë÷ò  Ý±¿´ Þ´«ºº ®»¬ ©·¬¸ 
«²½±²º±®³·¬§ ±² ¬¸» Ñ¿µ Ø·´´ ¿²¼ ·²½´«¼» 
fine- to coarse-grained sand interbedded with 
½´¿§ô ·´¬ô ¿²¼ ´·¹²·¬» øÌ¸±³°±²ô ïççë÷ò  Ì¸» 
«°°»® °¿®¬ ±º ¬¸» Ý±¿´ Þ´«ºº · ¸·¹¸´§ ©»¿¬¸»®»¼ 
¿²¼ ½±²¬¿·² ¾¿«¨·¬·½ ¬± µ¿±´·²·¬·½ ½´¿§ò  Í·³·´¿® 
©»¿¬¸»®»¼ ¬®¿¬¿ ¿®» ±¾»®ª»¼ ·² »¨°±«®» 
±º ¬¸» ¾¿¿´ �É·´½±¨Œ Ú³ò ·² ±«¬¸©»¬»®² 
Ì»²²»»» øÎ«»´´ ¿²¼ Ð¿®µô ïçéë÷ «¹¹»¬ó
·²¹ ¬¸¿¬ ¿ Ý±¿´ Þ´«ºº »¯«·ª¿´»²¬ · °®»»²¬ ·² 
©»¬»®² Ì»²²»»»ò

Ì¸» É·´½±¨ Ù®±«° ®»¬ ©·¬¸ «²½±²º±®³·¬§ ±² 
¬¸» «²¼»®´§·²¹ Ó·¼©¿§ Ù®±«°ô ¿´¬¸±«¹¸ ¬¸» 
´·¬¸±´±¹·½¿´ ¼·¬·²½¬·±² ¾»¬©»»² Ó·¼©¿§ ¿²¼ 
É·´½±¨ ¬®¿¬¿ · ´±½¿´´§ ¹®¿¼¿¬·±²¿´ ¿½®± 
¬¸» ¾±«²¼¿®§ øØ±³¿²ô ïççê÷ò  ×² »¿¬»®² 
½»²¬®¿´ Ó···°°·ô ©¸·½¸ · ¬¸» ±«¬¸»¿¬»®² 
corner of the ME, four formations define the 
É·´½±¨ Ù®±«°æ Ò¿²¿º¿´·¿ô Ì«½¿¸±³¿ô Þ¿¸·ô 
¿²¼ Ø¿¬½¸»¬·¹¾»» º±®³¿¬·±² øÜ±½µ»®§ô ïççêå 
Ì¸±³°±²ô ïççë÷ò  Ì¸» Ò¿²¿º¿´·¿ Ú±®³¿¬·±² 
½±²·¬ ±º ¬©± ³»³¾»®ô ¬¸» Ù®¿ª»´ Ý®»»µ 
Í¿²¼ ¿²¼ Ù®¿³°·¿² Ø·´´ ³»³¾»®ò  Ì¸» 
Ù®¿ª»´ Ý®»»µ Í¿²¼ ½±²¬¿·² ¿ °®±³·²»²¬ ¿²¼ 
·²¬»®ª¿´ ·²¬»®¾»¼¼»¼ ©·¬¸ ½´¿§ô ·´¬ô ¿²¼ô ¿²¼ 
lignite.  The Grampian Hills is generally finer 
¹®¿·²»¼ ¬¸¿² ¬¸» Ù®¿ª»´ Ý®»»µ Í¿²¼ ©·¬¸ ¿ 
¾¿¿´ ¿²¼ ·²¬»®ª¿´ º±´´±©»¼ ¾§ ½´¿§ô ·´¬ ¿²¼ 
fine- to medium-grained sand interbedded with 
³«´¬·°´» ´·¹²·¬» »¿³ øÌ¸±³°±²ô ïççë÷ò  Ì¸» 
±ª»®´§·²¹ Ì«½¿¸±³¿ Ú³ò · ´·¬¸±´±¹·½¿´´§ ·³·´¿® 
¬± ¬¸» «²¼»®´§·²¹ Ù®¿³°·¿² Ø·´´ ³»³¾»® ±º 
¬¸» Ò¿²¿º¿´·¿ Ú³òå ¸±©»ª»®ô ¬©± ¼»°±·¬·±²¿´ 
cycles of basal sand and overlying fine-grained 
½´¿§ô ·´¬ô ¿²¼ô ¿²¼ ´·¹²·¬» ¿®» ±¾»®ª»¼ò  
Ú«®¬¸»®³±®»ô ¬¸» Ù®¿³°·¿² Ø·´´ ½±²¬¿·² 
°®±³·²»²¬ ½±®®»´¿¬·ª» ³¿®¹·²¿´ ³¿®·²» ·²¬»®ª¿´ 
øÜ±½µ»®§ ¿²¼ Ì¸±³°±²ô ïççê÷ô ©¸»®»¿ ¬¸» 

Ì«½¿¸±³¿ · ¿´³±¬ »²¬·®»´§ ²±²ó³¿®·²»ô 
»¨½»°¬ ²»¿® ¬¸» ß´¿¾¿³¿ ¬¿¬» ´·²»ò  Ì¸» Þ¿¸· 
±ª»®´·» ¬¸» Ì«½¿¸±³¿ Ú³ò ¼·½±²º±®³¿¾´§ 
¿²¼ ®»°®»»²¬ ¬¸» ¾¿¿´ Û±½»²» ¬®¿¬¿ ·² 
¬¸» Ù«´º Ý±¿¬ øÓ¿²½·²· ¿²¼ Ì»©ô ïççï÷ò  Ì¸» 
Þ¿¸· Ú±®³¿¬·±² · ¼·¬·²½¬·ª» ¿²¼ ³¿°°¿¾´» 
·² Ó···°°· ±²´§ ²»¿® ¬¸» ß´¿¾¿³¿ ¬¿¬» ´·²» 
©¸»®» ·¬ · ¿ ³¿®·²» ·²¬»®ª¿´ ©·¬¸ ¹´¿«½±²·¬·½ 
¿²¼ ¿²¼ ³¿®´ øÌ¸±³°±²ô ïççë÷ò  Ì¸» 
Þ¿¸· ¹®¿¼» ´¿¬»®¿´´§ ·²¬± ¾¿¿´ ¿²¼ ·² ¬¸» 
Ø¿¬½¸»¬·¹¾»» Ú±®³¿¬·±² ·² ©»¬»®² ß´¿¾¿³¿ 
øÙ·¾±²ô ïçèî÷ô ¿²¼ ¸±© ·³·´¿® ®»´¿¬·±²¸·° 
·² Ó···°°· øÌ¸±³°±²ô ïççëå Ì¸±³°±²ô 
îððí¿å ¾å ½å ¼÷ò  Ì¸» Ø¿¬½¸»¬·¹¾»» Ú³ò ½±²¬¿·² 
·²¬»®¾»¼¼»¼ ½´¿§ô ·´¬ô ¿²¼ô ¿²¼ ´·¹²·¬»ò  

Ì¸» É·´½±¨ Ù®±«° ·² ¬¸» ½»²¬®¿´ ¿²¼ ²±®¬¸»®² 
ÓÛ ½±³°®·» ¬¸®»» º±®³¿¬·±²æ Ì¸» Ñ´¼ 
Þ®»¿¬©±®µô Ú±®¬ Ð·´´±© Í¿²¼ô ¿²¼ Ú´±«® 
×´¿²¼ º±®³¿¬·±² øÌ¿¾´» í÷ øÓ±±®» ¿²¼ 
Þ®±©²ô ïçêçå Ø±³¿²ô ïççêå Ê¿² ß®¼¿´» ¿²¼ 
Ì»²Þ®·²µô îðððå Þ®¿¸¿²¿ ¿²¼ Þ®±¸»¿®ô îððï÷ò  
Ú®»¼»®·µ»² »¬ ¿´ò øïçèî÷ô ·² ¿ ¾·±¬®¿¬·¹®¿°¸·½ 
¬«¼§ ±º ¬¸» Ò»© Ó¿¼®·¼ ¬»¬ ©»´´ ·² ±«¬¸ó
»¿¬»®² Ó·±«®·ô ½±®®»´¿¬» ¬¸» Ñ´¼ Þ®»¿¬©±®µ 
¬± ¬¸» Ò¿¸»±´¿ Ú³ øÑ¿µ Ø·´´ ³»³¾»®÷ ¾¿»¼ 
on dinoflagellate species and lithologic similaró
·¬§ô «¹¹»¬·²¹ ¬¸¿¬ ¬¸» Ñ´¼ Þ®»¿¬©±®µ Ú³ò 
¾»´±²¹ ¬± ¬¸» Ó·¼©¿§ Ù®±«°ò  Ì¸» Ñ´¼ 
Breastworks Fm. is not defined in surface 
»¨°±«®» ·² ©»¬»®² Ì»²²»»»ô ©¸»®» ¬¸» 
É·´½±¨ Ú³ò ®»¬ ¼·®»½¬´§ ±² Ð±®¬»® Ý®»»µ Ý´¿§ 
øÎ«»´´ ¿²¼ Ð¿®µô ïçéë÷ò  Ì¸» Ú±®¬ Ð·´´±© 
Í¿²¼ · ¿ ½±¿®» ¿²¼ ¬¸¿¬ ¬¸·½µ»² ·²¬± ¬¸» 
¿¨· ±º ¬¸» ÓÛ ¿²¼ · ®±«¹¸´§ ½±®®»´¿¬·ª» ¬± ¬¸» 
Ò¿²¿º¿´·¿ Ú³ò øÝ«¸·²¹ »¬ ¿´òô ïçêìå Ø±³¿²ô 
ïççê÷ò  Ì¸» Ú´±«® ×´¿²¼ Ú±®³¿¬·±² · ³¿·²´§ 
lignitic silt with interbedded clay and fine sand.  
Ì¸» ´±©»® °¿®¬ ±º ¬¸» Ú´±«® ×´¿²¼ · ½¿´½¿®»ó
±« ¿²¼ ¹´¿«½±²·¬·½ ¿¬ ¬¸» Ú±®¬ Ð·´´±© ¬»¬ ©»´´ 
øÓ±±®» ¿²¼ Þ®±©²ô ïçêç÷ô ¾«¬ ±²´§ ²±²ó³¿®·²» 
¬®¿¬¿ ¿®» °®»»²¬ ·² ¬¸» Ò»© Ó¿¼®·¼ ¬»¬ ©»´´ 
øÚ®»¼»®·µ»² »¬ ¿´òô ïçèî÷ò  

Ì¸» É·´½±¨ Ù®±«° · »¨°±»¼ ¿´±²¹ Ý®±©´»§Ž 
Î·¼¹» ·² ²±®¬¸»¿¬»®² ß®µ¿²¿ô ¾«¬ · «²¼·ó
ª·¼»¼ò  Ì¸» ½±³°±·¬» ¬¸·½µ²» · ¿°°®±¨·ó
³¿¬»´§ éèð º¬ ¬¸·½µ ¿²¼ ½±³°±»¼ ±º ¿²¼ô ·´¬ô 
clay, and lignite (Meissner, 1984).  Significant 
´·¹²·¬» »¿³ ¿®» °®»»²¬ ±²´§ ·² ¬¸» «°°»® ¸¿´º 
±º ¬¸» É·´½±¨ Ù®±«°ò
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Ì¸» Ý´¿·¾±®²» Ù®±«° ®»¬ ¼·½±²º±®³¿¾´§ 
±² ¬¸» É·´½±¨ Ù®±«° ¼»°±·¬ ¿½®± ¬¸» ÓÛô 
«¹¹»¬·²¹ ¬¸¿¬ ¿ ¬§°» ï »¯«»²½» ¾±«²¼¿®§ 
»¨·¬ ¾»¬©»»² ¬¸» «²·¬ øÓ¿²½·²· ¿²¼ Ì»©ô 
ïççïå ×²¹®¿³ô ïççî÷ò  ×² ²±®¬¸»®² Ó···°°·ô 
the lower and middle Claiborne includes five 
º±®³¿¬·±² øÜ±½µ»®§ô ïççê÷æ Ó»®·¼·¿² Í¿²¼ô 
Ì¿´´¿¸¿¬¬¿ Ú±®³¿¬·±²ô É·²±²¿ Í¿²¼ô Æ·´°¸¿ 
Í¸¿´»ô ¿²¼ Õ±½·«µ± Ú±®³¿¬·±²ò  Ì¸» Ó»®·¼·¿² 
Sand is fine- to coarse-grained sand with charó
¿½¬»®·¬·½ ½®±¾»¼¼·²¹ øÝ«¸·²¹ »¬ ¿´òô ïçêì÷ò  
ß´¬¸±«¹¸ Ì¸±³¿ øïçìî÷ ·² ¿ ½±³°®»¸»²·ª» 
¬«¼§ ±º ¬¸» Ý´¿·¾±®²» ·² Ó···°°· ¿·¹²»¼ 
¬¸» Ó»®·¼·¿² ¬± ¬¸» É·´½±¨ Ù®±«°ô ´¿¬»® ¬«¼·» 
have confirmed its proper inclusion within the 
Ý´¿·¾±®²» øÞ§¾»´´ ¿²¼ Ù·¾±²ô ïçèëå Ø±³¿²ô 
ïççê÷ò  Ì¸» Ì¿´´¿¸¿¬¬¿ Ú±®³¿¬·±² ½±²·¬ 
±º ¼¿®µ ¹®»»²·¸ó¹®¿§ ½´¿§ ¿²¼ ·´·½»±« ¬± 
glauconitic siltstone and fine- to coarse-grained 
¿²¼¬±²» ·² ¬¸» Þ¿·½ Ý·¬§ Í¸¿´» ³»³¾»® 
and generally non-glauconitic fine- to medium-
¹®¿·²»¼ ¿²¼ ¿²¼ ¹®¿§ ½´¿§ ·² ¬¸» Ò»¸±¾¿ 
¿²¼ ³»³¾»® øÌ¸±³¿ô ïçìî÷ò  Ì¸» É·²±²¿ 

Í¿²¼ · °®»¼±³·²¿²¬´§ ³»¼·«³ó ¬± ½±¿®»ó
grained glauconitic sand and is easily identified 
·² «®º¿½» »¨°±«®» ¾§ ·¬ ¼¿®µ ®»¼ ©»¿¬¸»®·²¹ 
½±´±®ò  Ì¸» Æ·´°¸¿ Í¸¿´» · ¿ ¼¿®µ ¹®¿§ô ½¿®¾±ó
²¿½»±«ô ¹´¿«½±²·¬·½ô ¿²¼ °¿®»´§ º±·´·º»®±« 
½´¿§ øÝ«¸·²¹ »¬ ¿´òô ïçêì÷ò  Ì¸» É·²±²¿ Í¿²¼ 
¿²¼ Æ·´°¸¿ Í¸¿´» ¿®» ±²´§ ±¾»®ª»¼ ·² ½»²¬®¿´ 
¿²¼ ±«¬¸»®² Ó···°°·ô ¿´¬¸±«¹¸ ½±®®»´¿¬·ª» 
¾«¬ ´·¬¸±´±¹·½¿´´§ ¼·¬·²½¬ ·²¬»®ª¿´ ¿®» ¼»½®·¾»¼ 
·² ¾±¬¸ ß®µ¿²¿ ¿²¼ Ì»²²»»» øÓ±±®»ô ïçêëå 
Ø±³¿²ô ïççê÷ò  Ì¸» Õ±½·«µ± Ú³ò ½±²·¬ 
±º ³»¼·«³ó¹®¿·²»¼ ¿²¼ ©·¬¸ ·²¬»®¾»¼¼»¼ ´·¹¸¬ 
¹®¿§ô ´·¹¸¬ ¹®»»²·¸ó¹®¿§ô ¿²¼ ®¿®»´§ ¼¿®µ ¹®¿§ 
¸¿´» øÌ¸±³¿ô ïçìî÷ò

Ì¸» ´±©»® ¿²¼ ³·¼¼´» Ý´¿·¾±®²» Ù®±«° ·² 
±«¬¸»¿¬»®² ß®µ¿²¿ ·²½´«¼» ¬¸» Ý¿®®·¦± 
Í¿²¼ô Ý¿²» Î·ª»® Ú±®³¿¬·±²ô ¿²¼ Í°¿®¬¿ 
Í¿²¼ øÝ«¸·²¹ »¬ ¿´òô ïçêìå Ð¿§²»ô ïçêèå 
ïçéîå ïçéë÷ò  Ì¸» Ý¿®®·¦± Í¿²¼ · ½±®®»´¿¬·ª» 
¬± ¬¸» Ó»®·¼·¿² Í¿²¼ ·² Ó···°°· øÐ¿§²»ô 
ïçéëå Ø±³¿²ô ïççê÷ò  Ì¸» Ý¿²» Î·ª»® Ú³ò · 
®±«¹¸´§ »¯«·ª¿´»²¬ ¬± ¬¸» Ì¿´´¿¸¿¬¬¿ Ú±®³¿¬·±²ô 

Ì¿¾´» íò Ô·¬¸±¬®¿¬·¹®¿°¸§ ¿²¼ ¸§¼®±¬®¿¬·¹®¿°¸§ ·² ¬¸» Ó»³°¸·ô Ì»²²»»»ô ¿®»¿ øÚ®±³ Þ®¿¸¿²¿ ¿²¼ 
Þ®±¸»¿®ô îððï÷ò
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É·²±²¿ Í¿²¼ô ¿²¼ Æ·´°¸¿ Í¸¿´» ·² Ó···°°· 
øÐ¿§²»ô ïçéî÷ò  Ì¸» Í°¿®¬¿ Í¿²¼ · ½±®®»´¿ó
¬·ª» ¬± ¬¸» Õ±½·«µ± Ú±®³¿¬·±² ·² Ó···°°· 
øØ±³¿²ô ïççê÷ò  Ò±®¬¸ ±º ¬¸» íë  °¿®¿´´»´ô ¬¸» 
Ý¿²» Î·ª»® °·²½¸» ±«¬ ¿²¼ ¬¸» »²¬·®» ´±©»® 
¿²¼ ³·¼¼´» Ý´¿·¾±®²» »½¬·±² · ¼±³·²¿¬»¼ ¾§ 
¬¸» Ó»³°¸· Í¿²¼ øØ±³¿²ô ïççê÷ò  Í·³·´¿®´§ 
·² ©»¬»®² Ì»²²»»»ô Ó±±®» øïçêë÷ ½±®ó
®»´¿¬»¼ ¬¸» Ì¿´´¿¸¿¬¬¿ Ú±®³¿¬·±² ¿²¼ Í°¿®¬¿ 
Í¿²¼ ¬± ¬¸» Ó»³°¸· ø�ëððóº±±¬Œ÷ Í¿²¼ò  Ì¸» 
Memphis Sand was formally defined in the Fort 
Ð·´´±© ¬»¬ ©»´´ øÓ±±®» ¿²¼ Þ®±©²ô ïçêç÷ ·² 
Ô¿«¼»®¼¿´» Ý±«²¬§ô Ì»²²»»»ô ¿²¼ ´¿¬»® ½±®®»ó
´¿¬»¼ ¬¸®±«¹¸±«¬ ¬¸» ²±®¬¸»®² ÓÛ øÚ®»¼»®·µ»² 
»¬ ¿´òô ïçèîå Ð¿®µ ¿²¼ Ý¿®³·½¸¿»´ô ïççð¿å 
Ø±³¿²ô ïççê÷ò  Ì¸» Ó»³°¸· Í¿²¼ · °®»ó
dominantly fine- to coarse-grained sand with 
«¾±®¼·²¿¬» ½¿®¾±²¿½»±« ¿²¼ ´·¹²·¬·½ ·´¬ ¿²¼ 
½´¿§ ¿²¼ ´·¹²·¬» øÐ¿®µ ¿²¼ Ý¿®³·½¸¿»´ô ïççð¿÷ò  
Ý´¿§ ·²¬»®ª¿´ ½±®®»´¿¬·ª» ¬± ¬¸» Þ¿·½ Ý·¬§ 
Shale and Zilpha Shale are locally identified 
øÓ±±®»ô ïçêëå Ð¿®µ ¿²¼ Ý¿®³·½¸¿»´ô ïççð¿÷ò  

Ì¸®±«¹¸±«¬ ¬¸» ¬«¼§ ¿®»¿ô ¬¸» Õ±½·«µ± Ú³òô 
Í°¿®¬¿ Í¿²¼ô ¿²¼ Ó»³°¸· Í¿²¼ ¿®» ±ª»®´¿·² 
©·¬¸ ¼·½±²º±®³·¬§ ¾§ ¬¸» «°°»® Ý´¿·¾±®²» Ý±±µ 
Mountain and Cockfield Formations (Thomas, 
ïçìîå Ý«¸·²¹ »¬ ¿´òô ïçêìå Ó±±®» ¿²¼ Þ®±©²ô 
ïçêçå Ú®»¼»®·µ»² »¬ ¿´òô ïçèî÷ò  Ì¸» Ý±±µ 
Ó±«²¬¿·² Ú³ò ·² ½»²¬®¿´ Ó···°°· ½±²·¬ ±º 
¿ ´±©»® ¹´¿«½±²·¬·½ô º±·´·º»®±« ¿²¼§ ³¿®´ ±® 
´·³»¬±²» ±ª»®´¿·² ¾§ ¿²¼§ ½¿®¾±²¿½»±« ½´¿§ 
øÌ¸±³¿ô ïçìîå Ø±³¿²ô ïççê÷ò  Ø±©»ª»®ô ·² 
©»¬»®² Ì»²²»»» ¬¸» Ý±±µ Ó±«²¬¿·² Ú³ò · 
mainly silt and clay with local intervals of fine 
¿²¼ øÐ¿®µ ¿²¼ Ý¿®³·½¸¿»´ô ïççð¿÷ò  Ì¸» ½±²ó
tact between the Cook Mountian and Cockfield 
º±®³¿¬·±² · ½±²º±®³¿¾´» ¿²¼ ¬®¿²·¬·±²¿´ò  ×² 
½»²¬®¿´ Ó···°°·ô ¬¸» ¿²¼§ ¸¿´» ±º ¬¸» 
Ý±±µ Ó±«²¬¿·² Ú³ò ¹®¿¼» «°©¿®¼ ·²¬± ¿²¼ô 
lignitic silty shale, and lignite of the Cockfield 
Ú±®³¿¬·±² øÌ¸±³¿ô ïçìî÷ò  Ì¸» ´·¬¸±´±¹§ ±º ¬¸» 
Cockfield Fm. is remarkably consistent across 
¬¸» ²±®¬¸»®² ÓÛ øÓ±±®» ¿²¼ Þ®±©²ô ïçêçå 
Ú®»¼»®·µ»² »¬ ¿´òô ïçèîå Ð¿®µ ¿²¼ Ý¿®³·½¸¿»´ô 
ïççð¾å Ø±³¿²ô ïççê÷ò  

Ì¸» Ö¿½µ±² Ù®±«° ¸¿ ´·³·¬»¼ »¨¬»²¬ ·² ¬¸» 
²±®¬¸»®² ¿²¼ ½»²¬®¿´ ÓÛô ¿²¼ · ¹·ª»² ±²´§ 
º±®³¿¬·±²¿´ ¬¿¬« ·² Ì»²²»»»ò  Ì¸» Ö¿½µ±² 
Ú±®³¿¬·±² ½®±° ±«¬ ¿´±²¹ ¬¸» Ó···°°· Î·ª»® 
¾´«ºº ·² ©»¬»®² Ì»²²»»» ¿²¼ ¿´±²¹ ¬¸» 

±«¬¸»®² °¿®¬ ±º Ý®±©´»§Ž Î·¼¹» ·² ß®µ¿²¿ 
øÝ«¸·²¹ »¬ ¿´òô ïçêì÷ò  Ì¸» Ö¿½µ±² ¬®¿¬¿ 
±ª»®´·» ¬¸» Ý´¿·¾±®²» Ù®±«° ©·¬¸ ¼·½±²º±®³·¬§ 
¿²¼ ¬§°·½¿´´§ ·²½´«¼» º±·´·º»®±«ô ¹´¿«½±²·¬·½ 
¿²¼§ ³¿®´ ¬¸¿¬ ¹®¿¼» «°©¿®¼ ·²¬± ½¿´½¿®»ó
±« ½´¿§ ¿²¼ ´±½¿´´§ ¿²¼ ·² ½»²¬®¿´ Ó···°°· 
øØ±³¿²ô ïççê÷ò  Ì¸» Ö¿½µ±² Ú±®³¿¬·±² ·² 
©»¬»®² Ì»²²»»» · ´·¬¸±´±¹·½¿´´§ ·²¼·¬·²½¬ 
from the underlying Cockfield Fm. and is typió
½¿´´§ ²±¬ ¼·ºº»®»²¬·¿¬»¼ øÐ¿®µ ¿²¼ Ý¿®³·½¸¿»´ô 
ïççð¾å Ó±±®» ¿²¼ Þ®±©²ô ïçêç÷ò

Ì¸» «°°»® «®º¿½» ±º ¬¸» Ð¿´»±½»²»óÛ±½»²» 
ÓÛ »¼·³»²¬¿®§ §¬»³ · ¿ ¬·³»ó¬®¿²¹®»·ª» 
»®±·±²¿´ «®º¿½» «°±² ©¸·½¸ Ð´·±½»²» ¬¸®±«¹¸ 
³±¼»®² ¬®»¿³ ¼»°±·¬ ¿²¼ ´¿¬» Ð´»·¬±½»²» 
´±» ¸¿ª» ¾»»² ´¿·¼ øÚ·µô ïçììå Ð±¬¬»®ô 
ïçëëå ß«¬·² »¬ ¿´òô ïççïå Í¿«½·»®ô ïççìå Ê¿² 
ß®¼¿´» »¬ ¿´òô îððè÷ò  Þ»½¿«» ¬¸» »¯«»²½» 
· ¿±½·¿¬»¼ ©·¬¸ ¬¸» °®±¹®»·ª»ô ¬¸±«¹¸ 
°«²½¬«¿¬»¼ô ¼»²«¼¿¬·±² ¸·¬±®§ ±º ¬¸» ÓÛô ¬¸» 
oldest deposits are at the highest interfluvial 
»´»ª¿¬·±² ¿²¼ ¬¸» §±«²¹»¬ ¼»°±·¬ ¿®» ©·¬¸·² 
¬¸» ³±¼»®²ó¼¿§ ª¿´´»§ò  Ì¸» Ð´·±½»²» Ë°´¿²¼ 
Ý±³°´»¨ô ¿´± µ²±©² ¿ ¬¸» Ô¿º»§»¬¬» Ù®¿ª»´ 
øÐ±¬¬»®ô ïçëë÷ô · °®»»²¬ ·² ©»¬»®² Ì»²²»»»ô 
²±®¬¸©»¬»®² Ó···°°·ô ¿²¼ ¿´±²¹ Ý®±©´»§Ž 
Î·¼¹» ·² »¿¬»®² ß®µ¿²¿ øß«¬·² »¬ ¿´òô ïççïå 
Ê¿² ß®¼¿´» »¬ ¿´òô îððè÷ò  Ê¿² ß®¼¿´» »¬ ¿´ò 
øîððè÷ «»¼ ¿² »¨¬»²·ª» ¾±®»¸±´» ¼¿¬¿»¬ ¬± 
³¿° ¬¸» ¼·¬®·¾«¬·±² ±º ¬¸» Ë°´¿²¼ Ý±³°´»¨ 
¬¸®±«¹¸±«¬ ¬¸» ®»¹·±² ¿²¼ ¼»³±²¬®¿¬» ·¬ 
±®·¹·² ¿ ¿² ¿²½·»²¬ ¸·¹¸ó´»ª»´ ¬»®®¿½» ±º ¬¸» 
Ó···°°· Î·ª»®ô °±¬»²¬·¿´´§ ¿ ³«½¸ ¿ 
ëòë Ó¿ ±´¼ò  Í«¾»¯«»²¬ ·²½··±² ¿²¼ «¾»ó
¯«»²¬ ¬»®®¿½» º±®³¿¬·±² ¸¿ ´»¼ ¬± º±®³¿¬·±² ±º 
»ª»®¿´ ¬»®®¿½» ´»ª»´ ¿²¼ ¿±½·¿¬»¼ ¿²¼ ¿²¼ 
¹®¿ª»´ ¼»°±·¬ ¿´±²¹ ¬¸» Ó···°°· Î·ª»®ó
Ñ¸·± Î·ª»® ª¿´´»§ §¬»³ øß«¬·² »¬ ¿´òô ïççïå 
Í¿«½·»®ô ïççìå Þ´«³ »¬ ¿´ îðððå Î·¬¬»²±«® »¬ ¿´òô 
îððíå îððë÷ ¿²¼ ©»¬»®² Ì»²²»»» ¬®·¾«¬¿®ó
·» øÍ¿«½·»®ô ïçèéå Î±¼¾»´´ô ïççêå Ó½Ý´«®»ô 
ïççç÷ò  Ô¿¬» Ð´»·¬±½»²» ¬»®®¿½» ©»®» º«®¬¸»® 
³¿²¬´»¼ ©·¬¸ ´±» ·² ¬¸» ®»¹·±² øß«¬·² »¬ ¿´òô 
ïççïå Î±¼¾»´´ »¬ ¿´òô ïççéå Î«¬´»¼¹» »¬ ¿´òô 
ïççêå Ó¿®µ»©·½¸ »¬ ¿´òô ïççè÷ò  Ì¸» ³±¼»®² 
Ó···°°· Ê¿´´»§ ¿´´«ª·«³ ½±²·¬ ´¿®¹»´§ 
±º ¹®¿ª»´ ¿²¼ ¿²¼ ½¿°°»¼ ¾§ ·´¬ ¿²¼ ´±» 
øÍ¿«½·»®ô ïççì÷ò  Ð´»·¬±½»²» ¼»°±·¬·±²¿´ °¿¬ó
¬»®² ©·¬¸·² ¬¸» Ó···°°· Ê¿´´»§ ¿°°»¿® ¬± ¾» 
¬®±²¹´§ ¿ºº»½¬»¼ ²±¬ ±²´§ ¾§ ¹´¿½·¿´ °®±½»» 
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¿²¼ ½´·³¿¬» øÍ¿«½·»®ô ïççìå Þ´«³ »¬ ¿´òô îðððå 
Î·¬¬»²±«® »¬ ¿´òô îððë÷ô ¾«¬ ¿´± ¬»½¬±²·½ «¾·¼ó
»²½» ¿²¼ «°´·º¬ ¿´±²¹ ±®¬¸±¹±²¿´ Î»»´º±±¬ Î·º¬ 
º¿«´¬ øÝ±²¬± »¬ ¿´òô îððè÷ò

Ø§¼®±¬®¿¬·¹®¿°¸·½ Ë²·¬ ©·¬¸·² ¬¸» Ý»²¬®¿´ 
Ó···°°· Û³¾¿§³»²¬

Ì¸» ´·¬¸±¬®¿¬·¹®¿°¸·½ «²·¬ ¼»½®·¾»¼ ¿¾±ª» 
¿®» ¼·ª·¼»¼ ·²¬± ¿ »®·» ±º ¸§¼®±¬®¿¬·¹®¿°¸·½ 
«²·¬ øÌ¿¾´» ï ¿²¼ í÷ò  Ø§¼®±¬®¿¬·¹®¿°¸·½ 
units are defined based on their ability to 
produce water at an efficient rate.  Aquifers 
are water-producing zones and confining units 
¿®» ¹»²»®¿´´§ °±±® ©¿¬»®ó°®±¼«½·²¹ ¦±²»ô 
but more importantly provide confinement to 
©¿¬»® ·² «²¼»®´§·²¹ ¿²¼ ±ª»®´§·²¹ ¿¯«·º»®ò  
Ì¸» ¸§¼®±¬®¿¬·¹®¿°¸·½ ¬»®³·²±´±¹§ ¿°°´·»¼ 
¬± ¬¸» ÓÛ ¸¿ ½¸¿²¹»¼ ±ª»® ¬¸» °¿¬ ïîð 
§»¿® ¿ ¬®¿¬·¹®¿°¸·½ ¬«¼·» ¸¿ª» ¾»¬¬»® 
defined the lithology and extent of units, and 
hydrogeologic studies have better defined the 
©¿¬»®ó°®±¼«½·²¹ ¦±²» ¿²¼ ¬¸»·® ¸§¼®¿«´·½ 
properties.  As mentioned previously, definió
¬·±² ±º ¸§¼®±¬®¿¬·¹®¿°¸·½ «²·¬ ª¿®§ ¼»°»²¼·²¹ 
±² ¬¸» ½¿´» ±º ¬«¼·»ò  Ú±® »¨¿³°´»ô ´±½¿´ 
¬«¼·» ±º ¹®±«²¼ ©¿¬»® ¬»²¼ ¬± «» ¬¿¬»ó ±® 
«¾®»¹·±²ó¾¿»¼ ²±³»²½´¿¬«®»ô «½¸ ¿ ¬¸±» 
¿°°´·»¼ ·² ¬¸» Ó»³°¸· ¿®»¿ øÝ®·²»® ¿²¼ Ð¿®µô 
ïçéêå Þ®¿¸¿²¿ ¿²¼ Þ®±¸»¿®ô îððï÷ò  Î»¹·±²¿´ 
½¿´» ¬«¼·» «» ³±®» ¹»²»®·½ ²±³»²½´¿¬«®»ô 
such as that defined for the ME by the USGS 
Î»¹·±²¿´ ß¯«·º»®óÍ§¬»³ ß²¿´§· øÎßÍß÷ 
øØ±³¿² ¿²¼ É»·ô ïççï÷ò  Ó±¬ ®»½»²¬´§ô ¬¸» 
ËÍÙÍ ¸¿ ½±³°´»¬»¼ ¿ ®»¹·±²¿´ ¸§¼®±¬®¿¬·ó
¹®¿°¸·½ ¿²¿´§· º±½«·²¹ ±² ¬¸» ÓÛ øÌ¿¾´» ì÷ 
øØ¿®¬ ¿²¼ Ý´¿®µô îððèå Ø¿®¬ »¬ ¿´òô îððè÷ ¿ ¿ 
°¿®¬ ±º ¬¸» Ó···°°· Û³¾¿§³»²¬ Î»¹·±²¿´ 
ß¯«·º»® Í¬«¼§ øÓÛÎßÍ÷ò  Ú±® ¬¸» °«®°±» 
±º ¬¸» °®»»²¬ ¬«¼§ô ©¸·½¸ · «¾®»¹·±²¿´ ·² 
½¿´»ô ¬¸» ®»¹·±²¿´ ¸§¼®±¬®¿¬·¹®¿°¸·½ ¬»®³ 
from Hart et al. (2008) with some modificaó
¬·±² ¼·½«»¼ ¾»´±© ©·´´ ¾» ¿°°´·»¼ ¬± ¬¸» 
¹»²»®¿´ ¼·½«·±² øÌ¿¾´» ï÷ô ¿´¬¸±«¹¸ ¬¸» ´±½¿´ 
²±³»²½´¿¬«®» ·² ¬¸» Ó»³°¸· ¿®»¿ øÞ®¿¸¿²¿ 
¿²¼ Þ®±¸»¿®ô îððï÷ ©·´´ ¾» ¿°°´·»¼ ¬± ³±®» 
¼»¬¿·´»¼ ¼·½«·±²ò  

The Tertiary ME aquifer system is confined at 
the base by the Midway confining unit.  The 
½´¿§ó®·½¸ ²¿¬«®» ±º ¬¸· «²·¬ ´·³·¬ °¿¿¹» ±º 
©¿¬»®å ¸±©»ª»®ô ©¿¬»® ½±«´¼ °±¬»²¬·¿´´§ ³±ª» 

through this and other confining units along 
º¿«´¬ øÕ·²¹¾«®§ ¿²¼ Ð¿®µô ïççí÷ò  Î»¹·±²¿´´§ô 
two aquifers are defined within the Wilcox interó
ª¿´ô ¬¸» Ô±©»® ¿²¼ Ó·¼¼´» øÌ¿¾´» ï÷ò  Ø±©»ª»®ô 
©·¬¸·² ¬¸» ¬«¼§ ¿®»¿ ¬¸» Ó·¼¼´» É·´½±¨ ¿¯«·º»® 
· ²±¬ ¼·¬·²¹«·¸»¼ º®±³ ¬¸» ´±©»® Ó»³°¸· 
¿¯«·º»® ø´±©»® °¿®¬ ±º Ó»³°¸· Í¿²¼ ·² Ì¿¾´» 
ï÷ ²±®¬¸ ±º ¬¸» Ó···°°·óÌ»²²»»» ¬¿¬» ´·²» 
øÌ¸±³°±²ô îððí¿ô ¾ô ½ô ¿²¼ ¼÷ò  Ì¸» Ô±©»® 
É·´½±¨ ¿¯«·º»® · »¯«·ª¿´»²¬ ¬± Ú±®¬ Ð·´´±© Í¿²¼ 
·² ©»¬»®² Ì»²²»»» øÐ¿®µ ¿²¼ Ý¿®³·½¸¿»´ô 
ïçèç÷ ¿²¼ ²±®¬¸»¿¬»®² ß®µ¿²¿ øÞ®¿¸¿²¿ 
¿²¼ Þ®±¸»¿®ô îððï÷ ¿²¼ ¬¸» ¿²¼§ «°°»® 
°¿®¬ ±º ¬¸» Ò¿²¿º¿´·¿ ¿²¼ ´±©»® °¿®¬ ±º ¬¸» 
Ì«½¿¸±³¿ øØ±³¿²ô ïççê÷ò  Ì¸» Ô±©»® É·´½±¨ 
is confined by the underlying Midway confining 
unit and fine-grained intervals within the overlyó
·²¹ Ú´±«® ×´¿²¼ Ú±®³¿¬·±² øÌ»²²»»» ¿²¼ 
ß®µ¿²¿÷ ¿²¼ Ì«½¿¸±³¿ Ú±®³¿¬·±² ø²±®¬¸»®² 
Mississippi).  The Flour island is a confining unit 
©·¬¸·² ¬¸» ²±®¬¸»®² ÓÛò

Ì¸» Ý´¿·¾±®²» ·²¬»®ª¿´ ·²½´«¼» ¬¸®»» ®»¹·±²¿´ 
¿¯«·º»®ò  ×² ²±®¬¸»®² Ó···°°· ¿²¼ ¿¼¶¿½»²¬ 
ß®µ¿²¿ô ¬¸» Ô±©»® ¿²¼ Ó·¼¼´» Ý´¿·¾±®²» 
¿¯«·º»® ¿®» »°¿®¿¬»¼ ¾§ ¬¸» Ô±©»® Ý´¿·¾±®²» 
confining unit.  However, the Lower Claiborne 
confining unit laterally pinches out near the 
Ì»²²»»»óÓ···°°· ¬¿¬»´·²» ø¿²¼ ·² 
¿¼¶¿½»²¬ ß®µ¿²¿÷ô «½¸ ¬¸¿¬ ¬¸» Ô±©»® ¿²¼ 
Ó·¼¼´» Ý´¿·¾±®²» ¿¯«·º»® ³»®¹» ¬± º±®³ ¬¸» 
Ó»³°¸· ¿¯«·º»® ·² ©»¬»®² Ì»²²»»» ¿²¼ 
¿¼¶¿½»²¬ ß®µ¿²¿ øØ¿®¬ »¬ ¿´òô îððèå Ø±³¿² 
¿²¼ É»·ô ïççïå Ð¿®µ ¿²¼ Ý¿®³·½¸¿»´ô 
1990a).  The Middle Claiborne confining unit 
· »¯«·ª¿´»²¬ ¬± ¬¸» Ý±±µ Ó±«²¬¿·² Ú±®³¿¬·±² 
¬¸®±«¹¸±«¬ ¬¸» ¬«¼§ ¿®»¿ øØ¿®¬ »¬ ¿´òô îððèå 
Ø±³¿² ¿²¼ É»·ô ïççïå Ð¿®µô ïççð÷ò  
Ù®¿¸¿³ ¿²¼ Ð¿®µ øïçèê÷ô Ð¿®µ øïççð÷ô 
Þ®¿¼´»§ øïççï÷ô Ð¿®µ ¿²¼ Ó·®»½µ· øïççî÷ô 
Ð¿®µ »¬ ¿´ò øïççë÷ô Ô¿®»² »¬ ¿´ò øîððí÷ô 
É¿´¼®±² »¬ ¿´ò øîððç÷ô ¿²¼ ±¬¸»® ¸¿ª» ²±¬»¼ 
that the Middle Claiborne confining unit is 
´±½¿´´§ ¿¾»²¬ ±® ½±²¬¿·² ¬®¿²³··ª» º¿½·» 
©¸·½¸ °»®³·¬ ª»®¬·½¿´ ®»½¸¿®¹» ¬± ¬¸» Ó»³°¸· 
¿¯«·º»®ò  Ì¸» Ë°°»® Ý´¿·¾±®²» ¿¯«·º»®ô ©·¬¸·² 
the Cockfield Formation, is generally thin and 
¼·½±²¬·²«±« ·² ¬¸» ¬«¼§ ¿®»¿ ¿²¼ · ¬¸·½µ»¬ 
»¿¬ ±º ¬¸» Ó···°°· ¿´´«ª·¿´ ª¿´´»§ øÐ¿®µ 
¿²¼ Ý¿®³·½¸¿»´ô ïççð¾÷ò  Ì¸» Ë°°»® Ý´¿·¾±®²» 
aquifer is locally unconfined in western 
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I.   Introduction 

 

Groundwater Management Associates (GMA) was retained by the firm of Daniel Coker 

Horton & Bell, P.A. (DCH&B) to provide expert geologic and hydrogeologic consulting 

regarding the origin and distribution of groundwater, interactions between surface water 

and groundwater, natural and man-induced migration patterns of groundwater, and 

specific topics regarding the geology and hydrogeology of predominantly sandy 

sediments comprising the Eocene-age Middle Claiborne Group that host the Sparta-

Memphis Sand aquifer system in northwestern Mississippi and southwestern Tennessee.  

GMA’s services included producing this expert report, which is focused on known or 

likely impacts on groundwater distribution and migration patterns within the Sparta-

Memphis Sand (aka, the Sparta Sand, Memphis Sand, Memphis Aquifer, and other 

variations) in response to historic and ongoing pumping in Shelby County, Tennessee. 

 

This expert report was produced for DCH&B using information available from publicly-

available maps and reports from a variety of sources, including federal agencies such as 

the United States Geological Survey (USGS).  This information was used in combination 

with the professional training and experience of the report’s author, Dr. Richard K. 

Spruill, to develop opinions about the geologic and hydrogeologic setting of the study 

area.  A partial list of resources and documents that were reviewed or employed to 

prepare the expert report is provided as Appendix A. 

 

 

II. Qualifications 

 

Richard K. Spruill, Ph.D, is GMA’s Principal Hydrogeologist, president, and co-owner of 

the firm.  Dr. Spruill’s professional practice is focused on the hydrogeological 

exploration, evaluation, development, sustainable management, and protection of 

groundwater resources.  He has been a geologist for over 40 years, and he is licensed in 

North Carolina as a professional geologist.  Since 1979, Dr. Spruill has been a faculty 

member in the Department of Geological Sciences at East Carolina University (ECU), 
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Greenville, North Carolina.  He teaches hydrogeology, mineralogy, petrology, field 

geology, and physical geology at ECU.  Dr. Spruill has provided litigation support and 

testified previously regarding geology, hydrogeology, water resources, and 

environmental contamination.  His curriculum vitae is provided as Appendix B. 

 

I, Dr. Richard K. Spruill, am the author of this expert report.  My descriptions, 

interpretations, conclusions, and professional opinions described within this expert 

report are subject to revision, expansion, and/or retraction as additional information 

becomes available. 

