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WATER QUALITY, SEASONAL WATER-LEVEL CHANGES, 1988-89, AND

SIMULATED EFFECTS OF INCREASED WATER USE FROM THE OZARK

AQUIFER NEAR BRANSON, MISSOURI

By 
Jeffrey L. Imes

ABSTRACT

Branson, Missouri, is the center of a rapidly developing retirement community and tourist industry 
spurred by the attractions offered by three large lakes nestled in the scenic Ozark Mountains of 
southwest Missouri. A consequence of the large influx of tourists to the area in the warmer months is a 
large increase in demand for potable water to supply recreation facilities and other commercial 
establishments, lodging facilities, and residences. The rapid pace of business and residential expansion 
has created concerns regarding the future ground-water quality and availability.

A reconnaissance survey to determine water quality in 34 wells open to the Ozark aquifer indicates 
specific conductance ranged from 347 to 841 microsiemens per centimeter at 25 degrees Celsius, and no 
fecal coliform bacteria were present in any well. Chloride and nitrate concentrations in all wells were 
considerably less than the Missouri Department of Natural Resources criteria for public-drinking water 
supply of 250 milligrams per liter and 10 milligrams per liter. Analysis of 5 water samples for 33 
volatile organic compounds failed to detect any concentrations in excess of the detection limits.

Water-level measurements in wells open to different geologic formations that collectively comprise 
the Ozark aquifer indicate that the combined Cotter and Jefferson City Dolomites form an upper zone 
that is less permeable than the sequence of rocks from the Roubidoux Formation to the Potosi Dolomite, 
which is the lower zone within the aquifer. Water levels measured in the Ozark aquifer near Branson 
during the summer of 1988 and March 1989 indicate water levels increasing in 23 wells, decreasing in 
2 wells, and remaining the same in 1 well. The water-level increases ranged from 4 to 111 feet. Water 
levels measured in the summer of 1989 indicate water levels generally declining to levels similar to those 
in the summer of 1988. The water-level measurements indicate no evidence of regional water-level 
decline from summer 1988 to summer 1989.

Monthly water-use data for September 1988 to February 1990, collected from selected large water 
users in the Branson area, indicate pumping rates in individual wells range from zero to about 18 
million gallons per month. The water-use data were used to calibrate a three-dimensional model of 
ground-water flow in the upper and lower zones of the Ozark aquifer. The model was used to estimate 
the increase in drawdown from June 1989 to June 2010, assuming the large water users will increase 
pumping rates by 20 percent every 10 years. Maximum additional drawdown to June 2010 caused by 
the increased pumping rates is estimated at about 10 feet in the upper zone and about 30 feet in the lower 
zone.

INTRODUCTION

Branson, Missouri, and the surrounding area have experienced rapid population growth in the 
past twenty years because of the presence and popularity of three large lakes (Table Rock Lake, Lake 
Taneycomo, and Bull Shoals Lake) in this scenic region of the Ozark Mountains of southwestern 
Missouri (fig. 1). According to the 1980 census, the populations of Taney and Stone Counties were 
20,500 and 15,600; this is about double the 1960 census figures (State of Missouri, 1890-1988). The 
population increase is largest in Branson, a small community on the shore of Lake Taneycomo about 
8 river mi (mile) downstream from Table Rock Dam. Most of the population increase has resulted from
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a steady movement of retirees into the area, who are attracted by the mild climate and the recreation 
facilities offered by the lakes. In addition to the increase in the number of permanent residents, the 
area also hosts a large influx of tourists in the summer. The number of tourists generally exceeds the 
permanent resident population of the area. The number of commercial establishments in the city has 
increased markedly to accommodate the tourists.

The permanent and seasonal population increases and resulting growth in commercial 
establishments and recreational facilities have greatly increased the demand for potable water and 
increased concerns about water quality in the area. The city of Branson recently acquired three 
additional water-supply wells, and several recreational industries have drilled large-capacity supply 
wells. Smaller communities around Branson have similar increased demands for water. Many new 
shallow wells have been drilled to provide rural residences with water. One consequence of the 
increased demand for water is a lowering of the potentiometric surface of the Ozark aquifer, the aquifer 
that supplies most of the ground water in the area. Because most of the increased water demand occurs 
during the summer tourist season, water levels are lowered substantially in the summer but recover 
during the winter. A study was conducted by the U.S. Geological Survey, in cooperation with the City 
of Branson and the Missouri Department of Natural Resources, Division of Environmental Quality, to 
address the concerns about water quality and the hydrologic effects of increasing water demand.

Purpose and Scope

This report presents the results of a study designed to provide a reconnaissance of ground-water 
quality in the Branson area and to determine whether water levels in the Ozark aquifer are recovering 
fully in the intervening winter period of lesser water use, or are in a state of continued long-term 
decline as a result of the cumulative effect of the large summer water withdrawals. Ground-water 
samples for water-quality analyses were collected from 34 wells in the summer of 1988. The 2-year 
study also was designed to permit measurements of ground-water levels near Branson during the 
summers of 1988 and 1989 and the winter of 1989. The water-level data were used to assess the effect 
of the larger summer pumping rates on the potentiometric surface of the Ozark aquifer.

A digital model of ground-water flow was used to test concepts of ground-water movement in the 
Ozark aquifer and to estimate the probable changes in ground-water levels that will result from 
continued use of the Ozark aquifer as a source of water supply for Branson and surrounding 
communities. The calibrated model was used to estimate the effect of continued ground-water 
withdrawals and changing water-use patterns in the Branson area. Because of boundary-condition 
requirements of the model, the study area is considerably larger than the immediate vicinity of 
Branson. The study area includes most of Taney and Stone Counties, the southern one-half of 
Christian County, and a small part of Douglas County, Missouri, and parts of Boone and Carroll 
Counties in northern Arkansas. However, data collection has been concentrated near Branson.
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DRAINAGE SYSTEM AND TOPOGRAPHIC RELIEF

Several large well-entrenched streams flow through the study area. The largest, the White River, 
no longer flows freely but is represented by Table Rock Lake, Lake Taneycomo, and Bull Shoals Lake 
(fig. 2). Table Rock Dam was completed during 1958, Lake Taneycomo was formed after Ozark Beach 
Dam was built during 1913, and Bull Shoals Dam was completed during 1951. The average level of 
Table Rock Lake is 915 ft (feet), of Lake Taneycomo is 700 ft, and of Bull Shoals Lake is 650 ft. The 
James River, Bull Creek, Swan Creek, and Beaver Creek flow into the chain of lakes from the north. 
Low-flow indices determined from streamflow measurements at gaging stations on these streams 
range from a 7-day Q2 (average minimum flow for 7 consecutive days that has a 2-year recurrence 
interval) of 100 ft3/s (cubic feet per second) on the James River to 3 ft3/s on Bull Creek (fig. 2). Although 
no base-flow measurements are available for Bear Creek (Missouri), which is a tributary of Bull Creek, 
Bear Creek apparently has a substantial base flow and is included with the larger streams as part of 
the study. Long Creek and Bear Creek, Arkansas (not the tributary Bear Creek previously mentioned) 
flow into the chain of lakes from the south (fig. 2).