 

 

III Summary of General Opinions 

 

The following is a summary of my opinions provided within this expert report.  The 

opinions itemized below are based on (1) my education, training, experience, (2) 

detailed study of the geology and hydrogeology of the Mississippi Embayment, (3) 

evaluation of the specific geological and hydrological characteristics of the pertinent 

geological formations in north Mississippi and west Tennessee, and, (4) specific 

resources and materials referred to and identified with this report. 

 The Sparta-Memphis Sand, also known as the Middle Claiborne Aquifer or the 

Memphis Aquifer, is an important source of potable groundwater within 

northwestern Mississippi and southwestern Tennessee.  Most of the Sparta-

Memphis Sand is a hydraulically-confined aquifer that consists of geologic 

deposits that accumulated within the Mississippi Embayment approximately 40 

million years ago.  The Sparta-Memphis Sand is inclined (dips) toward the west 

from areas where the unit crop out in both Mississippi and Tennessee.  These 

sandy deposits thicken toward the center of the Embayment, which generally 

coincides with the present trace of the Mississippi River. 

 The Middle Claiborne formation contains several lithologic constituents, including 

the Sparta Sand, that comprise an aquifer that has accumulated groundwater 

over many thousands of years.  Historically, most of that groundwater originated 

as surface precipitation that infiltrated the formation where exposed at or near 
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the surface, and that groundwater migrated generally westward in both states to 

create a source of high-quality groundwater that did not naturally flow to any 

significant extent in a northerly direction out of Mississippi and into Tennessee.  

 The Sparta-Aquifer Sand is the most productive source of high-quality 

groundwater available in the states of Mississippi and Tennessee.   

 Massive withdrawal of groundwater by pumping wells operated by Memphis 

Light, Gas and Water (MLGW) in southwestern Tennessee has reduced 

substantially the natural hydraulic pressures existing in the Sparta-Memphis Sand 

in both Tennessee and Mississippi, thus artificially changing the natural flow path 

of Mississippi’s groundwater in this aquifer from westward to northward toward 

MLGW’s pumping wells.  This groundwater withdrawal has dramatically reduced 

the natural discharge of Mississippi’s groundwater in the Sparta-Memphis Sand to 

the Mississippi River’s alluvial aquifer system within the state of Mississippi.  

 The taking of Mississippi’s groundwater by MLGW’s pumping has decreased the 

total amount of available groundwater in the Sparta-Memphis Sand available for 

development in Mississippi, thus increasing the cost of recovering the remaining 

available groundwater from the aquifer within the broad area of depressurization 

(aka, cone of depression) created by MLGW’s pumping.  

 The intensity of pumping that has been, and continues to be, conducted by 

MLGW is not consistent with good groundwater management practices, and 

denies Mississippi the ability to fully manage and utilize its own groundwater 

natural resource. 

 The best management strategy for sustainability of groundwater resources 

involves withdrawing groundwater at a rate that is equal to or less than the 

recharge rate of the aquifer being developed. 

 

 

_____________________________ 

      Richard K. Spruill, Ph.D., P.G. 

      Principal Hydrogeologist 
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IV. Principles of Groundwater Hydrogeology 

 

This section of the expert report provides an overview of key aspects of groundwater 

hydrogeology, especially as it pertains to the Sparta-Memphis Sand (aka, Memphis 

Aquifer or Middle Claiborne Aquifer) in northwestern Mississippi and southwestern 

Tennessee.  Geologic and hydrogeologic details of the Sparta-Memphis Sand (SMS) are 

described elsewhere in the report.   

 

Because groundwater availability depends on specific aspects of the local and regional 

geologic setting, it is not found in ‘usable’ quantities everywhere in the subsurface. The 

location, age, quality, movement, and availability of groundwater for human exploitation 

are determined by the actual geologic materials (i.e., aquifer) that host the water (e.g., 

sand) and the geologic and hydraulic characteristics of the aquifer system.  This 

introduction to the basic principles of groundwater hydrology is generally tailored to be 

applicable to the groundwater system of the Middle Claiborne Group in northwest 

Mississippi and southwest Tennessee, and an analysis of the natural characteristics of 

the groundwater that is in legal dispute. 

 

Groundwater originates as precipitation at the land surface, and some of that 

precipitation infiltrates the surface and enters the subsurface. In some places, 

groundwater originates as seepage through the bottoms and sides of surface water 

channels or basins, as well as by migration from other groundwater-bearing materials 

(e.g., ‘confining units’ that enclose some aquifers).  Groundwater is located in the 

subsurface within small pore spaces located between rock and mineral particles and/or 

within fractures or other types of secondary porosity (e.g., voids in limestone from 

dissolved shell fragments). 

 

Because groundwater typically moves through the subsurface at a rate of only a few 

feet or tens of feet per year, the water at a particular location and depth may have been 

in the subsurface for many years, decades, or millennia.  By way of comparison, 

groundwater flowing at 1 foot per day is generally considered to be fast, while the 

velocity of water flowing in a stream is typically more than 1 foot per second (more than 
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16 miles/day).  Another way to look at this generic comparison is that the ‘fast’ 

groundwater flow would require roughly 230 years to travel the same 16 miles that the 

hypothetical stream could transport water during one day. 

 

Groundwater hydrogeology employs unique terms and concepts.  To simplify the 

discussion provided below, the following are some (modified) definitions of terminology 

from a well-known USGS primer (Heath, 1983). 

 

AQUIFER: A water-bearing layer of rock (or sediment) that will yield water in a usable 

quantity to a well or spring. 

CONE OF DEPRESSION: The depression of (hydraulic) heads around a pumping well 

caused by the withdrawal of water. 

CONFINING BED: A layer of rock (or sediment) having very low hydraulic conductivity 

that hampers the movement of water into and out of an aquifer. 

DRAWDOWN: The reduction in head at a point caused by the withdrawal of water from 

an aquifer. 

EQUIPOTENTIAL LINE: A line on a map or cross section along which total heads are the 

same. 

FLOW LINE: The idealized path followed by particles of water. 

GROUND WATER: Water in the saturated zone that is under a pressure equal to or 

greater than atmospheric pressure. 

(HYDRAULIC) HEAD See TOTAL HEAD 

HYDRAULIC CONDUCTIVITY: The capacity of a rock (or sediment) to transmit water. It 

is expressed as the volume of water at the existing kinematic viscosity that will 

move in unit time under a unit hydraulic gradient through a unit area measured at 

right angles to the direction of flow. 

HYDRAULIC GRADIENT: Change in head per unit of distance measured in the direction 

of the steepest change. 

POROSITY: The voids or openings in a rock (or sediment). Porosity may be expressed 

quantitatively as the ratio of the volume or openings in a rock (or sediment) to the 

total volume of the rock (or sediment). 
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POTENTIOMETRIC SURFACE: A surface that represents the total head in an aquifer; that 

is, it represents the height above a datum plane (such as sea level) at which the 

water level stands in tightly cased wells that penetrate the aquifer. 

SATURATED ZONE: The subsurface zone in which all openings are full of water. 

SPECIFIC CAPACITY: The yield of a well per unit drawdown (commonly expressed as 

gallons per minute per foot of drawdown). 

STORAGE COEFFICIENT: The volume of water released from storage in a unit prism of 

an aquifer when the head is lowered a unit distance. 

STRATIFICATION: The layered structure of sedimentary rocks. 

TOTAL (HYDRAULIC) HEAD: The height above a datum plane of a column of water. In a 

ground-water system, it is composed of elevation head and pressure head. 

TRANSMISSIVITY: The rate at which water of the prevailing kinematic viscosity is 

transmitted through a unit width of an aquifer under a unit hydraulic gradient. It 

equals the hydraulic conductivity multiplied by the aquifer thickness. 

UNSATURATED ZONE: The subsurface zone, usually starting at the land surface, that 

contains both water and air. 

WATER TABLE: The level in the saturated zone at which the pressure is equal to the 

atmospheric pressure. 

 

Groundwater occurs in two basic zones that are defined by the degree of water 

saturation (Figure 1).  The unsaturated zone occurs below the land surface where the 

primary and secondary porosity of the earth materials present will contain both air and 

water.  Groundwater in the unsaturated zone is not available for extraction or 

exploitation by people.  All porosity is filled with water in the saturated zone (Figure 1), 

and the boundary between the saturated zone and the overlying unsaturated zone is 

called the water table (discounting the capillary fringe where groundwater is at less than 

atmospheric pressure).  Groundwater in the saturated zone is potentially recoverable, 

although there may be practical or financial limitations that preclude extraction. 
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Figure 1: Groundwater Distribution in the Shallow Subsurface (modified from 

Alley et al., 1999) 

 

 

 

Aquifers consist of groundwater hosted by unconsolidated sedimentary deposits (e.g., 

sand) or consolidated rocks.  To be considered an aquifer, there must be adequate 

interconnection of the primary and/or secondary porosity such that the geologic 

materials can hold, transmit, and release groundwater in sufficient volumes for some 

purpose (e.g., a water-supply well).  There is no minimum area, thickness, or quantity 

of groundwater potentially ‘useable’ or ‘extractable’ by people that must exist before a 

mass of groundwater-bearing geologic material can be termed an aquifer.  Water-

bearing sediments or rocks may be exploited by people as a significant source of water 

in one place, thus constituting an aquifer, but the same combination of water and solid 

materials might not constitute a viable aquifer at a different place or time. 
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Aquifers can be classified by the degree of hydraulic confinement (pressurization).  The 

water table scenario described above represents an unconfined aquifer, and an 

unconfined aquifer may also be referred to as a water table aquifer.  New water 

additions to an unconfined aquifer originate directly above the aquifer at the land 

surface.  A confined aquifer is fully saturated, and it is enclosed above and below by 

materials with relatively low permeability (e.g., clay).  Groundwater in a confined aquifer 

is typically pressurized, and the degree of pressurization (hydraulic head) can be 

measured directly in a well open only to the confined aquifer.  The hydraulic head is 

measured inside the well as the elevation of the water at a position above (more shallow 

than) the top of the aquifer’s upper surface.  Laymen often refer to such aquifers as 

“artesian”, and a well tapping a confined aquifer will flow freely at the surface without 

pumping if the hydraulic head is at an elevation above the land surface.  Most wells 

tapping a confined aquifer do not flow freely at the surface, or they may flow until the 

elevation of the hydraulic head decreases to an elevation below the land surface.  These 

terms and scenarios are illustrated in Figure 2. 

 

Movement of groundwater in the subsurface can be complex, but some basic patterns 

are common.  Groundwater will flow in response to local and regional pressure 

distributions, and specifically toward areas with lower hydraulic pressure.  A common 

scenario is that groundwater migrates from areas of aquifer recharge toward areas of 

groundwater discharge.  For an unconfined aquifer, these two areas generally 

correspond to upland areas and surface water (e.g., a river), respectively.  In the case 

of simple porous materials, such as a well-sorted sand, flow occurs around the individual 

sand grains and through the interconnected pore spaces.  Flow occurs in pathways that 

are perpendicular to decreases in the local hydraulic gradient.  Contouring the 

distribution head on an equipotential map will illustrate the aquifer’s pressure 

distribution, and the associated groundwater-flow pattern can be deduced from that 

head distribution. 
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Figure 2: Confined versus Unconfined Aquifers and Artesian Wells 

 

 

Likewise, flow through fractured geologic materials will occur in direct response to 

hydraulic pressure distributions, but the actual pathways are dictated by the 

orientations, lengths, and apertures (widths) of multiple, intersecting fractures.  The 

resulting flow patterns in fractured-rock aquifers can be very complex, and flow may 

occur in directions that may appear unrelated to indicators commonly used for simple 

porous media flow (e.g., relative positions of aquifer recharge and discharge areas). 

 

Although groundwater flow in the real world is often complex, even in the case of simple 

porous media such as a sand aquifer, groundwater generally migrates along curving 

pathways that display pronounced downward or upward flow components in aquifer 

recharge areas and discharge areas, respectively.  These curved pathways are 

pronounced, and may be complex, in unconfined aquifers because they reflect local flow 

systems controlled by proximity of recharge and discharge areas. In contrast, flow 

pathways in confined aquifers are typically controlled by more regional recharge and 

discharge features, and flow internal to the confined aquifer can be simple relative to 

the same aquifer material in an unconfined aquifer. 
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To further simplify the concept of groundwater flow, one can focus on two primary 

vectors, the horizontal component of flow and the vertical component of flow.  In reality, 

groundwater flows in response to the net influence of both components, and not merely 

the horizontal component that is often assumed by examining an equipotential map.  

The velocity of groundwater flow in a particular area of interest can be described by the 

relationship between the hydraulic gradient (dh/dl), the aquifer’s porosity (n), and the 

permeability (hydraulic conductivity, or k) of the aquifer.  The velocity of the horizontal 

component of groundwater flow (Vh) can be calculated as Vh = (k/n)*(dh/dl).  For a 

well-sorted sand aquifer with 25% porosity, a k of 10 feet/day, and a hydraulic gradient 

(pressure difference) of 0.001 feet/foot, the Vh is calculated to be 0.04 feet/day, or 14.6 

feet/year.  If (only) the porosity in this example is reduced to 1%, a value typical of 

fractured rock aquifers, the Vh increases to 1 foot/day, or 365 feet/year. 

 

Three aspects of groundwater flow and calculated groundwater velocity are highlighted 

by the example provided above.  First, the values assigned to an aquifer (e.g., k) must 

be determined as carefully as possible and be representative of the aquifer across the 

area of interest.  Second, increasing or decreasing the porosity assigned to the aquifer 

will produce large variations in calculated groundwater velocity.  Finally, groundwater 

generally does not move very far during a typical American’s lifetime, roughly on the 

order of 1,000 to 3,000 feet for most aquifers.  In contrast, low-permeability materials 

enclosing a confined aquifer may have groundwater-flow velocities that are several 

orders of magnitude slower than flow in the adjacent aquifer. 

 

The natural hydraulic gradients and flow patterns within an aquifer are disrupted by 

pumping groundwater from a well, but the degree of change produced is determined by 

aquifer characteristics and the rate and duration of pumping.  Adjacent to the pumping 

well, the flow pattern is redirected toward the well, commonly in a radial pattern 

centered on the well.  With increasing distance from the pumping well, the effects of 

decreasing pressure (drawdown) dissipate, and the result is a cone-shaped area of 

depressed hydraulic head.  The diameter and vertical depth of the cone of depression 

are manifestations of the inherent physical characteristics of the aquifer and the 

pumping well.  In an unconfined aquifer, physical drainage of pore spaces occurs within 
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the cone of depression.  In a confined aquifer, the cone of depression is manifest in the 

reduction of hydraulic pressure about the well, and the aquifer remains fully saturated 

as long as the total hydraulic head remains above the top of the aquifer.  The cone of 

depression caused by pumping from a confined aquifer can be very large, thus reducing 

the quantity of water available to other users.  Multiple pumping wells will have 

coalescing cones of depression that have an additive effect that enlarges the area of the 

aquifer that experiences declining pressure.  This additive impact on water levels in wells 

is exemplified by excessive pumping of the Sparta-Memphis Sand aquifer in the 

Memphis metropolitan area that has caused water levels in northwestern Mississippi to 

decline.  This subject is addressed more fully in Section V of this expert report. 

 

 

V. Geology and Hydrogeology of the Mississippi Embayment 

 

This section of the expert report provides an introduction to the regional geologic origin 

and setting of the major basin (i.e., the Mississippi Embayment) that hosts the Sparta-

Memphis Sand in northwestern Mississippi and southwestern Tennessee.  Geologic and 

hydrogeologic aspects of the SMS are also described here and elsewhere in the report. 

 

V.1 Introduction to the Origin of the Mississippi Embayment 

 

The Mississippi Embayment is present in portions of eight states: Tennessee, Mississippi, 

Louisiana, Alabama, Illinois, Missouri, Arkansas, and Texas.  The Embayment 

encompasses three physiographic provinces (Figure 3):  the West Gulf Coastal Plain, the 

East Gulf Coastal Plain, and the Mississippi River Alluvial Plain.  The Mississippi Alluvial 

Plain and East Gulf Coastal Plain are the provinces located in Tennessee and Mississippi, 

and these areas are the focus of this report.   
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Figure 3: Physiographic Provinces of the Mississippi Embayment (Clark et al., 

2011, Figure 1) 

 

 

 

Around 300 million years ago, the Appalachian Mountains and the Ouachita Mountains 

formed a single, long mountain chain.  There was no break in the Appalachian-Ouachita 

mountain range where the Mississippi Embayment and the Mississippi River exist today.  

This mountain range was formed when different continental masses collided and formed 

a geologic ‘supercontinent’ called Pangea.  The Mississippi Embayment began forming 



 Page 13 

about 230 million years ago in the Triassic Period at the time that dinosaurs were first 

beginning to appear and when Pangea began to fracture and fragment.  The 

Appalachian-Ouachita range formed the southern margin of the North American tectonic 

plate, and the area south of the range would become the South American tectonic plate 

and the Gulf of Mexico.  The most common explanation for the Mississippi Embayment 

involves movement and interactions between these tectonic plates that caused down-

warping and fracturing (rifting) of the earth’s crust to create a deep basin that collected 

the sediments eroding from the adjacent highlands (Clark et al., 2011).  However, the 

origin of the Embayment may be more complicated than originally thought, and a 

combination of moving tectonic plates and local uplift over unusually-hot portions (hot 

spots) of the earth’s mantle may have shaped the surface (Van Arsdale and Cox, 2007).   

 

The Appalachian-Ouachita mountain range has moved slowly and (relatively) westward 

with time.  At about 95 million years ago, in the Cretaceous Period, the Mississippi 

Embayment was located over a hot spot in the earth’s mantle that today is known as the 

Bermuda hot spot.  The crust of the earth rose in elevation in response magma that 

moved upward toward the surface at the hot spot, and associated fractures and faulting 

created linear zones of weakness in the crust.  Preferential weathering of that fractured 

crust resulted in erosion and removal of much of the Appalachian-Ouachita mountain 

range in the vicinity of the hot spot.  Within a few million years, the hot spot activity had 

decreased to the extent that the crust and underlying mantle became cooler and 

contracted.  The once-elevated and eroding mountain range decreased significantly in 

elevation, thus forming a trough (basin) that accumulated both terrestrial (e.g., stream) 

and marine sedimentary deposits within the Mississippi Embayment.  

 

V.2 General Sedimentary Stratigraphy of the Mississippi Embayment 

 

Sediments accumulating in the nascent Mississippi Embayment were deposited on the 

ancient Paleozoic Era bedrock of the eroded and subsided Appalachian-Ouachita 

mountain range.  The oldest deposits known from the basin are marine sediments 

deposited in the Late Cretaceous (~95 million years ago to 65 million years ago), and 
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they are predominantly calcareous sands, chalks, marls, and clay that are grouped 

together as the McNairy-Nacatoch Formations (Grubb, 1998; Cushing et al., 1964). 

 

Cenozoic Era sediments that overly the McNairy-Nacatoch Formations were deposited in 

the Tertiary Period between 65 million years ago and approximately 3 million years ago.  

From oldest to youngest, these deposits are subdivided into the Midway, Wilcox, 

Claiborne, and the Jackson-Vicksburg groups (Grubb, 1998).  Thick sand beds 

characterize the Wilcox and Claiborne groups (Figure 4), while finer grained deposits of 

clay and silt dominate the Midway and Jackson-Vicksburg groups.  Sediments deposited 

during the Quaternary Period are less than approximately 3 million years old, and are 

predominantly sands, silts, and clays deposited by the Mississippi River (Figure 4). 

 

Figure 4: Stratigraphic Correlation of Paleocene and Younger Sedimentary 

Units and Aquifers in Northern Mississippi and Western Tennessee 

(Haugh, 2016, Table 1) 
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V.3 General Hydrogeology of the Mississippi Embayment 

 

There are three major aquifer systems in the Mississippi Embayment recognized in the 

vicinity of southwestern Tennessee and northwestern Mississippi (Figure 4): The Wilcox 

System (composed of the lower, middle, and upper Wilcox Aquifers), the Claiborne 

System (composed of the lower, middle, and upper Claiborne Aquifers), and the shallow 

alluvial aquifer system located within the Mississippi River valley.  Figure 5 shows the 

areal exposures of these aquifers at the land surface. 

 

Figure 5: Surface Distribution of Regional Aquifers and Confining Units in the 

Mississippi Embayment and Gulf Coastal Plain (Grubb, 1998, Figure 7) 
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In northwestern Mississippi and western Tennessee, most of the Lower Claiborne and 

Upper Wilcox Aquifers are confined (i.e., are ‘artesian’ aquifers).  The Lower Claiborne 

Aquifer and the Upper Wilcox Aquifer are often considered to form one aquifer, and they 

are separated by a confining layer from the overlying Middle Claiborne Aquifer. 

 

The Claiborne Group is a package of sediments deposited in the Mississippi Embayment 

approximately 40 million years ago during the middle of the Eocene Epoch of the 

Cenozoic Era.  Historically, the Middle Claiborne Aquifer was called the 500 Foot Sand to 

reflect the typical depth of the sands being targeted for water-supply wells in the 

Mississippi-Tennessee border area (Criner et al., 1964).  In Tennessee, the names 

Memphis Sand or Memphis Aquifer (Figure 4) are synonymous with the Middle Claiborne 

Aquifer.  In Mississippi, the upper part of the Middle Claiborne Aquifer is called the 

Sparta Sand (e.g., Clark et al., 2011), which is correlative with the upper part of the 

Memphis Sand (Figure 4).  The Claiborne and Wilcox Aquifer Systems are the major 

sources of public water supply in the vicinity of the City of Memphis, both north and 

south of the Mississippi-Tennessee border.  Of these, the Middle Claiborne Aquifer is the 

primary source of water used to supply municipalities and individual home owners, and 

that aquifer has experienced the most obvious impacts from extensive pumping in 

Shelby County, Tennessee.  The Middle Claiborne Aquifer in western Tennessee and 

northwestern Mississippi is inclined (dips) generally westward from where the sand 

deposits crop out to beneath the Mississippi River. 

 

The upper part of the Middle Claiborne Aquifer (i.e., the Sparta Sand) is the primary 

water-producing zone exploited by municipal well fields (Clark et al., 2011), and the 

name Sparta-Memphis Sand is employed in this expert report to refer to the Middle 

Claiborne Aquifer that is being pumped extensively in Shelby County, Tennessee.  The 

terms Middle Claiborne Aquifer or Memphis Aquifer are considered synonymous with the 

SMS for purposes of this expert report.  It is important to recognize that pumping has 

also impacted the Lower Claiborne-Upper Wilcox Aquifer, and focus on the SMS is not 

intended to discount pumping impacts on that deeper aquifer system. 
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The Mississippi River Alluvial Aquifer (aka, Surficial Aquifer) lies atop these mostly-buried 

Eocene-age aquifers, and the Surficial Aquifer is exposed at the surface within the 

Mississippi River floodplain.  This aquifer is generally unconfined, and consists of sands, 

silts, and clays deposited by the Mississippi River during the Quaternary Period (Clark et 

al., 2011).  The Surficial Aquifer is the primary groundwater source used by agriculture 

throughout much of the Mississippi Embayment. 

   

V.4 Groundwater Withdrawals and Impacts 

 

Groundwater withdrawals within the Mississippi Embayment are used primarily for public 

consumption and agriculture (Clark et al., 2011).  The largest population center in the 

Mississippi Embayment area is the City of Memphis in Shelby County, Tennessee, and 

the county has an approximate population of 900,000.  In the vicinity of the Mississippi-

Tennessee border and generally near the City of Memphis, the middle of the Claiborne 

Group is dominated by sand deposits that are identified as the Sparta-Memphis Sand.  

Memphis withdraws water primarily from the SMS (aka, Middle Claiborne Aquifer or 

Memphis Aquifer).  The SMS is a confined aquifer in the vicinity of Memphis, so 

withdrawal of up to 162 million gallons per day from more than 170 production wells 

operated by Memphis Light, Gas and Water (MLGW) has produced a large, composite 

cone of depression (an area of lower pressure) centered on MLGW’s 10 well fields. 

 

MLGW is one of the world’s largest groundwater-based water-supply systems.  

Groundwater from the Mississippi Embayment aquifers in Tennessee and Mississippi has 

been used since the late 1800’s.  Water service for Memphis began in 1870, and 

Memphis withdrew approximately 30 million gallons of water per day (mgd) from 1895 

to 1900 (Grubb, 1998).  Withdrawals increased to over 180 mgd by 2005 (Clark et al., 

2011), and the predictable result is that MLGW’s withdrawals have produced a broad, 

coalesced cone of depression centered on Shelby County (Figure 6).  The cone(s) of 

depression result in changes in the pattern of the horizontal component of groundwater 

flow within the SMS and in the underlying Lower Claiborne-Upper Wilcox Aquifer system, 

as well as inducing or accelerating vertical flow across confining units separating the 

SMS from overlying and underlying aquifers. 
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Figure 6: Cones of Depression and Groundwater Flow Paths Associated with 

Municipal Well Fields in Shelby County, Tennessee (LB&G, 2014, Figure 31) 

 

 

 

Groundwater generally flows from recharge areas toward discharge areas.  Significant 

recharge for the SMS occurs where the sand deposits are exposed (and unconfined) at 

the land surface in the eastern portion of the Mississippi Embayment in Tennessee and 

Mississippi (Figure 7), as well as vertical recharge from the overlying Surficial Aquifer.  
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The source of recharge water is predominantly rainfall in the areas where the SMS crops 

out at the surface (Grubb, 1998).  Groundwater in the SMS discharges upward to 

streams (local flow paths) and the Mississippi River (regional flow paths). 

 

Figure 7: Block Diagram Illustrating Surface Recharge and Groundwater Flow 

Paths within the Sparta-Memphis Sand Aquifer in Northern Mississippi 

(LB&G, 2014, Figure 6) 

 

 

Figure 8 is a schematic east-west cross section (side view) through the Mississippi 

Embayment that includes arrows depicting the general pattern of groundwater flow 

before development began in the late 1800s.   Some regional flow paths for water 

movement were as long as 200 miles from the recharge area to the discharge area.  

However, some local flow paths were shorter and were influenced by local topography 

and the density of streams and other surface water features in the recharge areas.  

Figure 9 illustrates the natural pre-development potentiometric (pressure) surface for 

the confined Middle Claiborne Aquifer.  Arrows show that the direction of natural 

groundwater flow in the SMS in the vicinity of Memphis was generally directed from east 

to west (Figure 9). 
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Figure 8: Schematic West-East Cross-Section of the Geology of the Mississippi 

Embayment and Generalized Pre-Development Groundwater Flow 

Patterns (modified from Figure 4 of Hart et al., 2008) 

 

 

 

The natural patterns of groundwater flow have been transformed as a result of 

extensive pumping (Arthur and Taylor, 1998; Grubb, 1998; Clark et al., 2011).  

Withdrawal of groundwater from wells has lowered the pressure in the Sparta-Memphis 

Sand, causing water in higher pressure areas to move within the SMS toward the lower 

pressure area of the pumping wells.  Individual cones of depression centered on MLGW’s 

well fields in Shelby County have coalesced to create a broad area of depressed 

hydraulic pressure within the SMS (see Figure 6).  Not only do withdrawals change the 

natural directions of the horizontal component of groundwater flow within the aquifer, 

but water can be induced to flow vertically across confining units from one aquifer to 

another.  Figure 10 presents a map by Arthur and Tayler (1998) showing the 

potentiometric surface of the Middle Claiborne Aquifer (SMS) in 1987, long after intense 

exploitation of this aquifer began.  Arrows show the direction of groundwater flow in the 

vicinity of Tennessee and Mississippi, with obvious flow being directed toward the 

municipal well fields in Shelby County, Tennessee.  
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Figure 9: Pre-Development Groundwater Equipotential Map and Flow 

Patterns in the Middle Claiborne Aquifer (modified from Plate 5 of Arthur and 

Taylor, 1998) 
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Figure 10: Post-Development Groundwater Equipotential Map and Flow 

Patterns in the Middle Claiborne Aquifer (modified from Plate 7 of Arthur and 

Taylor, 1998) 

 

 

 

Even after extensive and protracted well-field withdrawals, recharge to the aquifer 

system will still occur through the Surficial Aquifer and the aquifer outcrop areas in the 
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eastern part of the Mississippi Embayment in Tennessee and Mississippi.  However, most 

water recharging the aquifer systems has been diverted to major pumping centers in 

Shelby County, and discharge is no longer directed upward to the Mississippi River 

(regional flow paths) and to smaller streams (local flow paths) in the vicinity of the well 

fields.  For example, the USGS has reported that groundwater movement in the summer 

of 2006 was predominantly directed downward from the channels of rivers and streams 

to offset the demand from pumping in the deeper confined aquifers (Clark et al., 2011).  

This change in groundwater discharge patterns resulted in reduced stream flow because 

the base flow of the streams was being taken indirectly by pumping of the SMS aquifer.    

 

Prior to extensive development of the Middle Claiborne Aquifer in Tennessee, 

groundwater that existed in the SMS for thousands of years was primarily migrating 

westward from recharge areas in the eastern outcrop belt of the SMS (Clark et al., 

2011).  The SMS received relatively small contributions of water from the adjacent 

Surficial Aquifer and Lower Claiborne Aquifer, and a minor amount of water was also 

contributed by the Upper Wilcox Aquifer.  It has been estimated (Brahana and 

Broshears, 2001) that roughly half of the groundwater in the Sparta-Memphis Sand 

being recovered by pumping in Shelby County, Tennessee, originates as predominantly 

horizontal flow in the SMS, and the other half of the extracted water is derived from 

vertical leakage across the aquifer’s confining layers and the overlying surficial aquifer 

and underlying confined aquifers. 

 

V.4 Current Groundwater Conditions in the Sparta-Memphis Sand 

 

Voluminous and ongoing withdrawals in the vicinity of Memphis, Tennessee, have 

changed the pre-development patterns of groundwater flow within the Sparta-Memphis 

Sand in southwestern Tennessee and northwestern Mississippi.  Historically, recharge to 

the SMS occurred in eastern areas of the Mississippi Embayment where the Eocene-age 

sand deposits are exposed at the surface.  That groundwater moved generally westward 

until it ultimately discharged upward to the Mississippi River channel thousands of years 

later.  Prior to intense pumping of the SMS, groundwater flowed horizontally from east 

to west in the regional aquifer systems, essentially parallel to the Tennessee-Mississippi 
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state line.  Therefore, the flow of groundwater that had existed within Mississippi’s 

borders for thousands of years was directed from east to west across the state prior to 

development, so the recharge originating in each state remained within that state.   

 

The withdrawal of large quantities of groundwater from the SMS for many decades by 

large municipal well fields in Shelby County, Tennessee, has modified significantly the 

natural east-to-west groundwater-flow pattern, thus diverting large quantities of high-

quality groundwater from within Mississippi to Tennessee.  The Surficial Aquifer, an 

important area of groundwater discharge for the Sparta-Memphis Sand prior to intense 

withdrawals, is now a significant source of recharge water for the SMS.  Today, 

groundwater flows toward MLGW’s well fields from multiple directions, as well as 

vertically across confining units separating the SMS from adjacent aquifers.  Specifically, 

groundwater previously contained within, and moving entirely within, Mississippi now 

flows interstate toward pumping centers in Tennessee, and the rate of that flow has 

increased because intense pumping by MLGW has produced substantially steeper 

hydraulic gradients (e.g., compare Figures 9 and 10).  Groundwater that was once part 

of Mississippi’s natural resources long before it became a state has been taken, and is 

still being taken, by Tennessee for the benefit of its citizens. 

 

 

VI. Groundwater Flow Patterns in Unconfined Versus Confined Aquifers 

 

Unconfined and confined groundwater systems are fundamentally different in several 

significant ways.  The hydraulic properties of the two systems, such as hydraulic 

conductivity, transmissivity, and storage coefficient, can vary in different parts of each 

system.  Hydraulic conductivity, often referred to by non-technical individuals as 

permeability, is a measure of the ability of sediments or rocks to transmit water through 

a unit cross sectional area, under a unit hydraulic gradient, in a given amount of time, 

usually one day.  Hydrogeologists describe differences in aquifer materials by evaluating 

the directional and locational differences in hydraulic conductivity. The terms 

homogeneous, heterogeneous, isotropic, and anisotropic are used to describe variations 

in hydraulic conductivity within aquifers at different locations, and in different directions 
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at a given location.  In general, the major water-producing aquifer systems in the 

Mississippi-Tennessee border region are heterogeneous and anisotropic. 

 

Transmissivity is used to describe the flow of groundwater through aquifers, and it is 

defined as the hydraulic conductivity multiplied by the thickness of the aquifer.  

Transmissivity is a property that is commonly determined to understand and quantify 

how much water moves through, and thus can be recovered from, an aquifer. 

 

Storage coefficient is a measure of the volume of water taken into, or released from, the 

pore spaces in a unit volume of the aquifer material per foot of head change.  The 

actual value of the storage coefficient of confined and unconfined aquifers is significantly 

different, and the actual value is used by hydrogeologists to distinguish between the two 

types of aquifers.  Although aquifers are often subdivided as confined or unconfined, the 

actual degree of confinement can vary and is based on storage coefficient.   

 

VI.1 Unconfined Aquifers 

 

Groundwater flow patterns in unconfined portions of the groundwater system are 

extremely complex.  To illustrate these patterns, Figure 11 is a generalized groundwater 

illustration that depicts flow in the shallow groundwater system from a groundwater 

divide in an elevated area to the location of a stream or lake located at lower elevations.  

Groundwater flow in this system follows a circuitous path from upland areas to lowland 

areas where groundwater ultimately discharges to the surface water body.  

 

Figure 11: Unconfined Aquifers and Local Flow Systems (Modified from 

Grannemann et al., 2000) 
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Hydrogeologists have documented this pattern of circuitous groundwater flow in 

numerous unconfined aquifers by installing nested piezometers.  Piezometers are 

specially designed wells with short intake areas (screens) which can be used to measure 

the water level, and hence the pressure, in the aquifer at specific depths.  Note the 

locations and depths of the piezometers in Figure 12, and the value of pressure (head) 

illustrated with small triangles for each piezometer.  Based on these types of studies in 

numerous locations, hydrogeologists have determined that groundwater flows with a 

downward-directed component in upland areas (called recharge areas), then it flows 

horizontally before changing to flow direction that is directed upward in low-lying areas 

(called discharge areas). 

 

Figure 12: Piezometers are used to define Groundwater Recharge, Discharge, 

and Flow Patterns in Unconfined Aquifers (modified from Winter et al., 1998) 

 

 

 

There are two important points to emphasize regarding the concept of recharge and 

discharge areas.  First, groundwater flow patterns in unconfined areas cannot be 

determined unless wells are installed to different depths and the screen intervals are 

short and installed precisely.  Wells with long screens cannot be used to evaluate depth-
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specific head changes.  Wells with short screens with unknown depths cannot be used 

to evaluate groundwater flow patterns in unconfined aquifer systems 

Second, recharge areas in unconfined aquifer systems are based on downward-directed 

flow patterns and a decrease in total hydraulic head with increasing depth.  Discharge 

areas in unconfined aquifer systems are based on upward-directed flow patterns and an 

increase in total hydraulic head with increasing depth.  The boundary between recharge 

and discharge areas must be determined using nested piezometers which do not show a 

change in head with increasing depth.  It is a common misconception that recharge and 

discharge areas can be determined by casual observation of differences in the elevation 

of the land surface (i.e., topography). 

 

The unconfined groundwater system response to withdrawal of water from water-supply 

wells is complex.  Withdrawal of groundwater from wells reduces the pressure in the 

aquifer in and near the well, resulting in a ‘cone of depression’ centered on the well.  In 

unconfined aquifers, there is slow gravity drainage of water from the pore spaces in the 

aquifer above the developing cone of depression.  Two important changes result from 

this gravity drainage within the cone: (1) the thickness of the unconfined portion of the 

aquifer is reduced within the cone, and (2) the transmissivity of the unconfined aquifer 

is reduced because of the reduction in thickness of the saturated portion of the aquifer. 

 

Groundwater in the unconfined portions of most groundwater systems is often 

characterized by poor water quality relative to confined aquifer systems.  For a variety of 

reasons, wells often produce lower yields from unconfined aquifers than do wells in 

confined aquifers. This is true in many areas of northwestern Mississippi and western 

Tennessee, where most water-supply wells do not tap the unconfined portions of the 

groundwater system. 

 

VI.2 Confined Aquifers 

 

Confined aquifers, such as major portions of the Wilcox and Claiborne Aquifer Systems, 

are characterized by beds or layers of material that have the ability to yield useable 

quantities of groundwater to wells open to these layers.  In most cases, these aquifers 
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are overlain and underlain by layers of material with reduced ability to transmit useable 

quantities of groundwater water (i.e., confining layers).  Thus, hydrogeologists define 

aquifers and confining layers in terms of the relative ability of these materials to 

transmit groundwater, but non-technical individuals often assume incorrectly that 

confining beds are incapable of transmitting and producing groundwater. This ability of 

confining layers to transmit groundwater, even at significantly reduced rates relative to 

aquifers, is important because the slow movement of groundwater across confining 

layers is a significant component of the natural recharge for confined aquifer systems.  

 

By definition, the pressure in a confined aquifer, under natural conditions, is such that 

the water level in a well tapping the confined aquifer will rise above the top of the 

aquifer at the well.  In some aquifers, the water level in the well will rise above the land 

surface, and the well can be constructed in a manner that will allow the well to flow 

freely.  In other instances, the water level in the well is below the land surface, but 

above the top of the aquifer.  Hydrogeologists will often describe these as either a free 

flowing or non-free flowing well in a confined aquifer (see Figure 2). 

 

Groundwater flow in confined aquifers is often less complex than in the unconfined 

portions of the groundwater system. For example, in major portions of the confined 

groundwater system, groundwater flow is often parallel with the top and/or bottom of 

the aquifer for significant horizontal distances, equipotential lines are often near-vertical 

in orientations, and withdrawals of groundwater from wells tapping these aquifers does 

not cause a reduction in thickness of the aquifer.  Therefore, the transmissivity of 

confined aquifers is not reduced by groundwater withdrawals from wells unless the 

water level in the aquifer is lowered below the upper surface of the aquifer. 

 

Many municipalities prefer to use groundwater from confined aquifers for three reasons: 

(1) water quality in confined aquifers is generally better than in unconfined aquifers, (2) 

the transmissivity of confined aquifer is not reduced by reduction in head (unlike 

unconfined aquifers), and (3) the total available drawdown, a measure of the number of 

feet that the water level in an aquifer can be reduced without harm to the aquifer, is 

generally greater in a confined aquifer than in an unconfined aquifer. 
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VI.3 Total Available Drawdown and Specific Capacity of Wells 

 

The discussion of total available drawdown provided here refers only to the response of 

water levels in wells in confined aquifers.  Pumps installed in wells constructed in 

confined aquifers will typically have the pump intakes located above the top of the 

confined aquifer so that the pumping water level cannot be lowered below the top of the 

aquifer.  Hydrogeologists define total available drawdown as the number of feet (or 

meters) between the top of the aquifer and the water level in a non-pumping well 

tapping the aquifer (i.e., the static water level).  For example, consider a confined 

aquifer with a top of aquifer elevation of 400 feet above mean sea level (AMSL) and a 

static water level of 600 feet AMSL.  The aquifer has 200 feet of total available 

drawdown.  That aquifer parameter can be used, in conjunction with the measurement 

called specific capacity of a well, to determine a theoretical maximum yield of a well. 

 

Specific capacity is a term used extensively in the water-supply industry to evaluate the 

yield potential of a water-supply well.  Specific capacity is the withdrawal rate of a well 

(measured in gallons per minute), divided by the amount of water level change (total 

drawdown) which occurs during a specific period of withdrawal.  A common period for 

reporting specific capacity is 24 hours of pumping, but there is no fixed time 

requirement for reporting specific capacity.  

 

The specific capacity of a well pumped at 1,000 gallons per minute (gpm) for 24 hours 

with 40 feet of drawdown is reported as (25 gpm/foot of drawdown)24 hours.  Specific 

capacity is an important aspect of water-supply well hydraulics because it can be 

combined with total available drawdown to calculate a well’s (theoretical) maximum 

yield.  For example, the confined aquifer well described previously with 200 feet of total 

available drawdown and a 24-hour specific capacity of 25 gpm/foot of drawdown can 

(theoretically) produce 5,000 gpm. 

 

Reductions in total available drawdown will reduce the theoretical maximum yield of a 

well.  A variety of factors can reduce the total available drawdown, including regional 

decline in water levels due to changes in precipitation or recharge rates, and the impacts 
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of other pumping wells in the area.  In the example well described above, every foot of 

reduction of the total available drawdown results in a corresponding loss of 25 gpm.  If 

100 feet of total available drawdown is lost due to impacts from nearby pumping wells, 

then 2,500 gpm are no longer available to be pumped from the impacted well. 

 

The example provided here is modeled on an evaluation of municipal wells in the 

northern part of Mississippi that tap the Claiborne Aquifer.  The City of Southaven water-

supply well No. 2 (also called the Airways Well) had a reported specific capacity of 

approximately 20 gpm/foot of drawdown when it was completed in 2002 (LGS, 2002).  

For every foot of reduction in the total available drawdown caused by external factors, 

such as withdrawals from other wells operating in the area, the theoretical maximum 

yield of the Airways Well decreases by 20 gpm.   

 

VI.4 Size of the Cone of Depression Surrounding a Confined Aquifer Well 

 

The shape of the cone of depression associated with a pumping well in a confined 

aquifer has two important aspects.  First, the depth of the cone adjacent to the well is 

controlled by the hydraulic properties of the aquifer, the pumping rate, and the pumping 

period.  The theoretical lateral limit of the cone of depression is independent of the 

pumping rate, and is instead a function of the hydraulic properties of the aquifer and the 

amount of pumping time.  The theoretical limit of the cone of depression of the City of 

Southaven’s well was calculated to be 90,000 feet, or approximately 17 miles (LGS, 

2002).  While this number may seem large to the casual observer, it should be 

remembered that this is the distance from the water-supply well beyond which there is 

theoretically zero water-level impact.  The more important calculation for the Southaven 

well is, that at a distance of 27,000 feet (~5.1 miles) from the production well, the 

amount of water-level reduction in the cone of depression is 9.5 feet if the well is 

pumped at a rate of 1,500 gpm (LGS, 2002).  Another production well at that location 

27,000 feet away from the Southaven well would suffer a loss of theoretical maximum 

yield of 190 gpm (9.5 feet of loss in head X 20 gpm/foot = 190 gpm).  Hydrogeologists 

commonly produce these types of well-interference calculations to determine the 

impacts on an aquifer system caused by one or more production wells.  The important 
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point here is that wells constructed and operated within the cones of depression of other 

production wells have significant cumulative impacts on the groundwater system, the 

most important of which is the ultimate reduction in the theoretical maximum yield of a 

well at any specific location.  Calculations of the impacts of one pumping well at 

approximately 1,500 gpm on the water-levels should be considered in light of the large-

scale impacts resulting from 175 wells pumping 180 million gallons per day along the 

Mississippi-Tennessee border. 

 

VI.5 Opinions on Availability of Groundwater in the SMS Under Natural 

Conditions and Territorial Considerations 

 

Aquifers are geological formations composed of naturally-occurring materials (e.g., sand, 

silt, limestone, etc.) that are capable of transmitting useable quantities of groundwater.  

Aquifers are essentially just conduits through which groundwater flows as a natural 

resource under natural conditions.  A sand or rock layer with no groundwater moving 

into and through its pore spaces is not an aquifer any more than a dry river bed is a 

river. However, when water is added to either system under natural conditions, the 

forces of nature determine the ultimate availability of the water in both systems. The 

determination of the source and natural availability of surface water and groundwater 

within a specific state or territory under natural conditions requires entirely different 

analyses.   