The altitude of the land surface in the study area ranges from about 700 ft to about 1,400 ft (fig. 
3). The erosional valley of the White River is oriented approximately west to east across the study area 
and the larger valleys eroded by tributaries of the White River are oriented north to northeast. Areas 
of greatest altitude north of the lakes generally are located between the James River and Bull Creek, 
and those south of the lakes generally are located west of Bear Creek.

GEOHYDROLOGY OF THE STUDY AREA

The deeply entrenched White River valley (fig. 3) is the major discharge area for regional ground- 
water flow in southern Missouri and northern Arkansas. The original White River channel, now the 
bottom of the present chain of lakes, was incised into Ordovician bedrock, primarily the Cotter and 
Jefferson City Dolomites. Upland areas north and south of the river generally are covered by a thin 
Mississippian shale and shaley limestone, primarily the Northview Shale, and thicker Mississippian 
cherty limestone, primarily the Burlington and Keokuk Limestones (table 1). The continuity of geologic 
formations in the study area is disrupted by several faults, most notably the Ten O'Clock Run fault, a 
northwesterly oriented fault southwest of Branson (fig. 2).

The principal regional geohydrologic units in the Branson area were previously identified and 
mapped as part of a study of the Ozark Plateaus aquifer system (Imes and Emmett, in press). The units 
are defined on the basis of regional geohydrologic properties. Six units are represented in the study 
area; however, not all of the stratigraphic units that comprise these geohydrologic units are present in 
the study area. From the stratigraphically youngest to oldest, the units are (1) the Springfield Plateau 
aquifer, (2) the Ozark confining unit, (3) the Ozark aquifer, (4) the St. Francois confining unit, (5) the 
St. Francois aquifer, and (6) the Basement confining unit. Three of these regional geohydrologic units 
are exposed in the study area (fig. 4). The Ozark aquifer is the bedrock unit exposed in the major 
stream valleys and within the valleys of the more well-entrenched tributary streams. Generally, the 
Ozark confining unit is exposed as a narrow band along the valley walls, separating the Ozark aquifer 
from the stratigraphically higher Springfield Plateau aquifer that caps the upland ridges between 
major stream valleys. A seventh and stratigraphically higher unit, the Western Interior Plains 
confining system, is present only as an extremely small area of undifFerentiated Pennsylvanian rocks 
in the northwestern corner of the study area (fig. 4). Because the Western Interior Plains confining unit 
is not present in a sufficient thickness or areal extent in the study area to substantially affect the 
ground-water flow system, the unit is not considered in this report. Thin Quaternary alluvial deposits 
of small areal extent are present along the larger stream valleys. These deposits also are not explicitly 
discussed in this report. The relation between regional geohydrologic units and stratigraphic units 
within the study area is shown in table 1.
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Table I.-Generalized relation of stratigraphic units and geohydrologic units in theBranson area

Regional
geohydrologic

system

Regional
geohydrologic

unit Principal stratigraphic unit(s)

Time-
stratigraphic 

unit

Springfield 
Plateau 
aquifer

Ozark
Plateaus
aquifer
system

Ozark
confining

unit

Ozark 
aquifer

St. Francois
confining

unit

St. Francois 
aquifer

St. Louis Limestone, Salem Limestone,
Warsaw Limestone, Boone Formation,
St. Joe Limestone Member of Boone

Formation, Keokuk Limestone,
Burlington Limestone, Elsey Formation,

Reeds Spring Formation, Grand Falls
Formation, and Pierson Formation

North view Shale, Sedalia
Limestone, Compton

Limestone, and Chattanooga
Shale

S

i

Clifty Limestone, Penters Chert,
Lafferty Limestone, St. Clair 

Limestone, Brassfield Limestone, 
Cason Shale, Fernvale Limestone,

Kimmswick Limestone, Plattin 
Limestone, Joachim Dolomite, St.

Peter Sandstone, Everton 
Formation, Smithville Formation, 
Powell Dolomite, Cotter Dolomite, 

and Jefferson City Dolomite
Roubidoux Formation, Gasconade 
Dolomite, Van Buren Formation, 
Gunter Sandstone Member of Van

Buren Formation, Eminence 
Dolomite, and Potosi Dolomite

Doe Run Dolomite, Derby Dolomite, 
and Davis Formation

Bonneterre Dolomite, Reagan 
Sandstone, and Lamotte Sandstone

Mississippian

Lower 
Mississippian

and
Upper

Devonian

Middle
Devonian
through
Upper

Cambrian

Upper 
Cambrian

Upper 
Cambrian

Basement
confining

unit

Mostly igneous and metamorphic 
rocks Precambrian
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The Ozark aquifer is the principal aquifer of interest for this study. Many of the stratigraphically 
higher geologic formations that form the Ozark aquifer are not present in the study area. Generally 
the uppermost formation in the aquifers is either the Cotter Dolomite or Jefferson City Dolomite; 
however, the Everton Formation, Smithville Formation, and Powell Dolomite also are present and can 
be the uppermost formation of the aquifer along the southern margins of the study area. The 
permeability of the dolostone and sandstone formations that comprise the Ozark aquifer differ 
sufficiently in the area so that the aquifer can be divided into two reasonably distinct zones. The upper, 
less-permeable zone includes the Jefferson City Dolomite and overlying formations of the Ozark 
aquifer where present, and the lower, more-permeable zone includes the Roubidoux Formation, 
Gasconade Dolomite, Eminence Dolomite, and Potosi Dolomite.

The altitude of the top of the lower zone of the Ozark aquifer ranges from more than 800 ft in the 
northeast to less than sea level in the southwest (fig. 5). The formations of the lower zone are offset by 
more than 100 ft along the Ten O'Clock Run fault. The surface of the lower zone contains a shallow 
basin, elongated to the northeast, that extends from the Ten O'Clock Run fault. Few data are available 
within the study area with which to construct a contour map of the base of the lower zone. The map 
presented here is modified from a previously constructed regional-scale map of the top of the St. 
Francois confining unit (Imes, 1990a). The altitude of the base of the lower zone ranges from near sea 
level in the northeast along the ridge of a broad, southwest trending anticline to about 1,000 ft below 
sea level in the southeast (fig. 6).

The top of the St. Francois aquifer, the lowermost aquifer in the Ozark Plateaus aquifer system, 
ranges from about 1,500 ft below land surface to about 2,000 ft below land surface. Because adequate 
quantities of ground water for municipal, recreational, and commercial uses exist in the overlying 
Ozark aquifer and the St. Francois aquifer is at such great depths, water-supply wells in the study area 
are not open to the St. Francois aquifer.

GROUND WATER 

Water Quality in Selected Wells

To address concerns about the quality of water in the Ozark aquifer near Branson, water samples 
were collected during September 1988 in 34 wells (fig. 7) located primarily near Branson and Forsyth. 
The specific conductance of each sample and a count of fecal coliform bacteria at 25 mL (milliliters) and 
100 mL of sample volume was determined in the field. Laboratory analyses for chloride, total nitrite 
[in mg/L (milligrams per liter) of nitrogen], and total nitrite plus nitrate (in mg/L of nitrogen) were 
made for each sample, and total nitrate (in mg/L of nitrogen) was calculated from results of the 
laboratory analyses (table 2). Chemical analyses were made for these inorganic species because the 
species are indicators of contamination from sewage effluent, a primary concern in the area.

Specific conductance of the samples ranged from 347 to 841 juS/cm (microsiemens per centimeter 
at 25 °Celsius), and fecal coliform was not detected in any of the samples. Chloride concentrations 
exceeding the detection limit of 5 mg/L were in samples from five wells. Water from well 101 had the 
largest chloride concentration (81 mg/L); however, this concentration is considerably less than the 
Missouri Department of Natural Resources (1987) criteria for maximum public drinking water supply 
of 250 mg/L. Nitrite and nitrite plus nitrate concentrations were determined for 33 samples; one 
sample container was damaged in transit and the sample was destroyed. Nitrite concentrations in 30 
wells were less than detection limits, and 3 samples contained measurable concentrations of nitrite. 
Nitrite plus nitrate concentrations in 27 wells were less than detection limits, and 6 samples contained 
measurable concentrations of nitrite plus nitrate. Nitrate concentrations in the samples were 
calculated from nitrite plus nitrate concentrations minus the nitrite concentrations. The maximum 
concentration of nitrate determined for the samples was 0.6 mg/L, well below the Missouri Department 
of Natural Resources recommended criteria for public-drinking water supply of 10 mg/L.
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In addition to analyzing ground-water samples for inorganic species, samples from five wells (fig. 
7) were analyzed for selected volatile organic constituents. None of the analyses detected the presence 
of any of the 33 volatile organic compounds in excess of the detection limits for the compounds (table 3).

Water Levels in the Ozark Aquifer

Before construction of Table Rock Lake, Lake Taneycomo, and Bull Shoals Lake, the 
predevelopment potentiometric surface of the upper zone of the Ozark aquifer was primarily controlled 
by local topographic relief (fig. 8). Ground water generally flowed from upland recharge areas to 
discharge areas along the major streams, especially the White and James Rivers. Ground-water levels 
in the upper zone were as high as 1,200 ft atop a long narrow divide between the James River and Bull 
Creek. The lowest ground-water levels were along the White River valley, decreasing downstream from 
about 800 ft at the western boundary of the study area to less than 600 ft at the eastern boundary. Most 
of the available predevelopment hydraulic-head data are for western Taney and northern Stone 
Counties. Contour lines in figure 8 outside of these two areas are drawn to conform to topographic relief 
and streambed altitude data.

Insufficient data exist to construct a contour map of the predevelopment potentiometric surface of 
the lower zone of the Ozark aquifer. Water-level data from the late 1940's and 1950's are available for 
the lower zone near Branson (Brown, 1988); however, these data appear to reflect drawdown 
conditions. Two predevelopment water levels, one measured in 1926 and the other in 1942, indicate 
water levels in the lower zone along the White River valley near Branson were higher than water levels 
in the White River (Brown, 1988). Water-level measurements in two wells located near each other in 
east-central Christian County (one well open to the upper zone and one well open to the lower zone) 
indicate a downward gradient (Brown, 1988). Water levels in this area in the lower zone probably are 
about 20 ft lower than water levels in the upper zone. These measurements are consistent with 
concepts of ground-water flow that regard the White River as a major regional discharge area for 
ground water recharging upland areas in southern Missouri and northern Arkansas (lines and 
Emmett, in press).

Water-level data (table 4 and fig. 9) collected in summer 1987, June-July 1988, March 1989, and 
June-July 1989 were available for this project. The data were compared directly, where water levels 
were measured in the same wells at different times, and indirectly, by constructing potentiometric 
contour maps, to determine water-level changes in the Ozark aquifer caused by seasonal changes in 
ground-water withdrawal rates. Water-level measurements for the summer of 1987, before this project 
began, were made in Missouri by the Missouri Division of Geology and Land Survey (Brown, 1988). 
Water-level data (1987) tabulated for Arkansas are part of data entered into the U.S. Geological Survey 
Ground-Water Site Inventory file at Little Rock, Arkansas. Three synoptic water-level measurements 
were made as part of this project; one in 1988 and two in 1989.

It proved possible to divide the water-level data into two distinct groups based on the geologic 
formations to which the wells are open. The two groups, wells open primarily to the Cotter and 
Jefferson City Dolomites and wells open primarily to the Roubidoux-Potosi sequence of formations, 
indicate that a well-defined hydraulic gradient exists between the upper and lower zones of the Ozark 
aquifer in the Branson area.

By summer 1987, ground-water levels in the upper zone near Branson indicated the effect of water 
withdrawals from the Ozark aquifer (fig. 10). A generalized broad, shallow, drawdown cone, 
encompassing the area around Branson and Hollister, is evidenced by the 700-ft contour line. The 800- 
ft potentiometric contour extends farther west of Branson than under predevelopment conditions 
because of the westward expansion of Branson and its water-supply system from the shore of Lake 
Taneycomo. The connection of the 800-ft contour across Lake Taneycomo southwest of Branson in 
Taney County is caused by the increased hydraulic head that followed the creation of Table Rock Lake,
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Table 3.~WeIl information, volatile organic compounds, and detection limits for water samples
collected in September 1988

[Well information consists of the following: top number-well number; bottom number-Missouri Department
of Natural Resources, Division of Environmental Quality identification number; detection limits are in

micrograms per liter; no volatile organic compound was detected in excess of the detection limit]

Well information 
34 70 121 

88-7355 88-7352 88-7184

Volatile organic compound
Acetone 
Benzene
Bromomethane
Bromodichloromethane
Bromoform

2-Butanone
Carbon disulfide
Carbon tetrachloride
Chlorobenzene
Chloroethane

Chloroform
Chloromethane
Dibromochloromethane
1 , 1 -Dichloroethane
1 ,2-Dichloroethane