 

Fresh water is one of our most important natural resources, and its availability has 

become a major concern in many parts of the United States and elsewhere. Claims to 

surface water have historically been recognized based on the location and flow path of 

the water under natural conditions. Figure 13 illustrates this point with two rivers in 

Florida.  The St. Johns River originates in, and resides entirely within, the State of 

Florida, and it ultimately discharges to the Atlantic Ocean. The Suwannee River 

originates in Georgia, travels through Florida, and discharges to the Gulf of Mexico. The 

river water in the first example is a natural resource of Florida, while the water in the 

second river is a natural resource shared by both states, a well-established concept 
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based on the locations of the respective watersheds (drainage basins) from which the 

water is derived and the flow paths of the rivers. 

 

Figure 13: Drainage Basin and Channel location of an Intrastate River (left) 

and an Interstate River (right) in Florida (modified from Wikipedia) 

 

 

 

The natural territorial accumulation and flow of surface water along the lowest path 

created by geological processes is visible to the entire world. While it is not as visible, 

thus making it inherently more complicated, the natural territorial accumulation and flow 

of groundwater within a confined aquifer is also determined by geological forces and 

identifiable by application of the concepts described in this expert report.  Using my 

analysis of the Sparta-Memphis Sand Aquifer, I present two hypothetical cases to 

illustrate how the groundwater within a confined aquifer may or may not be a shared 

natural resource like the two rivers in Florida illustrated above, and I draw a distinction 

between Intrastate and Interstate groundwater. 

 

 Case 1.  Figure 14 is a map of a regionally extensive aquifer, and two states 

sharing an east-west border lie entirely within the extent of the aquifer. Because 

of the regional geology, the natural groundwater flow within the aquifer is 

directed from north to south, and the groundwater flow lines clearly cross the 

east-west border between the two states. In this case, the groundwater 



 Page 33 

accumulates within, and flows through, both states under natural conditions, 

thus the groundwater is a shared natural resource under natural conditions 

analogous to an interstate river. 

 

 

 

 Case 2.  Figure 15 is a map of a regionally extensive aquifer, and two states 

sharing an east-west border lie entirely within the extent of the aquifer. In this 

case, a river running southward bisects both states. Because of the geologic 

conditions, the natural groundwater flow within this aquifer is directed toward 

the river from both the east and the west.  In this case, the groundwater 

accumulation and flow is confined to each state, as shown by flow lines parallel 

to the boundary separating the two states.  In this example, the groundwater 

accumulates and flows (for millennia) through one state under natural conditions 

to its discharge area located within that state.  Therefore, the groundwater is 

that state’s natural resource under natural conditions, and the groundwater is 

analogous to the water in an intrastate river. 
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Although these hypothetical examples are simple, they are applicable to this litigation.  

The fundamental question in the specific case of groundwater flow in the northern part 

of the Mississippian Embayment, and specifically in the Wilcox and Claiborne Aquifer 

Systems, is: What is the nature of groundwater flow within an aquifer system that is 

laterally extensive, and what did a groundwater flow net (flow lines and equipotential 

contours) look like during the pre-development time frame?  The only viable way to 

answer this question is to carefully examine the flow patterns in the confined portions of 

these aquifer systems prior to any significant development of the groundwater system 

(i.e., the construction and operation of groundwater production well fields). 

 

Several researchers have produced analyses of the pre-development flow patterns for 

the Wilcox and/or Claiborne Aquifer Systems for the border region of northwestern 

Mississippi and southwestern Tennessee, including (1) numerous studies by the United 

States Geological Survey and (2) investigations by private and academic scientists and 

engineers.  Examples for each group of researchers are described below. 

 

Studies by the United States Geological Survey include the work by Cushing et al. 

(1964), which provides a good summary of stratigraphy of the Mississippi Embayment.  
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The Cushing et al. report does not include a groundwater flow net, but it does provide 

important information regarding the orientation and thickness of major Eocene-age 

deposits within the Mississippi Embayment.  Other hydrogeological reports by the USGS 

include Criner and Parks (1976), Arthur and Taylor (1998), Clark et al. (2011), and Hart 

et al. (2016).  Figure 9 shows the Arthur and Taylor (1998) interpretation of the pre-

development equipotential surface for the Middle Claiborne Aquifer, to which I have two 

representative groundwater-flow lines, one in northwestern Mississippi and another in 

southwestern Tennessee.  Both flow lines indicate that groundwater within each state 

flows generally westward and away from recharge areas where the Middle Claiborne’s 

sediments crop out.  In the case of both states, that groundwater originates in, resides 

in, travels in, and ultimately discharges from the aquifer system within each state.  

Figure 10 illustrates the change in hydraulic gradients and flow patterns resulting from 

extensive pumping in Shelby County, Tennessee. 

 

Notable reports by private and academic scientists and engineers that address the pre-

pumping conditions in the Claiborne Aquifer System for the Memphis area include 

Legette, Brashears, and Graham (2014) and Waldron and Larson (2015).  In the next 

two sections of this expert report, I highlight the pre-development equipotential map 

produced by Legette, Brashears, and Graham, and I provide my opinions about Waldron 

and Larson’s analysis. 

 

VI.6 The Legette, Brashears, and Graham (2014) Pre-Development 

Equipotential Map 

 

In 2014, Legette, Brashears, and Graham, Inc. (LBG) produced a MODFLOW-based 

groundwater-flow model for the principal aquifers in the Mississippi-Tennessee border 

region, specifically in the area that includes the large wellfields operated by the City of 

Memphis in Shelby County, Tennessee.  LBG’s pre-development and post-development 

equipotential surfaces for the SMS aquifer are shown in Figures 16 and 17, respectively.  

Figure 17 clearly illustrates the natural groundwater accumulation and flow in both 

Mississippi and Tennessee prior to intense pumping in the vicinity of Memphis.  The 

groundwater flow lines indicate that almost all groundwater in northern Mississippi 
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originated in Mississippi, flowed within the aquifer in Mississippi, and discharged upward 

to overlying aquifers and (ultimately) to the Mississippi River within the state of 

Mississippi.  Figure 18 demonstrates that the predominantly eastward flow of 

Mississippi’s groundwater has been converted to a northward-directed flow by intense 

pumping in Shelby County, Tennessee. 

 

Figure 17: Legette, Brashears, and Graham, Inc. (2014) Pre-Development 

Equipotential Map for the Sparta-Memphis Sand Aquifer (modified to highlight 

groundwater-flow paths) 
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Figure 18: Legette, Brashears, and Graham, Inc. (2014) Post-Development 

Equipotential Map for the Sparta-Memphis Sand Aquifer (modified to 

highlight groundwater-flow paths)  
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VI.7 The Waldron and Larson (2015) Report 

 

The Waldron and Larsen (2015) report was evaluated in connection with preparation of 

this expert report.  After careful study of the report and their data sources, I did not rely 

upon the study by Waldron and Larson (2015) because it relies on inaccurate and 

unreliable data, it does not follow established hydrogeological methodology, and it 

contains unsupportable conclusions.  In my opinion, the Waldron and Larson (2015) 

report is an unreliable source of information for scientific hydrogeological analysis of, 

and expert opinion regarding, issues concerning groundwater resources in the 

Mississippi-Tennessee border area.  I reserve the right to offer a response or rebuttal to 

any opinions that may be provided by Waldron and Larson regarding their work.  
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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The RASA Program represents a systematic effort to study a number of 
the Nation's most important aquifer systems, which, in aggregate, underlie 
much of the country and which represent an important component of the 
Nation's total water supply. In general, the boundaries of these studies are 
identified by the hydrologic extent of each system and, accordingly, tran 
scend the political subdivisions to which investigations have often arbi 
trarily been limited in the past. The broad objective for each study is to 
assemble geologic, hydrologic, and geochemical information, to analyze and 
develop an understanding of the system, and to develop predictive capabili 
ties that will contribute to the effective management of the system. The use 
of computer simulation is an important element of the RASA studies to 
develop an understanding of the natural, undisturbed hydrologic system 
and the changes brought about in it by human activities and to provide a 
means of predicting the regional effects of future pumping or other stresses. 

The final interpretive results of the RASA Program are presented in a 
series of U.S. Geological Survey Professional Papers that describe the 
geology, hydrology, and geochemistry of each regional aquifer system. Each 
study within the RASA Program is assigned a single Professional Paper 
number beginning with Professional Paper 1400.

I

Thomas J. Casadevall 
Acting Director
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929,0

To obtain

Meter (m)
Meter per day (m/d)
Meter per kilometer (m/km)
Pounds per square inch (lb/in.2 )
Millimeter (mm)
Millimeter per year (mm/yr)
Kilometer (km)
Cubic meter per second (m3/s)
Square kilometer (km2)
Centimeter squared per day (cm2/d)

Temperature in degrees Celsius (°C) can be convened to degrees Fahrenheit (°F) as follows: °F= (1.8 x°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.
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GROUND-WATER FLOW ANALYSIS OF THE MISSISSIPPI 
EMBAYMENT AQUIFER SYSTEM, SOUTH-CENTRAL

UNITED STATES

ByJ. KERRY ARTHUR and RICHARD E. TAYLOR

ABSTRACT

The Mississippi embayment aquifer system is composed of six regional 
aquifers covering about 160,000 square miles in parts of Alabama, Arkansas, 
Illinois, Kentucky, Louisiana, Mississippi, Missouri, and Tennessee. The 
flow analysis presented in this report as part of the Gulf Coast Regional 
Aquifer-System Analysis study pertains to five aquifers in sediments of the 
Wilcox and Claiborne Groups of Tertiary age. In descending order, the aqui 
fers are (1) the upper Claiborne, (2) the middle Claiborne, (3) the lower 
Claiborne-upper Wilcox, (4) the middle Wilcox, and (5) the lower Wilcox. 
The flow analysis of the sixth aquifer in the aquifer system, the Mississippi 
River Valley alluvial aquifer in sediments of Holocene and Pleistocene age, 
is presented in chapter D of this Professional Paper.

In 1886, before ground-water development began, potentiometric surfaces 
of the Mississippi embayment aquifers sloped from the outcrop areas on the 
eastern and western sides of the embayment toward the embayment axis in 
the central and northern parts of the embayment and southward toward the 
Gulf of Mexico in the southern part of the embayment. The Sabine uplift in 
northwestern Louisiana interrupted this pattern, and water surfaces in the 
area of the uplift sloped away from the uplift flanks. In the Mississippi 
Alluvial Plain in northeastern Louisiana, predevelopment water levels in the 
upper Claiborne aquifer were 60 to 80 feet lower than water levels in adja 
cent areas in the upper Claiborne aquifer and the underlying middle Clai 
borne aquifer, indicating an area of upward flow and predevelopment system 
discharge.

Simulations indicate that the greatest amount of aquifer recharge under 
predevelopment conditions was to the middle Claiborne aquifer in northern 
Mississippi and southern Tennessee where recharge rates exceeded 1 inch per 
year. The greatest aquifer discharge under predevelopment conditions was to 
the Mississippi River Valley alluvial aquifer east of Crowleys Ridge and west 
of the Memphis, Tennessee, area where water moved upward from the sub- 
cropping Claiborne and Wilcox aquifers into the alluvial aquifer at a rate of 
0.6 inch per year. Large aquifer transmissivity, high heads in outcrop areas, 
and short flow paths from recharge to discharge areas were factors contribut-. 
ing to the high rates of recharge and discharge in the northern area of the 
embayment. Total predevelopment discharge to the Mississippi River Valley 
alluvial aquifer was about 34 million cubic feet per day (254 million gallons 
per day). The northern area of the embayment (north of the 35th parallel) 
had the greatest predevelopment discharge to the alluvial aquifer, about 21 
million cubic feet per day (157 million gallons per day). The northern area 
had the greatest predevelopment vertical flow between aquifers; about 11.5 
million cubic feet per day (86.0 million gallons per day) flowed upward into

the upper Claiborne aquifer from the middle Claiborne aquifer. Predevelop 
ment horizontal flow in the aquifers generally was southward and westward. 
Total predevelopment horizontal flow southward across the 35th parallel 
from the northern area was about 0.9 million cubic feet per day (6.7 million 
gallons per day). Total predevelopment horizontal flow westward across the 
axis of the embayment south of the 35th parallel was about 2.6 million cubic 
feet per day (19.4 million gallons per day). Most of the southward predevel 
opment horizontal flow was in the middle Claiborne aquifer, about 0.5 mil 
lion cubic feet per day (3.74 million gallons per day). Most of the westward 
predevelopment horizontal flow was in the upper Claiborne aquifer, about 1.4 
million cubic feet per day (10.5 million gallons per day).

Significant ground-water development of the Mississippi embayment aqui 
fer system began in 1886 at Memphis, Tennessee, with pumpage from the 
middle Claiborne aquifer. During 1985 total pumpage from the five aquifers 
was about 102.2 million cubic feet per day (764.5 million gallons per day), a 
decrease of 5 percent from 1980 totals. The greatest pumpage during 1985 
was from the middle Claiborne aquifer; about 74.3 million cubic feet per day 
(556 million gallons per day) was withdrawn. The Memphis, Tennessee, area 
had the largest ground-water usage during 1985; about 25.5 million cubic feet 
per day (191 million gallons per day) was pumped from the middle Claiborne 
aquifer. The least used aquifer in the Mississippi embayment aquifer system 
is the middle Wilcox; total pumpage during 1985 was about 3.3 million cubic 
feet per day (24.7 million gallons per day).

Flow analysis simulation indicates that 1987 water levels in the middle 
Claiborne aquifer were 125 feet below predevelopment levels in the Memphis, 
Tennessee, area. Water-level declines in the middle Claiborne aquifer of more 
than 200 feet below predevelopment levels have resulted from heavy pumpage 
in the Pine Bluff-Stuttgart and El Dorado areas in Arkansas and in the Monroe 
area in Louisiana.

Recharge to the middle Claiborne aquifer in outcrop areas east and south 
east of Memphis under 1987 conditions was more than 1.5 inches per year. In 
the northern area of the embayment, total recharge to the middle Claiborne 
aquifer was about 40 million cubic feet per day (299 million gallons per day) 
during 1987, an increase of about 67 percent over predevelopment rates. Total 
aquifer-system discharge to the Mississippi River Valley alluvial aquifer was 
about 1.8 million cubic feet per day (13.5 million gallons per day) by 1987, a 
decrease of about 95 percent from predevelopment rates. In the northern area, 
net vertical flow between the upper Claiborne and middle Claiborne aquifers 
was upward prior to development but changed to downward flow of about 9.2 
million cubic feet per day (68.8 million gallons per day) into the heavily 
pumped middle Claiborne aquifer during 1987.

II
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Ground-water development in the Memphis area changed the direction of 
net horizontal flow east of the Mississippi River near the 35th parallel from 
southward before development to a northward flow of about 0.6 million cubic 
feet per day (4.49 million gallons per day) during 1987. Heavy pumpage 
from the middle Claiborne aquifer in the Pine Bluff-Stuttgart area in Arkan 
sas increased the net southward horizontal flow on the west side of the Mis 
sissippi River to about 2.4 million cubic feet per day (17.2 million gallons per 
day) during 1987.

Comparison of the predevelopment and 1987 ground-water flow budgets 
indicates that the current (1985) pumpage from the five regional aquifers is 
supplied mostly by (1) increased recharge in the outcrop areas of the upper 
and middle Claiborne aquifers and (2) reduction of discharge from those two 
aquifers to the Mississippi River alluvial aquifer. Loss of ground water from 
aquifer storage is very small.

On a regional scale the five aquifers in the Mississippi embayment aquifer 
system have potential for future ground-water development; the middle Clai 
borne aquifer has the greatest potential for providing large point sources of 
water. Simulation results indicate that, by the year 2000, an increase in total 
pumpage from the aquifer system of 20 percent relative to 1985 rates will 
produce significant declines in water levels. Declines of about 25 feet below 
1987 levels are indicated at the end of the 13-year period in the middle 
Claiborne aquifer in the Memphis, Tennessee, area and about 30 feet in the 
middle Claiborne aquifer in the El Dorado, Arkansas, and Monroe, Louisiana, 
areas. In the Jackson, Mississippi, and Pine Bluff-Stuttgart, Arkansas, areas, 
simulation results indicate that water levels in this aquifer will be about 20 
feet below 1987 levels after 13 years.

Simulated point increases in pumpage of 5.35 million cubic feet per day 
(40 million gallons per day) added to the 1985 pumpage from the middle 
Claiborne aquifer at Marianna, Arkansas, south of the lower Claiborne confin 
ing unit facies change, would lower water levels in the aquifer at Marianna 
about 90 feet below 1987 levels by the year 2000. If the simulated increases 
in pumpage were at Wynne, Arkansas, north of the lower Claiborne confining 
unit facies change, water levels in the aquifer would be lowered about 30 feet 
below 1987 levels after 13 years.

INTRODUCTION

BACKGROUND

i 
The Gulf Coast Regional Aquifer-System Analysis project

is part of the U.S. Geological Survey's Regional Aquifer- 
System Analysis (RASA) program that began in 1978 to 
study the regional aquifers that provide a significant part of 
the country's freshwater supply (fig. 1). A brief overview of 
each RASA project is provided by Ren Jen Sun (1986). The 
Gulf Coast RASA project, which began in November 1980, 
is a study of regional aquifers that underlie about 230,000 
mi2 (square miles) in all or parts of Alabama, Arkansas, Flor 
ida, Illinois, Kentucky, Louisiana, Mississippi, Missouri, 
Tennessee, and Texas. The objectives of the project are to 
define the geohydrologic framework in which the regional 
aquifers exist, to describe the chemical and physical charac 
teristics of the ground water, and to analyze the flow patterns 
within the regional ground-water system.

Three regional aquifer systems are delineated in the Gulf 
Coast RASA study area: the Mississippi embayment aquifer 
system, the Texas coastal uplands aquifer system, and the 
coastal lowlands aquifer system (Grubb, 1984). The three 
systems were delineated on the basis of differences in 
geologic framework, regional ground-water flow patterns, 
and distribution of fine-grained sediments. Five subprojects 
were conducted to study in detail different parts of these 
aquifer systems. Two of the subprojects focused on the 
Texas coastal uplands aquifer system and the coastal low 
lands aquifer system, and two subprojects focused on two 
regional aquifers, the Mississippi River Valley alluvial aqui 
fer and the McNairy-Nacatoch aquifer. This report discusses 
five regional aquifers in the Mississippi embayment aquifer 
system.

The Mississippi River Valley alluvial aquifer is the upper 
most aquifer of the Mississippi embayment. aquifer system 
throughout 33,000 mi2 in the central part of the Gulf Coast 
RASA study area (fig. 2). The alluvial aquifer was selected 
for detailed study because it provides large quantities of 
water for agriculture, it has been partially dewatered locally, 
and it has a substantial hydraulic connection with the numer 
ous streams that cross the Mississippi Alluvial Plain. Acker- 
man (1989, 1996) described the Mississippi River Valley 
alluvial aquifer and presented an analysis of regional ground- 
water flow in the aquifer.

The Texas coastal uplands aquifer system has been 
described by Ryder (1988; Ryder and Ardis, in press) and is 
laterally equivalent to the Mississippi embayment aquifer 
system. Both aquifer systems decrease in thickness in the 
vicinity of the Texas-Louisiana State line.

The Mississippi embayment aquifer system is separated 
from the coastal lowlands aquifer system by the Vicksburg- 
Jackson confining unit, which crops out in a narrow band 
across central Louisiana and central Mississippi. The confin 
ing unit overlies the Mississippi embayment aquifer system 
downdip of its outcrop area. Martin and Whiteman (1989; in 
press) described the coastal lowlands aquifer system, except 
that part in Texas, and presented an analysis of regional
ground-water flow.

The McNairy-Nacatoch aquifer underlies the Mississippi 
embayment aquifer system in an area of about 27,000 mi2 in 
the northern part of the Mississippi embayment and was cho 
sen for study to investigate flow between aquifers studied in 
the central midwest RASA and the Mississippi embayment 
aquifer system (fig. 1). Brahana and Mesko (1988) 
described the McNairy-Nacatoch aquifer and reported that 
throughout most of its areal extent it is hydraulically inde 
pendent of the Mississippi embayment aquifer system.
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HAWAII

CARIBBEAN ISLANDS

EXPLANATION

REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM Numbering system 
for identification purposes only, not intended to imply priority

1 Northern Great Plains
2 High Plains
3 Central Valley, California
4 Northern Midwest
5 Southwest alluvial basins
6 Floridan aquifer system
7 Northern Atlantic Coastal Plain
8 Southeastern Coastal Plain
9 Snake River Plain

10 Central Midwest
11 Gulf Coastal Plain
12 Great Basin
13 Northeast glacial aquifers
14 Upper Colorado River Basin

15 Oahu Island, Hawaii
16 Caribbean Islands
17 Columbia Plateau Basalt
18 Michigan Basin
19 San Juan Basin
20 Edwards-Trinity aquifer system
21 Ohio-Indiana carbonates 

	and glacial deposits
22 Appalachian Valleys and Piedmont
23 Puget-Willamette Lowland
24 Southern California basins
25 Northern Rocky Mountains 

	Intermontane basins

FIGURE 1. Location of Regional Aquifer-System Analysis studies. Modified from Sun and Weeks (1991).
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PURPOSE AND SCOPE

The purpose of this report is to present the results of a 
detailed analysis of the ground-water flow system of five 
regional aquifers in sediments of the Wilcox and Claiborne 
Groups. These aquifers make up most of the Mississippi 
embayment aquifer system as defined by Grubb (1984). A 
sixth aquifer (the Mississippi River Valley alluvial aquifer), a 
surficial aquifer in part of the Mississippi embayment aquifer 
system, was not analyzed in detail as part of this report 
because it is the subject of a detailed study by Ackerman 
(1989, 1996). The McNairy-Nacatoch aquifer, composed of 
sands of Cretaceous age underlying the Wilcox Group, was 
included in the Mississippi embayment aquifer system by 
Grubb (1984), but work by Brahana and Mesko (1988) indi 
cates that only a small quantity of water flows between the 
McNairy-Nacatoch aquifer and the overlying Mississippi 
embayment aquifer system. Therefore, the McNairy-Naca 
toch aquifer has been excluded from the Mississippi embay 
ment aquifer system (Grubb, 1987).

Flow simulation results for predevelopment conditions and 
for conditions representing current and potential aquifer 
development are included in this report. Some of the aqui 
fers extend as far south as the Gulf of Mexico and contain 
water having dissolved-solids concentrations greater than 
30,000 mg/L (milligrams per liter); however, this study was 
limited to that part of the flow system containing water that 
has dissolved-solids concentrations of 10,000 mg/L or less.

APPROACH

The procedure used in this study was to analyze hydro- 
logic information assembled in the initial phase of the study 
and to present the analysis of the ground-water flow sys 
tem. Results from a multilayered, digital, finite-difference, 
ground-water flow model representing hydrogeologic condi 
tions in the study area were extensively used to aid in 
understanding the flow system. A preliminary report of 
ground-water flow in the Mississippi embayment aquifer 
system (Arthur and Taylor, 1990) describes the hydrogeo 
logic framework and the conceptual model of the flow sys 
tem and documents the digital ground-water flow model.

Previous modeling efforts in the study area mostly repre 
sent only limited areal coverage of a particular aquifer and 
do not consider the regional interaction between the stud 
ied aquifer and related aquifers and aquifer systems. Reed 
(1972) considered the entire areal extent of the Sparta Sand, 
a water-bearing unit in the Mississippi embayment aquifer 
system, in a ground-water model flow analysis; however, 
he simulated only the aquifer under study, and no regional 
flow analysis of the entire Mississippi embayment aquifer 
system was presented.

The areal extent of the Mississippi embayment aquifer 
system and its relation to other aquifer systems and to the

entire Gulf Coast RASA study area are shown in figure 2. A 
five-layered, 100-row by 88-column digital flow model 
(McDonald and Harbaugh, 1984) with a grid spacing of 5 
miles was used to simulate ground-water flow in the five 
regional aquifers in the Mississippi embayment aquifer sys 
tem (pi. 1). The model simulates the distribution of head 
and the components of the flow budget (inflow, outflow, and 
change in storage) based on estimated pumping conditions 
for the period 1886-1987. Comparisons were made between 
pumping and predevelopment conditions. Aquifer response 
to a projected 20 percent increase in pumpage for a period of 
13 years also was simulated to evaluate the potential for con 
tinued ground-water development. An additional 40 million 
gallons per day (Mgal/d) pumpage was simulated at two 
locations, Marianna, and Wynne, Ark., to illustrate differ 
ences in aquifer system response resulting from different 
hydrogeologic conditions. A complete discussion of the con 
ceptual model of the flow system, the hydrogeologic frame 
work, the input data for the model, and the preliminary 
calibration procedure for a model of steady-state flow for 
predevelopment and 1980 conditions were presented previ 
ously (Arthur and Taylor, 1990). A short description of how 
the aquifer properties and model boundaries were simulated 
is provided below, and the reader is referred to Arthur and 
Taylor (1990) for detailed discussion of these topics.

Transmissivity was calculated by multiplying the aquifer 
sand-bed thickness times a uniform value of hydraulic con 
ductivity within each of the three areas. The hydraulic con 
ductivity ranged from 5 to 80 feet per day (ft/d) and area 
values were slightly modified near area boundaries to 
avoid abrupt changes at the boundaries: Sand-bed thick 
ness was multiplied by a uniform value of specific storage 
(lxlO~6) to obtain storage coefficients for each aquifer.

Vertical flow from the overlying coastal lowlands aquifer 
system was controlled by the thickness of the Vicksburg- 
Jackson confining unit (100-3,000 ft) and a model-derived 
vertical hydraulic conductivity of IxlO"5 ft/d. Flow between 
the individual aquifers of the Mississippi embayment aquifer 
system where they are overlain by the Mississippi River Val 
ley alluvial aquifer was controlled by the vertical hydraulic 
conductivities and thicknesses of the respective units. 
Model-derived vertical hydraulic conductivities of the aqui 
fers of the Mississippi embayment aquifer system range from 
0.0001 to 0.00001 ft/d (Arthur and Taylor, 1990). Flow 
through the underlying basal Midway confining unit is mini 
mal (Brahana and Mesko, 1988) and was assumed to be zero 
for this analysis. No flow was assumed along the western 
and eastern boundaries. Recharge in the aquifer outcrop 
areas was simulated as a near-constant-head source-sink con 
trolled by the water-table altitude.

Hydraulic heads from simulations of flow in the overlying 
Mississippi River Valley alluvial aquifer and the coastal low 
lands aquifer system were used to calculate gradients relative
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100°

EXPLANATION

Area included in subregional ground-water 
flow models

Mississippi River Valley alluvial aquifer 

Mississippi embayment aquifer system

Coastal lowlands aquifer system of 
Alabama, Florida, Louisiana, and 
Mississippi

Coastal lowlands aquifer system of 
Texas

Texas coastal uplands aquifer system

Aquifers in sediments of Late Cretaceous 
age (McNairy-Nacatoch aquifer)

Boundary of study area

0 100 200 KILOMETERS 

FIGURE 2. Areal extent of subproject models in the Gulf Coast Regional Aquifer-System Analysis (RASA) study. Modified from Ryder (1988).

to the Mississippi embayment aquifer system for each 
pumping period.

PHYSIOGRAPHY, CLIMATE, AND 
DRAINAGE

The Mississippi embayment aquifer-system study area 
includes about 160,000 mi2 in parts of Alabama, Arkansas, 
Illinois, Kentucky, Louisiana, Mississippi, Missouri, and

Tennessee (fig. 3). The area extends from the confluence of 
the Mississippi and Ohio Rivers southward to the Gulf of 
Mexico and from the Sabihe River at the Louisiana-Texas 
State line eastward to the Mobile River in southwestern Ala 
bama. The area is approximately bisected by the Mississippi 
River.

The study area is in the Gulf Coastal Plain physiographic 
province; a large part of it (about 35 percent) is in the Mis 
sissippi Alluvial Plain, the most extensive physiographic sec 
tion in the region (pi. 1). The alluvial plain is flat to slightly
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EXPLANATION

^ Location of wells for which 
there are measured and 
simulated water levels

O Population center

VI O 
Q v Blytheville ^ Ripley

 sV Jonesboro , ^at BOUNDARY OF 
STUDY AREA
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FIGURE 3 (facing page). Location of Mississippi embayment aquifer-sys 
tem study area, selected population centers, and wells for which there 
are measured and simulated water levels.

undulating and has an average gulfward slope of about 0.5 ft/ 
mi. In the northern and southern thirds of the alluvial plain, 
the Mississippi River meanders along the eastern edge of the 
plain, whereas in the middle third the river lies approxi 
mately in the center of the plain. The width of the alluvial 
plain varies from about 40 to about 110 miles and is widest 
in the middle third of the study area.

A major topographic feature in the alluvial plain is Crow- 
leys Ridge, a narrow segmented ridge about 200 miles long 
extending northward from the Mississippi River in extreme 
east-central Arkansas into southeastern Missouri. The ridge, 
an erosional remnant underlain by rocks ranging in age from 
Paleozoic to late Tertiary, is as much as 250 feet higher than 
the surrounding alluvial plain.

The Loess Hills form the eastern physiographic boundary 
of the alluvial plain and extend the length of the study area. 
The windblown material forming the Loess Hills belt rises 
several hundred feet above the plain and averages about 15 
miles wide. The western boundary of the alluvial plain is 
the uplands of the Interior Highlands physiographic province.

In the extreme southern part of the study area (southern 
Louisiana, Mississippi, and southwestern Alabama), the ter 
rain slopes gently gulfward and becomes almost flat. The 
topography of the northern three-fourths of the area outside 
of the alluvial plain is typical of the Gulf Coastal Plain 
uplands and is characterized by gently rolling terrain. The 
study area is trough shaped and generally aligned north- 
south with the Mississippi River and its alluvial plain at the 
axis of the trough. The highest land-surface altitudes in the 
study area are on the eastern and western flanks of the 
trough; the eastern side has substantially higher altitudes 
than the western side. Altitudes exceed 500 feet on the east 
ern side but generally are less than 350 feet on the western 
side.

The climate of the entire study area is humid subtropical. 
Precipitation usually is abundant and well distributed 
throughout the area. The average annual precipitation ranges 
from about 48 inches in the northern part of the study area to 
about 68 inches in the southeastern part (pi. 1). On a sea 
sonal basis, precipitation maximums are during winter or 
spring in the northern sections and during summer in the 
southern section.

The Mississippi River is the major drainage outlet in the 
study area and extends from its confluence with the Ohio 
River southward to its mouth at the Gulf of Mexico. Drain 
age from about one-third of the study area flows into the 
Mississippi River from major tributaries such as the St. Fran 
cis River in Arkansas and Missouri, the White and Arkansas 
Rivers in Arkansas, and the Yazoo and Big Black Rivers in 
Mississippi. The remainder of the area is drained by rivers 
and streams in southern Louisiana, southern Mississippi, and

southwestern Alabama directly into the Gulf of Mexico. The 
major rivers with direct drainage to the Gulf are the Mobile 
River in Alabama, the Calcasieu, Atchafalaya, Amite, and 
Mermentau Rivers in Louisiana, and the Pearl and Pasca- 
goula Rivers in Mississippi (fig. 4). Average annual runoff 
in the area ranges from about 12 inches in southeastern 
Arkansas to about 32 inches in southeastern Mississippi (pi. 
1).

HYDROGEOLOGIC FRAMEWORK

The sediments that comprise the geohydrologic units 
described in this report were deposited in the Mississippi 
embayment during the Paleocene and Eocene Epochs of the 
Tertiary Period. The five regional aquifers and associated 
confining units under study in the Mississippi embayment 
aquifer system consist of fluvial sand to clayey marine 
deposits and have a large range of thicknesses and hydraulic 
characteristics.

This report presents a generalized description of the geo 
hydrologic framework of the Mississippi embayment aquifer 
system. Hosman and Weiss (1991), as part of an analysis of 
the entire Gulf Coast RASA study area, presented a detailed 
geohydrologic description of the aquifers and confining units 
in the Mississippi embayment aquifer system.

GENERALIZED GEOLOGY

The Mississippi embayment area has experienced subsid 
ence, as well as cyclic transgressions and regressions of the 
sea, since the end of the Paleozoic Era. The resulting struc 
tural trough, now called the Mississippi embayment, was 
filled with sediments. Subsidence accompanied by cyclic 
invasions of the sea continued through the Cretaceous and 
Tertiary Periods. Each invasion stopped successively farther 
to the south during the Tertiary Period. The troughlike shape 
of the embayment results in the older rock units cropping out 
in an arcuate pattern approximately parallel with the periph 
ery of the embayment. The younger Miocene and Pliocene 
sediments in the southern part of the area exhibit less arcuate 
outcrop belts that generally parallel the axis of the Gulf 
Coast geosyncline (pi. 1).

Pleistocene glaciation caused a lowering of sea level and 
subsequent changes in drainage. Among these changes was 
the entrenchment of the Mississippi River valley into Creta 
ceous and Tertiary sediments. Melting glaciers produced tre 
mendous volumes of water flowing southward to the Gulf of 
Mexico. The raging waters eroded the ancestral Mississippi 
River valley more than 100 feet deeper than the present-day 
surface of the Mississippi Alluvial Plain. As sea level rose 
following the melting of the glaciers, stream gradients 
decreased and the entrenched valley was filled with sedi 
ments to its present level, forming the Mississippi Alluvial 
Plain.
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FIGURE 4 (facing page). Major drainages in study area.

Geologic units exposed in the study area are from Creta 
ceous to Holocene in age, with most of the surficial deposits 
of Quaternary age. In the northern part of the embayment, 
some Paleozoic-age and Cretaceous-age sediments subcrop 
the Quaternary deposits. In the remainder of the area, Ter 
tiary-age sediments composed predominantly of unconsoli- 
dated to slightly consolidated beds of sand and clay and 
some interbedded gravel, silt, lignite, chalk, and limestone 
subcrop the surficial Quaternary deposits. In the western 
side of the northern one-third of the embayment, most surfi 
cial deposits are Mississippi River alluvial deposits of Qua 
ternary age; few to no older deposits crop out. On the 
eastern side of the embayment from the Loess Hills east 
ward, older sedimentary rocks are exposed at the surface. 
In the northern part of the study area, strata dip toward the 
axis of the Mississippi embayment syncline, which gener 
ally is coincident with the present Mississippi River. In the 
central part of the area, the dip gradually changes toward 
the south as a result of the influence of the Gulf Coast geo- 
syncline, and in southern Mississippi and Louisiana the dip 
generally is southward toward the axis of the geosyncline 
(pi. 1). Structural features such as the Monroe and Sabine 
uplifts, Jackson dome, Mobile graben, and Desha basin 
affect local and regional thicknesses and dip of geologic 
units.

In the southern one-third of the study area, surficial units 
consist of Miocene and younger deposits that overlie thick 
marine clays of the Jackson and Vicksburg Groups. The 
basal unit of the Mississippi embayment aquifer system is a 
thick marine clay unit that is part of the Midway Group of 
Paleocene age and underlies the entire study area.

MAJOR AQUIFERS

The Mississippi embayment aquifer system is composed 
of six regional aquifers; the oldest five consist of sediments 
of Tertiary age and the youngest is the Mississippi River Val 
ley alluvial aquifer in sediments of Pleistocene and Holocene 
age. The focus of this report is five regional aquifers in 
deposits of Tertiary age in the Wilcox and Claiborne Groups. 
The five aquifers are separated from underlying aquifers in 
deposits of Cretaceous age by thick marine clay of the Mid 
way confining unit. The five aquifers of this study are 
hydraulically connected to the younger Mississippi River 
Valley alluvial aquifer where they subcrop the alluvial aqui 
fer. In the southern one-third of the study area, where the 
coastal lowlands aquifer system overlies the Mississippi 
embayment aquifer system, the two systems are hydraulically 
separated by the thick sequence of marine clay in the Vicks 
burg-Jackson confining unit. Results of flow analysis of the 
Mississippi River Valley alluvial aquifer and of the coastal 
lowlands aquifer system are presented in chapters D and H 
of this Professional Paper.

Because equivalent aquifers and confining units may 
have different names in adjacent States, names of hydro- 
logic units have been designated that apply throughout the 
Gulf Coast RASA study area (table 1). These names do 
not always reflect one stratigraphic unit but, depending on 
permeability, may represent parts of adjacent units. All 
aquifers and confining units discussed in this report will 
be referred to by their Gulf Coast RASA names.

The five major aquifers in sediments of Tertiary age inves 
tigated in this report are, in descending order, the (1) upper 
Claiborne aquifer, (2) middle Claiborne aquifer, (3) lower 
Claiborne-upper Wilcox aquifer, (4) middle Wilcox aquifer, 
(5) lower Wilcox aquifer. Within the Mississippi embayment 
aquifer system, two confining units, the middle Claiborne 
confining unit and the lower Claiborne confining unit, sepa 
rate the upper three aquifers. The middle Wilcox aquifer, as 
identified by Hosman and Weiss (1991) and Williamson and 
others (1990), is separated from the lower Claiborne-upper 
Wilcox aquifer above, and the lower Wilcox aquifer below, 
by discontinuous clay beds in the Wilcox Group. The verti 
cal sequence between the lower Claiborne-upper Wilcox 
aquifer and the lower Wilcox aquifer consists of interbedded 
coarse and fine-grained beds of varying lateral hydraulic con 
nection and relatively low effective horizontal permeability. 
These sediments are considered collectively as one water 
bearing unit because of the large overall thickness and areal 
expanse. Although the entire vertical sequence is recognized 
as a permeable zone, the clays within the middle Wilcox 
aquifer are the major restriction to vertical flow between 
overlying and underlying units.

An idealized hydrogeologic section from west to east (fig. 
5) across the Mississippi embayment (approximately from 
the western boundary of Louisiana to the eastern boundary 
of Mississippi), just south of a line from Monroe, La., to 
Jackson, Miss., shows the generalized relation between the 
aquifers, confining units, topography, and general flow pat 
terns. Land-surface altitudes on the eastern side of the 
embayment are considerably higher than those on the west 
ern side. Consequently, water levels in the aquifer outcrop 
areas on the eastern side of the embayment are substantially 
higher than corresponding water levels on the western side. 
In addition, the aquifer outcrop bands are wider on the east 
ern side of the embayment than on the western side where a 
large part of the area is covered by sediments of the Missis 
sippi Alluvial Plain. The aquifers in sediments of Tertiary 
age underlie the alluvial plain in the central and northwestern 
part of the embayment, and, consequently, the water table is 
lower there than in the outcrop areas on the eastern side of 
the embayment (pi. 1). In response to this imbalance in 
potentiometric surface, water moves from the outcrop areas 
on the eastern side of the embayment westward through the 
aquifers, then upward through confining units in the central 
and western part of the embayment, and subsequently into 
the Mississippi River Valley alluvial aquifer (fig. 5). In the 
southern one-third of the study area, the general relation of 
aquifers, confining units, and topography is similar to that in
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WEST MIOCENE AND YOUNGER DEPOSITS EAST

Not to scale

FIGURE 5. Idealized hydrogeologic section, Louisiana, Mississippi, just south of a line from Monroe, La., to Jackson, Miss. Arrows 
indicate general direction of freshwater movement. Dashed line indicates contact is approximately located. Modified from Payne (1976, 

  fig. 2).

Other parts of the study area except that aquifer outcrops are 
more nearly parallel with the axis of the Gulf Coast geosy- 
cline.

UPPER CLAIBORNE AQUIFER

The upper Claiborne aquifer is the uppermost of the five 
aquifers in sediments of Eocene age in the study area (table 
1). The upper Claiborne aquifer underlies the Vicksburg- 
Jackson confining unit that separates the Mississippi embay- 
ment aquifer system from the coastal lowlands aquifer sys 
tem in the southern part of the study area. The aquifer is 
separated from the older, deeper middle Claiborne aquifer by 
the middle Claiborne confining unit.

The upper Claiborne aquifer predominantly consists of 
sand beds in the Cockfield Formation and all sand beds in 
the Cook Mountain Formation that are in direct contact with 
the Cockfield sand beds. The aquifer mainly consists of 
interbedded fine- to medium-grained quartz sand, silt, and 
carbonaceous clay and averages about 250 feet thick in the 
subsurface. The aquifer thins downdip toward the Gulf as 
sediments gradually change to a clay facies. In part of the 
aquifer that contains freshwater, the total sand bed thickness 
(the aggregate of sand beds thicker than 20 feet) is from less

than 100 feet in the northern part of the area to more than 
300 feet in the vicinity of Vicksburg, Miss. (pi. 3). The 
upper Claiborne aquifer crops out on both sides of the 
embayment, and the major outcrop areas are in central Mis 
sissippi, north-central Louisiana, and south-central Arkansas. 
The aquifer underlies the Loess Hills in western Tennessee 
and is the most extensive subcropping aquifer underlying the 
Mississippi River Valley alluvial aquifer. The aquifer sub- 
crops about 43 percent of the alluvial plain from northeastern 
Louisiana northward to about the northern extent of the 
embayment.

MIDDLE CLAIBORNE AQUIFER

The middle Claiborne aquifer, composed mostly of the 
Sparta Sand in the southern two-thirds of the study area and 
the Memphis Sand in the northern one-third (Tennessee, 
east-central Arkansas, southeastern Missouri, southwestern 
Kentucky, and northwestern Mississippi), is the most exten 
sively developed of the five aquifers. The aquifer is com 
posed of sand, clay, shale, and lignite. It underlies the entire 
central part of the study area and crops out on both sides of 
the embayment. It crops out in an arcuate band on the 
eastern side of the embayment from the northern end of the
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embayment in Kentucky, through Tennessee, and two-thirds 
the length of Mississippi. The outcrop band averages about 
15 miles wide, with the widest and most extensive part of the 
band in north-central and northern Mississippi and western 
Tennessee. The middle Claiborne aquifer does not crop out 
in the northwestern one-third of the embayment: rather, the 
aquifer subcrops in a narrow band under the Mississippi 
River alluvial plain. The aquifer crops out on the western 
side of the embayment in southwestern Arkansas and north 
western Louisiana on the eastern flank of the Sabine uplift. 
The aquifer is the second most extensive subcropping aqui 
fer; it underlies about 15 percent of the Mississippi River 
Valley alluvial aquifer, predominantly in northwestern Mis 
sissippi and northeastern Arkansas.

The middle Claiborne aquifer also includes sand beds of 
the Cook Mountain Formation where the sand beds are in 
direct contact with sand beds of the Sparta Sand. In some 
areas, the Cook Mountain Formation is composed of clay, 
and the top of the Sparta consists of clay. In these places the 
top of the aquifer is the top of the uppermost sand bed of the 
Sparta. The base of the middle Claiborne aquifer is the top 
of the underlying Zilpha Clay, or the Cane River Formation 
where that formation is clay. Where the basal Sparta con 
sists of clay and overlies clay of the Zilpha or Cane River, 
the base of the aquifer is at the top of basal Sparta clay. 
Where the basal Sparta is sandy and the upper part of the 
underlying geologic unit is also sandy, the base of the aqui 
fer is at the top of the first clay in the underlying unit.

In extreme northwestern Mississippi and east-central 
Arkansas near the 35th parallel, the underlying lower Clai 
borne confining unit undergoes a facies change. The pre 
dominantly marine clay of the confining unit south of the 
parallel changes to a massive sand and becomes part of the 
middle Claiborne aquifer north of the parallel. A hydrogeo- 
logic section illustrating this facies change is shown on plate 
2. From the facies change northward, the middle Claiborne 
aquifer includes the stratigraphic interval that is occupied by 
the lower Claiborne confining unit and the lower Claiborne- 
upper Wilcox aquifer south of the facies change. In the area 
north of the facies change, the middle Claiborne aquifer is 
equivalent to the Memphis Sand. From the facies change 
southward, where the units exist, the lower Claiborne confin 
ing unit separates the middle Claiborne aquifer from the 
lower Claiborne-upper Wilcox aquifer, and the middle Clai 
borne confining unit separates the middle Claiborne aquifer 
from the upper Claiborne aquifer.