1 , 1 -Dichloroe thy lene 
1 ,2-Dichloroethy lene 
1,2-Dichloropropane 
Cis-l,3-dichloropropene 
Trans-1 ,3-dichloropropene

Ethylbenzene 
2-hexanone
Methylene chloride 
4-methyl-2-pentanone 
1 , 1 ,2,2-tetrachloroethane

Tetrachloroethylene 
1,1,1 -trichloroethane
1, 1,2-trichloroethane
Trichloroethylene 
Toluene

178 535 
88-7354 88-7351

Detection limit
<20 

<5.0
<5.0
<5.0
<5.0

<20
<5.0
<5.0
<5.0
<5.0

<5.0
<5.0
<5.0
<5.0
<5.0

<5.0 
<5.0 
<5.0 
<5.0 
<5.0

<5.0 
<20
<20 
<20 

<5.0

<5.0 
<5.0
<5.0
<5.0 
<5.0

Total xylenes <10
Vinyl acetate <20
Vinyl chloride <5.0

16



93°30' 93°00f

37°00f

36°30'

CARROLL COUNTY

Base from U.S. Geological Survey State base map, 
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EXPLANATION
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Figure 8.--Predeveiopment potentiometric surface of the upper zone of the Ozark aquifer.

17



Ta
bl

e 
4
.-

D
ep

th
 to

 w
at

er
 in

 se
le

ct
ed

 d
ee

p 
an

d 
sh

al
lo

w
 w

el
ls

 

[ft
, f

ee
t; 

PW
SD

, p
ub

lic
 w

at
er

-s
up

pl
y 

di
st

ric
t; 

 ,
 n

o 
da

ta
; M

H
P,

 m
ob

ile
 h

om
e 

pa
rk

; >
, g

re
at

er
 th

an
]

oo

W
el

l 
nu

m
be

r 
(f

ig
- 9

)

3 17 18 20 35 38 45 46 52 59 68 70 76 77 80 82 94 99 10
0

10
2

10
7

11
0

11
2

11
5

12
2

O
w

ne
r 

or
 

co
nt

ac
t

Ta
ne

yv
ill

e 
PW

SD
-1

V
al

le
y 

V
ie

w
 V

ill
ag

e 
So

ut
h

Em
pi

re
 E

le
ct

ric
 O

za
rk

 B
ea

ch
 2

D
al

e 
W

ya
tt

Ji
m

W
ad

e,
 o

ld
 w

el
l

Fo
rs

yt
h 

C
ity

 4
Fo

rs
yt

h 
Sc

ho
ol

, R
oc

kw
el

l, 
ol

d 
w

el
l 

1
La

ke
w

ay
 1

, T
an

ey
vi

lle
H

ol
id

ay
 H

ill
s 

R
es

or
t 1

Sc
ho

ol
 o

f t
he

 O
za

rk
s

Er
ne

st
 G

oo
da

ll
K

irb
yv

ill
e 

Sc
ho

ol
, 

ol
d 

w
el

l
L.

C
. S

ta
cy

Ea
rn

es
t L

ea
th

er
m

an
A

T&
T

M
ea

do
w

br
oo

k 
Es

ta
te

s 
M

H
P

R
oc

ka
w

ay
 B

ea
ch

 C
ity

 2
 N

or
th

w
es

t
M

is
so

ur
i D

ep
ar

tm
en

t o
f C

on
se

rv
at

io
n

Jo
e 

P.
 G

ot
t

Ta
ne

y 
C

ou
nt

y 
PW

SD
-3

, w
el

l 2

D
or

is
 C

om
pt

on
Jo

hn
 H

ol
co

m
b

Ji
m

 B
rit

tia
n

B
ra

ns
on

 C
ity

 5
, n

ew
 w

el
l

M
on

te
 S

he
ll

A
lti

tu
de

 
of

 la
nd

 
su

rf
ac

e 
(f

t)

1,
07

5
92

6
73

9
74

9
98

0

93
0

78
5

98
5

87
0

92
6

94
0

1,
00

0
1,

04
0

84
0

1,
34

5

92
2

90
2

1,
00

8
96

8
1,

11
0

88
0

99
0

96
0

90
0

96
0

W
el

l 
de

pt
h 

(f
t)

1,
00

0
58

5
36

0
20

0
56

8

1,
02

0
32

5
72

2
1,

02
3

1,
12

5

50
5

52
5

68
5

40
5

65
5

38
5

60
0

27
5

32
7

1,
20

5

44
5

38
3

45
9

1,
52

0
46

5

C
as

in
g 

de
pt

h 
(f

t)

43
5

37
6 - 32 42 57
5

20
1

48
0

42
5

30
5 84 30
3 84 84 40
7

30
0

21
4 8 14 50
0 84 20 47 53
0 84

D
ep

th
 to

 w
at

er
 (f

t)
1 

Su
m

m
er

 
Ju

ne
-J

ul
y 

M
ar

ch
19

87
 

19
88 31

0
26

6
10

0 97
24

0

27
1

15
8

31
5

16
0

25
4

25
7

26
4

31
0  

46
9

13
2

21
4

23
8

20
9

- __
26

1
..

23
5 

22
2

20
0

19
89 __ -  -- -

26
2  -  

23
3 __

23
0  -

43
0

11
9 --

22
0

22
5 -- _. -  

21
2 --

Ju
ne

- J
ul

y
19

89 31
4

26
0 63 91 ~

19
8

23
6

30
7  

24
4 __ -  40 44
9

11
1 --

22
2

22
6

25
2

12
9

25
7

21
0

20
2 -

W
el

l
0

op
en

in
g

O
r-

C
e

Q
jc

-O
g

- O
jc

- O
r-

C
e

O
jc

-O
r

-  O
jc

-C
e

 O
c-

O
jc

- - O
c-

O
jc

O
r

O
jc

-O
g

O
c

O
c-

O
jc

-  - ~ O
c-

C
d

-

Pr
od

uc
in

g 
zo

ne
3

lo
w

er
lo

w
er

lo
w

er
up

pe
r

up
pe

r

lo
w

er
bo

th
lo

w
er

lo
w

er
lo

w
er

up
pe

r
up

pe
r

bo
th

up
pe

r
up

pe
r

lo
w

er
bo

th
up

pe
r

up
pe

r
lo

w
er

up
pe

r
up

pe
r

up
pe

r
lo

w
er

up
pe

r



Ta
bl

e 
4.