Aggregate sand thickness of the middle Claiborne aquifer 
is from about 100 to more than 700 feet; the aquifer is the 
thickest in the vicinity of the juncture of Arkansas, Tennes 
see, and Mississippi (pi. 3). In other areas aggregate sand 
thickness is commonly several hundred feet. The aquifer 
increases in thickness from its outcrop area to about 400 feet 
in the subsurface. Farther downdip the sand beds decrease in

thickness until the aquifer pinches out near the Gulf of 
Mexico.

LOWER CLAIBORNE-UPPER WILCOX AQUIFER

The lower Claiborne-upper Wilcox aquifer underlies the 
lower Claiborne confining unit and may include all or parts 
of several stratigraphic units. The aquifer is made up of dis 
continuous, hydraulically connected sand beds in different 
geologic units and varies considerably in thickness and 
lithology. The aquifer includes all sand beds below the clay 
beds of the lower Claiborne confining unit down to and 
including the sand beds of the upper part of the Wilcox 
Group. The aquifer includes the sand beds of the Winona- 
Tallahatta and Meridian-upper Wilcox in Mississippi, the 
Carrizo-Wilcox sand in Louisiana, and the Carrizo Sand in 
Arkansas (table 1). In northwestern Mississippi and east- 
central Arkansas, where the lower Claiborne confining unit 
has changed to a sand facies, the lower Claiborne-upper Wil 
cox sediments are considered to be part of the middle Clai 
borne aquifer. Aggregate sand thickness of the lower 
Claiborne-upper Wilcox aquifer is greater east of the Missis 
sippi River; in some areas sand thicknesses are more than 
400 feet, as compared to 100-300 feet west of the Missis 
sippi River (pi. 3).

The lower Claiborne-upper Wilcox aquifer crops out on 
both sides of the embayment and subcrops the Mississippi 
River valley alluvial aquifer in a small area in east-central 
Arkansas. The largest outcrop area is on the eastern side of 
the embayment and extends southward from about the 35th 
parallel for a distance two-thirds the length of Mississippi 
and into southwestern Alabama in an arcuate band 10-20 
miles wide. The outcrop on the western side of the embay 
ment in southwestern Arkansas and northwestern Louisiana 
is considerably narrower and shorter.

MIDDLE WILCOX AQUIFER

The middle Wilcox aquifer is the least significant aquifer 
in the Mississippi embayment aquifer system. The aquifer is 
composed predominantly of thin interbedded sand, silt, and 
clay and includes all sand beds of the Wilcox Group between 
the lower Claiborne-upper Wilcox aquifer and the lower 
Wilcox aquifer. The aquifer consists of sand beds hydrauli-" 
cally interconnected to varying degrees, and no dominant 
sand bed is traceable over a large area.

The middle Wilcox aquifer crops out on both sides of the 
embayment and subcrops the Mississippi River valley allu 
vial aquifer in northeastern Arkansas and southeastern Mis 
souri. The outcrop area is less than 5 miles wide in the 
northern end of the embayment, about 10 miles wide in
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western Tennessee, and averages about 20 miles wide in 
Mississippi. The aquifer also crops out in southwestern 
Arkansas and is the uppermost unit overlying the Sabine 
uplift in northwestern Louisiana.

Aggregate sand thickness of the middle Wilcox aquifer 
ranges from less than 200 feet in the extreme northern and 
southern parts of the study area to more than 1,500 feet in 
central Louisiana (pi. 3). In most of the Mississippi embay- 
ment area the aquifer thickness is 200-500 feet.

LOWER WILCOX AQUIFER

The lower Wilcox aquifer underlies the middle Wilcox 
aquifer and is an extensively developed source of freshwater 
in Arkansas, Mississippi, and Tennessee. The lower Wilcox 
aquifer, consisting of sand in the basal part of the Wilcox 
Group, is equivalent to the Fort Pillow Sand in Tennessee, 
Arkansas, and Missouri and is informally called the "1400- 
foot" sand in the Memphis, Tenn., area.

Sand beds in the lower Wilcox aquifer generally are 
thicker and more continuous than the thin, interbedded sands 
of the main body of the Wilcox Group. Vertical flow of 
water between the lower Wilcox aquifer and the overlying 
middle Wilcox aquifer is restricted by numerous interbedded 
clays in the middle part of the middle Wilcox aquifer. Con 
sequently, sand beds in the upper part of the middle Wilcox 
aquifer may have little hydraulic connection with the lower 
Wilcox aquifer, whereas sand beds in the lower part of the 
middle Wilcox aquifer may be, to a limited degree, hydrauli- 
cally interactive with the lower Wilcox aquifer.

The lower Wilcox aquifer crops out on both sides of the 
embayment in a band generally less than 5 miles wide in 
southwestern Arkansas and in a band about 10 miles wide on 
the eastern side of the embayment in western Tennessee and 
east-central Mississippi. The outcrop altitudes of the lower 
Wilcox aquifer are the highest of any of the aquifers in this 
study and are 400-500 feet above sea level in Mississippi, 
Tennessee, and Kentucky. The outcrop altitudes on the west 
ern side of the embayment average about 200 feet lower. 
The aquifer subcrops the Mississippi River Valley alluvial 
aquifer in northeastern Arkansas and southeastern Missouri 
where the land surface is 200-250 feet above sea level.

Aggregate sand thickness of the lower Wilcox aquifer 
exceeds 300 feet in two areas in the north-central part of the 
embayment but is 200-300 feet in most of the northern part 
of the embayment in the confined part of the aquifer. Aggre 
gate sand thickness of the aquifer increases substantially in 
the southern part of the embayment and is more than 600 
feet in south-central Mississippi (pi. 3).

Four major confining units of regional scope influence the 
hydrology of the five major aquifers in sediments of Tertiary

age in the Mississippi embayment aquifer system. The 
Vicksburg-Jackson confining unit is the upper confining unit 
and the Midway confining unit is the lower confining unit 
that separate the five aquifers of this study from permeable 
units above and below. Within the aquifer system, the mid 
dle Claiborne confining unit and the lower Claiborne confin 
ing unit separate adjacent aquifers.

The Vicksburg-Jackson confining unit is composed pre 
dominantly of marine clay, marl, and limestone of late 
Eocene and Oligocene age and separates the Mississippi 
embayment aquifer system from the younger coastal low 
lands aquifer system in sediments of Miocene and Pliocene 
age in the southern one-third of the study area. The confin 
ing unit crops out in a band 10-40 miles wide in the south 
ern one-third of the study area and generally parallels the 
present Gulf of Mexico coastline. The confining unit sub- 
crops about 23 percent of the Mississippi River Valley allu 
vial aquifer in northeastern Louisiana and west-central 
Mississippi and in a discontinuous section in southeastern 
Arkansas. The primary confining bed is a calcareous, fossil- 
iferous dark-gray to blue clay in the Jackson Group. In the 
subsurface this clay bed generally is about 300-500 feet 
thick.

The middle Claiborne confining unit, in sediments of 
Eocene age, hydraulically separates the upper Claiborne 
aquifer from the middle Claiborne aquifer. The confining 
unit predominantly consists of marine clay beds in the Cook 
Mountain Formation and clay beds in the underlying Sparta 
Sand that are continuous with the Cook Mountain Formation. 
The middle Claiborne confining unit crops out on both sides 
of the embayment in a band that is 10-20 miles wide in 
southwestern Arkansas and has a maximum width of about 
30 miles in northwestern Louisiana. On the eastern side of 
the embayment the outcrop band is about 5-10 miles wide in 
Kentucky, Tennessee, and Mississippi. The middle Claiborne 
confining unit subcrops the Mississippi River Valley alluvial 
aquifer in a narrow band in northeastern Arkansas, southeast 
ern Missouri, and northwestern Mississippi. In most areas, 
the confining unit is about 100-200 feet thick, but downdip 
in south-central Louisiana, where units that generally are 
sand in updip areas change to a marine clay facies, it is more 
than 700 feet thick.

The lower Claiborne confining unit in sediments of 
Eocene age consists mainly of marine clay, marl, and thin 
beds of fine sand of the Cane River Formation in south-cen 
tral Arkansas and Louisiana and the Zilpha Clay in Missis 
sippi. The confining unit hydraulically separates the middle 
Claiborne aquifer from the lower Claiborne-upper Wilcox 
aquifer. The confining unit also includes clay beds in the 
base of the Sparta Sand that are continuous with the clay 
beds of the Zilpha Clay and Cane River Formation. The 
lower Claiborne confining unit is not present in the northern 
part of the embayment north of approximately the 35th par 
allel where the unit changes to a sand facies. The lower
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Claiborne confining unit crops out on both sides of the 
embayment in a narrow band about 1-10 miles wide and 
encircles the Sabine uplift. The lower Claiborne confining 
unit is the only unit in the study area that does not subcrop 
the Mississippi River Valley alluvial aquifer. The unit ranges 
in thickness from less than 100 feet updip near its outcrop to 
more than 800 feet in south-central Louisiana.

The Wilcox Group contains no confining unit traceable 
over a large area. It is composed predominantly of lenticular 
deposits of sand, silt, and clay. Discontinuous clay and silty- 
clay deposits hydraulically separate the middle Wilcox aqui 
fer from both the lower Claiborne-upper Wilcox and the 
lower Wilcox aquifers.

The Midway confining unit is a regional flow boundary 
that hydraulically separates the five major aquifers in sedi 
ments of Tertiary age in the Mississippi embayment aquifer 
system from the underlying aquifers in Upper Cretaceous 
sediments. The Midway confining unit is composed almost 
entirely of dense marine clay and shale of the Midway 
Group. The continuous outcrop and (or) subcrop of the con 
fining unit defines the updip limit of the study area. The 
confining unit generally is more than 1,000 feet thick in the 
southern part of the study area and less than 1,000 feet thick 
in the northern part of the area. The confining unit generally 
is at least several hundred feet thick throughout the area 
except where it crops out.

AREAL SUBDIVISIONS

For purpose of analysis, the study area was subdivided 
into three parts, northern, eastern, and western areas, each 
having unique topographic or stratigraphic features (fig. 6). 
The subdivision was made to compare and contrast aquifer 
properties, development of ground-water pumpage, and 
response of the flow system to pumpage.

The northern area includes all the area from the facies 
change in the lower Claiborne confining unit northward to 
the updip extent of the study area. It encompasses about 18 
percent of the study area and includes parts of northwestern 
Mississippi, northeastern Arkansas, western Tennessee, 
southeastern Missouri, western Kentucky, and southern Illi 
nois.

The eastern area includes about 41 percent of the study 
area. The eastern boundary of this area is congruent with the 
eastern boundary of the study area; the present Mississippi 
River is the western boundary, and the southern boundary is 
the downdip extent of the aquifer system. The northern 
extent of the eastern area is in extreme northwestern Missis 
sippi just south of the 35th parallel where the lower Clai 
borne confining unit changes from a clay to a sand facies. 
The eastern area includes most of Mississippi, a small part of

southwestern Alabama, and all of Louisiana east of the Mis 
sissippi River.

The western area includes about 41 percent of the study 
area and includes all the area west of the Mississippi River 
and south of the facies change in the lower Claiborne con 
fining unit (about the 35th parallel). The western boundary 
of this area is congruent with the western boundary of the 
study area, and the southern boundary is the downdip extent 
of the aquifer system. The western area includes all of 
Louisiana, except the small part of the State east of the Mis 
sissippi River, and all of southeastern Arkansas.

NORTHERN AREA

The northern area is the smallest and narrowest (average 
width about 130 miles) of the three areas and extends 
throughout about 21,000 mi2 in the northern end of the Mis 
sissippi embayment north of the facies change in the lower 
Claiborne confining unit (about 35th parallel). The two 
physiographic provinces that make up the northern area are 
the Mississippi Alluvial Plain and the east Gulf Coastal 
Plain uplands. Topography varies from the flat, gently 
gulfward sloping alluvial plain on the west to uplands of 
moderate to steep rolling hills on the east. Altitude in the 
alluvial plain ranges from about 190 feet above sea level in 
the Memphis, Tenn., area to about 300 feet above sea level 
near the northern extent of the study area. Altitude in the 
uplands area ranges from about 300 feet above sea level 
near the Mississippi River to more than 500 feet above sea 
level near the eastern border of the area.

The Mississippi Alluvial Plain has a farm-based land use 
with mostly row-crop agriculture, whereas the uplands area is 
mostly forested with some open-land agriculture. Memphis, 
Tenn., is the largest population center in the northern area and 
in the study area. The large population and industrial base of 
Memphis depends heavily on the water resources of the Mis 
sissippi embayment aquifer system. Other towns in the north 
ern area dependent on these resources are Brownsville, 
Covington, Ripley, Union City, and Dresden, Tenn., and
Blytheville, Wynne, and Jonesboro, Ark. (fig. 3).

The northern area has the smallest aquifer outcrop area in 
the study area. All the aquifers and confining units in the 
northern area crop out in the eastern part of the area, except 
for the small outcrop areas on Crowleys Ridge. The most 
extensive aquifer cropping out is the middle Claiborne aqui 
fer (Memphis Sand). The area of outcrop of the upper Clai 
borne aquifer is also extensive, but a large part of the upper 
Claiborne outcrop is overlain by loess.

The major subcropping units of the Mississippi River Val 
ley alluvial aquifer in the northern area are the middle Clai 
borne and upper Claiborne aquifers, which subcrop more 
than three-fourths of the alluvial aquifer. The remainder of
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NORTHERN AREA

BOUNDARY OF 
STUDY AREA

FIGURE 6. Sketch of northern, eastern, and western areas of the Mississip 
pi embayment aquifer system. Heavy lines indicate boundary of study area.

the subcrop area of the alluvial aquifer is evenly distributed 
between the lower Wilcox aquifer, middle Wilcox aquifer, 
and the middle Claiborne confining unit. The alluvial plain 
encompasses about one-half of the northern area.

The major physiographic characteristics of the northern 
area that influence the hydrogeology of the Mississippi 
embayment aquifer system are as follows:

 The embayment has an average width of about 130 miles.
 The Mississippi Alluvial Plain overlays about one-half of 

the area.
 The entire western half of the embayment is underlain by 

the Mississippi River Valley alluvial aquifer.
 Aquifers in sediments of Tertiary age crop out only in the 

eastern half of the embayment in the Coastal Plain 
uplands.

 Altitudes are the highest in the study area and are from 
190 to 300 feet above sea level in the alluvial plain in 
the western half of the area and from 300 to more than 
500 feet above sea level in the eastern half.

 The middle Claiborne and upper Claiborne aquifers 
subcrop the Mississippi River valley alluvial aquifer in 
about three-fourths of the area of its occurrence.

EASTERN AREA

The eastern area includes most of the eastern half of the 
Mississippi embayment and includes almost all of Missis 
sippi. Generally two physiographic provinces are repre 
sented in the area of flow analysis (area with ground water 
containing dissolved-solids concentrations of 10,000 mg/L or 
less). The lowlands of the Mississippi Alluvial Plain extend 
over about 7,000 mi 2 of the area, and the Gulf Coastal Plain 
uplands extend over the remaining 50,000 mi2 of the area. 
The altitude of the flat alluvial plain ranges from about 100 
feet above sea level at Vicksburg, Miss., to about 180 feet 
above sea level in the northwestern corner of Mississippi. 
Topography in the Gulf Coastal Plain uplands is character 
ized by rolling hills and moderate relief in the upper reaches 
of drainage basins. The altitude of the uplands ranges from 
about 200 feet to more than 500 feet above sea level, with 
the higher altitudes in the northeastern part of the area.

The entire eastern area has an agricultural-based economy. 
The alluvial plain is predominantly cleared farmland, 
whereas the coastal uplands are predominantly forest lands. 
The eastern area has the smallest total population of the three 
areas, but large population centers such as Jackson, Vicks 
burg, Yazoo City, Greenwood, Greenville, Clarksdale, 
Oxford, Forest, and Meridian (fig. 3) withdraw freshwater
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from the aquifers of the Mississippi embayment aquifer 
system in Mississippi.

The middle Claiborne aquifer has the largest outcrop area 
in the eastern area and the lower Wilcox aquifer the smallest. 
The most extensive subcropping aquifers in the eastern area 
are the middle Claiborne and the upper Claiborne aquifers, 
which subcrop about two-thirds of the Mississippi River Val 
ley alluvial aquifer. The remainder of the alluvial aquifer is 
directly underlain by the Vicksburg-Jackson, the middle Clai 
borne, and the lower Claiborne confining units.

The major physiographic characteristics of the eastern area 
that influence the hydrogeology of the Mississippi embay 
ment aquifer system are as follows:

 All aquifers crop out in a smooth arcuate pattern along 
the entire length of the eastern side of the area.

 Average land-surface and water-table altitudes in outcrop 
areas in the eastern area are higher than those in the 
adjacent western area.

 The Mississippi Alluvial Plain includes an area of about 
7,000 mi2 , the smallest of the three areas.

 The middle Claiborne and the upper Claiborne aquifers 
are the only aquifers subcropping the Mississippi River 
Valley alluvial aquifer.

WESTERN AREA

The western area represents the majority of the western 
half of the Mississippi embayment and includes most of 
Louisiana and southern Arkansas. The western area includes 
parts of two physiographic provinces in the area of flow 
analysis. These are the lowlands of the Mississippi Alluvial 
Plain, which include about 11,500 mi2 of the area, and the 
Gulf Coastal Plain uplands, which make up the remaining 
45,000 mi2 of the area. The alluvial plain slopes toward the 
Gulf of Mexico and has little topographic relief. Altitudes in 
the alluvial plain range from about 50 feet above sea level in 
the southern part to about 150 feet above sea level in the 
northern part. The Gulf Coastal Plain uplands in southwest 
ern Arkansas and western Louisiana has rolling hills with 
altitudes generally between 200 and 300 feet above sea level; 
in places, however, altitudes more than 300 feet above sea 
level are common. The average land-surface altitude in the 
uplands area is substantially less in the western area than in 
the eastern area.

The Mississippi Alluvial Plain has a mostly .agricultural 
economy but has some industry in the larger towns. The 
uplands area has significant industrial development in the 
larger towns, but the rural areas generally are forested and 
have some row-crop and livestock farming. Major popula 
tion and industrial centers that withdraw freshwater from 
the aquifers of the Mississippi embayment aquifer system 
are Bastrop, Jonesboro, Winnfield, Monroe, and Ruston,

La., and El Dorado, Lewisville, Magnolia, Monticello, Pine 
Bluff, and Stuttgart, Ark. (fig. 3).

All of the aquifers studied crop out in the western area. 
The upper Claiborne aquifer, with a 6,000 mi2 outcrop area, 
has by far the largest aquifer outcrop. The second most 
extensive outcrop area is that of the middle Wilcox. Another 
major outcropping unit is the middle Claiborne aquifer, 
which has an outcrop area of 3,200 mi2 . The Sabine uplift 
interrupts the normal arcuate outcrop pattern in the area. 
The upper Claiborne aquifer, middle Claiborne aquifer, and 
lower Claiborne-upper Wilcox aquifer crop out around the 
eastern and southern flanks of the uplift. The uplift exposes 
the middle Wilcox aquifer sediments over a large area in 
northwestern Louisiana along the western boundary of the 
study area. .

The western area includes about 11,500 mi2 of the Missis 
sippi Alluvial Plain. The upper Claiborne aquifer is the 
major subcropping aquifer in the western area, underlying 
about one-half of the alluvial aquifer. The other four aqui 
fers subcrop only a very small part of the alluvial aquifer. 
The Vicksburg-Jackson confining unit is the major subcrop 
ping confining unit of the Mississippi River Valley alluvial 
aquifer in the western area.

The major physiographic characteristics of the western 
area that influence the hydrogeology of the Mississippi 
embayment aquifer system are as follows:

 The western area contains the largest percentage of the 
total aquifer outcrop in the study area.

 The upper Claiborne, middle Wilcox, and middle 
Claiborne   aquifers have the largest aquifer outcrop 
areas in the western area.

 On the western side of the area the Sabine uplift disrupts 
. the normal arcuate aquifer outcrop pattern and 
distribution and has caused the middle Wilcox aquifer 
to crop out over a large area.

 Altitudes in aquifer outcrop areas in the western area are 
lower than altitudes in corresponding areas in the 
adjacent eastern area.

 The Mississippi Alluvial Plain occupies about 11,500 mi2 
in the western area.

 The upper Claiborne aquifer is the major subcropping 
aquifer and directly underlies about one-half of the 
Mississippi River Valley alluvial aquifer. No other 
aquifer has a substantial subcrop in the western area.

The five aquifers under study in the Mississippi embay 
ment aquifer system have a large range of hydraulic charac 
teristics. Ranges of hydraulic property values from aquifer 
test results are tabulated in Arthur and Taylpr (1990, table 2). 
For purposes of simulation, hydraulic properties were 
estimated between aquifer-test sites and are assumed to be
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constant throughout the 25-mi2 area representing each model 
grid block. The hydraulic properties presented in this report 
do not consider localized variability but instead represent 
regional estimates generalized for the study area.

The ranges of transmissivity values determined from 
model calibration are shown on plate 4. The upper Clai- 
borne aquifer has transmissivity values greater than 10,000 
ft2/d in west-central Mississippi and northeastern Louisiana 
due to thick accumulation of sand (pi. 4). Total sand thick 
ness in the aquifer decreases in all directions from these 
areas with a corresponding decrease in transmissivity values.

The middle Claiborne aquifer is the most heavily pumped 
and generally the most transmissive of the five aquifers 
under study. Massive sand beds in this aquifer in the north 
ern area are partly a result of a facies change in the lower 
Claiborne confining unit to a sand unit. The increase in 
sand thickness, coupled with large hydraulic conductivity 
values for the sand, results in transmissivity values of 
10,000-50,000 ft2/d for the middle Claiborne aquifer in the 
northern area (pi. 4). The transmissivity of the aquifer 
decreases somewhat in east-central Arkansas, south of the 
area of facies change. In most of the downdip zone of the 
aquifer in the eastern area the transmissivity of the middle 
Claiborne aquifer is between 5,000 and 10,000 ft2/d, except 
in central and southeastern Mississippi where it generally is 
less than 5,000 ft2/d.

The lower Claiborne-upper Wilcox aquifer in the northern 
area is considered part of the middle Claiborne aquifer as a 
result of the lower Claiborne confining unit changing to a 
sand facies and forming one vertically continuous massive 
sand (Memphis Sand). Transmissivity values for the lower 
Claiborne-upper Wilcox aquifer generally are less than 5,000 
ft2/d throughout the western area (pi. 4). In central and 
northwestern Mississippi transmissivity values for the aquifer 
exceed 5,000 ft2/d, but in the remainder of the eastern area 
values are less than 5,000 ft2/d.

The middle Wilcox aquifer generally is the least trans 
missive of the five aquifers and consequently is the least 
developed aquifer in the Mississippi embayment aquifer 
system. Transmissivity values for the middle Wilcox aqui 
fer are less than 5,000 ft2/d for the entire study area 
except for a small area in extreme west-central Louisiana 
where values generally are between 5,000 and 10,000 ft2/d 
(pi. 4).

Transmissivity values for the lower Wilcox aquifer are 
more than 5,000'ft2/d in most of the northern area (pi. 4); the 
highest values are in the central part of the northern area. In 
the eastern area in central Mississippi, the lower Wilcox 
aquifer has transmissivity values generally between 5,000 
and 10,000 ft2/d. The remainder of the area has values less 
than 5,000 ft2/d. In all of the western area, transmissivity 
values for the lower Wilcox aquifer are less than 5,000 ft2/d.

Confined conditions exist in the five aquifers downdip of 
their outcrop areas. Storage coefficients of most confined

aquifers range from about IxlO'5 to IxlO'3 (Heath, 1983). 
Ranges of storage coefficient values for the aquifers under 
study were estimated using sand-bed thicknesses and assum 
ing a uniform specific storage of IxlO"6 . Storage coefficients 
generally range between 2.5xlO'5 and 2.5xlO'4 in the fresh 
water zones of these five aquifers; the middle Claiborne 
aquifer has values of more than 2.5x10"4 for most of its 
extent because of its large sand thickness.

Flow between aquifers and aquifer systems is determined 
mostly by the leakance values of the confining units separat 
ing the aquifers from one another and from adjacent aquifer 
systems. The leakance values used in the aquifer flow analy 
sis vary areally with confining unit thickness and vertical 
hydraulic conductivity. Arthur and Taylor (1990, figs. 25- 
28) showed the variations in thickness of the clay confining 
units that influence the vertical flow between aquifers and 
aquifer systems in the Mississippi embayment aquifer sys 
tem. Vertical hydraulic conductivity values of confining 
units used in the flow analysis range from IxlO'5 ft/d for the 
thick marine clays of the Vicksburg-Jackson confining unit to 
IxlO"3 ft/d for the clays in the middle Claiborne confining 
unit in the northern area. For the purpose of this analysis the 
basal confining unit, consisting of thick marine clays of the 
Midway Group, was assumed to be a no-flow boundary. 
Intersystem flow through the Midway confining unit 
(between the McNairy-Nacatoch and lower Wilcox aquifers) 
was investigated by Brahana and Mesko (1988) and is dis 
cussed in a later section of this report.

PREDEVELOPMENT GROUND-WATER 
FLOW ANALYSIS

The first artesian well in the Memphis, Tenn., area was 
completed in the middle Claiborne aquifer (Memphis Sand) 
in 1886 (Criner and Parks, 1976). The first known pumpage 
from the middle Claiborne aquifer in the Pine Bluff, Ark., 
area was by the Pine Bluff Water and Light Company in 
1898 (Klein and others, 1950). The first large-capacity well 
of record in Jackson, Miss., was drilled in 1896 (Harvey 
and others, 1964). These are three of the first reported 
large-capacity wells constructed by municipalities in the 
study area. It is probable that other major urban areas began 
developing significant ground-water supplies, mainly from 
the upper Claiborne and middle Claiborne aquifers, during 
this same time period. Because major ground-water devel 
opment began during this period, the simulation of predevel- 
ppment flow represents conditions prior to 1886. For the 
predevelopment flow analysis, the ground-water flow system 
is assumed to be in a state of long-term dynamic equilib 
rium with recharge balanced by natural discharge to the 
Mississippi River Valley alluvial aquifer and to the river val 
leys that intercept the water table in outcrop areas. The 
flow simulations for 1987 and future development
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conditions, presented later in the report, represent transient 
conditions with pumpage varying with time. The ground- 
water model used in the flow simulation analysis of the five 
regional aquifers was described by Arthur and Taylor 
(1990).

POTENTIOMETRIC SURFACES OF AQUIFERS

Analysis of simulated predevelopment heads indicates, as 
Payne (1968) discussed, that downdip where the aquifers 
become confined, potentiometric surfaces were higher in suc 
cessively deeper aquifers. Water levels for a particular aqui 
fer were higher and hydraulic gradients were steeper in 
outcrop areas (pi. 5).

Predevelopment water levels on the eastern flank of the 
embayment were substantially higher than water levels in the 
same aquifer on the western flank. This is most evident in 
the northern area where aquifers crop out only in the eastern 
half of the embayment. This condition produced dispropor 
tionately higher water levels in the eastern half of the north 
ern area than in the western half of the northern area where 
the aquifers subcrop the Mississippi River Valley alluvial 
aquifer. This condition also existed, to a lesser degree, in the 
western and eastern areas. In the western area the aquifers 
crop out in the upland areas on the western flank of the 
embayment, but water levels for an individual aquifer gener 
ally were higher on the eastern flank of the embayment as 
compared to water levels in outcrop areas on the western 
flank.

Throughout the study area, model simulation results indi 
cate that predevelopment hydraulic gradients were steeper 
in outcrop areas and were more uniform and flatter down- 
dip in the confined zone. In the northern area, gradients 
sloped west-southwest near outcrop areas, westward in the 
center of the embayment, and southwestward on the west 
ern edge of the embayment. In the eastern area, hydraulic 
gradients generally were westward away from the outcrop 
areas in the northern and central reaches of the area and 
southwestward to southward as the eastern flank of the 
embayment approached a parallel alignment with the Gulf 
Coast geosyncline. In the western area, gradients were 
more complex, possibly because of the influence of the 
Sabine uplift and the absence of aquifer outcrop areas on 
the western side of the northern area. In the northwestern 
part of the western area, updip gradients were northeast 
ward toward aquifer subcrops but southward near the axis 
of the embayment. In southwestern Arkansas, heads sloped 
east-southeast, but farther south in northern Louisiana the 
influence of the Sabine uplift caused gradients to slope in a 
northeasterly direction on the north flank of the uplift and 
in a southerly direction near the south flank of the uplift.

The general southward slope of potentiometric surfaces 
along the embayment axis was interrupted in the upper

Claiborne and middle Claiborne aquifers in northeastern 
Louisiana and in the middle Claiborne aquifer in north- 
central Mississippi. In the area where the upper Clai 
borne aquifer subcrops the Mississippi River Valley allu 
vial aquifer in northeastern Louisiana, heads in the upper 
Claiborne aquifer were 60-80 feet lower than heads in 
adjacent areas (pi. 5). The middle Claiborne aquifer also 
had lower heads in this area, but the depression was shal 
lower; heads were 40 feet lower than heads in adjacent 
areas in the middle Claiborne aquifer (pi. 5) and about 
60-80 feet higher than those in the upper Claiborne aqui 
fer. The other closed contour depression in the potentio 
metric surface of the middle Claiborne aquifer was in the 
subcrop area of the Mississippi River Valley alluvial aqui 
fer in north-central Mississippi. That depression was not 
as deep or extensive as the one in northeastern Louisiana, 
but it produced a major interruption in the flow system 
due to its proximity to the aquifer outcrop area that is 
immediately adjacent to the alluvial plain. The most 
probable explanation for the two large head depressions 
in the subcropping aquifers is that they are regional prede 
velopment discharge areas.

The lower Claiborne-upper Wilcox, middle Wilcox, and 
lower Wilcox aquifers all had similar predevelopment poten- 
tiometric-surface configurations. In the northern half of the 
embayment, these aquifers had potentiometric surfaces that 
sloped westward and southwestward toward potentiometric 
lows near the western and southwestern edges of the Missis 
sippi embayment. In the southern part of the eastern area 
and the extreme southern part of the western area, potentio 
metric surfaces sloped southward toward the Gulf of 
Mexico.

RECHARGE AND DISCHARGE IN AQUIFER 
OUTCROP AND SUBCROP AREAS

Predevelopment recharge to aquifers was predominantly 
by direct infiltration of rainfall in the aquifer outcrop areas. 
Predevelopment discharge was by all naturally occurring 
flow from the aquifers to streams, springs, and seeps and by 
leakage to adjacent aquifers.

The majority of predevelopment recharge was surficial 
vertical flow from aquifer outcrop and subcrop areas and a 
small amount (about 0.3 MftVd (million cubic feet per 
day) or 2.2 Mgal/d (million gallons per day)) that was 
downward leakage from the overlying coastal lowlands 
aquifer system in the southern part of the study area. 
Rates of simulated predevelopment recharge and discharge 
to the Mississippi embayment aquifer system in outcrop 
and subcrop areas are shown in figure 1A. The middle 
Claiborne aquifer outcrop area on the eastern side of the 
northern area of the embayment had the greatest 
predevelopment recharge, receiving more than 1 in./yr
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(inch per year) in some areas of northern Mississippi and 
southern Tennessee. As shown in figure 1A, most of the 
Mississippi Alluvial Plain is a predevelopment discharge 
area for the five studied aquifers. The zone that had the 
largest predevelopment discharge, also in the northern 
area, was in the Mississippi Alluvial Plain east of Crow- 
leys Ridge where the upper Claiborne aquifer subcrops the 
Mississippi River Valley alluvial aquifer. For the majority 
of this area, discharge to the alluvial aquifer was more 
than 0.2 in./yr, and in a small area (about 100 mi2) west 
of Memphis discharge from the upper Claiborne aquifer 
was more than 0.6 in./yr. Possible explanations for this 
large recharge and discharge in the northern area are (1) 
the middle Claiborne aquifer has large transmissivity, (2) 
the embayment is narrow and thus flow paths from 
recharge points to discharge points are shorter, and (3) 
high heads in the aquifer outcrop areas produce correspond 
ingly higher heads in individual aquifers under the Missis 
sippi Alluvial Plain, forcing flow upward into the upper 
Claiborne aquifer and thence into the Mississippi River 
Valley alluvial aquifer.

Before development, aquifer outcrop areas in the eastern 
and western areas had more than 0.2 in./yr recharge in the 
upland areas of central Mississippi, south-central Arkansas, 
and northwestern Louisiana, but most of the outcrop areas 
had less than 0.2 in./yr recharge (fig. 7A). Predevelop 
ment discharge from the aquifer system in the eastern and 
western areas was predominantly to the Mississippi River 
Valley alluvial aquifer, but some discharge was to large riv 
ers and valleys. The Mississippi River Valley alluvial aqui 
fer, which underlies the Mississippi Alluvial Plain, 
received as much as 0.2 in./yr discharge from the subcrop- 
ping aquifers over much of the Mississippi Alluvial Plain. 
The area with greatest simulated predevelopment discharge 
in the eastern and western areas was in south-central 
Arkansas and extreme northeastern Louisiana where the 
upper Claiborne aquifer subcrops the alluvial plain (Hos- 
man and Weiss, 1991, pi. 10). In most of this area the 
system discharge was about 0.2 in./yr, but small areas in 
extreme south-central Arkansas and northeastern Louisiana 
had a discharge greater than 0.4 in./yr. The areas of least 
predevelopment regional discharge to the Mississippi River 
Valley alluvial aquifer are immediately north of the Arkan 
sas-Louisiana border along the Mississippi River and in 
northeastern Louisiana just west of the Mississippi River. 
In these two areas, the Vicksburg-Jackson confining unit 
subcrops the alluvial aquifer, and the thick marine clays 
of the confining unit restrict vertical flow (Hosman and 
Weiss, 1991, pi. 10).

LATERAL AND INTERAQUIFER FLOW

Most water entering the Mississippi embayment aquifer 
system in outcrop areas moves predominantly downward

along a relatively short flow path and is discharged to nearby 
streams, seeps, and springs. The remainder of the flow 
moves laterally downdip to the confined area of the aquifer 
system. Downdip confined lateral flow in aquifers is charac 
terized by (1) diminishing interconnection between surface 
water and ground water, (2) decreasing vertical hydraulic 
conductivity, and (3) increasing thickness of confining units 
in a downdip direction. Flow farther downdip near the salt 
water interface is influenced by decreasing horizontal con 
ductivity coupled with increasing dissolved-solid 
concentrations. Near the saltwater interface, flow is predom 
inantly upward to overlying, more permeable freshwater 
zones and to regional discharge areas.

Predevelopment horizontal and vertical flow in the study 
area was greatest north of the facies change in the lower 
Claiborne confining unit (about 35th parallel) in the northern 
area. The combination of topographically high outcrops, 
short flow paths, and large transmissivity values facilitates 
both horizontal and vertical flow in the aquifers. These con 
ditions are particularly characteristic of the middle and 
upper Claiborne aquifers in the northern area. Flow was 
predominantly from recharge areas on the eastern side of the 
embayment to the regional discharge area, the Mississippi 
River Valley alluvial aquifer. Net vertical flow in the aquifer 
system as a whole was upward. The area underlain by the 
Mississippi River Valley alluvial aquifer in the northern area 
had the greatest upward movement of water in the study 
area. The low altitude of the water table in the Mississippi 
River Valley alluvial aquifer, in combination with the high 
altitude of the potentiometric surfaces of the confined aqui 
fers beneath the alluvial plain, produced an upward head 
gradient from the deepest aquifer to the alluvial aquifer. 
Under predevelopment conditions, about 0.5 MftVd (3.74 
Mgal/d) of water moved upward from the lower and middle 
Wilcox aquifers into shallower aquifers in the northern area 
(fig. &4). The greatest vertical flows were between the mid 
dle and upper Claiborne aquifers; however, flow between 
the upper Claiborne aquifer and the Mississippi River Valley 
alluvial aquifer was almost as great. In the northern area, a 
net vertical flow of about 11.5 MftVd (86.0 Mgal/d) moved 
from the middle Claiborne aquifer through the middle Clai 
borne confining unit into the upper Claiborne aquifer and 
about 10.5 MftVd (78.5 Mgal/d) moved upward from the 
upper Claiborne aquifer into the alluvial aquifer. Total sim 
ulated predevelopment flow to the alluvial aquifer in the 
northern area from the five aquifers was about 21 Mft3/d 
(157 Mgal/d).

The eastern and western areas had similar predevelopment 
flow patterns (figs. 9A, 10A). Horizontal flow moved from 
outcrop areas on the flanks of the embayment toward the

FIGURE 7 (overleaf). Simulated rates of recharge to and discharge from the 
Mississippi embayment aquifer system for (A) predevelopment and (B) 
1987 conditions.
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EXPLANATION
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ical flow component was transmissivity values and longer flow paths combii 
ic embay ment toward the reduce the potential for upward vertical flow. Most c 
»ippi River Valley alluvial vertical flow was in the large subcrop area where the 

less in the eastern and and middle Claiborne aquifers are in contact wit!
northern area. Smaller Mississippi River Valley allu vial aquifer. Total simi
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FIGURE 9. Simulated rates of vertical flow in eastern area for (A) predevelopment (1986), (B) 1987, and (Q 2000 conditions (20 percent
pumpage increase from 1987 conditions).

predevelopment upward flow to the alluvial aquifer from the 
five aquifers was about 5.3 MftVd (39.6 Mgal/d) in the 
eastern area and about 7.7 Mft3/d (57.6 Mgal/d) in the west 
ern area. In both areas most of the upward flow was from 
the upper Claiborne aquifer.

FLOW TO ADJACENT AREAS AND AQUIFER 
SYSTEMS

Simulated predevelopment net flow between areas 
generally is in accordance with the regional aquifer system
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FIGURE 10. Simulated rates of vertical flow in western area for (A) predevelopment (1986), (B) 1987, and (Q 2000 conditions (20 percent
pumpage increase from 1987 conditions).

pattern of southward and westward flow. Simulation results 
indicate that net system predevelopment flow from the north 
ern area southward into the eastern and western areas was 
about 0.5 and 0.4 MftVd (3.74 and 2.99 Mgal/d), respectively

(fig. 11). Net system flow from the eastern area to the 
western area was about 2.6 Mft3/d (19.4 Mgal/d). The mid 
dle Claiborne aquifer in the northern area had the greatest 
predevelopment southward flow of about 0.4 MftVd (2.99
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FIGURE 11. Simulated predevelopment horizontal flow between areas and vertical flow between aquifers.
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Mgal/d), moving into both the eastern and western areas 
toward potentiometric lows in the Mississippi River Valley 
alluvial aquifer in Mississippi and northeastern Louisiana. 
The upper Claiborne aquifer provided the greatest westward 
flow of about 1.4 MftVd (10.5 Mgal/d), moving laterally 
from the eastern area into the western area in northeastern 
Louisiana toward one of the major discharge areas of the 
aquifer system.

The flow direction between areas was similar to the 
regional flow direction in all but two locations. One excep 
tion was between the western and northern areas in the mid 
dle and lower Wilcox aquifers, where the horizontal flows 
[combined flows less than 0.1 Mft3/d (0.748 Mgal/d)] were 
to the northeast from upland outcrop areas in south-central 
Arkansas toward subcrop areas in east-central Arkansas. The 
other exception was between the eastern and western areas in 
the middle Claiborne aquifer, where net lateral flow was 
eastward. Even though flow was westward in the middle 
Claiborne aquifer in the southern one-half of the eastern 
area, a greater flow from the western area moved southeast 
toward potentiometric lows in the Mississippi River Valley 
alluvial aquifer in Mississippi and northeastern Louisiana. 
The large southeastward flow toward the Mississippi Alluvial 
Plain resulted in a net eastward flow of about 0.3 MftVd 
(2.24 Mgal/d) in the middle Claiborne aquifer.

Predevelopment flow from the five aquifers to other aqui 
fer systems defined in the Gulf Coast RASA study was not 
substantial, but flow to the Mississippi River Valley alluvial 
aquifer within the Mississippi embayment aquifer system 
was significant. Total net predevelopment discharge to the 
Mississippi River Valley alluvial aquifer was 34 MftVd (254 
Mgal/d). Most of the discharge [about 21 MftVd, (157 
Mgal/d)] occurred in the northern area and was centered 
along the embayment axis. The simulated predevelopment 
flow budget for each aquifer in the study area is shown in 
figure 12.

In most of the study area, thick marine clay of the Mid 
way confining unit prevented any substantial predevelopment 
vertical flow between the deeper aquifers of the Mississippi 
embayment aquifer system and aquifers in sediments of Cre 
taceous age. Brahana and Mesko (1988) reported that for 
most of the study area, simulated predevelopment flow from 
the McNairy-Nacatoch aquifer into the lower Wilcox aquifer 
was less than about 0.5 MftVd (3.74 Mgal/d), but in the 
extreme northwestern part of the embayment in Missouri, 
about 4.5 Mft3/d (33.7 Mgal/d) flowed into the lower Wilcox 
aquifer. Potential for lateral flow to or from aquifer systems 
outside the study area was very limited. Lateral flow inter 
change with the Texas coastal uplands aquifer system to the 
west is limited by the effect of the Sabine uplift. Flow 
between the two aquifer systems was restricted to the middle 
and lower Wilcox aquifers, but, considering the effects of the 
uplift and small transmissivity values of the two aquifers, the 
intersystem flow was assumed negligible in relation to the

total flow in the aquifer system. No substantial lateral flow 
occurred between aquifer systems on the eastern edge of the 
study area due to the combined hydrogeologic effects of 
Mobile Bay, the Mobile River, the Mobile graben, and a 
facies change in the aquifers. The coastal lowlands aquifer 
system overlies the southern one-third of the eastern and 
western areas. Flow to or from this system is severely 
restricted by the thick marine clays and limestones of the 
Vicksburg-Jackson confining unit, and total simulated prede 
velopment discharge from the Mississippi embayment aqui 
fer system to the coastal lowlands aquifer system was about 
0.3 MftVd (2.24 Mgal/d).

GROUND-WATER FLOW ANALYSIS 1886-
1987

Flow analysis of the five aquifers studied in the Missis 
sippi embayment aquifer system under developed (stressed) 
conditions was simulated by dividing the time between pre 
development (prior to 1886) and 1987 conditions into 12 
pumping 4 ; ods. Pumpage rates for each of the 12 simula 
tion periods are mid-period rates and were assumed to 
remain constant throughout the period. Flow characteristics 
were evaluated and graphically represented at the end of 
each simulation period, and a special effort was made to ana 
lyze the changes in regional flow patterns from predevelop 
ment to 1987 conditions. The following sections present 
results from the analysis of the regional flow patterns of the 
five aquifers under study.

GROUND-WATER WITHDRAWAL TRENDS

The first large development of ground water from the stud 
ied aquifers in the Mississippi embayment aquifer system 
began in 1886 with pumpage from the middle Claiborne 
aquifer in Memphis, Tenn., in the northern area. Pumpage in 
the Memphis area increased about 0.43 MftVd (3.2 Mgal/d) 
per year from 1886 to 1894 (fig. 13). The rate of increase 
lessened to about 0.03 MftVd (0.2 Mgal/d) per year from 
1895 to 1920, with about 4.4 MftVd (32.9 Mgal/d) being 
withdrawn during 1920. The average annual rate of increase 
in withdrawals from 1920 to 1974 was about 0.39 MftVd 
(2.92 Mgal/d) per year, and the pumpage rate in 1974 was 
about 25.4 MftVd (190 Mgal/d) (Criner and Parks, 1976). 
Since 1974 pumpage in the Memphis area has stabilized, and 
during 1985 pumpage from the middle Claiborne aquifer was 
about 25.5 MftVd (191 Mgal/d).

In other parts of the study area significant pumping began 
about 1920. Even though these areas, such as Pine Bluff, 
Stuttgart, El Dorado, and Magnolia, Ark., Monroe, La., and 
Jackson, Miss., have less individual pumpage than the Mem 
phis area, the development patterns since 1920 are similar to 
the pattern at Memphis. Pumpage rates have stabilized since 
the late 1970's and even decreased 5 percent from 1982 to
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1987 (fig. 14). Recently, increased concern for water 
resource conservation, the economic environment, and other 
factors have contributed to the stabilization of ground-water 
withdrawals.

Total pumpage from the five aquifers in the study area 
during 1985 (pumpage for simulated stress period 1982- 
1987) was about 102.2 Mft3/d (764.5 Mgal/d). The middle 
Claiborne was the most heavily pumped aquifer with about 
74.3 Mft3/d (556 Mgal/d) withdrawn during 1985 or about 
72.7 percent of the total pumpage from the study area (fig. 
15). The northern area had the largest total pumpage during 
1985 (about 48.1 MftVd, 360 Mgal/d) (fig. 16). Much of this 
pumpage (about 39.1 Mft3/d, 292 Mgal/d) was from the mid 
dle Claiborne aquifer. The lower Wilcox aquifer had the sec 
ond largest pumpage during 1985, about 10.7 MftVd (80.0 
Mgal/d) or about 10 percent of the total pumpage from the

study area. The northern area had the largest pumpage from 
the lower Wilcox aquifer during 1985, about 7.0 Mft3/d (52.4 
Mgal/d) or about 65 percent of total withdrawal from the 
aquifer. The middle Wilcox aquifer had the smallest 
withdrawal of any aquifer. During 1985, about 3.3 Mft3/d 
(24.7 Mgal/d) was pumped from the middle Wilcox aquifer 
of which about 2.2 Mft3/d (16.5 Mgal/d) was from the west 
ern area.

The eastern area had the least total pumpage (about 21 
percent of the 1985 total) in the study area, but it had the 
most evenly distributed pumpage among the aquifers (fig. 
145). Most of the pumpage in the western and northern 
areas (85 and 81 percent, respectively) was from the middle 
Claiborne aquifer.

With the stabilization of pumpage rates since the late 
1970's, water levels in heavily pumped areas also stabilized.
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Figure 17 shows measured and simulated water levels in 
selected wells completed in the upper and middle Claiborne 
aquifers in the Memphis, Tenn., Stuttgart, Ark., and Jackson, 
Miss., areas. The stabilizing of water levels since 1980, 
shown by the hydrographs for these heavily pumped areas, 
indicates the probability of little change in water levels in 
areas with less pumpage.

POTENTIOMETRIC SURFACES OF 
AQUIFERS

In response to pumping, potentiometric surfaces in the 
confined parts of the five aquifers have declined from prede- 
velopment levels. Rates and magnitudes of declines are 
directly related to the rate of increase and magnitude of

pumpage and to the hydraulic properties of the aquifers. The 
greatest water-level declines from predevelopment levels 
have been in the heavily pumped middle Claiborne aquifer, 
and the least declines have been in the lightly pumped middle 
Wilcox aquifer. Because pumpage has stabilized since the 
late 1970's, the 1987 potentiometric surfaces of the aquifers 
probably would have a similar configuration as the surfaces 
determined from 1980 water-level measurements (pi. 6). 
Because water-level measurements were not available 
throughout the entire study area, the areal extent of the 
mapped potentiometric surfaces was limited. The potentio 
metric surfaces shown generally represent areas with greatest 
withdrawal. Simulated 1987 potentiometric surfaces for the 
five aquifers under study are shown on plate 7. These sur 
faces are thought to represent reasonably well the actual
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water-level conditions for that year, given the regional extent 
of the analysis and the coarse discretization of aquifer 
hydraulic properties. Table 2 shows the root-mean-square 
error between the simulated 1987 and measured 1980 poten- 
tiometric surfaces for those areas with enough water-level 
data to define the potentiometric surface.

The effects of pumping from a particular aquifer or from 
vertically adjacent aquifers can be seen on the simulated 
potentiometric surfaces of each of the aquifers. The simu 
lated 1987 potentiometric surface of the upper Claiborne 
aquifer had two areas of substantial drawdown from prede- 
velopment heads. Both were in the eastern area, one near 
Jackson, Miss., where drawdown was as much as 75 feet, 
and the other around Greenville, Miss., where drawdown was 
as much as 100 feet (pi. 8). In the Memphis, Tenn., area, 
where water-table conditions exist in the upper Claiborne 
aquifer, local water levels were drawn down as much as 75 
feet because of heavy pumping from the underlying middle 
Claiborne aquifer.

The middle Claiborne aquifer, the most heavily pumped 
aquifer in the study area, has the greatest water-level declines 
from predevelopment levels (pi. 8). Four major pumping 
centers, two in the western area and one each in the eastern 
and northern areas, have drawdowns that have significantly 
altered the potentiometric surfaces 'of the middle Claiborne 
aquifer. Simulated 1987 water levels in the heavily pumped 
Memphis area are at least 125 feet below predevelopment 
water levels. Even though this area is the most heavily 
pumped of the four major pumping centers in the middle 
Claiborne aquifer, water-level declines are smaller than those 
in areas with less pumpage. A thick sand aquifer having 
high permeability and short flow paths from recharge areas 
to pumping centers are the main factors contributing to the 
smaller, water-level declines in the Memphis area. The two 
areas of greatest decline from predevelopment water levels 
are in the western area: one in east-central Arkansas extends 
across the Mississippi River into Mississippi, and the second 
is a large area in extreme southern Arkansas and north-cen 
tral Louisiana (pi. 8). These areas have the second largest 
pumpage from the middle Claiborne aquifer and the largest 
drawdowns. Water levels in the middle Claiborne aquifer in 
the east-central Arkansas area have declined more than 125 
feet throughout about a 1,200-mi2 area. In north-central 
Louisiana and in a small area in extreme southern Arkansas 
declines were just as large but less areally extensive. Local 
drawdowns of more than 150 feet occurred in large pumping 
centers at Pine Bluff, Stuttgart, and El Dorado, Ark., and at 
Monroe and Jonesboro, La. The smallest water-level 
declines in the middle Claiborne aquifer were in the eastern 
area, where only west-central Mississippi has significant 
declines. Here declines of 75 feet from predevelopment lev 
els occurred throughout a 2,300-rrii2 area, and declines as 
great as 125 feet occurred in localized areas around Jackson.

The simulated 1987 potentiometric surface of the lower 
Claiborne-upper Wilcox aquifer shows two areas of signifi 
cant drawdown in the eastern area (pi. 8). One of the areas

TABLE 2. Root-mean-square error between 1980 measured 
 water levels and simulated 1987 water levels.

Aquifer
Root-mean- 
square error 

(in feet)

Upper Claiborne 27
Middle Claiborne 38
Lower Claiborne-Upper Wilcox 20
Middle Wilcox 46
Lower Wilcox 34

is in west-central Mississippi where water levels are 100 feet 
lower than predevelopment levels, and the other is a small 
area in east-central Mississippi where levels are as much as 
100 feet lower.

The middle Wilcox aquifer, which has few large-capacity 
wells, is the least-developed aquifer in the study area. 
Accordingly, the potentiometric surface of the middle Wilcox 
aquifer shows no area of large water-level declines caused by 
pumpage from the aquifer itself. The large area of water- 
level decline centered around Memphis, Tenn. (pi. 8), closely 
matches, however, the decline in the potentiometric surface 
of the lower Wilcox in the Memphis area (pi. 8). The middle 
Wilcox, which is not a productive aquifer in the Memphis 
area, had water-level declines of 100 feet below predevelop 
ment levels that resulted from pumping from the underlying 
lower Wilcox aquifer.

The shape of the 1987 simulated potentiometric surface of 
the lower Wilcox aquifer is very similar to the simulated 
middle Wilcox aquifer potentiometric surface (pi. 7). 
Because the lower Wilcox aquifer has much greater pump- 
age, the shape of the middle Wilcox aquifer potentiometric 
surface is affected by the stresses in the lower Wilcox aqui 
fer. The similarities in configuration of the potentiometric 
surfaces of these two aquifers suggests that good hydraulic 
connection exists between the middle and lower Wilcox 
aquifers throughout most of the study area.

The potentiometric surface of the lower Wilcox aquifer 
declined the most from predevelopment to simulated 1987 
conditions in the Memphis, Tenn., area (pi. 8). The lower 
Wilcox aquifer, the second most heavily pumped aquifer in 
the study area, is widely used in the Memphis area and has 
water-level declines of more than 125 feet below predevelop 
ment levels. The large, oval-shaped area of drawdown, ori 
ented north-south, extends from the Missouri border to 
northern Mississippi. The only other significant drawdown 
in the lower Wilcox aquifer is in a small area in east-central 
Mississippi where simulated 1987 water levels are more than 
75 feet below predevelopment levels.

RECHARGE AND DISCHARGE IN AQUIFER 
OUTCROP AND SUBCROP AREAS

Recharge to all the aquifers in all three areas has increased 
from predevelopment rates in places where they crop out
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(fig. 18). The increase is a direct result of the gradual 
development of the ground-water resources in the study area. 
Pumping has induced more recharge to the aquifers and 
probably decreased the amount of local discharge to springs, 
seeps, and streams in outcrop areas.

Net discharge to the Mississippi River Valley alluvial 
aquifer from the subcropping aquifers has decreased from 
predevelopment amounts in all three areas (fig. 19). As 
shown in figure IB, the regional discharge to the Mississippi 
River Valley alluvial aquifer has been substantially reduced 
since development of the five aquifers. Pumping has low 
ered potentiometric surfaces and captured much of the natu 
ral discharge to the alluvial aquifer. The lowering of the 
potentiometric surfaces in the subcropping aquifers resulted 
in smaller head differences or a reversal of vertical gradients 
between the subcropping aquifer and the alluvial aquifer. 
Consequently, net discharge from subcropping aquifers to 
the alluvial aquifer decreased. In areas where flow direc 
tions have been reversed, water is being recharged to the 
subcropping aquifers from the alluvial aquifer.

As shown in figure 18, the northern area had the greatest 
predevelopment recharge in outcrop areas and also had the 
greatest increase in recharge in outcrop areas. Of the five 
aquifers, the middle Claiborne aquifer in the northern area 
had the greatest recharge in outcrop areas and the largest 
increase in recharge since predevelopment. The large pump- 
age in the Memphis, Tenn., area increased recharge to the 
middle Claiborne aquifer in the northern area from a prede 
velopment rate of about 24 MftVd (180 Mgal/d) to more than 
40 MftVd (299 Mgal/d) during 1987. The outcrop area east 
and southeast of Memphis had the greatest amount of 
recharge with more than 1.4 in./yr entering the middle Clai 
borne aquifer (fig. 7). Correspondingly, discharge to the 
Mississippi River Valley alluvial aquifer from the subcrop 
ping upper Claiborne aquifer has been reduced in the north 
ern area from about 10.5 MftVd (78.5 Mgal/d) prior to 
development to 1.5 MftVd (11.2 Mgal/d) during 1987 (fig. 
19). !

The leastern and western areas exhibit similar characteris 
tics of | increased simulated recharge in aquifer outcrop areas 
with increased aquifer development. In the western area, 
recharge to the middle Claiborne aquifer in outcrop areas 
increased from predevelopment rates of about 1.5 MftVd 
(11.2 lUgal/d) to more than 13 MftVd (97.2 Mgal/d) during 
1987 (fig. 18). In the eastern area, recharge increased from 
predevelopment amounts of about 1.5 MftVd (11.2 Mgal/d) 
to about 4.1 MftVd (30.7 Mgal/d) during 1987 (fig. 18). 
Recharge to the outcrop areas for all aquifers in the eastern 
area also was more evenly distributed among the aquifers. 
This is because of less pumpage and because the pumpage 
was more evenly distributed among the aquifers. Some 
small upland outcrop areas in central Mississippi, south-cen 
tral Arkansas, and northwestern Louisiana had more than 0.5

in./yr recharge during 1987, but most areas had less than 0.4 
in./yr (fig. 7).

The northern area had the greatest simulated discharge to 
the Mississippi River Valley alluvial aquifer before develop 
ment; the upper Claiborne and middle Claiborne aquifers 
each discharged more than 10 Mft3/d (74.8 Mgal/d) to the 
alluvial aquifer (fig. 19). During 1987, the northern area 
was the only area with a net discharge to the alluvial aqui 
fer. Before development, the upper Claiborne aquifer, the 
most extensively subcropping aquifer in the western area, 
discharged about 7.7 MftVd (57.6 Mgal/d) to the Mississippi 
River Valley alluvial aquifer. Most of the discharge was in 
northeastern Louisiana and southeastern Arkansas. After 
development began, the upper Claiborne aquifer subcrop in 
the western area changed from a net discharge area to a net 
recharge area. During 1987, net recharge to the aquifer was 
about 0.7 MftVd (5.24 Mgal/d), even though local areas in 
northeastern Louisiana and southeastern Arkansas continued 
to discharge as much as 0.2 in./yr to the Mississippi River 
Valley alluvial aquifer. Subcrops of the upper and middle 
Claiborne aquifers in the eastern area exhibit similar charac 
teristics but have less net discharge and recharge (fig. 19). 
Before development the upper Claiborne and middle Clai 
borne aquifers discharged about 2.8 and 2.1 MftVd (20.9 
and 15.7 Mgal/d), respectively, to the alluvial aquifer in the 
eastern area, and during 1987 these aquifers received about 
0.5 and 0.8 MftVd (3.74 and 5.98 Mgal/d), respectively, 
from the alluvial aquifer.

LATERAL AND INTERAQUIFER FLOW

Predevelopment flow characteristics in individual aquifers 
and between vertically adjacent aquifers differ from simu 
lated 1987 flow characteristics. Large withdrawals, mainly 
from the middle Claiborne aquifer, have produced increased 
vertical flow from sources above and below the pumped 
aquifer, as well as changes in hydraulic gradients and hori 
zontal flow patterns. Before development, regional vertical 
flow in the confined parts of the aquifers was upward from 
the deepest aquifers into successively shallower aquifers 
and finally to the regional discharge area, the Mississippi 
River Valley alluvial aquifer. Before development, the 
northern area had the most upward flow between the middle 
and upper Claiborne aquifers (fig. 20). As development pro 
gressed, flow between the upper and middle Claiborne aqui 
fers changed to a net downward movement of water from 
the upper Claiborne aquifer into the middle Claiborne aqui 
fer (fig. 20). The net downward movement occurred in all 
areas; the western and northern areas had the greatest down 
ward flows with about 9.8 and 9.2 MftVd (73.3 and 68.8 
Mgal/d), respectively, during 1987 (figs. 10, 8). In the west 
ern area, about 1.5 MftVd (11.2 Mgal/d) moved upward
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from deeper aquifers through the lower Claiborne confining 
unit into the middle Claiborne aquifer during 1987. The 
northern area had a net vertical flow of about 5.7 Mft3/d 
(42.6 Mgal/d) moving downward during 1987 from the mid 
dle Claiborne aquifer into the middle Wilcox and about 6.5 
Mft3/d (48.6 Mgal/d) from the middle Wilcox into the lower 
Wilcox aquifer. In the heavily pumped Memphis, Tenn., 
area, however, net vertical flow was upward from the lower 
and middle Wilcox aquifers into the middle Claiborne aqui 
fer. Pumpage during 1987 was less in the eastern area, and 
less downward flow was induced between aquifers (fig. 9). 
Downward flow from the upper Claiborne aquifer into the 
middle Claiborne aquifer in the eastern area during 1987 
was about 2.5 Mft3/d (18.7 Mgal/d). Flow into the middle 
Claiborne aquifer from underlying aquifers was about 0.6 
Mft3/d (4.49 Mgal/d).

The simulated flow from the five aquifers to the Missis 
sippi River Valley alluvial aquifer has decreased since 
development began (fig. 21). The northern area, which had 
a discharge of about 21.0 MftVd (157 Mgal/d) to the 
alluvial aquifer before development, had the greatest 
decrease in discharge and was the only area with a net dis 
charge to the alluvial aquifer in 1987. The amount of this 
discharge was about 5.0 Mft3/d (37.4 Mgal/d). Even 
though the aquifers in the northern area continued to have 
a net discharge to the alluvial aquifer during 1987, the 
alluvial aquifer immediately west of the Memphis, Tenn., 
area provided more than 0.5 in./yr recharge to the subcrop- 
ping upper Claiborne aquifer. This condition was caused 
by the lowering of the potentiometric surface in the upper 
Claiborne aquifer as a result of heavy pumping from the 
middle Claiborne aquifer in the Memphis area. Because the
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eastern and western areas had significantly less flow to the 
alluvial aquifer before development (about 5.4 and 7.6 
MftVd, 40.4 and 56.8 Mgal/d, respectively) than did the 
northern area, aquifer development had a more pronounced 
effect on the vertical flow regime in the subcropping aqui 
fers. During 1987, the direction of net vertical flow 
between the subcropping aquifers and the alluvial aquifer 
in the eastern and western areas was reversed from the 
direction of flow before development. During 1987, flow 
from the alluvial aquifer to the subcropping aquifers was 
about 1.2 MftVd (8.98 Mgal/d) in the eastern area and 
about 2.0 MftVd (15.0 Mgal/d) in the western area.

FLOW TO ADJACENT AREAS AND AQUIFER 
SYSTEMS

Increased pumpage, mainly from the middle Claiborne 
aquifer, has changed the regional lateral flow pattern in the 
aquifers and the amount of horizontal flow between areas 
(fig. 22). The most radical change in flow direction from 
predevelopment conditions was between the eastern and 
northern areas. Simulation indicates that heavy pumpage 
from the middle Claiborne and lower Wilcox aquifers in the 
Memphis, Tenn., area has caused reversal of the regional lat 
eral flow direction between the eastern and northern areas. 
Before development net flow was southward, whereas during 
1987 net flow was northward. All aquifers except the upper 
Claiborne had a net northward lateral flow between the east 
ern and northern areas during 1987. The middle Claiborne 
and lower Claiborne-upper Wilcox aquifers, which merge in 
the northern area, had the greatest northward flow, about 0.3 
MftVd (2.25 Mgal/d) each during 1987. Flow northward in 
the middle and lower Wilcox aquifers was less than about 
0.1 MftVd (0.75 Mgal/d) during the same time period. Total 
net northward flow from the eastern area to the northern area 
during 1987 was about 0.6 MftVd (4.49 Mgal/d).

In all the aquifers the lateral flow directions between the 
western and northern areas were the same in 1987 as before 
development. Net movement was from the northern area 
into the western area. The magnitude of flow was similar in
all aquifers except the middle Claiborne. Simulation sug 
gests that the heavy pumpage from the middle Claiborne 
aquifer in the Pine Bluff and Stuttgart, Ark., areas increased 
the southward flow in that aquifer from about 0.4 MftVd 
(2.99 Mgal/d) before development to about 2.2 MftVd (16.6 
Mgal/d) during 1987. Total net flow from the northern area 
into the western area during 1987 was about 2.3 MftVd (17.2 
Mgal/d).

Lateral flow between the eastern and western areas during 
1987 was westward in all aquifers. Pumpage from the upper 
Claiborne aquifer in the eastern area reduced the westward 
flow in the aquifer to about 0.7 MftVd (5.24 Mgal/d) during 
1987, a reduction of 50 percent from predevelopment rates.

The large pumpage (about 28.2 MftVd, 211 Mgal/d) from the 
middle Claiborne aquifer in the western area caused the net 
lateral flow in the middle Claiborne aquifer to change from a 
net eastward flow of about 0.3 MftVd (2.24 Mgal/d) before 
development to a westward flow of about 0.9 MftVd (6.73 
Mgal/d) during 1987. Westward flow in the lower Clai 
borne-upper Wilcox aquifer was reduced from about 0.5 
MftVd (3.74 Mgal/d) before development to about 0.1 MftVd 
(0.75 Mgal/d) during 1987. In 1987 lateral flows in the mid 
dle and lower Wilcox aquifers were westward, and net flows 
were similar to those before development. Total net west 
ward flow during 1987 from the eastern area to the western 
area was about 2.4 MftVd (18.0 Mgal/d), about 0.2 MftVd 
(1.50 Mgal/d) less than before development.

Pumpage not only induces more recharge to the aquifer 
system but also captures water that would normally be dis 
charged from the aquifers to the Mississippi River Valley 
alluvial aquifer and the coastal lowlands aquifer system. 
Pumpage has reduced the net discharge to the alluvial aqui 
fer in the study area to about 1.8 MftVd (13.5 Mgal/d) and 
has completely eliminated the small upward net predevelop 
ment discharge (about 0.3 MftVd, 2.24 Mgal/d) to the coastal 
lowlands aquifer system. The water released from confined 
storage varied from slightly more than 1 percent of the vol 
ume pumped in 1915 to a high of about 6 percent of the 
volume pumped in 1970. Simulation indicates that under 
1987 conditions, 2.3 MftVd (17.2 Mgal/d) was released from 
confined storage from the five aquifers. The flow budget for 
each aquifer in the study under 1987 conditions is shown in 
figure 23. Net flow from the McNairy-Nacatoch aquifer into 
the lower Wilcox aquifer has been reduced from about 5 
MftVd (37.4 Mgal/d) before development to about 4 MftVd 
(29.9 Mgal/d) under 1987 conditions (Brahana and Mesko, 
1988).

POTENTIAL FOR GROUND-WATER 
RESOURCE DEVELOPMENT

A brief evaluation of the potential for future ground-water 
development was made simulating two approaches of apply 
ing additional pumping stress to the aquifer system. The 
first approach assumes a 20 percent regional increase over 
1985 pumping rates in all aquifers for the entire study area 
for an additional 13-year period (1987-2000). The second 
approach consists of two scenarios, each applying an addi 
tional, hypothetical local increase in pumpage of 5.35 MftVd 
(40.0 Mgal/d), uniformly distributed throughout a 100-mi2 
area, from the middle Claiborne aquifer. In one scenario, the 
pumpage is centered at Marianna, Ark., in the western area 
(south of the lower Claiborne confining unit facies change); 
in the other, the center of pumpage is at Wynne, Ark., in the 
northern area (north of the lower Claiborne confining unit 
facies change). In the second approach, the areal pumpage
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FIGURE 22. Simulated horizontal flow between areas and vertical flow between aquifers, 1987.
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FIGURE 23. Simulated 1987 flow budget 
for aquifers in study area.
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from all the other aquifers is at the 1985 rate during the 
projected 13-year period.

REGIONAL PUMPAGE INCREASE

Although total pumpage from the aquifer system declined 
in the study area from about 106.9 Mft3/d (799.6 Mgal/d) 
during 1980 to about 102.21 Mft3/d (764.5 Mgal/d) during 
1985, future development is expected to place added 
demands on the aquifer system. Based on an assumed uni 
form 20 percent increase in pumpage over 1985 rates, the 
average total withdrawal from all the aquifers during the pro 
jected 13-year period (1987-2000) is about 122.6 MftVd 
(917.0 MgaVd).

Using this same 20 percent increase in withdrawal, simu 
lation results indicate that after 13 years water levels in the 
upper Claiborne aquifer will be more than 10 feet below 
1987 levels in the Jackson and Greenville, Miss., areas and 
the Memphis, Tenn., area (pi. 9). In the remainder of the 
study area, simulated water levels in the upper Claiborne 
aquifer will be about 5 feet below 1987 levels.

Simulated results indicate that the heavily pumped middle 
Claiborne aquifer would experience the most widespread 
water-level declines if a uniform 20 percent pumping rate 
increase is applied for a 13-year period (pi. 9). The El 
Dorado, Ark., and Monroe, La., areas are estimated to have 
water-level declines of about 30 feet below 1987 levels. 
Water levels in the center of the heavily pumped Memphis, 
Tenn., area are estimated to decline about 25 feet below 
1987 levels. Water levels in the Jackson, Miss., area and the 
Pine Bluff-Stuttgart, Ark., area are estimated to decline 
about 20 feet below 1987 levels. Away from these pumping 
centers, the water-level decline in the middle Claiborne aqui 
fer generally is estimated to be 5-10 feet below 1987 levels.

If the regional 20 percent increase in pumpage is assumed, 
simulation results indicate that the area of the greatest pro 
jected water-level declines from 1987 levels for the lower 
Claiborne-upper Wilcox aquifer would be in Mississippi (pi. 
9). The greatest simulated declines would be the Forest and 
Greenwood, Miss., areas, with water levels about 30 and 20 
feet, respectively, below 1987 levels. Most of the remaining 
area would have estimated declines of 10-15 feet. Estimated 
water-level declines in the lower Claiborne-upper Wilcox 
aquifer throughout a large area in Louisiana and Arkansas 
would be 5-10 feet below 1987 levels.

The middle Wilcox aquifer is not a highly productive aqui 
fer in the study area. This aquifer has the least pumpage 
and, consequently, is projected to have the least increase in 
pumpage. If pumpage is increased by a uniform 20 percent, 
the estimated water-level declines from 1987 levels would be 
greatest in the eastern area, with most declines 10-15 feet 
(pi. 9). In the Memphis, Tenn., area, the middle Wilcox is 
not considered a productive aquifer, but water levels in the 
middle Wilcox aquifer would be about 20 feet below 1987 
levels as a result of increased pumpage from the middle 
Claiborne and lower Wilcox aquifers. The remainder of the 
study area is estimated to have declines about 5-10 feet 
below 1987 levels in the middle Wilcox aquifer.

Based on a regional uniform 20 percent increase in pump- 
age, simulation results indicate that the lower Wilcox aquifer 
water levels would decline about 20 feet in the Memphis, 
Tenn., area and about 20-25 feet in the Meridian, Miss., area 
after 13 years (pi. 9). Average regional declines in the 
remainder of the eastern and northern areas are estimated to 
be about 10 feet below 1987 levels. Average water-level 
declines in the lower Wilcox aquifer in the western area are 
estimated to be less than 10 feet below 1987 levels.

Simulated horizontal flow between areas and vertical flow 
between aquifers after the 13-year period of increased
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RGURE 24. Simulated horizontal flow between areas and vertical flow between aquifers, year 2000, assuming a uniform 20 percent increase in pumpage over
1985 rates.
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withdrawal would have patterns and flow rates similar to 
1987 (fig. 24). The magnitude of flow components is greater 
due to the projected 20 percent increase in pumpage. The 
increased pumpage is expected to induce more recharge in 
aquifer outcrop and subcrop areas. Also, more water is 
released from aquifer storage. Simulation results indicate 
that 4.5 MftVd (33.7 Mgal/d) is released from confined aqui 
fer storage from the five aquifers. The flow budget for each 
aquifer, assuming a regional 20 percent increase in with 
drawals for a 13-year period, is shown in figure 25.

LOCAL PUMPAGE INCREASE

The middle Claiborne aquifer will probably continue to 
provide large point sources of water in the future. Two 
areas, one at Marianna, Ark., south of the lower Claiborne 
confining unit facies change (about the 35th parallel) in the 
western area and the other at Wynne, Ark., north of the 
facies change in the northern area, were selected as sites for 
hypothetical large increases in local pumpage (5.35 MftVd, 
40.0 Mgal/d) to assess the effects of pumpage increases from 
the middle Claiborne aquifer. In both areas the middle Clai 
borne aquifer has large transmissivity values (greater than 
10,000 ft2/d). In the Wynne area the lower Claiborne confin 
ing unit consists mostly of sand, thus the aquifer is thicker.

With pumpage held constant at 1985 rates in all aquifers 
except for an additional hypothetical pumpage of 5.35 MftVd 
(40.0 Mgal/d) from the middle Claiborne aquifer applied uni 
formly throughout a 100-mi2 area around Marianna, Ark., 
simulated water levels in the middle Claiborne aquifer would 
be about 90 feet below 1987 levels at Marianna after 13 
years (fig. 26/4). The increased pumpage at Marianna would 
produce water-level declines of about 10 feet or more below 
1987 levels as far as 35 miles to the south and west, 25 miles 
to the north, and about 28 miles to the east. In the Memphis, 
Tenn., and Stuttgart, Ark., areas, water levels would be 5-10 
feet below 1987 levels after 13 years. The hypothetical 
pumpage at Marianna from the middle Claiborne aquifer also 
is expected to affect water levels in aquifers above and below 
the pumped aquifer. Water levels in the overlying upper 
Claiborne aquifer and the underlying lower Claiborne-upper 
Wilcox aquifer are estimated to be between 10-20 feet lower 
than 1987 levels by the year 2000. The increased pumpage 
is expected to also result in an increase in lateral flow from 
the northern area into the western area in the middle Clai 
borne aquifer, from about 2.2 Mft3/d (16.5 Mgal/d) in 1987 
to about 4.1 MftVd (30.7 Mgal/d) after 13 years. Lateral 
flow from the eastern area into the western area is expected 
to increase from about 0.9 MftVd (6.73 Mgal/d) to 1.5 MftVd 
(11.2 Mgal/d) after 13 years with additional pumpage.

If, instead, the hypothetical 5.35 MftVd (40.0 Mgal/d) 
increase in pumpage is applied uniformly to a 100-mi2 area 
centered at Wynne, Ark., in the northern area (north of the

transition zone), simulation results indicate there would be 
substantially less drawdown in water levels in the middle 
Claiborne aquifer after 13 years (fig. 265). The resulting 
water levels in the middle Claiborne aquifer after 13 years 
(year 2000) would be about 30 feet below 1987 levels at 
Wynne, as compared to the estimated maximum' decline of 
90 feet if the pumpage were centered at Marianna (fig. 26A). 
Drawdowns of as much as 10 feet below 1987 levels would 
extend 15 miles from Wynne and would be about 5 feet 
below 1987 levels in the Memphis, Tenn., area. The declines 
would probably extend only a short distance into the western 
area, and little or no effect is likely to be evident in the 
heavily pumped Stuttgart, Ark., area. Water levels in the 
upper Claiborne aquifer in the vicinity of Wynne would be 
about 10 feet below 1987 levels as a result of the increased 
pumpage from the middle Claiborne aquifer after 13 years of 
additional pumpage. Lateral flow southward in the middle 
Claiborne aquifer from the northern area into the western 
area would be reduced from about 2.2 MftVd (16.5 Mgal/d) 
in 1987 to about 1.8 MftVd (13.5 Mgal/d) in the year 2000 
after 13 years with the additional pumpage at Wynne.

On a regional scale, the five aquifers in the Mississippi 
embayment aquifer system have potential for increased 
ground-water development. Simulation results indicate that a 
regional 20 percent increase in pumpage over 1985 pumpage 
rates from the aquifer system will not produce major 
regional water-level declines by the year 2000. Simulating 
large pumpage increases in localized areas where large draw 
downs already exist, such as in the middle Claiborne aquifer 
in Monroe, La., and Pine Bluff-Stuttgart, Ark., may produce 
problems such as aquifer dewatering, saline water moving 
into parts of the aquifer previously containing freshwater, 
and other problems associated with aquifer overdevelopment. 
The middle Claiborne aquifer has potential for increased 
development of large ground-water supplies away from areas 
already being heavily pumped in the northern area (north of 
the transition zone in the lower Claiborne confining unit). 
South of the transition zone, potential for development of 
large ground-water supplies in the middle Claiborne aquifer 
also exists, but drawdowns would probably be two to three 
times greater than those north of the transition zone for simi 
lar withdrawal rates.

SUMMARY

The Mississippi embayment aquifer system is composed 
of six major regional aquifers extending throughout 
160,000 mi2 in parts of Alabama, Arkansas, Illinois, Ken 
tucky, Louisiana, Mississippi, Missouri, and Tennessee. 
This report presents the results of the flow analysis of five 
aquifers in sediments of the Wilcox and Claiborne Groups 
of Tertiary age that make up the Mississippi embayment 
aquifer system. In descending order these aquifers are (1)
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FIGURE 25. Simulated year 2000 flow 
budget for aquifers in study area, assum 
ing a uniform 20 percent increase in 
pumpage over 1985 rates.
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the upper Claiborne, (2) the middle Claiborne, (3) the 
lower Claiborne-upper Wilcox, (4) the middle Wilcox, and 
(5) the lower Wilcox. The flow analysis of the sixth aqui 
fer in the aquifer system, the Mississippi River Valley 
alluvial aquifer in sediments of Holocene and Pleistocene 
age, is described in chapter D of this Professional Paper.

The formation of the Mississippi embayment was the 
result of subsidence accompanied by cyclic transgression and 
regression of the sea. With the lowering of sea level that 
accompanied Pleistocene glaciation, the Mississippi River 
entrenched into the Tertiary and Cretaceous sediments that 
filled the embayment. As sea level began to rise, stream gra 
dients decreased and the entrenched valley was filled with 
sediment forming the Mississippi Alluvial Plain. The 
troughlike shape of the embayment resulted in Tertiary-age 
sediments cropping out in a series of arcuate bands approxi 
mately parallel with the periphery of the Mississippi embay 
ment. Outcrops in the upland areas on the eastern edge of 
the embayment are at altitudes significantly higher than out 
crops on the western edge of the embayment. Outcrops of 
Tertiary sediments are absent in the northwestern part of the 
embayment where they are covered by the Mississippi River 
Valley alluvial aquifer that extends to the northwestern edge 
of the study area. In this area, aquifers and confining units 
subcrop the alluvial plain.

The upper Claiborne aquifer is the youngest and upper 
most of the five aquifers studied and is composed predomi 
nantly of the Cockfield Formation. The upper Claiborne 
aquifer averages about 250 feet in thickness in the subsurface 
and is the most extensive subcropping aquifer in that it 
directly underlies about 43 percent of the alluvial plain from 
northeastern Louisiana to the northern edge of the embay 
ment.

The middle Claiborne aquifer, composed mostly of the 
Sparta Sand in the southern two-thirds of the study area and

the Memphis Sand in Tennessee, east-central Arkansas, 
southeastern Missouri, southwestern Kentucky, and north 
western Mississippi, is the most extensively developed of the 
five aquifers. In the northern area, it consists of massive 
sand beds (more than 700 feet thick) as a result of clay of 
the underlying lower Claiborne confining unit changing to 
sand and becoming part of the middle Claiborne aquifer. 
The middle Claiborne aquifer crops out on both sides of the 
embayment, and its outcrop band is widest in the northeast 
ern part of the embayment. The middle Claiborne aquifer is 
the second most extensive subcropping aquifer and directly 
underlies about 15 percent of the Mississippi River Valley 
alluvial aquifer.

The lower Claiborne-upper Wilcox aquifer is equivalent to 
the Winona-Tallahatta and Meridian-upper Wilcox aquifers 
in Mississippi, the Carrizo-Wilcox sand in Louisiana, and the 
Carrizo Sand in Arkansas. This aquifer is considered the 
lower part of the middle Claiborne aquifer in the northern 
area of the embayment. The lower Claiborne-upper Wilcox 
aquifer crops out on both sides of the embayment and is 
100-500 feet thick in the subsurface.

The middle Wilcox is the least developed aquifer in the 
Mississippi embayment aquifer system. It is composed pre 
dominantly of interbedded sand, silt, and clay of the Wilcox 
Group between the lower Claiborne-upper Wilcox aquifer 
and the lower Wilcox aquifer. The middle Wilcox aquifer 
crops out on both sides of the embayment and is the surficial 
unit over the Sabine uplift. Total sand thickness of the aqui 
fer ranges from less than 200 feet in the northern and south 
ern parts of the study area to more than 1,500 feet in central 
Louisiana.

FIGURE 26 (overleaf). Water level declines in the middle Claiborne aqui 
fer from 1987 to year 2000, with pumpage increase of 5.35 million cubic 
feet per day at (left view) Marianna, and (right view) Wynne, Ark.
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The lower Wilcox aquifer is the basal aquifer in the Wilcox 
Group and is equivalent to the Fort Pillow Sand in Tennessee, 
Arkansas, and Missouri. The aquifer is an extensively devel 
oped source of freshwater, second only to the middle 
Claiborne aquifer. Aggregate sand thickness is 200-300 feet 
in most of the area.

Four confining units of regional scope influence the 
hydrology of the five major aquifers in sediments of Tertiary 
age in the Mississippi embayment aquifer system. The mid 
dle Claiborne confining unit and the lower Claiborne confin 
ing unit separate the upper Claiborne, middle Claiborne, and 
lower Claiborne-upper Wilcox aquifers. The Vicksburg- 
Jackson confining unit and the Midway confining unit sepa 
rate the Mississippi embayment aquifer system from overly 
ing and underlying aquifer systems.

The study area was divided into three areas, each having 
unique topographic or stratigraphic features. The northern 
area represents all the area north of the facies change in the 
lower Claiborne confining unit, north of about the 35th par 
allel. The eastern area is all the area east of the Mississippi 
River and south of the facies change in the lower Claiborne 
confining unit, and the western area is all the area west of 
the Mississippi River and south of the facies change. The 
northern area is the smallest and narrowest of the three 
areas. Here aquifer outcrop areas are only on the eastern 
side of the embayment and are at their highest altitudes in 
the study area. The Mississippi Alluvial Plain occupies the 
western half of the northern area. The studied aquifers 
subcrop the Mississippi River Valley alluvial aquifer, and 
the upper Claiborne and the middle Claiborne aquifers are 
the most extensive subcropping units in the northern area. 
The eastern area is characterized by a large percentage of 
the total aquifer outcrop, high altitudes in outcrop areas, 
and only a small part of its area in the Mississippi Alluvial 
Plain province. The western area has the lowest outcrop 
altitudes and the largest part of its area in the Mississippi 
Alluvial Plain; it contains the Sabine uplift, a structurally 
high area that disrupts the normal embayment outcrop 
pattern.

The middle Claiborne aquifer has large transmissivity val 
ues over a wider areal extent than any other aquifer in the 
study area. Transmissivity values of 10,000-50,000 ft2/d are 
in the middle Claiborne aquifer throughout the northern area, 
in east-central Arkansas in the western area, and around 
Clarksdale, Miss., in the eastern area. The middle Wilcox 
aquifer has the smallest transmissivity values of the five 
aquifers; transmissivity values are less than 5,000 ft2/d in 
most of the study area. Storage coefficient values for the 
aquifers generally are between 2.5x10"5 and 2.5x10'4 in the 
freshwater zones. Vertical hydraulic conductivity values of 
confining units range from IxlO"5 ft/d for the marine clays of 
the Vicksburg-Jackson confining unit to IxlO'3 ft/d for clays 
in the middle Claiborne confining unit.

Pumping from the aquifers in the Mississippi embayment 
aquifer system began in 1886. Predevelopment water levels 
were higher on the eastern flank of the embayment than for 
corresponding levels on the western flank. Predevelopment 
head gradients were steepest in outcrop areas and more uni 
form and flatter downdip in the confined zone. Head gradi 
ents sloped generally toward the axis of the embayment in 
the northern two-thirds of the embayment and sloped 
southward toward the Gulf of Mexico in the southern one- 
third. Interruptions of this flow pattern are caused by the 
Sabine uplift and by regional discharge zones in the Missis 
sippi River Valley alluvial aquifer.

Simulated predevelopment recharge to aquifers was pre 
dominantly by direct infiltration of rainfall in aquifer outcrop 
areas and secondarily by leakage from other aquifer systems. 
Predevelopment aquifer discharge was to streams, springs, 
seeps, and by leakage to adjacent aquifers. The middle Clai 
borne aquifer outcrop area on the eastern side of the northern 
area of the embayment had the greatest recharge prior to 
development, receiving more than 1 in./yr in some areas of 
northern Mississippi and southern Tennessee. Aquifer out 
crop areas in the eastern and western areas had more than 
0.2 in./yr recharge in central Mississippi, south-central 
Arkansas, and northwestern Louisiana, but most of the out 
crop areas had recharge of less than 0.2 in./yr. Maximum 
predevelopment discharge, more than 0.6 in./yr, was to the 
Mississippi River Valley alluvial aquifer west of Memphis, 
Tenn. Prior to development, the major discharge zones in 
the eastern and western areas were in south-central Arkansas 
and extreme northeastern Louisiana, where about 0.2 in./yr 
discharged upward into the alluvial aquifer.

Simulated predevelopment horizontal and vertical flow 
was greatest north of the facies change in the lower Clai 
borne confining unit. Under predevelopment conditions, 
about 0.5 MftVd (3.74 Mgal/d) moved upward from the 
lower and middle Wilcox aquifers into shallower aquifers in 
the northern area. About 11.5 MftVd (86.0 Mgal/d) moved 
upward from the middle Claiborne aquifer into the upper 
Claiborne aquifer, and about 10.5 MftVd (78.5 Mgal/d) 
moved upward from the upper Claiborne aquifer into the 
Mississippi River Valley alluvial aquifer in the northern area. 
Total predevelopment flow from the five aquifers to the allu 
vial aquifer in the northern area was about 21 MftVd (157 
Mgal/d). Total predevelopment flow from the five aquifers to 
the alluvial aquifer was about 5.3 MftVd (39.6 Mgal/d) in the 
eastern area and about 7.6 MftVd (56.8 Mgal/d) in the west 
ern area.

Simulated predevelopment net flows between areas gener 
ally followed the regional flow direction of southward and 
westward flow. Net system predevelopment flow from the 
northern area southward into the eastern and western areas 
was about 0.5 and 0.4 MftVd (3.74 and 2.99 Mgal/d), respec 
tively. Net system flow from the eastern area to the western 
area was about 2.6 MftVd (19.4 Mgal/d). The middle
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Claiborne aquifer had the greatest southward flow, about 0.4 
MftVd (2.99 Mgal/d). The upper Claiborne aquifer had the 
greatest westward flow, about 1.4 Mft3/d (10.5 Mgal/d). 
Total net predevelopment discharge to the Mississippi River 
Valley alluvial aquifer in the study area was about 34 MftVd 
(254 Mgal/d). Total net predevelopment discharge to the 
coastal lowlands aquifer system was about 0.3 MftVd (2.24 
Mgal/d). Total net predevelopment flow to the lower Wilcox 
from the McNairy-Nacatoch aquifer was about 5 MftVd 
(37.5 Mgal/d).

The first large development of ground water from the five 
regional aquifers began in 1886 with pumpage from the mid 
dle Claiborne aquifer in Memphis, Tenn. Pumpage increased 
in the Memphis area until 1974, when total withdrawal was 
about 25.4 MftVd (190 Mgal/d). Since 1974, rates have sta 
bilized, and pumpage from the middle Claiborne aquifer was 
about 25.5 MftVd (191 Mgal/d) during 1985. Pumping in 
other parts of the study area began about 1920 with Pine 
Bluff, Stuttgart, El Dorado, and Magnolia, Ark.; Monroe, 
La.; and Jackson, Miss., the main pumping centers.

Total pumpage from the five aquifers in the study area 
during 1985 was about 102.2 MftVd (764.5 Mgal/d). 'The 
middle Claiborne aquifer was the most heavily pumped aqui 
fer, yielding about 74.3 Mft3/d (556 Mgal/d) during 1985. 
The middle Wilcox aquifer had the smallest pumpage, yield 
ing about 3.3 Mft3/d (24.7 Mgal/d) during 1985. The north 
ern area had the largest total pumpage, about 48.1 Mft3/d 
(360 Mgal/d) during 1985. The eastern area had the least 
total pumpage, about 21 percent of the 1985 total with 
drawal. Total pumpage in the study area decreased about 5 
percent from 1980 to 1985.

Water-level declines from predevelopment to 1987 were 
greatest in the middle Claiborne aquifer and least in the 
middle Wilcox aquifer. Simulated 1987 water levels in the 
middle Claiborne aquifer in the Memphis, Tenn., area were 
as much as 125 feet below predevelopment levels. In east- 
central Arkansas and in extreme southern Arkansas and 
north-central Louisiana, simulated 1987 water levels were 
more than 125 feet below predevelopment levels in the 
middle Claiborne aquifer throughout a 1,000-mi2 area. 
Declines of more than 200 feet have occurred in the middle 
Claiborne aquifer around large pumping centers in the Pine 
Bluff-Stuttgart and El Dorado areas in Arkansas and in the 
Monroe area in Louisiana. In west-central Mississippi, 
simulated 1987 water levels were more than 75 feet below 
predevelopment levels in the middle Claiborne aquifer and 
as much as 125 feet in localized areas around Jackson, 
Miss. The lower Wilcox aquifer, the second most heavily 
pumped aquifer, had simulated 1987 water levels more than 
125 feet below predevelopment levels in the Memphis area. 
The lower Claiborne-upper Wilcox aquifer had simulated 
1987 water levels 100 feet lower than predevelopment lev 
els in west-central Mississippi. The simulated 1987 poten- 
tiometric surface in the upper Claiborne aquifer was as

much as 70 feet below predevelopment levels in the Jack 
son, Miss., area and as much as 100 feet below predevelop 
ment levels in the Greenville, Miss., area. Simulated water 
levels in the middle Wilcox aquifer were 100 feet below 
predevelopment water levels in the Memphis area as a 
result of pumping from the underlying lower Wilcox 
aquifer.