--
D

ep
th

 to
 w

at
er

 in
 se

le
ct

ed
 d

ee
p 

an
d 

sh
al

lo
w

 w
e/

£s
--

C
on

tin
ue

d

W
el

l 
nu

m
be

r 
(f

ig
. 9

)

12
3

12
5

13
2

13
4

13
5

13
6

13
7

14
2

14
3

14
4

14
7

15
8

15
9

16
1

16
4

16
8

17
1

17
8

18
0

18
3

18
5

19
0

19
2

19
4

19
5

O
w

ne
r 

or
 

co
nt

ac
t

B
ra

ns
on

 C
ity

 3
, C

ro
sb

y 
w

el
l

B
ra

ns
on

 C
ity

 4
, M

ic
he

l w
el

l
M

is
so

ur
i H

ig
hw

ay
 D

ep
ar

tm
en

t-
Ta

ne
y 

C
ou

nt
y

C
al

ve
rt

Es
te

s 
Sn

ow
de

n

B
ra

ns
on

 8
B

ra
ns

on
 7

B
ra

ns
on

 6
W

hi
te

 W
at

er
G

at
ew

ay
 S

ub
di

vi
si

on

Tr
i-S

ta
te

 U
til

iti
es

M
au

ric
e 

Th
om

in
et

R
ic

ha
rd

 H
az

el
l

T
ab

le
 R

oc
k 

St
at

e 
Pa

rk
 2

Ta
bl

e 
R

oc
k 

St
at

e 
Pa

rk
 3

C
ha

rle
y 

R
an

tz
Sl

an
 S

to
ne

Si
lv

er
 S

lip
pe

r M
ot

el
R

ic
ha

rd
 C

om
bs

 M
H

P
Ta

ne
y 

C
ou

nt
y 

PW
SD

-2
, w

el
l 2

Lu
th

er
an

 C
hu

rc
h

V
irg

il 
M

cg
ou

gh
B

ob
by

 C
ar

te
r

Fa
nt

as
y 

W
or

ld
 V

ill
ag

e
Pe

rr
y 

H
un

sl
ey

A
lti

tu
de

of
 la

nd
 

su
rf

ac
e 

(ft
)

98
6

84
5

1,
04

7

94
3

95
3

97
0

96
0

1,
06

5
1,

04
5

1,
02

2

1,
20

0
97

0
98

0
97

5
98

9

1,
12

0
79

0
1,

09
0

1,
34

0
1,

00
0

1,
10

0
88

0
90

0
1,

06
0

1,
14

0

W
el

l 
de

pt
h 

(f
t)

1,
08

5
1,

00
2

54
0

30
8

28
5

1,
31

5
1,

24
2

1,
19

0
77

5
36

0

1,
60

2
26

5
26

5
43

7
47

5

46
5

20
5

54
5

82
5

1,
42

0

78
5

56
8

42
8

48
0

56
5

C
as

in
g 

de
pt

h 
(f

t)

46
0

39
3 - 35 36 45
2

41
0

41
4

42
5 23 50
2

12
6 42 28
4

27
5

10
0 42 - 84 47
4

12
6 21 21 84 84

Su
m

m
er

19
87

39
1

21
0 - - --

35
0

29
0

39
5

36
0 - _ - - ~   -

32
0

46
2 - _.

24
0 - -

27
5

D
ep

th
 to

 w
at

er
 (f

t)
1 

Ju
ne

-J
ul

y 
M

ar
ch

19
88 35
7

19
5

29
8 31 53 29
9

31
4

39
6

36
7

27
9

44
3 - -

12
7 91 26
9 ~ - -

31
1  - - - --

19
89 35
7

17
9 ~ ~ 44 21
7

20
3

30
9 ~

26
2

39
5 ~ - ~  

26
2 - ~ -

28
9  -- - - -

Ju
ne

- J
ul

y
19

89 36
5

18
7

29
7 - 53 28
8

29
3

38
0

35
6

25
9

39
5 79 76 11
9 87 26
1 34 --

46
8

28
8

29
1 -

14
6

20
9 -

W
el

l 
op

en
in

g2

O
r-

C
e

O
r-

C
e

O O
c-

O
jc

O
c-

O
jc

O
r-

C
e

O
r-

C
e

O
jc

-C
e

O
jc

-O
g

O
c-

O
jc

_. - ~ O
jc

-O
r

O
jc

-O
r

 ~ ~ - O
jc

-C
e

.. - - ~ ~

Pr
od

uc
in

g 
zo

ne
3

lo
w

er
lo

w
er

up
pe

r

up
pe

r
up

pe
r

lo
w

er
lo

w
er

lo
w

er
lo

w
er

up
pe

r

lo
w

er
up

pe
r

up
pe

r
up

pe
r

up
pe

r

up
pe

r
up

pe
r

up
pe

r
up

pe
r

lo
w

er

up
pe

r
bo

th
up

pe
r

up
pe

r
up

pe
r



Ta
bl

e 
4.

~D
ep

th
 to

 w
at

er
 in

 se
le

ct
ed

 d
ee

p 
an

d 
sh

al
lo

w
 w

el
ls

-C
on

tin
ue

d

W
el

l 
nu

m
be

r 
(f

ig
. 9

)

19
6

19
7

19
8

19
9

20
0

20
4

20
5

20
6

21
1

21
4

21
9

23
0

23
4

25
1

28
2

28
4

44
9

45
8

50
1

50
2

50
3

51
0

51
8

52
3

52
6

O
w

ne
r 

or
 

co
nt

ac
t

M
ar

vi
nP

ue
tt

D
ev

ils
 P

oo
l G

ue
st

 R
an

ch
O

ak
m

on
t M

ot
el

 2
O

ak
m

on
t M

ot
el

 1
O

ak
m

on
t S

ho
re

s, 
ol

d 
w

el
l

Lo
ng

 C
re

ek
 L

od
ge

Lo
ng

 C
re

ek
 L

od
ge

 B
ac

ku
p

C
or

ps
 o

f E
ng

in
ee

rs
-

Lo
ng

 C
re

ek
 B

oa
t D

oc
k

In
di

an
 T

ra
ils

 R
es

or
t

C
or

ps
 o

f E
ng

in
ee

rs
-C

oo
m

bs
 F

er
ry

Si
lv

er
 D

ol
la

r C
ity

 7
B

ill
 T

ho
m

as
Le

v 
A

nd
er

so
n

To
by

 M
. P

er
ki

ns
M

ar
k 

Tw
ai

n 
N

at
io

na
l F

or
es

t

C
or

ps
 o

f E
ng

in
ee

rs
-

C
am

pb
el

l P
oi

nt
Le

o 
W

al
la

ce
R

ee
ds

 S
pr

in
g 

C
ity

O
za

rk
 A

ut
o 

Sh
ow

, J
im

 L
an

e
G

er
al

d 
C

om
bs

Ta
ne

y 
C

ou
nt

y 
PW

SD
-2

, w
el

l 
1

J.D
. F

ul
le

rto
n

C
or

ps
 o

f E
ng

in
ee

rs
-J

oe
 B

al
d

C
ha

rli
e 

G
ui

nn
Pr

ot
em

 S
ch

oo
l R

-8

A
lti

tu
de

 
of

 la
nd

 
su

rf
ac

e 
(f

t)