In all areas, simulated recharge to all the aquifers has 
increased in their outcrop areas as pumpage has increased. 
Pumping in the Memphis, Tenn., area increased recharge to 
the middle Claiborne aquifer in the northern area from about 
24 MftVd (180 Mgal/d) before development to more than 40 
Mft3/d (299 Mgal/d) during 1987. Pumping reduced the dis 
charge to the Mississippi River Valley alluvial aquifer from 
the subcropping upper Claiborne aquifer in the northern area 
from predevelopment rates of about 10.5 MftVd (78.5 Mgal/ 
d) to about 1.5 MftVd (11.2 Mgal/d) during 1987. In the 
western area, recharge to the middle Claiborne aquifer in 
outcrop areas increased from predevelopment rates of about 
1.5 MftVd (11.2 Mgal/d) to more than 13 MftVd (97.2 Mgal/ 
d) during 1987. In the eastern area, recharge to the middle 
Claiborne aquifer in outcrop areas increased from about 1.5 
MftVd (11.2 Mgal/d) before development to about 4.1 MftVd 
(30.7 Mgal/d) during 1987. In the western area the upper 
Claiborne aquifer discharged to the alluvial aquifer at a rate 
of about 7.7 MftVd (57.6 Mgal/d) .before development, but
by 1987 the upper Claiborne aquifer was receiving recharge 
from the alluvial aquifer at a rate of about 0.7 MftVd (5.24 
Mgal/d). In the eastern area, the upper Claiborne and middle 
Claiborne aquifers discharged about 2.8 and 2.1 MftVd (20.9 
and 15.7 Mgal/d), respectively, to the alluvial aquifer before 
development but received about 0.5 and 0.8 MftVd (3.74 and 
5.98 Mgal/d), respectively, from the alluvial aquifer during 
1987.

As development progressed, the simulated predevelopment 
condition of upward flow from the middle Claiborne aquifer 
to the upper Claiborne aquifer changed to a net downward 
flow from the upper Claiborne aquifer into the middle Clai 
borne aquifer. The western and northern areas had the 
greatest downward flow from the upper Claiborne aquifer to 
the middle Claiborne aquifer; about 9.8 and 9.2 MftVd (73.3 
and 68.8 Mgal/d), respectively, during 1987. Downward 
flow from the upper Claiborne aquifer to the middle Clai 
borne aquifer in the eastern area was about 2.5 MftVd (18.7 
Mgal/d) during 1987. The northern area, with about 21.0 
MftVd (157 Mgal/d) discharge to the Mississippi River Val 
ley alluvial aquifer before development, had the greatest 
decrease in discharge to the alluvial aquifer and was the 
only area with a net discharge to the alluvial aquifer (about 
5.0 MftVd (37.4 Mgal/d)) during 1987. Immediately west of 
the heavily pumped Memphis, Tenn., area, more than 0.5 
in./yr of recharge was supplied by the alluvial aquifer to the 
subcropping upper Claiborne aquifer during 1987. Net ver 
tical flow in the eastern and western areas between the
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alluvial aquifer and the subcropping aquifers has reversed 
from predevelopment conditions, and about 1.2 and 2.0 
MftVd (8.98 and 15.0 Mgal/d), respectively, flowed from the 
alluvial aquifer into the subcropping aquifers during 1987.

Simulated regional lateral flow patterns between the three 
areas have been altered by increased pumpage, mainly from 
the middle Claiborne aquifer. Heavy pumping from the 
middle Claiborne and lower Wilcox aquifers in the Memphis, 
Tenn., area has caused reversal of the lateral flow between 
the eastern and northern areas. Before development net flow 
was southward; during 1987 net flow was northward and was 
about 0.6 MftVd (4.49 Mgal/d). The lateral flow direction in 
all the aquifers across the interface between the western and 
northern areas has not changed since development; however, 
the magnitude of the southward flow in the middle Claiborne 
aquifer increased from predevelopment rates of about 0.4 
MftVd (2.99 Mgal/d) to about 2.2 MftVd (16.6 Mgal/d) dur 
ing 1987 due to heavy pumping in the Pine Bluff-Stuttgart 
area of Arkansas. Total net flow from the northern area into 
the western area during 1987 was about 2.3 MftVd (17.2 
Mgal/d). Lateral flow between the eastern and western areas 
during 1987 was westward in all aquifers, and the total net 
westward flow was about 2.4 MftVd (18.0 Mgal/d).

Pumping from the Mississippi embayment aquifer system 
has reduced the simulated net discharge to the Mississippi 
River Valley alluvial aquifer to about 1.8 MftVd (13.5 Mgal/ 
d) and has eliminated the upward net predevelopment dis 
charge of about 0.3 MftVd (2.24 Mgal/d) to the coastal low 
lands aquifer system. Net flow from the aquifers in Upper 
Cretaceous sediments into the lower Wilcox aquifer 
decreased from about 5 MftVd (37.4 Mgal/d) before devel 
opment to about 4 MftVd (29.9 Mgal/d) during 1987.

Comparison of the simulated predevelopment and 1987 
ground-water budgets indicates that the current (1985) pump- 
age is supplied primarily by (1) increased recharge in the 
outcrop areas of the upper and middle Claiborne aquifers and 
(2) reduction of discharge from these two aquifers to the 
Mississippi River Valley alluvial aquifer. Loss of ground 
water from storage is very small.

On a regional scale, the five studied aquifers in the Missis 
sippi embayment aquifer system have potential for future 
ground-water development. To study the effect of increased 
pumpage, a uniformly distributed 20 percent increase in 
pumping over 1985 rates was simulated for the period 1987- 
2000. Simulation results indicate that water levels would 
decline about 30 feet below 1987 levels in the middle Clai 
borne aquifer in the El Dorado, Ark., and Monroe, La., areas. 
The Memphis area would experience water-level declines of 
25 feet below 1987 levels in the middle Claiborne aquifer; 
declines in the Jackson, Miss., and the Pine Bluff-Stuttgart, 
Ark., areas would be about 20 feet.

Because the middle Claiborne aquifer furnishes about 64 
percent of the total ground water withdrawn from the five 
studied aquifers, it will probably be the source of large

quantities of water for future development. A hypothetical 
future increase in pumpage of 5.35 MftVd (40 Mgal/d) from 
the middle Claiborne aquifer at Marianna, Ark., south of the 
facies change in the lower Claiborne confining unit, was 
simulated to assess the effects of such withdrawals. Simula 
tion results indicate that by the year 2000, water levels in the 
aquifer at Marianna would decline about 90 feet from 1987 
levels. Simulation of a similar hypothetical increase in 
pumpage from the middle Claiborne aquifer at Wynne, Ark., 
north of the facies change, indicates that water levels in the 
aquifer would decline about 30 feet from 1987 levels.
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The Mississippi Embayment Regional Aquifer Study 
(MERAS): Documentation of a Groundwater-Flow 
Model Constructed to Assess Water Availability in the 
Mississippi Embayment

By Brian R. Clark and Rheannon M. Hart

Abstract
The Mississippi Embayment Regional Aquifer Study 

(MERAS) was conducted with support from the Ground- 
water Resources Program of the U.S. Geological Survey 
Office of Groundwater. This report documents the construc-
tion and calibration of a finite-difference groundwater model 
for use as a tool to quantify groundwater availability within 
the Mississippi embayment. To approximate the differential 
equation, the MERAS model was constructed with the U.S. 
Geological Survey’s modular three-dimensional finite-differ-
ence code, MODFLOW-2005; the preconditioned conjugate 
gradient solver within MODFLOW-2005 was used for the 
numerical solution technique. The model area boundary is 
approximately 78,000 square miles and includes eight States 
with approximately 6,900 miles of simulated streams, 70,000 
well locations, and 10 primary hydrogeologic units. The finite-
difference grid consists of 414 rows, 397 columns, and 13 
layers. Each model cell is 1 square mile with varying thick-
ness by cell and by layer. The simulation period extends from 
January 1, 1870, to April 1, 2007, for a total of 137 years and 
69 stress periods. The first stress period is simulated as steady 
state to represent predevelopment conditions. 

Areal recharge is applied throughout the MERAS model 
area using the MODFLOW-2005 Recharge Package. Irriga-
tion, municipal, and industrial wells are simulated using the 
Multi-Node Well Package. There are 43 streams simulated by 
the MERAS model. Each stream or river in the model area 
was simulated using the Streamflow-Routing Package. The 
perimeter of the model area and the base of the flow system 
are represented as no-flow boundaries. The downgradient limit 
of each model layer is a no-flow boundary, which approxi-
mates the extent of water with less than 10,000 milligrams per 
liter of dissolved solids. 

The MERAS model was calibrated by making manual 
changes to parameter values and examining residuals for 
hydraulic heads and streamflow. Additional calibration was 
achieved through alternate use of UCODE-2005 and PEST. 

Simulated heads were compared to 55,786 hydraulic-head 
measurements from 3,245 wells in the MERAS model area. 
Values of root mean square error between simulated and 
observed hydraulic heads of all observations ranged from 
8.33 feet in 1919 to 47.65 feet in 1951, though only six root 
mean square error values are greater than 40 feet for the entire 
simulation period. Simulated streamflow generally is lower 
than measured streamflow for streams with streamflow less 
than 1,000 cubic feet per second, and greater than measured 
streamflow for streams with streamflow more than 1,000 cubic 
feet per second. Simulated streamflow is underpredicted for 
18 observations and overpredicted for 10 observations in the 
model. These differences in streamflow illustrate the large 
uncertainty in model inputs such as predevelopment recharge, 
overland flow, pumpage (from stream and aquifer), precipita-
tion, and observation weights.

The groundwater-flow budget indicates changes in flow 
into (inflows) and out of (outflows) the model area during the 
pregroundwater-irrigation period (pre-1870) to 2007. Total 
flow (sum of inflows or outflows) through the model ranged 
from about 600 million gallons per day prior to development 
to 18,197 million gallons per day near the end of the simula-
tion. The pumpage from wells represent the largest outflow 
components with a net rate of 18,197 million gallons per day 
near the end of the model simulation in 2006. Groundwater 
outflows are offset primarily by inflow from aquifer storage 
and recharge.

Introduction
Fresh groundwater in the Mississippi embayment can 

be found in alternating formations of sand, silt, and clay. The 
uppermost of these formations is the Mississippi River Valley 
alluvial aquifer (alluvial aquifer), which can provide well 
yields of 300 to 2,000 gal/min. The alluvial aquifer exists at 
land surface and covers much of the embayment area within 
the Mississippi Alluvial Plain. One of the next most widely 
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2  The Mississippi Embayment Regional Aquifer Study (MERAS)

used aquifers is the middle Claiborne aquifer, which can 
provide well yields of 100 to 500 gal/min (up to 1,500 gal/
min in the Memphis area). The middle Claiborne aquifer, in 
some areas, lies several hundred feet beneath land surface. 
Decades of pumping from the alluvial aquifer for irrigation 
and from the middle Claiborne aquifer for industry and public-
water supply have affected groundwater levels throughout 
the northern Mississippi Embayment in Arkansas, Louisiana, 
Mississippi, and Tennessee. Since the Gulf Coast Regional 
Aquifer System Analysis (GCRASA) study was completed 
in 1985, groundwater withdrawals have increased ranging 
from 37 percent at Memphis, Tennessee (17th largest city in 
the United States), to 132 percent in the agricultural areas of 
Arkansas from 1985 to 2000. Groundwater withdrawals for 
agriculture have caused water-level declines in the alluvial 
aquifer in Arkansas of at least 40 feet in 40 years (Schrader, 
2001) while withdrawals from the middle Claiborne aquifer in 
Arkansas have resulted in declines of more than 360 feet since 
the 1920’s (Scheiderer and Freiwald, 2006). These declines 
have prompted concerns over water availability and quality for 
agriculture and industry. 

The Mississippi Embayment Regional Aquifer Study 
(MERAS) was conducted with support from the Groundwater 
Resources Program of the U.S. Geological Survey (USGS) 
Office of Groundwater to assess groundwater availability 
within the Mississippi embayment (fig. 1). The primary tool 
used in the assessment of groundwater availability is the 
MERAS groundwater-flow model. 

Purpose and Scope

The purpose of this report is to document the construc-
tion and calibration of the MERAS groundwater-flow model 
of the Mississippi embayment. The current purpose of the 
model is to assist in the estimation of available groundwater 
in the Mississippi embayment aquifer system. The model was 
constructed to benefit concurrent and future investigations 
involving groundwater-withdrawal scenarios, optimization, 
particle transport, and monitoring network analysis.

Previous Investigations

Previous investigations of groundwater flow in the Mis-
sissippi embayment are numerous. Some early examples were 
the 1906 investigation of the underground waters of northern 
Louisiana (Veach, 1906) and 1928 investigation of ground-
water resources of Mississippi (Stephenson and others, 1928). 
In the 1980’s, the USGS began the GCRASA. The GCRASA 
compiled data and simulated groundwater flow in three main 
parts: the Mississippi River Valley alluvial aquifer, the Missis-
sippi embayment aquifer system, and the gulf coastal low-
land aquifer system (U.S. Geological Survey, 2008a). Other 
reports documenting groundwater-flow simulations within 
the MERAS flow system include Reed (1972), Brahana and 

Mesko (1988), Fitzpatrick and others (1990), Mahon and Lud-
wig (1990), Sumner and Wasson (1990), Mahon and Poynter 
(1993), Ackerman (1996), Arthur and Taylor (1998), Hays and 
others (1998), Arthur (2001), Brahana and Broshears (2001), 
McKee and Clark (2003), Stanton and Clark (2003), and Reed 
(2003).

Methods of Analyses

The primary method used to analyze the groundwater-
flow systems is through the use of a numerical model to simu-
late groundwater flow. The viability of the numerical model 
is tested by comparing transient, simulated hydraulic-head 
values and streamflows from the groundwater-flow model with 
measurements from wells and stream gages. Details of the 
numerical model are listed in the next section, followed by a 
description of the limitations and assumptions of the model.

Numerical Model

For the MERAS model, the modular finite-difference 
code, USGS MODFLOW-2005 (Harbaugh, 2005), was 
used to approximate the solution of the equations governing 
three-dimensional (3D) groundwater flow. Because MOD-
FLOW-2005 was used as the model simulation code, an 
additional advantage is the ability to investigate local areas 
within MERAS using the Local Grid Refinement package 
of MODFLOW-2005 (Mehl and Hill, 2007). The precondi-
tioned conjugate gradient solver (Hill, 1990) was used for 
the numerical solution technique. The groundwater-flow 
system is represented by a set of grid cells, within which the 
hydraulic properties are the same. Each cell has three finite-
difference equations describing the flow through it, which 
can be solved for either steady-state or transient conditions to 
simulate water-level changes within the flow system resulting 
from pumping stress over discrete periods of time. The model 
simulates 137 years (1870–2007) of system response to stress 
by using 69 stress periods. 

Study Area Description

The model area encompasses approximately 78,000 mi2 
in an area known as the Mississippi embayment, referred to 
hereafter as the embayment (fig. 1). The model area bound-
ary crosses eight States and includes approximately 6,900 mi 
of simulated streams, 70,000 well locations, and 10 primary 
hydrogeologic units. These hydrogeologic units include 
two primary aquifers—the Mississippi River Valley alluvial 
aquifer and the Middle Claiborne aquifer (Hart and others, 
2008). The model area lies within parts of three physiographic 
sections, West Gulf Coastal Plain, East Gulf Coastal Plain, and 
Mississippi Alluvial Plain sections of the Coastal Plain physio-
graphic province (fig. 1). 

MS SCT 002544



Introduction  3

Physiographic province sections from Fenneman and Johnson (1946)
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Geologic History and Setting
The geologic history of the area began as downwarping 

and rifting as a result of the Ouachita orogeny occurring at 
the end of the Paleozoic era. Downwarping and downfaulting 
proceeded as a result of sediment loading during the Mesozoic 
era (Hosman, 1996). Many of the structural features and fault 
zones continued to develop into the Tertiary Period. Because 
of the continental extension, the embayment lies within a 
plunging syncline with the axis roughly paralleling the pres-
ent-day Mississippi River and plunges south toward the Gulf 
of Mexico. Cyclic invasions by transgressing and regressing 
seas through the Cretaceous and Tertiary Periods created the 
synclinal shape resulting in older rock units cropping out on 
the periphery of the embayment (Arthur and Taylor, 1998). 
The units exposed within the model area are Cenozoic in age 
and consist primarily of Tertiary and Quaternary sands and 
gravels, silts, and clays. 

Geologic Structural Features
The primary geologic structures in the model area consist 

of fault zones, basins, and uplifts, which were created in the 
late Paleozoic era and continued into the Tertiary Period. The 
New Madrid fault zone is located in the northern part of the 
model area and roughly parallels the axis of the embayment 
and is responsible for the downfaulting of the upper end of the 
syncline (Hosman, 1996). The Arkansas fault zone generally 
trends west-east across southern Arkansas and consists of mul-
tiple parallel normal faults and grabens (fig. 2). The Pickens-
Gilbertown fault zone appears to be in alignment with the 
Arkansas fault zone and trends from west-central Mississippi 
southeastward across Mississippi and southwestern Alabama 
(Hosman and Weiss, 1991). There are three major structural 
highs within the model area. The Sabine uplift is located 
in eastern Texas and western Louisiana, the Monroe uplift 
located in southeastern Arkansas-northwestern Louisiana, 
and the Jackson dome in southern Mississippi. These uplifts 
control the alignment and position of axis of the embayment in 
the southern part of the model area.

Climate
The climate of the embayment is moderate with a mean 

annual precipitation of 48 inches in the north to 56 inches in 
the south. Precipitation is distributed fairly evenly through-
out the year with the greatest amounts generally occurring in 
April and the least in October (Kleiss and others, 2000). The 
average temperature ranges from 58ºF in the north to 66ºF in 
the south (Cushing and others, 1970; National Oceanic and 
Atmospheric Administration, 2009). Much of the precipitation 
is lost through evapotranspiration and runoff to the streams in 
the model area (fig. 3).

Land Use
Land use in the embayment is primarily agricultural (fig. 

4). Approximately 8 billion gallons per day of groundwater is 
pumped each year to meet irrigation requirements in Arkansas, 
Louisiana, and Mississippi (Hutson and others, 2004). Irri-
gated land accounts for approximately 45 percent of the model 
area, forested land is 38 percent, water and wetlands is 14 per-
cent, and urban land is 3 percent of the total area (U.S. Geo-
logical Survey, 2008b). About 7 percent of the irrigated land is 
used for rice production, 22 percent for cotton, 35 percent for 
soybean, 5 percent for corn and wheat, 10 percent for pasture, 
and 2 percent for other crops or nonagricultural land (Stuart 
and others, 1996). The largest urban area includes the city of 
Memphis, Tennessee, which historically has relied heavily 
on groundwater pumpage to meet its municipal requirements 
(Parks and Lounsbury, 1976). Ninety-four percent of ground-
water withdrawals in Arkansas were for irrigation, and surface 
irrigation is the predominant application method in Arkansas, 
Louisiana, Mississippi, and Missouri (Hutson and others, 
2004). 

Recharge
Recharge within the embayment is from infiltration of 

precipitation, stream losses, and infiltration of irrigation return 
flow. Though few (if any) studies have been conducted in the 
embayment to determine actual recharge rates, many model 
simulations have used recharge rates of 0.8 to 2.6 in/yr (Ack-
erman, 1996; Arthur, 2001; Mahon and Poynter, 1993; Stanton 
and Clark, 2003). Additional recharge may be introduced 
through adjacent or underlying aquifers, such as the McNairy-
Nacatoch system or the Ozark aquifer system. Groundwater 
flow from the adjacent and underlying systems is considered 
negligible compared to the overall flow within the Mississippi 
embayment aquifer system and is ignored in this study.

Hydrogeologic Units

The major hydrogeologic units in the MERAS model 
include 10 units described by Hart and others (2008) (table 
1). These include the Mississippi River Valley alluvial aquifer 
(hereafter referred to as the alluvial aquifer), the Vicksburg-
Jackson confining unit, the upper Claiborne aquifer, the middle 
Claiborne confining unit, the middle Claiborne aquifer, the 
lower Claiborne confining unit, the lower Claiborne aquifer, 
the middle Wilcox aquifer, the lower Wilcox aquifer, and the 
Midway confining unit (table 1). As noted in Hart and oth-
ers (2008), the lower Claiborne confining unit and the lower 
Claiborne aquifer undergo a facies transition and merge into 
the middle Claiborne aquifer in the northern part of the model 
area (fig. 1).
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Four additional minor hydrogeologic units not described 
by Hart and others (2008) consist of the El Dorado confin-
ing unit, the El Dorado Sand, the Winona-Tallahatta aquifer, 
and the Old Breastworks confining unit, which will be more 
fully discussed here and shown in figures 5–7. These minor 
hydrogeologic units are included because of extensive use in 
local areas in southern Arkansas, northern Louisiana, and Mis-
sissippi. The El Dorado Sand is the lower part of the middle 
Claiborne aquifer in south-central Arkansas and north-central 
Louisiana. The El Dorado Sand is separated from the upper 
part of the middle Claiborne aquifer by a locally extensive 
confining unit termed the El Dorado confining unit in this 
report, which is as much as 155 ft thick (fig. 5). The Winona-
Tallahatta aquifer is the lower part of the lower Claiborne 
confining unit throughout much of Mississippi and includes 
the Tallahatta Formation and the Winona Sand (fig. 6). The 
Tallahatta Formation consists of a greenish-gray, siliceous, 
sandy claystone, and the Winona Sand consists of glauconitic, 
fossiliferous, medium- to coarse-grained sandstone with a 
combined thickness up to 800 ft (Mancini and Tew, 1994; 
Spiers, 1977). Additionally, throughout most of Arkansas and 
Louisiana, the middle and lower Wilcox aquifers are undiffer-
entiated; however, in areas of Tennessee and Mississippi, the 
lower Wilcox aquifer (Hart and others 2008, figs. 20 and 21) 
may be separated into two units, the lower Wilcox aquifer and 
the Old Breastworks confining unit (fig. 7). The lower Wilcox 
aquifer consists of the lower part of the Wilcox Formation and 
is the lowermost aquifer in Tertiary rocks within the Embay-
ment (Lloyd and Lyke, 1995). This aquifer includes the Old 
Breastworks Formation in Missouri and Tennessee that con-
sists of clay, silt, and lignite (Warwick and others, 1997).

Groundwater-Flow Model Construction
The following sections describe the spatial and temporal 

discretization, hydrologic boundaries, initial conditions, and 
hydraulic properties formulated for the MERAS model. In 
some instances, such as the temporal discretization, informa-
tion from previous investigations was used as a basis (McKee 
and Clark, 2003; Stanton and Clark, 2003; Brahana and Bros-
hears, 2001). 

Spatial Discretization and Layering

The finite-difference grid is oriented north-south and con-
sists of 414 rows, 397 columns, and 13 layers. Though a single 
model layer of the rectangular finite-difference grid contains 
over 164,000 cells, many cells are inactive because they fall 
outside of the active model area. Cells are a uniform 1 mi2 (1 
mile on a side) with varying thickness by cell and by layer. 
The northwestern corner of the grid is located at 37º 27’ 28” 
north latitude and 93º 57’ 19” west longitude. Vertically, the 

hydrogeologic units are discretized into 13 model layers (table 
1). Layer 1 (fig. 8) represents primarily the alluvial aquifer 
where present, but also represents loess in Tennessee and Mis-
sissippi or other surficial units such as Pleistocene deposits on 
Crowleys Ridge or other sediments overlying the Vicksburg-
Jackson confining unit in Louisiana, southern Mississippi, and 
Alabama. Layer 2 represents the Vicksburg-Jackson confining 
unit where present. Where the Vicksburg-Jackson confining 
unit is not present, the properties of layer 2 are modified to 
match that of the overlying surficial unit, such as the alluvial 
aquifer. The thickness of layer 2 also is modified to represent 
a partial thickness of the surficial unit, which in turn modifies 
the thickness of layer 1 to represent the remaining thickness of 
the surficial unit. The same technique of applying hydrologic 
properties and partial thickness of the surficial unit to layers 
that represent areas where formations pinch out or subcrop 
was applied to each layer below layer 1; therefore, the top 
layer of the model could be represented by characteristics 
of a single layer or combination of layers (1–13), depending 
on location. This was done to accommodate the requirement 
of continuous model layers throughout the finite-difference 
model grid. Layer 3 represents the upper Claiborne aquifer, 
where present, and the surficial unit beyond the upper Clai-
borne aquifer extent. Layer 4 represents the middle Claiborne 
confining unit where present, and the surficial unit beyond the 
middle Claiborne confining unit extent. The middle Claiborne 
aquifer begins in layer 5 and varies from 3 to 6 layers depend-
ing on spatial location. South of the facies transition zone (fig. 
1), the middle Claiborne aquifer occupies layers 5 through 7, 
with a portion of layer 6 representing the El Dorado confin-
ing unit and layer 7 representing the El Dorado Sand. Layer 8 
represents the lower Claiborne confining unit, layer 9 repre-
sents the Winona-Tallahata, and layer 10 represents the lower 
Claiborne aquifer. North of the transition zone, the middle 
Claiborne aquifer occupies layers 5 through 10. Layer 11 
represents the middle Wilcox aquifer, and layer 12 represents 
the lower Wilcox aquifer. Layer 13 also represents the lower 
Wilcox aquifer or the Old Breastworks confining unit where 
present (fig. 8)

Temporal Discretization

The simulation period extends from January 1, 1870, to 
April 1, 2007, for a total of 137 years and 69 stress periods 
(table 2). The first stress period is simulated as steady state to 
represent predevelopment conditions. Stress periods 2 through 
27 are variable length to reflect embayment-wide changes in 
groundwater withdrawals. These stress periods also mimic 
the temporal discretization used by McKee and Clark (2003), 
Stanton and Clark (2003), Reed (2003), Mahon and Poynter 
(1993), and Brahana and Broshears (2001). Stress periods 28 
(beginning in 1986) through 69 are each 6 months in length 
to reflect spring–summer (April–September) and fall–winter 
(October–March) conditions related to irrigation.

MS SCT 002551



10  The Mississippi Embayment Regional Aquifer Study (MERAS)

LO
UI

SI
AN

A

AR
KA

N
SA

S

91
°4

0'
92

°
92

°2
0'

92
°4

0'

33
°2

0'

33
°

32
°4

0'

0
20

 M
IL

ES
10

0
20

 K
IL

OM
ET

ER
S

10

LO
UI

SI
AN

A

AR
KA

N
SA

S

LO
UI

SI
AN

A

AR
KA

N
SA

S

LO
UI

SI
AN

A

AR
KA

N
SA

S

91
°4

0'
92

°
92

°2
0'

92
°4

0'

33
°2

0'

33
°

32
°4

0'

91
°4

0'
92

°
92

°2
0'

92
°4

0'

33
°2

0'

33
°

32
°4

0'

91
°4

0'
92

°
92

°2
0'

92
°4

0'

33
°2

0'

33
°

32
°4

0'

A
A

B
B

AR
KA

N
SA

S

M
IS

SI
SS

IP
PI

M
IS

SO
UR

I

TE
N

N
ES

SE
E

LO
UI

SI
AN

A

ALABAMA

KE
N

TU
CK

Y

E
xt

en
t

(A
re

a 
A

 
an

d
 B

)

M
od

el
ar

ea

E
X

P
L

A
N

A
T

IO
N

E
X

P
L

A
N

A
T

IO
N

A
lt

it
u

d
e 

of
 t

op
 o

f 
  E

l D
or

ad
o 

S
an

d
, 

  i
n

 f
ee

t.
 D

at
u

m
 is

 
  N

G
V

D
 o

f 
19

29
-7

00
 to

 -
55

0

-5
49

 to
 -

45
0

-4
49

 to
 -

35
0

-3
49

 to
 -

25
0

-2
49

 to
 -

14
0

E
xt

en
t 

of
 t

h
e 

E
l D

or
ad

o
co

n
fi

n
in

g 
u

n
it

0 
to

 5
0

51
 to

 1
00

10
1 

to
 1

55

T
h

ic
k

n
es

s 
of

 E
l D

or
ad

o
  c

on
fi

n
in

g 
u

n
it

, i
n

 f
ee

t

E
xt

en
t 

of
 t

h
e 

E
l D

or
ad

o
  c

on
fi

n
in

g 
u

n
it

A
lt

it
u

d
e 

of
 t

op
 o

f 
  E

l D
or

ad
o 

co
n

fi
n

in
g 

  u
n

it
, i

n
 f

ee
t.

 D
at

u
m

 
  i

s 
N

G
V

D
 o

f 
19

29

-7
00

 to
 -

55
0

-5
49

 to
 -

45
0

-4
49

 to
 -

35
0

-3
49

 to
 -

25
0

-2
49

 to
 -

14
0

E
xt

en
t 

of
 t

h
e 

E
l D

or
ad

o
co

n
fi

n
in

g 
u

n
it

0 
to

 5
0

51
 to

 1
00

10
1 

to
 1

50

15
1 

to
 2

00

20
1 

to
 2

50

25
1 

to
 3

00

30
1 

to
 3

50

35
1 

to
 4

05

E
X

P
L

A
N

A
T

IO
N

E
X

P
L

A
N

A
T

IO
N

E
xt

en
t 

of
 t

h
e 

E
l D

or
ad

o 
  S

an
d

T
h

ic
k

n
es

s 
of

 E
l D

or
ad

o 
  S

an
d

, i
n

 f
ee

t

Fi
gu

re
 5

. 
To

p 
an

d 
th

ic
kn

es
s 

of
 (A

) t
he

 E
l D

or
ad

o 
co

nfi
ni

ng
 u

ni
t a

nd
 (B

) E
l D

or
ad

o 
Sa

nd
.

MS SCT 002552



Groundwater-Flow Model Construction  11

Fi
gu

re
 6

. 
To

p 
an

d 
th

ic
kn

es
s 

of
 th

e 
W

in
on

a-
Ta

lla
ha

tta
 a

qu
ife

r.

35
°

34
°

M
IS

SI
SS

IP
PI

AR
KA

N
SA

S

LO
UI

SI
AN

A

TE
N

N
ES

SE
E

0
50

 M
IL

ES
25

0
50

 K
IL

OM
ET

ER
S

25

89
°

90
°

91
°

92
°

33
°

32
°

M
IS

SI
SS

IP
PI

AR
KA

N
SA

S

LO
UI

SI
AN

A

TE
N

N
ES

SE
E

35
°

34
°

33
°

32
°

89
°

90
°

91
°

92
°

E
X

P
L

A
N

A
T

IO
N

T
h

ic
k

n
es

s 
of

 W
in

on
a-

  T
al

la
h

at
ta

 a
q

u
if

er
, 

  i
n

 f
ee

t

0 
to

 1
00

10
1 

to
 2

00

20
1 

to
 3

00

30
1 

to
 4

00

40
1 

to
 5

00

50
1 

to
 6

00

60
1 

to
 7

00

70
1 

to
 8

00

M
od

el
 a

re
a

E
xt

en
t 

of
 t

he
 W

in
on

a-
  T

al
la

ha
tt

a 
aq

ui
fe

r

E
X

P
L

A
N

A
T

IO
N

A
lt

it
ud

e 
of

 t
op

 o
f 

W
in

on
a-

  T
al

la
ha

tt
a 

aq
ui

fe
r,

 in
 f

ee
t.

  D
at

um
 is

 N
G

V
D

 o
f 

19
29

-3
,0

00
 to

 -
2,

00
0

-1
,9

99
 to

 -
1,

50
0

-1
,4

99
 to

 -
1,

00
0

-9
99

 to
 -

50
0

-4
99

 to
 -

30
0

-2
99

 to
 -

10
0

-9
9 

to
 0

1 
to

 1
00

10
1 

to
 3

00

30
0 

to
 5

50

M
od

el
 a

re
a

E
xt

en
t 

of
 t

he
 W

in
on

a-
  T

al
la

ha
tt

a 
aq

ui
fe

r

AR
KA

N
SA

S

MISSISSIPPI

M
IS

SO
UR

I

LO
UI

SI
AN

A

ALABAMA

TE
N

N
ES

SE
E

IL
LI

N
OI

S

KE
N

TU
CK

Y

TEXAS

MS SCT 002553



12  The Mississippi Embayment Regional Aquifer Study (MERAS)

Fi
gu

re
 7

. 
To

p 
an

d 
th

ic
kn

es
s 

of
 th

e 
Ol

d 
Br

ea
st

w
or

ks
 c

on
fin

in
g 

un
it.

38
°

37
°

36
°

35
°

34
°

M
IS

SI
SS

IP
PI

M
IS

SO
UR

I

AR
KA

N
SA

S

TE
N

N
ES

SE
E

KE
N

TU
CK

Y

AL
AB

AM
A

IL
LI

N
OI

S

87
°

88
°

89
°

90
°

91
°

38
°

37
°

36
°

35
°

34
°

AR
KA

N
SA

S

M
IS

SO
UR

I

M
IS

SI
SS

IP
PI

TE
N

N
ES

SE
E

IL
LI

N
OI

S

KE
N

TU
CK

Y88
°

89
°

90
°

91
°

92
°

0
50

 M
IL

ES
25

0
50

 K
IL

OM
ET

ER
S

25

A
lt

it
u

d
e 

of
 t

op
 o

f 
O

ld
 B

re
as

t-
  w

or
k

s 
co

n
fi

n
in

g 
u

n
it

, i
n

 f
ee

t.
  D

at
u

m
 is

 N
G

V
D

 o
f 

19
29

-2
,3

60
 to

 -
1,

50
0

-1
,4

99
 to

 -
1,

00
0

-9
99

 to
 -

50
0

-4
99

 to
 -

20
0

-1
99

 to
 -

10
0

-9
9 

to
 0

1 
to

 2
00

20
1 

to
 4

00

40
1 

to
 6

00

M
od

el
 a

re
a

E
xt

en
t 

of
 t

h
e 

O
ld

 B
re

as
t-

  w
or

k
s 

co
n

fi
n

in
g 

u
n

it

E
X

P
L

A
N

A
T

IO
N

E
X

P
L

A
N

A
T

IO
N

T
h

ic
k

n
es

s 
of

 O
ld

 B
re

as
t-

  w
or

k
s 

co
n

fi
n

in
g 

u
n

it
, i

n
 f

ee
t

0 
to

 1
00

10
1 

to
 2

00

20
1 

to
 3

00

30
1 

to
 4

00

M
od

el
 a

re
a

E
xt

en
t 

of
 t

h
e 

O
ld

 B
re

as
t-

  w
or

k
s 

co
n

fi
n

in
g 

u
n

it

AR
KA

N
SA

S

MISSISSIPPI

M
IS

SO
UR

I

LO
UI

SI
AN

A

ALABAMA

TE
N

N
ES

SE
E

IL
LI

N
OI

S

KE
N

TU
CK

Y

TEXAS

MS SCT 002554



Groundwater-Flow Model Construction  13

-3
,0

00

-2
,5

00

-2
,0

00

-1
,5

00

-1
,0

00

1,
00

0

-5
000

50
0

ALTITUDE ABOVE OR BELOW NATIONAL GEODETIC VERTICAL DATUM OF 1929, IN FEET

DI
ST

AN
CE

, I
N

 M
IL

ES

W
es

t
Ea

st

0
50

10
20

30
40

60
70

80
90

10
0

11
0

12
0

13
0

14
0

15
0

16
0

17
0

18
0

19
0

20
0

21
0

22
0

23
0

24
0

20
0 

tim
es

 v
er

tic
al

 e
xa

gg
er

at
io

n

M
is

si
ss

ip
pi

 R
iv

er
 V

al
le

y 
al

lu
vi

al
 a

qu
ife

r 
an

d 
ot

he
r u

ni
ts

, 
La

ye
r 1

Vi
ck

sb
ur

g-
Ja

ck
so

n 
co

nf
in

in
g 

un
it,

 
La

ye
r 2

Up
pe

r C
la

ib
or

ne
 a

qu
ife

r, 
La

ye
r 3

M
id

dl
e 

Cl
ai

bo
rn

e 
co

nf
in

in
g 

un
it,

 
La

ye
r 4

M
id

dl
e 

Cl
ai

bo
rn

e 
aq

ui
fe

r, 
La

ye
r 5

–7

Lo
w

er
 C

la
ib

or
ne

 c
on

fin
in

g 
un

it,
 

La
ye

r 8
–9

W
in

on
a-

Ta
lla

ha
ta

 F
or

m
at

io
n,

 
La

ye
r 9

Lo
w

er
 C

la
ib

or
ne

 a
qu

ife
r, 

La
ye

r 1
0

M
id

dl
e 

W
ilc

ox
 a

qu
ife

r,
La

ye
r 1

1

Lo
w

er
 W

ilc
ox

 a
qu

ife
r,

La
ye

r 1
2

Ol
d 

Br
ea

st
w

or
ks

 c
on

fin
in

g 
un

it,
La

ye
r 1

3

W
ilc

ox
 a

qu
ife

r (
un

di
ffe

re
nt

ia
te

d)
, 

La
ye

r 1
1–

13

A

A’

Lo
ca

tio
n 

m
ap

of
 c

ro
ss

 s
ec

tio
n

w
ith

in
 m

od
el

 a
re

a

AR
KA

N
SA

S

M
IS

SI
SS

IP
PI

M
IS

SO
UR

I LO
UI

SI
AN

A

ALABAMA

TE
N

N
ES

SE
E

KE
N

TU
CK

Y

IL
LI

N
OI

S

TEXAS

87
°

88
°

89
°

90
°

91
°

92
°

93
°

94
°

38
°

37
°

36
°

35
°

34
°

33
°

32
°

31
°

A
A’

Fi
gu

re
 8

. 
Cr

os
s 

se
ct

io
n 

of
 m

od
el

 g
rid

 fr
om

 w
es

t t
o 

ea
st

 th
ro

ug
h 

ro
w

 2
58

. C
ro

ss
-s

ec
tio

n 
lo

ca
tio

n 
is

 s
ho

w
n 

on
 in

se
t m

ap
.

MS SCT 002555
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Table 2. Model simulation stress periods.—Continued

Beginning of 
stress period Season

Stress period
 number

Days in
stress 
period

Years in
stress period

Cumulative
 year

01/01/1870 steady state 1 0 0 0

01/01/1870 multiyear 2 10,227 28.0 28.0

01/01/1898 multiyear 3 730 2.0 30.0

01/01/1900 multiyear 4 7,305 20.0 50.0

01/01/1920 multiyear 5 1,827 5.0 55.0

01/01/1925 multiyear 6 1,826 5.0 60.0

01/01/1930 full year 7 365 1.0 61.0

01/01/1931 multiyear 8 1,461 4.0 65.0

01/01/1935 multiyear 9 1,096 3.0 68.0

01/01/1938 multiyear 10 1,826 5.0 73.0

01/01/1943 full year 11 365 1.0 74.0

01/01/1944 multiyear 12 1,461 4.0 78.0

01/01/1948 multiyear 13 731 2.0 80.0

01/01/1950 multiyear 14 730 2.0 82.0

01/01/1952 multiyear 15 1,096 3.0 85.0

01/01/1955 multiyear 16 731 2.0 87.0

01/01/1957 full year 17 365 1.0 88.0

01/01/1958 multiyear 18 1,826 5.0 93.0

01/01/1963 multiyear 19 731 2.0 95.0

01/01/1965 multiyear 20 1,095 3.0 98.0

01/01/1968 multiyear 21 731 2.0 100.0

01/01/1970 full year 22 365 1.0 101.0

01/01/1971 multiyear 23 731 2.0 103.0

01/01/1973 multiyear 24 1,826 5.0 108.0

01/01/1978 multiyear 25 1,096 3.0 111.0

01/01/1981 multiyear 26 730 2.0 113.0

01/01/1983 multiyear 27 1,186 3.2 116.2

04/01/1986 spring-summer 28 183 0.5 116.7

10/01/1986 fall-winter 29 182 0.5 117.2

04/01/1987 spring-summer 30 183 0.5 117.7

10/01/1987 fall-winter 31 183 0.5 118.2

04/01/1988 spring-summer 32 183 0.5 118.7

10/01/1988 fall-winter 33 182 0.5 119.2

04/01/1989 spring-summer 34 183 0.5 119.7

10/01/1989 fall-winter 35 182 0.5 120.2

04/01/1990 spring-summer 36 183 0.5 120.7

10/01/1990 fall-winter 37 182 0.5 121.2

04/01/1991 spring-summer 38 183 0.5 121.7

10/01/1991 fall-winter 39 183 0.5 122.2

04/01/1992 spring-summer 40 183 0.5 122.7

MS SCT 002556
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Hydrologic Boundaries

Hydrologic boundaries determine the locations and quan-
tities of simulated flow into and out of the model; therefore, 
the selection of appropriate boundaries for the model is a 
major concern in a modeling effort. The selection of model 
boundaries for the aquifers in the current model is based on a 
conceptual interpretation of the flow system developed using 
information reported by Payne (1968), Hosman (1988), and 
Petersen and others (1985). Boundaries require the definition 
of model input variables, also called parameters. 

Table 2. Model simulation stress periods.—Continued

Beginning of 
stress period Season

Stress period
 number

Days in
stress 
period

Years in
stress period

Cumulative
 year

10/01/1992 fall-winter 41 182 0.5 123.2

04/01/1993 spring-summer 42 183 0.5 123.7

10/01/1993 fall-winter 43 182 0.5 124.2

04/01/1994 spring-summer 44 183 0.5 124.7

10/01/1994 fall-winter 45 182 0.5 125.2

04/01/1995 spring-summer 46 183 0.5 125.7

10/01/1995 fall-winter 47 183 0.5 126.2

04/01/1996 spring-summer 48 183 0.5 126.7

10/01/1996 fall-winter 49 182 0.5 127.2

04/01/1997 spring-summer 50 183 0.5 127.7

10/01/1997 fall-winter 51 182 0.5 128.2

04/01/1998 spring-summer 52 183 0.5 128.7

10/01/1998 fall-winter 53 182 0.5 129.2

04/01/1999 spring-summer 54 183 0.5 129.7

10/01/1999 fall-winter 55 183 0.5 130.2

04/01/2000 spring-summer 56 183 0.5 130.7

10/01/2000 fall-winter 57 182 0.5 131.2

04/01/2001 spring-summer 58 183 0.5 131.7

10/01/2001 fall-winter 59 182 0.5 132.2

04/01/2002 spring-summer 60 183 0.5 132.7

10/01/2002 fall-winter 61 182 0.5 133.2

04/01/2003 spring-summer 62 183 0.5 133.7

10/01/2003 fall-winter 63 183 0.5 134.2

04/01/2004 spring-summer 64 183 0.5 134.7

10/01/2004 fall-winter 65 182 0.5 135.2

04/01/2005 spring-summer 66 183 0.5 135.7

10/01/2005 fall-winter 67 182 0.5 136.2

04/01/2006 spring-summer 68 183 0.5 136.7

10/01/2006 fall-winter 69 182 0.5 137.2

04/01/2007 spring-summer END DATE

Areal Recharge
Areal recharge is applied throughout the MERAS model 

area using the MODFLOW-2005 Recharge Package (Har-
baugh, 2005). While many factors such as type and intensity 
of precipitation, land use, vegetation type, soil moisture, and 
slope determine recharge, the concept of parsimony (start 
simple, build complexity as needed) was used to develop 
a method of applying recharge in the MERAS model. This 
method consists of estimating recharge rates as a fraction 
(ranging from 1.25×10-4 to 7.06×10-2) of precipitation based 
on typical literature values and soil type or geology and 
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16  The Mississippi Embayment Regional Aquifer Study (MERAS)

modified locally or regionally during calibration of the model 
into zones. Early attempts to use a land-use classification for 
recharge zones did not yield acceptable results. Therefore, 19 
zones, based on soil type, geomorphology, or surficial geol-
ogy, were assigned in the MERAS model (fig. 9). Alluvial 
recharge zones were classified based on soil type and geomor-
phology, and all other units’ recharge zones were classified 
based on geology. The zone numbers on figure 9 are used 
for recharge distribution and hydraulic property parameters 
for surficial units defined later in the “Hydraulic Properties” 
section. Zone numbers for the alluvial aquifer are numbered 
101 through 108. Recharge zone numbers of other units are 
generally sequential from the youngest to the oldest. Excep-
tions are zone number 61 for the eastern outcrop of the middle 
Claiborne aquifer and zone 10 representing surficial deposits 
other than the loess in Tennessee and Mississippi. Annual 
precipitation grids were downloaded from the Parameter-
elevation Regressions on Independent Slopes Model (PRISM) 
group for the period of 1895 to 2005 (Daly and others, 2000; 
PRISM Group, 2006). Annual precipitation grids were aver-
aged together for stress periods that encompass multiple 
years. Precipitation amounts were divided evenly for stress 
periods representing 6-month periods of spring–summer and 
fall–winter. Each averaged or split precipitation grid then was 
multiplied by the recharge fraction assigned to each recharge 
zone. Recharge amounts to each respective recharge zone 
were a percentage of precipitation from the PRISM grids and, 
therefore, varied for each stress period. The precipitation per-
centage was determined from previous model simulations and 
adjustments were made during model calibration. While this 
method of recharge estimation neglects temporal increases in 
pumpage, the model fit described later in the “Model Fit and 
Model Error” section is considered reasonable given the scale 
and discretization of the model area, and reflects the concept 
of parsimony used during model construction.

Groundwater Pumpage
Pumpage from irrigation, municipal, and industrial wells 

is simulated using the Multi-Node Well (MNW) Package (Hal-
ford and Hanson, 2002). The MNW Package allows simula-
tion of flow in wells that are completed in multiple aquifers 
or model layers. Flow through the well bore of a MNW is 
distributed dynamically based on transmissivity and hydraulic 
head differences between the respective layers. The MNW 
Package also allows the user to specify drawdown constraints 
for each well simulated. Flow into or out of the well bore can 
be affected by the contrast in transmissivity between the for-
mation and the disrupted radius around the well bore, noted by 
a Skin coefficient. For all withdrawal wells, a final, calibrated 
Skin value of 4 was used, which results in a contrast of the 
transmissivity of the formation (T) to transmissivity of the 
disrupted radius (Tskin) value of 6.77 (T/Tskin). The contrast 
of T/Tskin allows variation in flow into and out of hydrogeo-
logic units based on the different hydraulic properties of each 
unit. The final, calibrated Skin values are comparable to the 

values used by Clark and others (2008) and Hanson and others 
(2004), in which the Skin value was increased from 5 to 15 
during calibration.

Pumpage from each MNW was input from site-specific 
data, 5-year water-use reports (Hall, 1989; Johnson, 1994; 
Sholar and Wood, 1995; Mooty and Richardson, 1998; Hol-
land, 1999; Sargent, 2007), and trend analysis. Site-specific 
data were used to estimate the amount of pumpage per well for 
each aquifer to calculate a ratio of the number of wells to total 
pumpage. The ratio then could be used to estimate the number 
of wells required to pump a given amount of water. Site-
specific pumpage information was averaged by stress period 
for each well and used as input to the model. Average annual 
pumpage from each aquifer and within each county contained 
by the model area was compiled from 5-year water-use reports 
generally from the period 1960–2005 or 1985–2005. For 
each county and aquifer, the number of wells used in a given 
stress period was estimated using the ratio of the number of 
wells to total pumpage amount. For most aquifers, the place-
ment of wells within each county was selected from a list of 
known well locations in the USGS National Water Information 
System (NWIS) (http://waterdata.usgs.gov/nwis). The 5-year 
pumpage amount for each county and aquifer was distributed 
to the well locations for the given stress period. Thus, the 
number of wells increased through the simulation time as 
pumpage increased (fig. 10). 

For wells in the middle Claiborne aquifer and the alluvial 
aquifer within Arkansas, the fraction of total pumpage from 
2005 by county was calculated and assigned to the well. The 
5-year pumpage amount then was partitioned to each well 
based on the pumpage fraction rather than evenly distributed 
to each well. This produced the desired effect of higher con-
centrations of pumpage in intensely agricultural or populated 
areas based on 2005 information, and also accounted for the 
jump in number of wells from stress period 17 to 18 (fig. 10). 
The trend analysis was based on a best fit exponential trend of 
water-use applications for the site-specific period of record, if 
available, and 5-year published data for each aquifer simulated 
by the model. The best fit exponential trend allows an estima-
tion of pumpage for a given aquifer and stress period prior to 
5-year water-use reporting. After the estimation of pumpage, 
well selection and pumpage distribution were assigned using 
a similar method described above for the 5-year pumpage 
amounts. 

Streams
There are 43 streams included within the MERAS model 

(fig. 3). Each stream in the model area was represented using 
the Streamflow-Routing (SFR) package of MODFLOW (Pru-
dic and others, 2004). The use of the SFR Package is consid-
ered an improvement over past simulations of the embayment 
because it “…uses the continuity equation to route surface-
water flow through one or more simulated rivers, streams, 
canals, or ditches” (Prudic and others, 2004), rather than using 
a specified head boundary or river stage. The initial criterion 
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Figure 10. Number of wells and amount of pumpage in model simulation.

for the inclusion of streams in the model was a mean annual 
flow of 1,000 ft3/s or more. Other streams were added based 
on inclusion by previous model studies that demonstrated the 
interaction of the streams with surficial aquifers (Reed, 2003; 
McKee and Clark, 2003; Stanton and Clark, 2003). Streams 
also were added in the Memphis, Tennessee, area where 
known interactions occur between the streams and the Mem-
phis aquifer (Nyman, 1965). Streambed hydraulic conduc-
tivities were chosen as the stream parameters to be adjusted 
during simulations of the MERAS model. A streambed thick-
ness of 10 ft was used, and an approximate stream width was 
measured from 1:24,000 topographic maps at the midpoint of 
the stream length for each simulated stream in the model area. 
The SFR package requires stream inflow at the model bound-
ary or at the headwaters of the stream for each stress period of 
the simulation. Of the 43 streams simulated, 20 streams were 
assigned zero inflow because the headwaters started within the 
model area or near the model boundary; 12 streams with gages 
within 10 mi of the model boundary used the mean annual 
streamflow at the gage for model inflow (U.S. Geological 
Survey, 2008c); and inflows for 4 streams with gages that were 
further than 10 mi from the model boundary were corrected 
for the drainage area not gaged. For example, given a gage 
15 mi upstream from the model boundary, the streamflow for 
the additional 15 mi of stream was calculated based on the 
drainage area from the model boundary to the upstream gage 
and the ratio of drainage area to streamflow at the gage. This 

streamflow then was added to the mean annual streamflow at 
the gage to approximate the streamflow at the model boundary. 

The SFR package also allows input for overland runoff 
to streams. Runoff to simulated streams for each stress period 
was estimated from the 30-year average runoff (Williamson 
and others, 1990). The average runoff was divided by average 
precipitation for the same time period (1951-1980) to obtain a 
fraction for the average amount of precipitation that becomes 
runoff. The fraction of precipitation then could be multiplied 
by the precipitation for a given stress period to produce an 
estimate of runoff for each model cell and each stress period. 
The runoff estimates then were distributed to simulated 
streams by drainage basin.

No-Flow Boundaries
The perimeter of the model area and the base of the flow 

system are represented as no-flow boundaries. The perimeter 
of the model area represents an area where the hydrogeologic 
units do not exist or where flow into or out of the model area 
is assumed to be neglibible. The base of the flow system coin-
cides with the top of the Midway confining unit. This unit is 
composed of thick marine clays; the effect of the thick marine 
clays allows for a small amount of flow leaking up through 
the Midway confining unit, which is considered to be minor 
compared to the volume of flow in the aquifers above it, and, 
therefore, chosen as the base of the model (Williamson and 
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others, 1990). Brahana and Mesko (1988) delineated the Mid-
way confining unit as a very low leakance unit except in the 
extreme northwestern part of the embayment where the Mid-
way confining unit is absent and the alluvial aquifer directly 
overlies the Upper Cretaceous McNairy-Nacotoch aquifer.

Saltwater Interface
An increase in dissolved solids concentrations in mil-

ligrams per liter has been documented by Pettijohn and others 
(1988) in an area that extends from western Mississippi into 
Louisiana and Arkansas. Dissolved solids concentrations 
increase approximately 1,000 mg/L or more in a downdip 
direction over a distance of several miles (Pettijohn and 
others, 1988). Within the model area there are two large salt 
basins containing salt domes located in northern Louisiana and 
eastern Louisiana-central Mississippi. Salt domes have been 
noted to penetrate up through the base of the upper Claiborne 
aquifer (Beckman and Williamson, 1990). For the model 
simulation presented in this report, it is assumed that density 
of water remains constant with time. The downgradient limit 
of each model layer is a no-flow boundary, which approxi-
mates the extent of water with less than 10,000 mg/L dissolved 
solids. The downgradient limit of portions of layers 5 through 
13 terminate north of the 10,000 mg/L dissolved solids line in 
an area that approximates the freshwater boundary delineated 
by Payne (1968). The assumption of a no-flow boundary at 
the freshwater-saltwater interface and constant density of 
water may not be entirely valid, but may be justified because 
most pumpage in each layer tends to be upgradient from the 
interface.

Initial Conditions

There are no known predevelopment potentiometric 
surfaces for the portion of the alluvial aquifer simulated by the 
MERAS model. Williams and Williamson (1989) calculated 
an average depth to water of 25.7 ft using the first nonpump-
ing, pre-1960 hydraulic-head value in 6,825 wells less than 
150 ft deep. Before the development of the groundwater 
resource in the early 1900s, hydraulic head in the alluvial 
aquifer is presumed to generally follow land surface and 
slope toward major rivers (Ackerman, 1989). Predevelopment 
potentiometric surfaces for the middle Claiborne aquifer also 
are scarce. Reed (1972) presents a potentiometric surface of 
the middle Claiborne for 1886 “based on measurements made 
prior to extensive development.”

Initial conditions are simulated using a steady-state stress 
period (representing conditions prior to January 1, 1870) at the 
beginning of the simulation. Stream inflows for this steady-
state stress period were the mean annual flow average of the 
first 10 years of available flow data for each stream. While 
the potential exists that the first 10 years of available flow 
data could be affected by human actions, in many cases, data 
for streamflow began prior to the 1950’s. The average of the 

first 10 years of streamflow is thought to approximate early 
streamflow conditions in a way that is acceptable to create 
initial conditions from which to base the transient simulation. 
Recharge for the first stress period is the same as that used in 
the second stress period. There is no groundwater pumpage 
specified in the first stress period because it is designed to 
represent predevelopment conditions before pumping began.

Hydraulic Properties

In many groundwater-flow models, grid cells assumed 
to have similar hydraulic properties are grouped together as 
a zone and assigned a parameter value that can be adjusted 
during the calibration process (Hill and others, 2000). The 
MERAS model uses a total of 104 hydraulic parameters (table 
3). These parameters include hydraulic properties of hori-
zontal hydraulic conductivity, specific yield, specific storage, 
and vertical anisotropy. Parameter values of the aquifers and 
confining units also are affected by the amount (percent) of 
coarse (sand) or fine (clay) material within the unit. A discus-
sion of the method used to assign the percent of sand within 
each unit is presented in the “Sand Percentage” section. In 
addition, selected faults present in some areas (Arkansas fault 
zone, Pickens-Gilbertown fault zone, fig. 2) are represented 
in the model, and the properties associated with faults were 
specified.

Hydraulic Conductivity
Horizontal hydraulic-conductivity parameters generally 

consist of a single zone for each aquifer and confining unit. 
The exceptions are the alluvial aquifer (or equivalent surfi-
cial unit), middle Claiborne confining unit, middle Claiborne 
aquifer, and Wilcox Group. Zone numbers generally coincide 
with model layers in multiples of 10. For example, layer 2 is 
20, layer 3 is 30, layer 4 is 40, and so on. Using this design, 10 
zone numbers per layer are available for use to define differ-
ent areas within each layer. For example, there are four zones 
within layer 5; 50, 51, 52, and 53. Zone numbers may extend 
through multiple layers once they are defined for a hydrogeo-
logic unit. Zone numbers for the alluvial aquifer are the same 
values used for recharge zones of the alluvial aquifer (fig. 9). 
Parameter zones for the alluvial aquifer are based on grouped 
classifications of geomorphology (Saucier, 1994) to create 
eight zones (zone 101 to 108, fig. 9). Equivalent surficial units 
are represented by two additional zones: one zone for the 
surficial unit covering Crowleys Ridge and loess in Tennes-
see and Mississippi or other equivalent units in the eastern 
half of the model area (zone 2, fig. 9), and one zone for other 
Quaternary age deposits in southeastern Arkansas (zone 10, 
fig. 9). There are three parameter zones to represent the middle 
Claiborne confining unit: one zone represents the majority of 
the confining unit (zone 40, fig. 11), a second zone represents 
areas where the middle Claiborne confining unit is absent in 
western Tennessee (Parks, 1990) (zone 30, fig. 11), and a third 
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Figure 11. Parameter zones of the middle Claiborne confining unit.
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zone represents the undifferentiated Claiborne Group in Ala-
bama (zone 150, fig. 11). Zone 150 defines an area in Alabama 
that represents the undifferentiated Claiborne Group, which 
includes the upper Claiborne aquifer, middle Claiborne confin-
ing unit, middle Claiborne aquifer, lower Claiborne confining 
unit, and the lower Claiborne aquifer. Seven parameter zones 
define the properties of the middle Claiborne aquifer (fig. 12). 
Four zones, 50 through 53, were delineated based on hydraulic 
conductivity values estimated by Prudic (1991) and modified 
during the calibration procedure. Two zones, 60 and 70 (same 
area, different layers), were delineated based on a locally 
extensive clay layer within the middle Claiborne aquifer. Zone 
60, which occurs only in layer 6, represents the finer material 
that confines the lower portion of the middle Claiborne aquifer 
(El Dorado confining unit). Zone 70, which occurs only in 
layer 7, represents the coarser material in the lower portion 
of the Middle Claiborne aquifer (El Dorado Sand), from 
which most wells are screened for municipal and industrial 
use. Four parameter zones define the properties of the Wilcox 
Group (fig. 13, 7). Zone 110 occurs in layer 11, 12, and 13 in 
areas where the Wilcox Group is undifferientated. Zone 111 
represents the middle Wilcox aquifer in layer 11, and zone 
120 represents the lower Wilcox aquifer in layer 12. Zone 130 
represents the Old Breastworks Formation in the northern part 
of the embayment as shown in figure 7 as the extent of the Old 
Breastworks confining unit.

Vertical Anisotropy and Storage
Zones used for vertical anisotropy, specific yield, and 

specific storage were identical to those used for horizontal 
hydraulic conductivity. Initial estimates of vertical anisotropy, 
specific yield, and specific storage were based on literature 
values (Fetter, 1994; Freeze and Cherry, 1979) and were 
adjusted during model calibration.

Sand Percentage
An analysis of sand percentage for each formation was 

conducted through the use of geophysical logs (Hart and 
others, 2008; Hart and Clark, 2008b). Sand percentage grids, 
created using automated interpolation methods, then were used 
as a multiplier array on model parameters, such as hydrau-
lic conductivity, for select aquifers or confining units in the 
MERAS model.

Normal-resistivity and natural gamma logs for the sand 
percentage analysis were selected to maximize spatial distribu-
tion. A 25-percent subset of approximately 2,700 geophysical 
logs was digitized and exported to Log ASCII Standard (LAS) 
format. The short normal resistivity curve was digitized and 

the LAS data for each geophysical log were queried to deter-
mine percent coarse material and thickness of the coarse mate-
rial for each hydrogeologic unit. Distinction between coarse 
and fine material for each individual geophysical log was 
determined by using 20 percent of the maximum resistivity as 
the division between coarse and fine material. Materials with 
resistivities greater than 20 percent of the maximum resistivi-
ties were considered coarse materials (sand) and materials 
with resistivities less than 20 percent of the maximum resis-
tivities were considered fine materials (clay).

Sand thickness was calculated by summing the intervals 
of material with resistivity greater than 20 percent of the maxi-
mum resistivity. Sand percentage was determined by dividing 
sand thickness by total hydrogeologic unit thickness and mul-
tiplying by 100 for grid cells equal in size and shape of each 
model cell (fig. 14). Total thickness for each hydrogeologic 
unit was determined from Hart and Clark (2008a) to obtain 
the tops and bottoms of each unit from each geophysical log. 
The units selected for use with sand percentage grids were 
the alluvial aquifer (fig. 14 A), Vicksburg-Jackson confining 
unit (fig. 14 B), upper Claiborne aquifer (fig. 14 C), middle 
Claiborne confining unit (fig. 14 D), middle Claiborne aquifer 
(fig. 14 E-J), lower Claiborne confining unit (fig. 14 K), por-
tions of the middle Wilcox aquifer (fig. 14 L), and portions of 
the lower Wilcox aquifer (fig. 14 M). The middle Claiborne 
aquifer is represented by three model layers south of the 
facies transition zone (fig. 1) and six model layers north of the 
transition zone. To accommodate multilayering of the middle 
Claiborne aquifer, sand percentage grids also were divided 
vertically into three to six layers depending on location. In 
general, sand percentages of each unit are higher in the north 
and east, and lower in the south and west, which correspond 
to the conceptual depositional environment of shallow, high 
energy environment in the north, and deep, low energy envi-
ronment in the south.

Faults
The existence of faults in the model area is supported by 

multiple studies (Hosman, 1982; Petersen and others, 1985; 
Albin 1964, Kingsbury and Parks, 1993). McKee and Clark 
(2003) included inferred faults to improve hydraulic-head 
value matching in simulations of flow within the middle Clai-
borne aquifer. 

Seven faults were represented in the model using the 
Horizontal Flow Barrier (HFB) package that allows a reduc-
tion in horizontal hydraulic conductivity between adjacent 
cells (fig. 12). All simulated faults extend from layer 5 (Ter-
tiary age middle Claiborne aquifer) to the base of the model 
domain. For simplification, the width of the horizontal flow 
barrier is assumed to be 1.0 ft.
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Figure 14. Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.
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Figure 14. Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14. Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14. Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14. Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14. Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14. Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14. Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14. Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14. Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14. Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14. Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14. Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Model Calibration
The ability of the MERAS model to simulate measured 

conditions was accomplished by a combination of manual 
changes to parameter values and automated calibration meth-
ods. Automated parameter estimation was achieved through 
alternate use of UCODE-2005 (Poeter and others, 2005) and 
PEST (Doherty, 2008) for all 104 parameters. Simulations 
with UCODE-2005 were used primarily to examine the sen-
sitivity of observations to various parameters during manual 
simulations. PEST automatically adjusted input parameters 
(hydraulic conductivity, vertical anisotropy, specific storage, 
specific yield, recharge, riverbed conductance, and hydraulic 
conductance of faults) in a series of model simulations. After 
each model simulation, simulated hydraulic-head values, 
total streamflow, and stream leakage were compared auto-
matically to measured hydraulic-head values, total flow, and 
stream leakage. The simulations continued until a best fit 
between simulated hydraulic head and stream leakage with 
measured hydraulic head and stream leakage was attained. 
The calibration approach used here differs from traditional 
non-linear regression parameter estimation in two areas by 
using: (1) Tikhonov regularization (Tikhonov, 1963; Doherty, 
2003; Fienen and others, 2009); and (2) hybrid singular value 
decomposition (Tonkin and Doherty, 2005; Hunt and others, 
2007), also referred to as SVD-Assist (SVDA) in Doherty 
(2008). Additional information regarding the overview of the 
advantages of using these more sophisticated tools for param-
eter estimation are discussed by Hunt and others (2007); the 
tools were applied using the guidelines given by Doherty and 
Hunt (2009).

Weighted Hydraulic-Head Observations

Hydraulic-head observations were weighted to reduce the 
influence of hydraulic-head observations that are less accurate 
and to increase the influence of observations that are more 
accurate. Weights on observation data account for potential 
measurement error associated with the method of determining 
land surface, effects of recent pumpage, unknown screened 
intervals of wells, and other factors. In theory, weights of the 
observation values used in the regression procedure can be 
calculated from estimates of the variance or standard deviation 
of measurement error (Hill, 1998). The weights are calculated 
by dividing one by the square of the standard deviation (or 
variance) of the measurement errors for the observation. To 
estimate these standard deviations, the measurement errors can 
be assumed to have a normal distribution, and a 95-percent 
confidence interval for the measurement can be constructed. 
The 95-percent confidence interval spans a range equal to 
the measurement ±1.96 times the standard deviation (square 
root of the variance). Examples and detailed calculations of 
weights are given by Hill (1998).

For this report, standard deviations associated with land 
surface were calculated for hydraulic-head observations based 

on coordinate accuracy (how well the location of a well is 
known) and altitude accuracy (how well the land surface alti-
tude of a measurement point of a well is known). The coor-
dinate and altitude accuracy for wells are documented in the 
USGS National Water Inventory System (NWIS). Wells with 
coordinate accuracies better than ±5 seconds were included in 
the standard deviation calculation. Altitude accuracies other 
than those obtained from topographic maps were not included 
in the standard deviation because other methods generally 
were reasonably accurate. All wells that were not assigned a 
standard deviation based on the criteria above were assigned 
a standard deviation of one, which corresponds to a weight of 
one. 

The standard deviation associated with coordinate 
accuracy was calculated by creating a radius around each well 
equal to the length of the well’s coordinate accuracy value in 
degrees. The standard deviation of the land-surface altitude 
within the radius of each well was calculated. The standard 
deviation associated with the altitude accuracy was calcu-
lated by dividing half of the NWIS value of altitude accuracy 
(assuming the altitude accuracy equals the contour interval 
adjacent the well location) by 1.65 (where 1.65 is the critical 
value of a 90 percent confidence interval assuming that the 
error is normally distributed) (Hill and Tiedeman, 2007).

Each standard deviation was then converted to a variance 
(square root of standard deviation) so that the coordinate and 
altitude variances could be summed for each well. The final 
calculation converted the variance at each well back to a stan-
dard deviation. The resultant standard deviations of all wells 
range from 1 to 43.8 ft with an average of 1.9 ft.

Streamflow Measurements as Observations

Streamflow measurements, flow characteristics, and 
stream leakage estimates from previous studies were used as 
observations in the MERAS model. Flow characteristics were 
used for predevelopment observations and streamflow mea-
surements were used for at least one additional observation 
late in the simulation period for each selected gage. Predevel-
opment observations were assumed to be the 50th percentile of 
daily streamflow (Wolock, 2003). Additional total streamflow 
measurement values were obtained from the USGS NWIS 
(U.S. Geological Survey, 2008c). Streamflow measurements 
used as observations were weighted using a method similar to 
that of weighting hydraulic head observations. Most prede-
velopment observations were assigned a standard deviation 
of 100,000 ft3/d. The exception is the predevelopment obser-
vation on the White River, which was assigned a standard 
deviation of 1,000,000 ft3/d because of the much greater 
difference in flow of the White River compared to most other 
streams. The standard deviation of postdevelopment observa-
tions was calculated by assuming a 90 percent probability that 
the streamflow measurements were within 5 percent of the true 
value. The standard deviation equals 5 percent of the stream-
flow value divided by 1.65 (see the “Weighted Hydraulic-Head 
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Observations” section) (Hill and Tiedeman, 2007). Stream 
leakage estimates were scarce in the model area as multiple 
factors (reservoir regulation, stream diversions, return flow 
from irrigation, etc.) combine to make true stream leakage 
estimates very difficult. Stream leakage estimates from Nyman 
(1965) were used to constrain the model in a local area on 
Nonconnah Creek in western Tennessee (fig. 3). Additionally, 
in 1998, streamflow measurements were made along a 40-mi 
segment of the White River in eastern Arkansas. The White 
River streamflow measurements indicated a 13 percent loss in 
streamflow from the upstream to downstream measurements 
(Jaysson E. Funkhouser, U.S. Geological Survey, written com-
mun., 2006). The locations of the upstream and downstream 
measurements were used to extract information from the 
model to calculate the percent of streamflow that discharges 
to the aquifer through the use of UCODE-2005. Streamflow 
observation locations are shown in figure 3; total streamflow 
and stream leakage estimates and simulated values are pre-
sented in the “Streamflow Observations and Errors” section.

Model Evaluation

Optimal Parameter Estimates

The final parameter estimates of the model (table 3) 
are considered reasonable estimates for the type of material 
and conditions found in the Mississippi embayment aquifer 
system. For aquifers, horizontal hydraulic conductivity values 
of 3.7 to 600 ft/d are within the expected range of hydrau-
lic conductivities for silty to clean sand (Freeze and Cherry, 
1979), and also near the range of values used by McKee and 
Clark (2003), Stanton and Clark (2003), and Arthur (2001) 
for middle Claiborne and alluvial models. For confining units, 
horizontal hydraulic conductivity values of 0.00453 to 2.4 ft/d 
are within the expected range of hydraulic conductivities for 
marine clay to silt or loess (Freeze and Cherry, 1979). Gener-
ally, values for hydraulic conductivity are within the same 
order of magnitude for a given hydrogeologic unit and repre-
sent average values for large areas in the Mississippi embay-
ment aquifer system. Horizontal hydraulic conductivities of 
horizontal flow barriers representing faults range from 0.0001 
ft/d to 1.5536 ft/d. Specific yield values throughout the model 
range from 0.10 to 0.30. Specific storage values range from 
2.59×10-7/ft to 6.25×10-3/ft. Final vertical anisotropy values 
range from 22.3 in surficial units to 2,297.1 in the El Dorado 
confining unit. Streambed conductances for each stream 
varied by stream reach, according to streambed hydraulic 
conductivity, streambed thickness, stream length, and stream 
width within each stream reach. The final values of streambed 
hydraulic conductivity range from 1.09×10-2 ft/d to 16.1 for 
streams simulated in the model. The fraction of precipitation 
(multiplier) that makes up recharge from infiltration ranges 
from 1.25×10-4 to 7.06×10-2 (table 4), which results in a range 

of recharge values of 0.003 to 5.73 in/yr. Comparatively, val-
ues of recharge in studies outside the embayment, range from 
1.6 to 4.6 in/yr through a silt, clay, and sand confining unit 
over the Floridan aquifer system (Murray, 2007), and from 
0.008 to 4.4 in/yr in the High Plains aquifer system (McMa-
hon and others, 2006).

Model Fit and Model Error

Hydraulic Head Observations and Errors
Simulated heads were generally in good agreement with 

observed hydraulic-heads with 46,249 simulated values within 
± 25 ft of the observed value. Simulated heads were compared 
to 55,786 observed hydraulic-head measurements from 3,245 
wells in the MERAS model area. Values of mean, minimum, 
maximum, root mean square error (RMSE), and absolute mean 
error were computed for each year from residuals (table 5). 
RMSE in feet is determined using the equation:

RMSE = [Sum of (h
s
–h

o
)2 /n]0.5 

where  h
s
 is simulated hydraulic head, in feet,

  h
o
 is observed hydraulic head, in feet, and

  n is number of observations.

Values of RMSE between simulated and observed 
hydraulic heads of all observations ranged from 8.33 ft in 
1919 to 47.65 ft in 1951, though only six annual RMSE values 
are greater than 40 ft for the entire simulation period (table 5). 
The six greatest RMSE values also occur in sequence from 
1949 to 1954 and are attributed to the lack of pumping data for 
the pre-1960 time period. The RMSE for all observations in 
the model is 23.18 ft over a range in observed hydraulic head 
of 741.66 ft, where the range equals the difference between the 
highest and lowest observed hydraulic-head. The two prin-
cipal aquifers, the alluvial aquifer and the middle Claiborne 
aquifer, are shown as individual statistics in table 5 because 
these aquifers make up the bulk of the information about the 
system. The RMSE for alluvial observations is 16.43 over a 
range in observed hydraulic head of 297.25 ft. The RMSE for 
the middle Claiborne aquifer is 35.78 over a range in observed 
hydraulic head of 634.94 ft. The mean of residuals indicates 
model bias depending on the magnitude and direction of the 
mean away from zero. The closer the mean is to zero, indicat-
ing a balance between positive and negative residuals, the 
less model bias occurs. A positive mean indicates the model 
tends to overpredict (simulated hydraulic heads greater than 
observed) water-level altitude, and a negative mean indi-
cates underprediction (simulated hydraulic heads less than 
observed) of water levels. The mean residual approached 
zero with an absolute value less than 20 ft during 75 of the 
88 years for which residuals were calculated. Out of 55,786 
observations, 24,256 residuals were greater than or equal to 
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Table 3. Final calibrated hydraulic parameter values.—Continued

[* considered a confining unit within the parameter extent]

Parameter group Parameter description
Parameter 

name
Final
value Units

Reference for 
parameter extent

Model
layer

Composite-
scaled 

sensitivity

Hydraulic
conductivity in
horizontal direction

Alluvial aquifer in 
zone 101

HK_alvm101 600 feet/day fig. 9 zone 101 1 to 13 8.979×10-1

 Alluvial aquifer in 
zones 102 and 108

HK_alvm102 166.7 feet/day fig. 9 zones
102 and 108

1 to 13 2.744

 Alluvial aquifer in 
zone 103

HK_alvm103 135.4 feet/day fig. 9 zone 103 1 to 13 1.382

 Alluvial aquifer in 
zone 104

HK_alvm104 458.5 feet/day fig. 9 zone 104 1 to 13 1.078

Alluvial aquifer in 
zone 105

HK_alvm105 425.4 feet/day fig. 9 zone 105 1 to 13 1.554×10-1

 Alluvial aquifer in 
zone 106

HK_alvm106 400 feet/day fig. 9 zone 106 1 to 13 1.691

 Alluvial aquifer in 
zone 107

HK_alvm107 88.4 feet/day fig. 9 zone 107 1 to 13 8.075×10-1

 Loess undifferenitated HK_loss 27.9 feet/day fig. 9 zones 2
and 10

1 to 13 2.282

 Fluvial sediments 
undifferentiated 

HK_fluv 200 feet/day fig. 9 zone 2,
where Vicksburg-
Jackson confining
unit (fig. 14 B)
does not exist

2 to 10 8.797×10-1

 Vicksburg-Jackson
confining unit

HK_vkbg 1 feet/day fig. 14 B 2 1.156

 Undifferientiated
Claiborne Group

HK_clbr 48.7 feet/day fig. 11, zone 150 3 to 10 5.070×10-1

 Upper Claiborne
aquifer

HK_cckf 26.3 feet/day fig. 14 C; fig. 10,
zone 30

3 2.690

 Middle Claiborne 
onfining unit

HK_ckmn 0.154 feet/day fig. 11, zone 40 4 4.192

 Middle Claiborne
aquifer in zone 50

HK_sprt1 146.1 feet/day fig. 12, zone 50 5 to 7 4.867

 Middle Claiborne
aquifer in zone 51

HK_sprt2 34.8 feet/day fig. 12, zone 51 5 to 7 1.194

 Middle Claiborne
aquifer in zone 52

HK_sprt3 27.2 feet/day fig. 12, zone 52 5 to 7 1.782
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Table 3. Final calibrated hydraulic parameter values.—Continued

[* considered a confining unit within the parameter extent]

Parameter group Parameter description
Parameter 

name
Final
value Units

Reference for 
parameter extent

Model
layer

Composite-
scaled 

sensitivity

 Middle Claiborne
aquifer in zone 61

HK_sprt3_5 3.7 feet/day fig. 12, zone 61 6 2.096

 Middle Claiborne
aquifer in zone 53

HK_sprt4 10.2 feet/day fig. 12, zone 53 5 to 7 3.608

 El Dorado confining
unit

HK_spcl 0.00453 feet/day fig. 12, zone 61
(layer 6)

6 1.186

 El Dorado Sand HK_spes 59 feet/day fig. 12, zone 70
(layer 7)

7 7.397

 Lower Claiborne
confining unit

HK_crvr 0.0883 feet/day fig. 14 K 8 2.773

 Winona-Tallahatta
aquifer

HK_wnth 26.9 feet/day fig. 6 9 6.503×10-1

 Lower Claiborne aquifer HK_crrz 25 feet/day fig. 13 10 9.737×10-1

 Wilcox aquifer in
zone 110

HK_wlcx 5.6 feet/day fig. 13 zone 110 11 to 13 5.486

 Middle Wilcox aquifer* HK_flid 2.4 feet/day fig. 14 L 11 1.132

 Lower Wilcox aquifer HK_lwaq 24.6 feet/day fig. 14 M 12 1.714

 Old Breastworks
confining unit

HK_odbx 1.4 feet/day fig. 7 13 3.797×10-1

Vertical anisotropy Alluvial aquifer VANI_alvm 100 dimension-
less

fig. 9 zones
101-108

1 to 13 1.167×10-1

 Loess undifferenitated VANI_loss 22.3 dimension-
less

fig. 9 zones 2
and 10

1 to 13 6.933×10-2

 Vicksburg-Jackson 
confining unit

VANI_vkbg 1,475 dimension-
less

fig. 14 B 2 1.127

 Undifferientiated
Claiborne Group

VANI_clbr 23.4 dimension-
less

fig. 11, zone 150 3 to 10 5.908×10-2

 Upper Claiborne aquifer VANI_cckf 612.8 dimension-
less

fig. 14 C 3 2.938×10-1

 Middle Claiborne
confining unit

VANI_ckmn 564.6 dimension-
less

fig. 14 D 4 4.194

 Middle Claiborne
aquifer in zone 50

VANI_sprt1 243.4 dimension-
less

fig. 12, zone 50 5 to 7 2.101×10-1
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Table 3. Final calibrated hydraulic parameter values.—Continued

[* considered a confining unit within the parameter extent]

Parameter group Parameter description
Parameter 

name
Final
value Units

Reference for 
parameter extent

Model
layer

Composite-
scaled 

sensitivity

 Middle Claiborne aqui-
fer in zones 51 and 53

VANI_sprt2 680 dimension-
less

fig. 12 zones 51
and 53

5 to 7 1.339

 Middle Claiborne aqui-
fer in zone 52

VANI_sprt3 798.8 dimension-
less

fig. 12, zone 52 5 to 7 9.769×10-1

 El Dorado confining
unit

VANI_spcl 2,297.1 dimension-
less

fig. 12, zone 61
(layer 6)

6 1.175

 El Dorado Sand VANI_spes 254.2 dimension-
less

fig. 12, zone 70
(layer 7)

7 8.046×10-2

 Lower Claiborne
confining unit

VANI_crvr 334.5 dimension-
less

fig. 14 K 8 2.738

 Winona-Tallahatta 
aquifer

VANI_wnth 28 dimension-
less

fig. 6 9 6.344×10-2

 Lower Claiborne aquifer VANI_crrz 23 dimension-
less

fig. 13 10 6.958×10-2

 Wilcox aquifer in
zone 110

VANI_wlcx 402.8 dimension-
less

fig. 13, zone 110 11 to 13 6.082×10-1

 Middle Wilcox aquifer* VANI_flid 617.8 dimension-
less

fig. 14 L 11 9.910×10-1

 Lower Wilcox aquifer VANI_lwaq 27.7 dimension-
less

fig. 14 M 12 6.780×10-2

 Old Breastworks
confining unit

VANI_odbx 478.4 dimension-
less

fig. 7 13 1.274×10-1

Specific storage Alluvial aquifer in 
zone 101

SS_alvm101 3.50×10-3 1/foot fig. 9 zone 101 1 to 13 7.812×10-1

 Alluvial aquifer in
zones 102 and 108

SS_alvm102 4.03×10-3 1/foot fig. 9 zones 102
and 108

1 to 13 1.443

 Alluvial aquifer in 
zone 103

SS_alvm103 3.34×10-3 1/foot fig. 9 zone 103 1 to 13 5.152×10-1

 Alluvial aquifer in
zone 104

SS_alvm104 5.74×10-3 1/foot fig. 9 zone 104 1 to 13 2.839

 Alluvial aquifer in
zone 105

SS_alvm105 2.85×10-3 1/foot fig. 9 zone 105 1 to 13 1.353×10-1

 Alluvial aquifer in 
zone 106

SS_alvm106 4.33×10-3 1/foot fig. 9 zone 106 1 to 13 3.132

 Alluvial aquifer in 
zone 107

SS_alvm107 6.25×10-3 1/foot fig. 9 zone 107 1 to 13 8.637×10-1

 Loess undifferenitated SS_loss 1.36×10-3 1/foot fig. 9 zones 2
and 10

1 to 13 7.095×10-1

 Vicksburg-Jackson
confining unit

SS_vkbg 3.46×10-7 1/foot fig. 14 B 2 6.974×10-2
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Table 3. Final calibrated hydraulic parameter values.—Continued

[* considered a confining unit within the parameter extent]

Parameter group Parameter description
Parameter 

name
Final
value Units

Reference for 
parameter extent

Model
layer

Composite-
scaled 

sensitivity

 Undifferientiated 
Claiborne Group

SS_clbr 3.68×10-7 1/foot fig. 11, zone 150 3 to 10 7.170×10-2

 Upper Claiborne aquifer SS_cckf 2.59×10-7 1/foot fig. 14 C 3 6.030×10-2

 Middle Claiborne 
confining unit

SS_ckmn 2.88×10-7 1/foot fig. 14 D 4 8.166×10-2

 Middle Claiborne 
aquifer in zone 50

SS_sprt1 8.51×10-6 1/foot fig. 12, zone 50 5 to 7 5.986×10-1

 Middle Claiborne aqui-
fer in zones 51 and 53

SS_sprt2 1.03×10-6 1/foot fig. 12 zones 51
and 53

5 to 7 5.312×10-1

 Middle Claiborne 
aquifer in zone 52

SS_sprt3 9.92×10-7 1/foot fig. 12, zone 52 5 to 7 1.900

 El Dorado confining
unit

SS_spcl 3.65×10-7 1/foot fig. 12, zone 61
(layer 6)

6 1.346×10-1

 El Dorado Sand SS_spes 2.44×10-6 1/foot fig. 12, zone 70
(layer 7)

7 1.341

 Lower Claiborne 
confining unit

SS_crvr 3.08×10-7 1/foot fig. 14 K 8 2.347×10-1

 Winona-Tallahatta
aquifer

SS_wnth 2.81×10-7 1/foot fig. 6 9 9.998×10-2

 Lower Claiborne aquifer SS_crrz 2.79×10-7 1/foot fig. 13 10 7.827×10-2

 Wilcox aquifer in 
zone 110

SS_wlcx 3.65×10-7 1/foot fig. 13, zone 110 11 to 13 4.353×10-1

 Middle Wilcox aquifer* SS_flid 3.36×10-7 1/foot fig. 14 L 11 8.174×10-2

 Lower Wilcox aquifer SS_lwaq 3.39×10-7 1/foot fig. 14 M 12 5.892×10-2

 Old Breastworks
confining unit

SS_odbx 3.23×10-7 1/foot fig. 7 13 5.238×10-2

Specific yield Alluvial aquifer in
zoness 101-105

SY_alvm 0.3 dimension-
less

fig. 9 zones
101-105

1 4.310

 Alluvial aquifer in 
zone 106

SY_alvm106 0.1 dimension-
less

fig. 9 zone 106 1 2.514

 Loess undifferenitated SY_loss 0.3 dimension-
less

fig. 9 zones 2
and 10

1 to 13 8.710×10-1

Recharge multiplier Alluvial aquifer in 
zone 101

RCHALM101 3.80×10-2 dimension-
less

fig. 9 zone 101 1 to 13 2.412
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Table 3. Final calibrated hydraulic parameter values.—Continued

[* considered a confining unit within the parameter extent]

Parameter group Parameter description
Parameter 

name
Final
value Units

Reference for 
parameter extent

Model
layer

Composite-
scaled 

sensitivity

 Alluvial aquifer in
zone 102

RCHALM102 4.46×10-2 dimension-
less

fig. 9 zone 102 1 to 13 3.292

 Alluvial aquifer in 
zone 103

RCHALM103 5.10×10-2 dimension-
less

fig. 9 zone 103 1 to 13 4.482

 Alluvial aquifer in 
zone 104

RCHALM104 2.88×10-2 dimension-
less

fig. 9 zone 104 1 to 13 3.084

 Alluvial aquifer in 
zone 105

RCHALM105 5.11×10-2 dimension-
less

fig. 9 zone105 1 to 13 2.140×10-1

 Alluvial aquifer in 
zone 106

RCHALM106 1.30×10-4 dimension-
less

fig. 9 zone 106 1 to 13 6.813×10-2

 Alluvial aquifer in 
zone 107

RCHALM107 1.02×10-2 dimension-
less

fig. 9 zone 107 1 to 13 5.931×10-1

 Alluvial aquifer in 
zone 108

RCHALM108 3.42×10-3 dimension-
less

fig. 9 zone 108 1 to 13 5.170×10-1

 Various clay RCHCLAY 1.25×10-4 dimension-
less

fig. 9 zones
3, 5, and 7

2, 4, and 
8

1.299×10-1

 Loess undifferenitated RCHLOSS 1.23×10-2 dimension-
less

fig. 9 zone 2 multiple 3.542

 Upper Claiborne aquifer RCHCCKF 2.35×10-3 dimension-
less

fig. 14 C 3 1.100

 Middle Claiborne 
aquifer in western 
part of model area

RCHSPTW 1.16×10-3 dimension-
less

fig. 9 zone 6 5 1.979×10-1

 Middle Claiborne 
aquifer in eastern part
of model area

RCHSPTE 6.38×10-3 dimension-
less

fig. 9 zone 61 5 4.439×10-1

 Lower Claiborne aquifer RCHCRRZ 8.60×10-3 dimension-
less

fig. 9, zone 8 10 1.053

 Wilcox aquifer undif-
ferentiated in eastern
part of model area

RCHWXE 7.02×10-3 dimension-
less

fig. 9, zone 9 11 1.527

 Wilcox aquifer undif-
ferentiated in western
part of model area

RCHWXW 7.06×10-2 dimension-
less

fig. 9, zone 11 11 5.226

 Terrace deposits undif-
ferntiated

RCHTRRC 1.16×10-2 dimension-
less

fig. 9, zone 10 multiple 7.401

Streambed
conductance

Selected rivers RIVCON 1.458×10-1 feet/day fig. 4 multiple 1.495

 Arkansas River RIVARK 0.09 feet/day fig. 4 multiple 1.190

 Mississippi River RIVMISS 15.4 feet/day fig. 4 multiple 0.000

 Ouachita River RIVOUACH 16.1 feet/day fig. 4 multiple 7.891×10-2

 White River RIVWHT 13.8 feet/day fig. 4 multiple 6.187×10-2

 L’Anguille River RIVLANG 0.99 feet/day fig. 4 multiple 7.128×10-1
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Table 3. Final calibrated hydraulic parameter values.—Continued

[* considered a confining unit within the parameter extent]

Parameter group Parameter description
Parameter 

name
Final
value Units

Reference for 
parameter extent

Model
layer

Composite-
scaled 

sensitivity

 Saline River RIVSALIN 1.03 feet/day fig. 4 multiple 8.998×10-2

 Cache River RIVCACH 1.14 feet/day fig. 4 multiple 7.139×10-1

 Selected rivers RIVLOW 1.099×10-2 feet/day fig. 4 multiple 1.198

 Selected rivers RIVMEMP 1 feet/day fig. 4 multiple 5.116×10-1

Horizontal flow
barrier

Fault set in southeastern
Arkansas

mod_mck 1.0×10-4 feet/day fig. 12 5 to 13 2.398

 Fault set in south-central 
Arkansas

mrdata_1 1.5536 feet/day fig. 12 5 to 13 5.902×10-2

 Fault set in south-central 
Arkansas

union_fault 5.928×10-3 feet/day fig. 12 5 to 13 1.098×10-1

 Fault set in Mississippi pickens 0.00504 feet/day fig. 12 5 to 13 1.117×10-1

Precipitation value Predevelopment
precipitation

predevrch 2.647×10-3 feet/day fig. 9 all zones multiple 6.668

Table 4. Recharge parameter values and corresponding range of recharge.