96
0

1,
02

0
1,

02
0

1,
09

0
98

0

1,
06

0
1,

04
3

96
5

98
0

93
7

1,
30

5
1,

38
0

1,
31

5
99

1
1,

09
6

94
8

1,
43

0
1,

34
9

1,
10

7
1,

30
0

1,
08

5
95

7
95

0
89

6
1,

07
2

W
el

l 
de

pt
h 

(f
t)

40
5

80
0

38
0

83
0

36
5

41
0

48
5

50
0

40
5

37
5

94
5

60
5

54
0

15
0

36
0

35
5

59
5

1,
00

5
41

0
50

5

1,
21

2
34

5
35

0 89 67
5

C
as

in
g 

de
pt

h 
(f

t) 84 42 24
5

26
0 20 10
1

18
8 -

15
0

25
0

35
0 84 42 15 22
5

27
3

13
0

36
5 18 42 44
0 37 25
1 8

46
0

Su
m

m
er

19
87 50 12
0 -

22
0 72 15
0 - -

10
0 ~ _

40
0  ~ - _. ~   

26
0 ._    ~

D
ep

th
 to

 w
at

er
 (f

t)
1 

Ju
ne

-J
ul

y 
M

ar
ch

19
88

 
19

89

.. ..  -

10
3

16
8 69 - 32 __  

38
5 84

 
80

22
7 91 41
8

28
7

40
0 

32
7

-

28
2

17
4 

98
95 46 25

4

Ju
ne

- J
ul

y
19

89 -
11

9
19

5 - _
15

9 ~ - -

41
5

39
8   - ._

39
7  

38
0 -

22
2

13
5   ~

W
el

l 
op

en
in

g2

 O
c-

O
g

-  - O
c

O
c

- -- O
jc

-O
r

__ - M
gf

-O
c

O
c

O
jc

-O
r

O
jc

-O
r

M
rs

-O
jc

O
c-

O
ug

O
c-

O
jc

~ O
jc

-C
e

O
c-

O
r

O
jc

O
c

O
jc

-O
r

Pr
od

uc
in

g 
zo

ne
3

up
pe

r
bo

th
up

pe
r

bo
th

up
pe

r

up
pe

r
up

pe
r

up
pe

r

up
pe

r
bo

th

bo
th

up
pe

r
up

pe
r

up
pe

r
up

pe
r

bo
th

up
pe

r
bo

th
up

pe
r

up
pe

r

bo
th

bo
th

up
pe

r
up

pe
r

lo
w

er



Ta
bl

e 
4.

--
D

ep
th

 to
 w

at
er

in
 se

le
ct

ed
 d

ee
p 

an
d 

sh
al

lo
w

 w
el

ls
--

C
on

tin
ue

d

W
el

l 
nu

m
be

r 
(f

ig
. 9

)

52
9

53
5

55
1

56
3

56
5

56
7

56
9

57
4

57
5

59
1

59
6

59
8

60
0

90
0

90
1

90
2

90
3

90
4

90
5

90
6

90
7

90
8

90
9

91
0

91
1

O
w

ne
r 

or
 

co
nt

ac
t

S.
R

. J
oh

ns
on

Sh
ep

he
rd

 o
f t

he
 H

ill
s 

H
at

ch
er

y
D

ua
ne

 H
en

se
B

ra
dl

ey
vi

lle
 H

ig
h 

Sc
ho

ol
M

is
so

ur
i H

ig
hw

ay
 D

ep
ar

tm
en

t

M
ar

k 
G

id
eo

n
R

ic
ha

rd
 S

co
tt 

Su
bd

iv
is

io
n

B
ill

 S
to

ne
A

l E
va

ns
K

no
bh

ill
 A

cr
es

 S
ub

di
vi

si
on

G
re

en
w

oo
d 

Su
bd

iv
is

io
n

Em
er

al
d 

B
ea

ch
 E

st
at

es
C

or
ps

 o
f E

ng
in

ee
rs

D
el

be
rt 

Ti
bb

et
s

A
un

t's
 C

re
ek

 1
st

 A
dd

iti
on

Le
on

ar
d 

D
au

gh
er

ty
M

in
cy

 P
ub

lic
 H

un
tin

g 
A

re
a

K
el

le
y 

D
an

ie
ls

D
ou

bl
e 

J 
R

an
ch

, B
ea

uc
ha

m
p

Su
lle

ng
er

O
ak

m
on

t C
ou

nt
ry

 C
lu

b 
1

C
ol

m
an

 M
ot

el
S.

R
. J

oh
ns

on
H

ol
lis

te
r C

ity
 2

H
ol

lis
te

r C
ity

 1

A
lti

tu
de

 
of

 la
nd

 
su

rf
ac

e 
(f

t)

96
4

83
9

97
0

83
8

1,
12

0

1,
01

0
1,

06
0

1,
20

7
73

2
1,

04
3

97
8

1,
03

8
95

0
1,

11
0

1,
08

0

1,
10

0
76

0
90

0
13

25
1,

07
0

1,
37

0
98

0
92

5
96

6
81

8

W
el

l 
de

pt
h 

(f
t)

43
7

54
5

58
0

50
0

42
5

20
0

72
0

48
0

32
0

76
8

57
8

42
1

30
0

58
0 -

30
0 -  

1,
01

3 -

1,
00

8
24

0  
1,

12
5

99
0

C
as

in
g 

de
pt

h 
(f

t)  
22

7
40

5
35

0 - 9
50

0 62 6
30

0

31
0

37
5

27
5 - - _ -   -- _   

37
5

28
5

D
ep

th
 to

 w
at

er
 (f

t)
1 

Su
m

m
er

 
Ju

ne
-J

ul
y 

M
ar

ch
19

87
 

19
88

 
19

89

28
5 14

 
-1

24
0

41 25
3 28

 
24

36
0 

39
1

36
7 

34
9

91 15
4

14
6

12
5 44 19
2

19
5 84 33 16
1

47
0 42

>5
00 12

7
18

8
35

7
21

0

Ju
ne

-J
ul

y
19

89 28
0 4 ~ ~ - 25 35
7 - - ~ .. - ~ -  _ 31 14
6

46
9 38 _

11
4  

35
1

14
8

W
el

l 
op

en
in

g2

O
jc

O
jc

-O
r

O
jc

-O
r

O
g

O
jc

O
c-

O
jc

O
r-

O
g

O
c-

O
jc

O
c-

O
jc

O
r-

O
g

Q
jc

-O
g

O
jc

-O
r

O
r

-- _ ~   - _ -   -

Pr
od

uc
in

g 
zo

ne
3

up
pe

r
lo

w
er

bo
th

lo
w

er
up

pe
r

up
pe

r
lo

w
er

up
pe

r
up

pe
r

lo
w

er

lo
w

er
lo

w
er

lo
w

er
up

pe
r

 ._ up
pe

r
up

pe
r

up
pe

r
- up

pe
r

up
pe

r
 lo

w
er

lo
w

er



Ta
bl

e 
4.

 D
ep

th
 to

 w
at

er
 in

 se
le

ct
ed

 d
ee

p 
an

d 
sh

al
lo

w
 w

el
ls

 C
on

tin
ue

d

W
el

l 
nu

m
be

r 
(f

ig
. 9

)

91
2

91
3

91
4

91
5

91
6

10
95

10
96

10
97

10
98

10
99

11
00

11
01

11
02

11
03

11
04

11
05

11
07

11
13

11
14

11
15

11
16

11
18

11
53

11
54

O
w

ne
r 

or
 

co
nt

ac
t

D
al

e 
B

ow
en

M
er

le
 P

ew
R

ic
ha

rd
 C

om
bs

P.
B

. P
at

tis
on

P.
B

. P
at

tis
on

_. - G
ar

y 
M

at
lo

ck
Fl

oy
d 

B
ut

el
Pa

ul
 B

ilt
y

R
ea

l E
st

at
e 

O
ff

ic
e

- T
ab

le
 R

oc
k 

Pa
rk

- - Ty
so

ns
 F

ar
m

« So
lo

m
on

 P
ot

ts
C

lif
fo

rd
 S

to
ry

D
ea

n 
H

uf
fm

an

G
eo

rg
e 

Jo
ne

s
H

er
b 

Ed
w

ar
ds

D
av

id
 H

am
pt

on
R

on
al

d 
W

ill
s

A
lti

tu
de

of
 la

nd
 

su
rf

ac
e 

(f
t)

97
3

94
0

1,
34

5
94

5
94

5

1,
30

0
1,

38
0

1,
03

0
1,

21
0

94
0

1,
36

0
1,

04
0

1,
03

0
1,

14
0

1,
54

0

1,
03

0
1,

25
0

1,
24

0
1,

35
0

1,
28

0

13
30

1,
53

0
1,

29
5

1,
28

5

W
el

l 
de

pt
h 

(f
t)

30
5

27
6

56
4

52
5

31
0 _

70
0

42
5

64
5

25
0 _

40
5   -

10
0  

59
0

48
5

37
5

60
0   

44
5

C
as

in
g 

de
pt

h 
Su

m
m

er
(f

t) 
19

87

.. .. 40 21 -

16
6

43
5

11
0

38
6

10
4

25
4

11
8

12
1

22
4

29
0 75 13
0

17
0

28
7

23
7

23
8

39
0

._ 20

D
ep

th
 to

 w
at

er
 (f

t)
1 

Ju
ne

-J
ul

y 
M

ar
ch

 
Ju

ne
-J

ul
y

19
88

 
19

89
 

19
89

26 36 46
6

27
0 

23
4 

22
9

26
9 __ .. __ .. ~

24
4

_. .. ._     
28

0
 _ __

42
5

29
9

W
el

l
0

op
en

in
g

_ - - - -- O
c

O
c

O
c

O
c

O
c

O
c

O
c

O
c

O
c

O
c

O
c

O
c

O
c

O
c

O
c

O
c

O
c

-  

Pr
od

uc
in

g 
zo

ne
3

up
pe

r
up

pe
r

up
pe

r
up

pe
r

up
pe

r

up
pe

r
up

pe
r

up
pe

r
up

pe
r

up
pe

r

up
pe

r
up

pe
r

up
pe

r
up

pe
r

up
pe

r

up
pe

r
up

pe
r

up
pe

r
up

pe
r

up
pe

r

up
pe

r
up

pe
r

- up
pe

r

N
eg

at
iv

e 
de

pt
h 

to
 w

at
er

 in
di

ca
te

s 
w

at
er

 le
ve

l i
s 

ab
ov

e 
la

nd
 s

ur
fa

ce
.

O
r, 

R
ou

bi
do

ux
 F

or
m

at
io

n;
 O

g,
 G

as
co

na
de

 D
ol

om
ite

; O
jc

, J
ef

fe
rs

on
 C

ity
 D

ol
om

ite
; O

c,
 C

ot
te

r D
ol

om
ite

; O
, O

rd
ov

ic
ia

n;
 M

gf
, G

ra
nd

 F
al

ls
 F

or
m

at
io

n;
 M

rs
, R

ee
ds

 S
pr

in
g 

Fo
rm

at
io

n;
 O

ug
,

up
pe

r p
ar

t o
f G

as
co

na
de

 D
ol

om
ite

; C
e,

 E
m

in
en

ce
 D

ol
om

ite
; C

d,
 D

av
is

 F
or

m
at

io
n.

 
W

he
re

 n
o 

w
el

l o
pe

ni
ng

 d
at

a 
ar

e 
pr

ov
id

ed
, t

he
 p

ro
du

ci
ng

 z
on

e 
is

 d
et

er
m

in
ed

 f
ro

m
 w

el
l d

ep
th

, c
as

in
g 

de
pt

h,
 a

nd
 fi

gu
re

 5
 (

al
tit

ud
e 

of
 th

e 
to

p 
of

 th
e 

lo
w

er
 z

on
e 

of
 th

e 
O

za
rk

 a
qu

ife
r)

 o
r 

fr
om

in
fo

rm
at

io
n 

co
lle

ct
ed

 fr
om

 o
w

ne
rs

 d
ur

in
g 

th
e 

w
el

l i
nv

en
to

ry
.



93°30' 83°00*

37000' =___

36°30'

TANEY^COUNTY

STONE COUNTY '

Tabl* 
Rock

905

MISSOURI
ARKANSAS AOM

CARROLL COUNTY

Base from U.S. Geological Survey State bate map, 
1:500,000, Miwouri, 1973 and Arkantat, 1978 10 tfMHJt

10 15 KILOMETERS

EXPLANATION

91°» WELLS IN WHICH WATER-LEVELS WERE MEASURED 
AND REPORTED IN TABLE 4--Four wells located at the 
western end of Table Rock Lake are not shown. Number 
refers to well number in table 4. Wells 125 and 144 are 
continuous water-level monitoring

Figure 9.--Location of wells in which water levels were measured and reported in table 4 and location of water-level
monitoring wetie.