Zone
number

Parameter name 
(see table 3)

Range in
 precipitation 

(inches)
Fraction of 
recharge

Range in 
recharge 
amount 

(inches per 
year)

101 RCHALM101 29 to 85 3.80×10-2 1.09 to 3.25

102 RCHALM102 27 to 85 4.46×10-2 1.23 to 3.79

103 RCHALM103 29 to 83 5.10×10-2 1.47 to 4.25

104 RCHALM104 28 to 84 2.88×10-2 0.81 to 2.43

105 RCHALM105 28 to 79 5.11×10-2 1.45 to 4.03

106 RCHALM106 27 to 85 1.30×10-4 0 to 0.01

107 RCHALM107 28 to 86 1.02×10-2 0.29 to 0.87

108 RCHALM108 28 to 85 3.42×10-3 0.1 to 0.29

2 RCHLOSS 26 to 80 1.23×10-2 0.32 to 0.99

10 RCHTRRC 26 to 85 1.16×10-2 0.3 to 0.99

3 RCHCLAY 30 to 80 1.25×10-4 0 to 0.01

4 RCHCCKF 30 to 83 2.35×10-3 0.07 to 0.19

5 RCHCLAY 29 to 85 1.25×10-4 0 to 0.01

6 RCHSPTW 27 to 85 1.16×10-3 0.03 to 0.1

61 RCHSPTE 29 to 80 6.38×10-3 0.18 to 0.51

7 RCHCLAY 27 to 83 1.25×10-4 0 to 0.01

8 RCHCRRZ 27 to 84 8.60×10-3 0.23 to 0.72

9 RCHWXE 31 to 84 7.02×10-3 0.22 to 0.59

11 RCHWXW 27 to 81 7.06×10-2 1.9 to 5.73
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zero (overprediction) and 31,530 residuals were less than zero 
(underprediction), resulting in a mean residual of -1.15 ft. The 
maximum and minimum residuals were 236.30 ft and -162.75 
ft, respectively.

Streamflow Observations and Errors
Simulated streamflow generally is lower than measured 

streamflow for streams with streamflow less than 1,000 ft3/s 
and greater than measured streamflow for streams with stream-
flow more than 1,000 ft3/s (fig. 15). Simulated streamflow is 
underpredicted for 18 observations and overpredicted for 10 
observations in the model. Four observations are not shown on 
figure 15—stream leakage for the White River and Noncon-
nah Creek and streamflow for the White River for pre- and 
post-development. The fraction of streamflow that is stream 
leakage for the White River was simulated as -0.042, which 
indicates by the negative value that flow is into the White 
River from the aquifer (4.2 percent of streamflow was gained 
from the groundwater system). The fraction of streamflow 
that is stream leakage for the White River was estimated by 
measurements to be 0.13 (13 percent of streamflow was lost 
to the aquifer). Stream leakage for Nonconnah Creek was 
simulated as 0.073 ft3/s and the estimated stream leakage value 
for Nonconnah Creek was 0.100 ft3/s (Nyman, 1965). While 
the simulated stream leakage for Nonconnah Creek closely 
matches the estimated value, the fraction of streamflow that is 
leakage for the White River is into the river (gaining) instead 
of out of the river (losing) as the estimated value indicates. 
One possible reason for the discrepancy includes pumping 
directly from the river. This pumping would remove water 
from the river resulting in a measured loss of streamflow that 
would appear to occur as leakage. Pre- and post-development 
streamflow for the White River was simulated as 4.02×104 
ft3/s and 2.47×104, respectively. Pre- and postdevelopment 
streamflow for the White River was measured as 1.85×104 
and 1.27×104, respectively. Though the absolute differences 
between simulated and measured streamflow on the White 
River are great, the simulated values are considered a reason-
able fit given the discretization of the simulated streams and 
other factors contributing to streamflow. These differences 
also illustrate the uncertainty in model inputs such as prede-
velopment recharge, overland flow, pumpage (from stream and 
aquifer), precipitation, and observation weights. Uncertainty in 
simulated streamflow values is compounded by the simulated 
hydraulic head in the surrounding aquifer. For example, if the 
simulated hydraulic head in the surrounding aquifer is slightly 
underpredicted, streamflow may simply be lost to the aquifer, 
instead of the stream gaining water from the aquifer. In these 
cases, a difference of a few feet may account for large differ-
ences in streamflow. 

Simulated and Observed Hydrographs
Simulated and observed hydrographs of hydraulic-head 

values completed in the alluvial aquifer and the middle Clai-
borne aquifer were used to examine the temporal trends of the 
model at selected wells in the model area (fig. 16). Hydro-
graph comparisons for the alluvial aquifer were based on wells 
used by Ackerman (1989). Most hydrograph comparisons for 
the middle Claiborne aquifer were based on wells used by 
Arthur and Taylor (1990). Though the simulated and observed 
hydrographs generally show declines in water levels, some 
hydrographs show slight increases in recent years (fig. 16 G, 
I, and J). Water-level increases can be attributed to various 
factors: water conservation, alternative water supplies, or the 
redistribution of well fields to pump from locations farther 
from the selected hydrograph wells (Freiwald and Johnson, 
2007; Kingsbury, 1996).

The simulated and observed hydrographs show good 
agreement for most locations with relatively long periods of 
record (fig. 16). Some with a poorer fit to observed conditions 
(fig. 16 A and F) predict higher hydraulic heads throughout the 
period of measurement, or a steep decline in heads that obser-
vations do not reflect. Many of these differences are likely 
because of the placement and timing of pumping wells in the 
model, which are dependent on the accuracy of pumping data, 
as well as uncertainty in hydraulic property values.

Simulated and Observed Potentiometric 
Surfaces

Simulated potentiometric surfaces for 2007 generally 
agree with observed potentiometric surfaces (fig. 17). An 
embayment-wide potentiometric surface for the middle Clai-
borne aquifer was constructed representing the spring of 2007 
(Schrader, 2007). The potentiometric surface was constructed 
using water-level measurements from 309 wells in Arkansas, 
7 wells in Kentucky, 116 wells in Louisiana, 150 wells in 
Mississippi, 6 wells in Missouri, and 160 wells in Tennessee. 
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Figure 16. Simulated and observed hydrographs of hydraulic head in selected wells.

60

80

100

120

140

160

180

80

100

120

140

160

180

200

20

40

60

80

100

120

140

140

160

180

200

220

240

260

0

20

40

60

80

100

120

120

140

160

180

200

220

240

1870 1890 1910 1930 1950 1970 1990 2010

-250
-200
-150
-100
-50

0
50

100
150
200
250

-300
-250
-200
-150
-100
-50

0
50

100
150
200

-250
-200
-150
-100
-50

0
50

100
150
200
250

-250
-200
-150
-100
-50

0
50

100
150
200
250

1870 1890 1910 1930 1950 1970 1990 2010

-250
-200
-150
-100
-50

0
50

100
150
200
250

A   Arkansas County, Arkansas
Mississippi River Valley alluvial aquifer

C   Lonoke County, Arkansas
Mississippi River Valley alluvial aquifer

E   Mississippi County, Arkansas
Mississippi River Valley alluvial aquifer

G   Jefferson County, Arkansas
Middle Claiborne aquifer

I  Union County, Arkansas
Middle Claiborne aquifer

K   Madison County, Mississippi
Middle Claiborne aquifer

EXPLANATION

Simulated

Observed

B   Bolivar County, Mississippi
Mississippi River Valley alluvial aquifer

D   Madison Parish, Louisiana
Mississippi River Valley alluvial aquifer

F  Poinsett County, Arkansas
Mississippi River Valley alluvial aquifer

J   Shelby County, Tennessee
Middle Claiborne aquifer

H  Quachita Parish, Louisiana
Middle Claiborne aquifer

YEAR

YEAR

AL
TI

TU
DE

, I
N

 F
EE

T 
AB

OV
E 

OR
 B

EL
OW

  N
GV

D 
OF

 1
92

9

MS SCT 002592



Model Evaluation  51

Potentiometric contours from Schrader (2007)
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This potentiometric surface indicates a relief in water-level 
altitude of over 700 ft from the highest to lowest water level in 
the middle Claiborne aquifer. Potentiometric-surface contours 
for spring 2007, overlain on simulated hydraulic heads, give a 
reasonable qualitative match to cones of depression in central 
and southern Arkansas, northern Louisiana, and southern 
Mississippi (fig. 17). The simulated hydraulic heads also 
approximate large gradients in southern Arkansas, thought to 
be influenced by faulting in the area.

Sensitivity Analysis
The sensitivity of hydraulic heads to various model 

parameters was calculated using UCODE-2005 (Poeter and 
others, 2005). Composite scaled sensitivities (CSS) were 
calculated for all 104 parameters (table 3). CSS values aid in 
determining if there is adequate information in the calibration 
data to estimate a particular parameter. CSS values less than 
about 0.01 times the largest CSS indicate that the regression 
may not be able to estimate the parameter (Hill, 1998). 

The CSS calculated using initial parameter values 
provided an indication of which model parameters were most 
important to estimate in the nonlinear-regression procedure 
and which should be set to fixed values. However, the CSS 
values are dependent on the parameter values because the 
sensitivities are a nonlinear function of the model parameters. 
Two of the defined parameters have CSS values greater than 
10 (fig. 18): hydraulic conductivity of the middle Claiborne 

in the southwestern part of the model area (HK_sprt3) and 
hydraulic conductivity of the middle Claiborne aquifer primar-
ily in the central part of the model area (HK_sprt2). The next 
highest parameters with a CSS over 6 are recharge to ter-
race deposits (RCHTRRC), hydraulic conductivity of the El 
Dorado Sand (HK_spes), and predevelopment precipitation 
(predevrch) (table 3).

Normality of Weighted Residuals
Normality of weighted residuals is a prerequisite for 

a valid regression. If the model accurately represents the 
system, the weighted residuals are expected to be random, 
independent, and normally distributed (Hill, 1998). The 
independence and normality of the weighted residuals can be 
assessed through use of (1) the summary statistic, 2

NR , which 
represents the correlation coefficient between the ordered 
weighted residuals and order statistics from the normal prob-
ability distribution function (Hill and others, 2000) and (2) 
a histogram of the weighted residuals. The weighted residu-
als are thought to be independent and normally distributed 
if the computed value of 

2

NR for a calibration is higher than 
the tabulated critical value. The critical value of 

2

NR  is 0.987 
for a set of 200 observations (maximum number of observa-
tions for which a value has been tabulated). The value of 

2

NR
for hydraulic heads in the model calibration is 0.95, which is 
smaller than the critical value; however Hill and Tiedeman 
(2007) state “correlations less than these critical values may 
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Figure 18. Composite scaled sensitivity values.
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Figure 19. Histogram of weighted residuals.

Figure 20. Weighted simulated equivalent plotted against weighted observed.

be acceptable…”. A histogram (fig. 19) of all 55,786 weighted 
residuals shows an approximately normal distribution with the 
mode occurring in the -25 ft to 25 ft interval.

Parameter correlations were computed using the approxi-
mate covariance matrix for the parameters, which is calculated 
as part of the nonlinear-regression method (Hill and others, 
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enough observation data to independently estimate the model 
parameters. In these cases, the model may only be estimating 
the ratio or sum of the highly correlated parameters. HK_
ckmn, VANI_ckmn, HK_crvr, and VANI_crvr (table 3) have 
the largest absolute correlations of any parameter pair at 1.0 
each. However, through the use of SVDA during the calibra-
tion process of PEST, it was possible to estimate values for 
combinations of these parameters.

Graphical analyses of the weighted residuals facilitate 
assessment of model bias or error and of model fit to the 
calibration data. These analyses include plots of the weighted 
observed and weighted simulated values and of the spatial and 
temporal distribution of the weighted hydraulic-head residuals.

The plot of weighted observed and weighted simulated 
equivalents for an unbiased model ideally should show a ran-
dom distribution of the weighted residuals above and below 
zero for all weighted simulated equivalents. In this case, the 
model fit is generally similar over the entire range of available 
hydraulic head values, and the calibration has, in general, the 
desired random distribution of weighted residuals (fig. 20). 

Additional assessments of model error are accomplished 
through analysis of the spatial and temporal distribution of 
weighted residuals for years after 2000 (fig. 21). Different 
ranges in residuals are represented by a variety of geometric 
symbols for visual analysis of model bias. Residuals represent-
ing observation data following the year 2000 provide the best 
guide during model calibration because of (1) improved water-
use data for later years and (2) the high number and uniform 
distribution of wells. Positive residuals, shown in blue, indi-
cate simulated hydraulic heads that are higher than observed, 
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2000). If a pair of parameters has a correlation coefficient near 
1.0 or -1.0, independent estimation of the two parameters is 
not possible given the calibration data set used in the regres-
sion. In the calibration, eight parameter pairs have correlations 
greater than 0.85.

Typically, correlations greater than 0.95 suggest problems 
with parameter nonuniqueness (Hill, 1998), and there were not 
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Figure 21. Spatial distribution of hydraulic-head residuals after 2000.
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Figure 22. Groundwater-flow budget.

while negative residuals indicate simulated hydraulic heads 
that are lower than observed.

Ideally, negative and positive weighted residuals should 
be small and randomly distributed in space. Clustering of 
residuals with similar magnitudes and signs is indicative 
of model bias. Overall, residuals (fig. 19) appear to be well 
distributed in both magnitude and sign (±). In many cases, 
insufficient reporting of well completion data makes it difficult 
to determine in which aquifer the well is screened or whether 
it is screened in both aquifers. The uncertainty of the aquifer 
assignment to a well may result in inaccurate assignment of 
the well within the model layers, which can affect the simu-
lated water level and residual.

Geologic structure and averaging of pumpage data can 
affect model bias. A possible cause of model bias occurs in 
southern Arkansas where geologic studies suggest consider-
ably more heterogeneity in geologic conditions and faulting 
than is presently mapped and represented by the simple zones 
and flow boundaries in the current model. In addition, model 
bias through time may be caused by the temporal averaging of 
groundwater withdrawals to obtain the mean annual pumpage 
used in each stress period and the spatial averaging of pump-
age from several wells located in a single model cell.

The weighted residuals ideally should show no temporal 
bias and be balanced around zero. All of the weighted residu-
als are less than 250 ft in absolute value. Upward trends with 
time may occur because of some wells having hydraulic-head 

measurements only at later times in the simulation. For each 
year, the number of positive residuals is approximately equal 
to negative residuals, and there appears to be a slight trend 
through time from overprediction to underprediction as indi-
cated by the mean for all observations (table 5).

Groundwater-Flow Budget

The groundwater-flow budget indicates changes in flow 
into (inflows) and out of (outflows) the model area from the 
predevelopment period (pre-1870) to 2007 (fig. 22). Negative 
rates indicate outflows from the groundwater system, and posi-
tive rates indicate inflows to the groundwater system. Total 
flow (sum of inflows or outflows) through the model ranged 
from about 600 Mgal/d in predevelopment to 18,197 Mgal/d 
near the end of the simulation. This increase in simulated flow 
through the model reflects increases in pumpage and inflow 
from the predevelopment condition. There are three inflows 
to the model listed from largest to smallest: withdrawal from 
storage, areal recharge, and stream leakage. There are three 
discharges or outflows listed from largest to smallest: pump-
age from wells, addition to storage, and stream leakage. The 
pumpage from wells represents the largest outflow compo-
nents with a net rate of 18,197 Mgal/d near the end of the 
model simulation in 2006. Groundwater outflows are offset 
primarily by inflow from aquifer storage.
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Limitation of Analyses
An understanding of model limitations is essential to 

effectively use flow and hydraulic head simulation results. The 
accuracy of a groundwater model is limited by simplification 
of complexities within the flow system (conceptual model), 
space and time discretization effects, and assumptions made in 
the formulation of the governing flow equations. Model accu-
racy also is affected by cell size, number of layers, accuracy 
of boundary conditions, accuracy and availability of hydrau-
lic property data, accuracy of withdrawal and areal recharge 
estimates, historical data for calibration, parameter sensitivity, 
and the interpolations and extrapolations that are inherent in 
using data in a model. Although a model might be calibrated, 
the calibration parameter values are not unique in yielding 
acceptable distributions of hydraulic head.

Results of the MERAS model must be evaluated while 
taking into account the resolution of these limitations. The 
placement and timing of pumping wells in the model, which 
are dependent on the accuracy of pumping data, play a crucial 
role in the simulated hydraulic head and flow values. Much 
of the pumping data in the model is based on 5-year county 
totals and trend analysis from these 5-year totals. Very little 
site-specific pumping data are available relative to the tempo-
ral and spatial extent of the model area. Additionally, few data 
exist pertaining to wells that are screened through multiple 
hydrogeologic units. Though the model is capable of simulat-
ing multi-screened wells, assumptions were made regarding 
the number and location of these wells and number of hydro-
geologic units through which they are screened. Data regard-
ing predevelopment conditions for streamflow and hydraulic 
head are sparse to nonexistent, therefore model calibration to 
predevelopment conditions are not well constrained. The tem-
poral disrectization of the model is determined, in part, by data 
resolution and, therefore, varies from 6 months to 28 years in 
stress period length. Each stress period incorporates average 
input values for pumpage, streamflow, and precipitation for 
the given time interval. Groundwater flow from underlying or 
adjacent systems is not well defined, though the contribution 
from such systems is considered negligible compared to the 
overall flow within the Mississippi embayment aquifer system. 
Model framework, which includes the altitude and thickness 
of hydrogeologic units, are based on available geophysical 
information, which varies spatially and vertically throughout 
the model area. Areas of sparse geophysical information may 
affect model results through assumptions in the altitude and 
thickness of these hydrogeologic units, and the lack of defini-
tion of structural controls that may affect groundwater move-
ment. The horizontal hydraulic conductivity values assigned 
to many hydrogeologic units also are modified based on an 
assumption of sand percentage evaluated through the use of 
geophysical logs. The assumption of a no-flow boundary at the 
freshwater-saltwater interface and constant density of water 
may not be entirely valid, thus the need for simulations includ-
ing variable density may be warranted in local areas where 
high salinity water is problematic.

The goal of the MERAS model was to develop a model 
capable of suitable accuracy at regional scales. The intent 
was not to reproduce individual local-scale details, which are 
typically not possible given the uniform cell size of 1 mi2. 
Although the MERAS model may not represent each local-
scale detail, it is relevant for a better understanding of the 
regional flow system.

Summary
The Mississippi Embayment Regional Aquifer Study 

(MERAS) was conducted with support from the Groundwater 
Resources Program of the U.S. Geological Survey Office of 
Groundwater. This report documents the model construction 
and calibration for use as a tool to quantify groundwater avail-
ability within the Mississippi embayment. To approximate the 
differential equations governing three-dimensional groundwa-
ter flow, the MERAS model used the U.S. Geological Survey’s 
modular three-dimensional finite-difference code, MOD-
FLOW-2005; the preconditioned conjugate gradient solver 
was used for the numerical solution technique. The model 
area boundary is approximately 78,000 mi2 and includes eight 
States with approximately 6,900 mi of simulated streams, 
70,000 well locations, and 10 primary hydrogeologic units. 
The finite-difference grid consists of 414 rows, 397 columns, 
and 13 layers. Each model cell is 1 mi2 with varying thick-
ness by cell and by layer. The simulation period extends from 
January 1, 1870, to April 1, 2007, for a total of 137 years and 
69 stress periods. The first stress period is simulated as steady 
state to represent predevelopment conditions. 

Areal recharge is applied throughout the MERAS model 
area using the MODFLOW-2005 Recharge Package. Recharge 
rates were estimated as a fraction (ranging from 1.25×10-4 to 
7.06×10-2) of precipitation based on typical literature values 
and soil type and modified during calibration of the regional 
model. Irrigation, municipal, and industrial wells are simu-
lated using the Multi-Node Well Package. Pumpage from 
each multi-node well was input from site-specific data, 5-year 
water-use reports, and trend analysis. There are 43 streams 
simulated by the MERAS model. Each stream or river in the 
model area was simulated using the Streamflow-Routing Pack-
age of MODFLOW-2005. The base of the flow system is rep-
resented in the MERAS model as a no-flow boundary, which 
coincides with the top of the Midway confining unit. The 
downgradient limit of each model layer is a no-flow boundary, 
which approximates the extent of water with less than 10,000 
mg/L dissolved solids. Initial conditions are simulated with 
a steady-state stress period (representing conditions prior to 
January 1, 1870) at the beginning of the simulation.

The MERAS model was calibrated by making manual 
changes to parameter values and examining residuals for 
hydraulic heads and streamflow. Additional calibration was 
achieved through alternate use of UCODE-2005 and PEST. 
Simulated heads were compared to 55,786 hydraulic-head 
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measurements from 3,245 wells in the MERAS model area. 
Values of root mean square error between simulated and 
observed hydraulic heads ranged from 8.33 in 1919 to 47.65 in 
1951, though only six annual root mean square error values are 
greater than 40 feet for the entire simulation period. The root 
mean square error for all observations in the model was 23.18 
ft with a range in hydraulic-head altitudes of 741.66 ft. Simu-
lated streamflow generally is lower than measured streamflow 
for streams with streamflow less than 1,000 ft3/s, and greater 
than measured the streamflow for streams with streamflow 
more than 1,000 ft3/s. Simulated streamflow is underpredicted 
for 18 observations and overpredicted for 10 observations in 
the model. These differences in streamflow illustrate the large 
uncertainty in model inputs such as predevelopment recharge, 
overland flow, pumpage (both from stream and aquifer), and 
precipitation, and observation weights.

The groundwater-flow budget indicates changes in flow 
into (inflows) and out of (outflows) the model area during the 
pregroundwater-irrigation period (pre-1870) to 2007. Total 
flow (sum of inflows or outflows) through the model ranged 
from about 600 million gallons per day in predevelopment to 
18,197 million gallons per day near the end of the simulation. 
This increase in simulated flow through the model reflects 
increases in withdrawals and inflow from the pre-groundwater 
irrigation condition. The multi-node wells represent the largest 
outflow components with a net rate of 18,197 million gallons 
per day near the end of the model simulation in 2006. Ground-
water outflows are offset primarily by inflow from aquifer 
storage and recharge.
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• Velocities of ground-water flow generally are 
low and are orders of magnitude less than 
velocities of streamflow. The movement 
of ground water normally occurs as slow 
seepage through the pore spaces between 
particles of unconsolidated earth materials 
or through networks of fractures and solu-
tion openings in consolidated rocks. A 
velocity of 1 foot per day or greater is a high 
rate of movement for ground water, and 
ground-water velocities can be as low as 
1 foot per year or 1 foot per decade. In 
contrast, velocities of streamflow generally 
are measured in feet per second. A velocity 
of 1 foot per second equals about 16 miles 
per day. The low velocities of ground-water 

flow can have important implications, 
particularly in relation to the movement 
of contaminants.

• Under natural conditions, ground water 
moves along flow paths from areas of 
recharge to areas of discharge at springs 
or along streams, lakes, and wetlands. 
Discharge also occurs as seepage to bays 
or the ocean in coastal areas, and as transpi-
ration by plants whose roots extend to near 
the water table. The three-dimensional body 
of earth material saturated with moving 
ground water that extends from areas of 
recharge to areas of discharge is referred to 
as a ground-water-flow system (Figure 5).

Water table
Water table

Unsaturated zone

Confined aquifer

Unconfined aquifer

Stream

Transpiration
by vegetation

High hydraulic-conductivity aquifer

Low hydraulic-conductivity confining unit

Very low hydraulic-conductivity bedrock

Direction of ground-water flow

EXPLANATION

Figure 5.  A local scale ground-water-flow system.

In this local scale ground-water-flow system, 
inflow of water from areal recharge occurs at the water 
table. Outflow of water occurs as (1) discharge to the 
atmosphere as ground-water evapotranspiration (tran-
spiration by vegetation rooted at or near the water table 
or direct evaporation from the water table when it is at 
or close to the land surface) and (2) discharge of ground 
water directly through the streambed. Short, shallow 
flow paths originate at the water table near the stream. 
As distance from the stream increases, flow paths to the 
stream are longer and deeper. For long-term average 
conditions, inflow to this natural ground-water system 
must equal outflow.
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INTRODUCTION 
 

This report was prepared by David, A. Wiley, Professional Geologist and Sr. Vice 

President of Leggette, Brashears & Graham, Inc. (LBG) at the request of the Attorney 

General of the State of Mississippi. It amends the report dated June 30, 2017 that updated 

and confirmed previous work performed for the Attorney General to determine the effect 

of Memphis Light, Gas & Water’s (MLGW’s) consistent, significant expansion of the 

commercial water well pumping operations between 1965 and our previous report dated 

April 14, 2014 on Mississippi’s natural groundwater flow and storage. This report 

addendum focuses solely on the review of and critique of the June 27, 2017 Expert 

Report on the Interstate Nature of the Memphis/Sparta Sand Aquifer prepared by 

Gradient Corporation Gradient) for City of Memphis, Tennessee and Memphis Light, 

Gas & Water Division (MLGW).  Our review is presented in a concise manner 

addressing each section of the Gradient report in order as appropriate.   
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SUMMARY OF EVALUATION OF GRADIENT REPORT  
 

Section 1 Introduction  

1.2 Opinion Summary:   

1. The Memphis Sand/Sparta Aquifer (MSSA) lies beneath several states and is 

a shared resource among all the states that overlie it, including Mississippi and 

Tennessee. 

MLGW is not sharing water. They pump the amounts that they want without 

approval/permission from Mississippi for the amount diverted from Mississippi due to 

the cone of depression created. 

 

 4. In pre-development times (before pumping began), groundwater in the 

MSSA naturally flowed across multiple state lines, including the Mississippi-

Tennessee border. 

Only some water flows slowly from Mississippi to Tennessee.   

 

6. Pumping from the MSSA in one state can impact the flow direction and 

potentiometric head in another state. 

Agreed that pumping by MLGW impacts flow direction and potentiometric head in 

Mississippi. 

 

8. Water flow patterns in the MSSA were not influenced by state lines under 

pre-development conditions and are not influenced by state lines under current 

conditions. 

Agreed, however pumping by MLGW has altered flow patterns in Mississippi by 

diverting groundwater flow to Tennessee. 

 

9. Under pre-development conditions, all groundwater that entered the MSSA 

in Mississippi would eventually leave Mississippi. 

Under pre-development conditions Sparta aquifer water resides in Mississippi for 

approximately 4,000 years to 22,000 years (Figure 1) and moves at a rate of 

approximately 13 to 53 feet per year based on USGS model used by Gradient. From the 
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same model, in 2007, water velocity was increased due to MLGW pumpage to a rate of 

approximately 8 to 214 feet/year.  

 
Section 2 Scientific Principles and Physical Setting  

2.2 MSSA and Mississippi Embayment Overview: 

Page 9, last paragraph – “Other interstate aquifers” is referred to by Gradient. The phrase 

“interstate aquifer”   has no known technical reference in USGS literature or from other 

scientific professional organizations. 

 
 
2.3 The Sparta Sand Aquifer in Mississippi and the upper Memphis Sand Aquifer in 

Tennessee are different names for the same aquifer: 

Page 10, 1st sentence - There is no known historical and recent scientific literature that 

calls the MSSA an interstate aquifer. Also, the MSSA is not a shared resource. MLGW 

pumps the amounts that they want without approval from Mississippi. 

 
Page 12, 5th bullet, Reed (1972) – Gradient refers to “interstate significance in such 

places as Memphis.” This significance is the result of the cone of depression created by 

MLGW and the resulting groundwater flow diversions. 

 

Page 12, 8th bullet, Arthur and Taylor (1990) – Arthur and Taylor do not refer to MSSA 

as being interstate.  

   

Page 13, 2nd bullet, Arthur and Taylor (1998) – Gradient states that Arthur and Taylor 

describe the “historical shared nature of MSSA.”  Arthur and Taylor do not state that and 

just because one entity in one state pumps from an aquifer and another entity in another 

state pumps from the same aquifer does not mean they are not sharing.  MLGW pumps 

the amount of water that they want with no permission from Mississippi for the amount 

being diverted.   
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2.4 The United States Geological Survey's MERAS Model 

Page 14, 4th paragraph – Gradient states that particle tracking allows for tracking of water 

movement over a period of time but nowhere in their report do they address specific 

groundwater flow travel times. 

 

Section 3 Statement of Opinion  

3.1 The MSSA is physically located beneath several states, including Mississippi 

and Tennessee, and is a resource that is shared by and common to the states that 

overlie it.  

Page 15, 1st paragraph – We concur that the aquifer is physically located beneath several 

states.  There is no known technical reference for interstate aquifer by the USGS or other 

technical professional organizations. 

Page 16, 1st paragraph – Gradient states there are no lateral barriers. Not true.  Flow paths 

under natural pre-development conditions create a flow boundary. In most of the 

northwest Mississippi, ground water flows from east to west/southwest below the state 

line. Small portion of pre-development flow is northwest from Mississippi to Tennessee. 

Due to MLGW pumpage this natural east to west flow path in Mississippi has been 

altered to a northwesterly direction into Tennessee (see Figures 2, 3, 4 and 5).  Figures 2 

and 3 are from the Gradient report, but are completed with additional flow lines in 

northern Mississippi.  Figures 4 and 5 are from the previous LBG report dated June 30, 

2017.  

 

3.2 In pre-development times (before pumping began), groundwater and surface 

water originating in Mississippi naturally flowed into and supplied the MSSA 

beneath Tennessee. 

Page 16, 1st paragraph – Section 2.3 of the Gradient report does not discuss natural flow 

across state lines.  Statements in paragraph 3.2 implies that a large volume of 

groundwater flowed from the Sparta sands in Desoto, Marshall and Benton Counties, 

Mississippi to Tennessee during pre-development times.  In reality the MERAS model 

used by Gradient indicates that there was a net flow from Mississippi to Tennessee within 

the entire MSSA of less than 6 mgd; which is only 2.6 percent of the simulated areal 
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recharge to the state of Mississippi.  Furthermore, the MERAS indicated that there is a 

net flow from Tennessee into Desoto County, Mississippi of 2.3 mgd during pre-

development times (see Figure 6).   

 

Gradient is implying that there is a connection between the potentiometric heads and the 

bottom of the MSSA where no connection should exist between the bottom of the 

confined aquifer and the potentiometric heads.  Shape of potentiometric contours is 

dependent on formations above the confined aquifer, recharge and discharge areas.   

 

3.2.1 Pre-development flow from Mississippi to Tennessee in the MSSA has been 

confirmed by analysis of report data 

LBG is in agreement that some water flows from the northeastern portion of Mississippi 

into Tennessee, however, as indicated above this is a small percentage of the simulated 

pre-development areal recharge to the state. In Gradient’s Figure 3.2.1a, only a small 

portion of flow from Mississippi to Tennessee near northeast Desoto County and 

Marshall Counties occurs near state line. The figure only addresses flows in the Memphis 

area and not regional flows.  The Waldron Map, Figure 3.2.1b in the Gradient report is 

not based on actual water-level measurements. Most well locations in this map are in the 

outcrop area, which is not representative of confined aquifer conditions due to 

topography and/or river discharge. Waldron also estimated well locations. Waldron did 

not look at regional water-level conditions as Arthur and Taylor did. Waldron did not 

consider model pre-development conditions as Arthur and Taylor did. The Arthur Taylor 

(1990) map shows regional pre-development potentiometric surface map including the 

Tennessee and Mississippi area, which is Figure 3.3.3 in the Gradient report and our 

revised Figure 3 in this addendum. This map is based on calibrated flow model. This 

map shows flow in an east to west/ southwest orientation in northern Mississippi. Also in 

the Gradient report, figures 3.3.1a and 3.3.1b show their modeled pre-development map 

using the USGS model. Gradient shows only one flow line on 3.3.1b ignoring the 

majority of flow in northwest Mississippi, which is east to west/southwest, similar to 

Arthur and Taylor. Most of that water flows within Mississippi. Both Arthur and Taylor 

and Gradient show a small flow component from Mississippi to Tennessee near the 
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outcrop. It should be noted that potentiometric contours shown in outcrops should be 

used carefully because those water levels are in unconfined conditions and not truly 

representative of the confined aquifer. 

 

3.2.2 Pre-development flow from Mississippi to Tennessee in the MSSA has been 

confirmed by the USGS MERAS model particle tracking.  

Page 17, 3.2.2.1 – Gradient’s Fig 3.2.2 does not show flow paths that occur in only 

Mississippi from east to west/southwest, selective particle releasing was employed here. 

The flow amounts and residence times were not provided by Gradient, which was 

included by definition for using particle tracking earlier in their report. We used the 

USGS model presented by Gradient and calculated travel time, velocities and volumes. 

Results show the following travel times, velocities and volumes discharged are shown in 

Figures 1 and 6 in this addendum.    

 

The flow path analysis completed by  Gradient focuses primarily on the eastern portion of 

the Sparta sand outcrop (Benton and Marshall Counties) were the flow paths and 

direction are controlled primarily by surface water bodies.  LBG completed a flow 

analysis along the western portion of the Sparta sand outcrop that shows that the 

groundwater would remain in the state of Mississippi (Figure 1).  In addition, data 

derived for the USGS MERAS model shows that during the pre-development period 

approximately 84 percent of the simulated recharge to Mississippi would flow across the 

state for a period of time ranging from approximately 4,000 to 22,000 years.   

 

Page 18, 3.2.2.2 - No Volumes, travel times, and velocities were provided with Gradient 

Figure 3.2.2.  

 

Page 18, 3.2.2.3 – Gradient Fig 3.2.4a is misleading. Very little if any water that initiated 

in northeast Mississippi would flow around and discharge at the Mississippi river in 

Coahoma County, Mississippi. The USGS model used by Gradient shows that very little 

water follows the entire flow path in Gradient Figure 3.2.4a and on to the Mississippi 

River.   
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3.3 The interstate pre-development flow of groundwater in the MSSA from 

Mississippi to Tennessee is a component of and consistent with the larger, regional 

interstate groundwater flow patterns in the northern MSSA.  

Page19, 3.3 – Gradient Figures 3.3.1a and 1b are selective, ignoring the majority of flow 

paths in northwest Mississippi. Initiating flow paths based on potentiometric surface 

contours must be done where the aquifer is continued or at edge of outcrop. Water levels 

in outcrop areas are under unconfined conditions, they discharge to rivers and not 

representative of the confined aquifer. Our Figure 2 in this addendum revises the 

Gradient Figure 3.3.1b to show additional flow paths across northwestern Mississippi.  

The east to west/northwest flow paths are shown in Figure 2.  

 

Gradient Figures 3.3.2a and 2b – These 2 figures show potentiometric contours and flow 

paths that under pre-development water flowed east to west/southwest in northwest 

Mississippi within 4 miles of the Mississippi/Tennessee state line. Gradient again used 

selective flow lines in Fig 3.3.3 (from Arthur and Taylor).   We revised that Figure to add 

the northwest Mississippi flow lines shown on Figure 3 of this addendum. Drawdown 

from MLGW extends more than 4 miles in Mississippi. 

 

 3.4 The interstate nature of the MSSA is demonstrated by the fact that pumping 

from the MSSA in one state can and does affect groundwater in the MSSA in other 

States.  

Section 3.4 pages 20 - 22 – as shown in Gradient Figures 3.4.1 and 3.4.2a, a cone of 

depression has been created by MLGW pumpage that diverts Mississippi water from its 

natural east to west/southwest flow path as shown on Figures 2, 3, 4 and 5 in this 

addendum. Many other USGS publications over the decades have shown and confirmed 

the cone of depression created by MLGW due to the large volumes of groundwater 

pumped from the aquifer.   

 

LBG concurs that pumping in Tennessee impacts groundwater levels in Mississippi.  

LBG completed a flow budget analysis utilizing pre-development and 2007 output data 

from the USGS MERAS model.  Pre-development showed that there is a net flow from 
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Tennessee into Desoto County of 2.3 mgd during pre-development conditions and a net 

flow out of Desoto County into Tennessee of 20.3 mgd under the 2007 pumping 

condition.  Thus, withdrawal from Tennessee resulted in a net pumping related impact to 

the net flow out of Desoto County of 22.6 mgd as shown on Figure 6 of this addendum.  

This value from the MERAS model is very comparable to the 2007 groundwater 

diversion (flux) LBG estimated at 22.3 mgd from using the Brahana model, to be taken 

from Mississippi due to MLGW Pumping.   Additional modeling using the USGS 

MERAS shows that if Desoto County were to pump the same amount of water as 

MLGW, water levels would drop below the top of the aquifer, primarily in Mississippi, 

damaging the aquifer (see Figure 7).  The red contours in Figure 7 show areas where 

water levels drop below the top of the aquifer.  This also infers that the MSSA is not a 

shared aquifer. 

 

3.5 The MSSA has been and is a dynamic natural system.  Groundwater flow in 

the MSSA was not influenced by state lines under pre-development conditions and 

is not influenced by state lines under current conditions.    

Due to the cone of depression created by MLGW pumpage, recharge and discharge to 

and from Desoto County has change and reversed in some cases (see Figure 6).  Reversal 

from discharge to recharge can effect water chemistry.  From the USGS MERAS model 

used by Gradient, groundwater flow is calculated to be very slow. Under pre-

development conditions, the model shows a flow velocity of approximately 14 to 53 

feet/year across northwestern Mississippi. The residence time of water in northwest 

Mississippi is approximately 4,000 years to 22,000 years. Therefore, all water entering 

the aquifer during our lifetime or before the county was formed and before Moses time, 

stays in Mississippi. 

 

3.6 Before and after pumping began, all groundwater entering the MSSA in 

Mississippi eventually leaves Mississippi.    

See response to 3.5 above.  This is misleading.  As, stated previously, data derived from 

the USGS MERAS model shows that during the pre-development period approximately 

84 percent of the simulated recharge to Mississippi would remain in the state.  Gradient’s 
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statement is only true if you count pumped groundwater and groundwater that discharges 

to surface water bodies in Mississippi as water leaving the state.  Also, due to the cone of 

depression, the groundwater direction of flow in Mississippi is altered, flow velocities 

increase and the water balance altered with discharge components changed to recharge.  

Geology is a key factor helping to control groundwater flow conditions as shown on 

Figure 4 of this addendum.  Figure 4 is a combination of Mississippi Embayment 

Geology with pre-development potentiometric surface levels for the MSSA as presented 

by Arthur and Taylor 1990.  As discussed in the LBG June 30, 2017 Update Report, 

potentiometric surface levels of the MSSA are controlled by the eastern boundary of 

Mississippi Alluvial Plain aquifer in western Mississippi which overlies the Middle 

Claiborne aquifer and runs north-south in northwest Mississippi and receives discharge 

from the Middle Claiborne aquifer. This causes potentiometric surface levels to 

equilibrate in a north-south direction through northwest Mississippi forcing groundwater 

to flow east to west from the recharge area on the east side of Mississippi Embayment in 

northwestern Mississippi under pre-development conditions.  As a result, structural 

geology in northwest Mississippi influences the shape of potentiometric surface contours 

and direction of groundwater flow, which is westward.  
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2007 Memphis Sand Sparta Aquifer
Model Layers 5 Through 10 (Desoto County)

20.3  
mgd

10.1 mgd

1.5  
mgd

0.8 mgd

2.9 mgd

Pre ‐ Development Memphis Sand Sparta Aquifer
Model Layers 5 Through 10 (Desoto County)

2.3 
mgd

4.3 mgd

2.7 
mgd

3.4 mgd

2.0 mgd

Simulation Period
Flux

(million gallons per day)
Pre-Development Flow from Tennessee To Mississippi 2.3
2007 Flow from Mississippi To Tennessee 20.3

Net Pumping Related Impact (Diversion) 22.6

Simulated Flow in Memphis Sand Sparta Aquifer
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EXHIBIT 15 
 

C. J. Taylor, W.M. Alley 
Ground-Water-Level Monitoring and the Importance  

of Long-Term Water-Level Data,  
USGS Circular 1217 (2001) 

(Excerpts)  
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location during the late winter and spring. As seen on the 
hydrograph, water levels in well GW–11 fluctuate slightly 
from November to June in response to individual precipitation 
events, but exhibit an overall seasonal increase of less than 
2 feet. In contrast, the more permeable sand and gravel in 
the deeper aquifer zone transmits water very easily, and 
the deeper aquifer zone exhibits a much greater response 
to the seasonal increase in recharge. On the hydrograph 
for well MW–1, water levels increase gradually at first from 
November through January, then more sharply from February 
to June, and exhibit an overall seasonal increase of more 
than 12 feet.

Superimposed on natural, climate-related fluctuations 
in ground-water levels are the effects of human activities that 
alter the natural rates of ground-water recharge or discharge. 
For example, urban development, deforestation, and draining 
of wetlands can expedite surface runoff and thus reduce 
ground-water recharge. Agricultural tillage, the impoundment 
of streams, and creation of artificial wetlands can increase 
ground-water recharge. Long-term water-level monitoring 
during periods of significant land-use change is important to 
the protection of aquifers. The effects of such human-induced 
changes on ground-water recharge and storage are often 
incremental, and the cumulative effects may not become 
evident for many years.

The withdrawal of ground water by pumping is the most 
significant human activity that alters the amount of ground 
water in storage and the rate of discharge from an aquifer. The 
removal of water stored in geologic materials near the well 
sets up hydraulic gradients that induce flow from more distant 
parts of the aquifer. As ground-water storage is depleted 
within the radius of influence of pumping, water levels in the 
aquifer decline. The area of water-level decline is called the 
cone of depression, and its size is controlled by the rate and 
duration of pumping, the storage characteristics of the aquifer, 
and the ease with which water is transmitted through the 
geologic materials to the well. The development of a cone of 
depression can result in an overall decline in water levels over 
a large geographic area, change the direction of ground-water 
flow within an aquifer, reduce the amount of base flow to 
streams, and capture water from a stream or from adjacent 
aquifers. Within areas having a high density of pumped wells, 
multiple cones of depression can develop within an aquifer. 

As the reader examines the case studies discussed in 
this report, it is instructive to identify the natural and human-
induced stresses on the aquifers described and the relative 
and combined effects of each on ground-water levels. This will 
illustrate the primary point of emphasis—that ground-water-
level data must be collected accurately and over periods of 
sufficient time to enable the proper development, manage-
ment, and protection of the Nation’s ground-water resources.

Measuring water level in dewatering well near Yuma, Arizona. Photo-
graph by Sandra J. Owen-Joyce, U.S. Geological Survey.





































 
 
 

EXHIBIT 17 
 

J. V. Brahana and R.E. Broshears 
Hydrogeology and Ground-Water Flow in the Memphis  

and Fort Pillow Aquifers in the Memphis Area, Tennessee, 
USGS 89-4131   
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EXHIBIT 18 
 

J.V. Brahana 
Digital Ground-Water Model of the Memphis Sand and 

Equivalent Units, Tennessee-Arkansas-Memphis  
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EXHIBIT 19 
 

James H. Criner and William S. Parks 
Historic Water-Level Changes and Pumpage from the Principal 

Aquifers of the Memphis Area, Tennessee: 1886-1975 
USGS WRI 76-67  
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EXHIBIT20 

David Feldman and Julia 0. Elmendorf 
Final Report: Water Supply Challenges Facing Tennessee: 

Case Study Analyses and the Need for Long-Term Planning 
(Excerpts)
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