23



93°30' a3°00'

37°00' =___

36°30'

^CHRISTIAN COUNT

STONE COUNTY

MJSSQURL __ 
ARKANSAS^"

CARROLL COUNTY

3ase from U.S. Geological Survey State base map 
1:500,000, Missouri. 1973 and Arkansas, 1976 10

EXPLANATrON 10 19KIU>MfTEft6

   800    POTENTK3METRIC CONTOUR-Shows altitude at which water levels would have 
stood in tightly cased wells open to the upper zone of the Ozark aquifer. Dajhtd 
where approximated. Contour interval it 100 fee*. Detum it sea level

   700 - - POTENTIOMETRIC CONTOUR-Shows altitude at which water levels would have 
stood in tightly cased wells open to the lower zone of the Ozark aquler. Contour 
interval is 100 feet. Datum it tea level

  CONTROL POINT-Upper zone or both 
o CONTROL POINT-Lower zone

Figure 10.--Potentiometric surface of the upper and tower zones of the Ozark aquifer, summer 1987.
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not from hydraulic head changes induced by water-supply wells in the Branson area. The shape and 
magnitude of the drawdown cone indicates that the upper zone is not well-connected hydraulically to 
Lake Taneycomo.

The extent and depth of the drawdown is even greater in the lower zone of the Ozark aquifer. The 
700-ft potentiometric contour of the lower zone extents farther west than its counterpart in the upper 
zone and envelopes newer water-supply wells at the western edge of Branson. The water-level altitude 
at the point of maximum drawdown as determined from the measured water levels is 595 ft and occurs 
in well 123 (Branson "Crosby" well). The fact that the drawdown in the lower zone is substantially 
greater than the drawdown the upper zone is a reflection of the fact that most large-capacity water- 
supply wells in the Branson area withdraw water from the lower zone.

The first synoptic water-level measurements conducted by the U.S. Geological Survey as part of 
this project occurred in June-July of 1988 during the peak of the tourist season. Water levels in 77 wells 
open to the Ozark aquifer were measured at this time. A comparison of eight water levels measured in 
the same wells in the summer of 1987 and summer of 1988 indicates that water levels increased in five 
wells and decreased in three wells. It is difficult to make meaningful conclusions about the summer 
1987 to summer 1988 water-level changes because no water-use data are available to relate changes 
in water levels to changes in water-use patterns. No large changes in water levels near Branson from 
the summer of 1987 (fig. 10) to the summer of 1988 (fig. 11) are apparent in the potentiometric surface 
of the upper zone, except in the area north of Table Rock Dam. Water levels in the lower zone seem to 
have declined near Hollister, but the apparent decline may be caused by the additional data collected 
in the summer of 1988. There is no evidence that substantial changes in water levels from 
predevelopment conditions have occurred beyond the vicinity of Branson and Hollister.

Water levels in 26 wells were measured in March 1989, during the winter period of reduced water 
demand. A comparison of water levels measured in June-July 1988 and late March 1989 indicates 
water levels increased in 23 wells, decreased in 2 wells, and remained the same in 1 well (table 4). 
Water-level increases in the 23 wells ranged from 4 to 111 ft, with the larger increases occurring in the 
city of Branson municipal wells. This is most evident in the much smaller area encompassed by the 
drawdown cone around Branson at the 700-ft contour line for the lower zone potentiometric surface in 
March 1989 (fig. 12) as compared to June-July 1988 (fig. 11). The relatively large number of wells in 
which water levels increased from the summer of 1988 to the winter of 1989 probably results from the 
generally decreased rate of water use between the summer tourist seasons.

The last synoptic water-level measurement occurred in June-July 1989 and where comparisons 
could be made, water levels in the 64 measured wells generally decreased from the previous winter, 
reflecting increased water demand during the summer tourist season. Of 23 wells common to both the 
March 1989 and June-July 1989 mass water-level measurements, water levels in 14 wells decreased, 
water levels in 1 well remained unchanged, and water levels in 8 wells increased (table 4). Four of the 
wells having the largest water-level declines (more than 50 ft) are located in Branson. Water levels in 
6 of the 8 wells that showed an increase rose 10 ft or less. The remaining two wells (38 and 569), which 
showed water levels increasing by more than 30 ft, supply water to a subdivision and the city of 
Forsyth. The June-July 1989 potentiometric surfaces for both the upper and lower zones of the Ozark 
aquifer (fig. 13) show increased drawdown from March 1989 (fig. 12) near Branson. Water levels 
measured in 45 wells in June-July 1988 and June-July 1989 indicate that water levels rose in 40 wells, 
remained the same in 1 well, and declined in 4 wells (table 4). Comparison of the water-level 
measurements and the potentiometric surfaces in the upper and lower zones in June-July 1988 (fig. 
11) and June-July 1989 (fig. 13) indicates that water levels in the Ozark aquifer near Branson are not 
experiencing continuous long-term declines, but are adjusting rather rapidly to seasonal water-use 
demand. Because water-use data collection was not initiated until September 1988, it is not possible 
to directly correlate changes in water levels from the summer of 1988 to the summer of 1989 to changes 
in water-use patterns.
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EXPLANATION
10 liKHOMETiM

   800     POTENTIOMETRIC CONTOUR-Shows altitude at which water levels would have 
stood in tightly cased wells open to the upper zone of the Ozark aquifer. Dashed 
where approximated. Contour interval is 100 feet. Datum is sea level

 - 700    POTENTIOMETRIC CONTOUR-Shows altitude at which water levels would have 
stood in tightly cased wells open to the lower zone of the Ozark aquifer. Contour 
interval Is 100 feet. Datum is sea level

CONTROL POINT-Upper zone or both 
CONTROL POINT-Lower zone

Figure 11 .--PotentRxnetric surface of the upper and lower zones of the Ozark aquifer, June-JuJy 1968.
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- 800    POTENTIOMETRIC CONTOUR-Shows altitude at which water levels 
would have stood in tightly cased wells open to the upper zone of the 
Ozark aquifer. Dashed where approximated. Contour interval to 100 feet. 
Datum to sea level

/
  - 700    POTENTIOMETRIC CONTOUR-Shows altitude at which water levels 

7 would have stood in tightly cased wells open to the lower zone of the 
Ozark aquifer. Contour interval to 100 feet. Datum to tea level

  CONTROL POINT-Upper zone 
o CONTROL POINT-Lower zone

Figure 12.--Potentk>metric surface of the upper and lower zones of the Ozark aquifer, March 1969.
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  6 0 Oi    POTENTIOMETRIC CONTOUR-Shows altitude at which water levels would have 
stood in tightly cased wells open to the upper zone of the Ozark aquifer. Dashed 
where approximated. Contour feiervai to 100 feet Datum to sea level
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o CONTROL POINT-Lower zone

Figure 13.--Potentiometric surface of the upper and lower zones of the Ozark aquifer, June-July 1969.
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Water-Level Monitoring

From the inception of this project, it was determined that several wells in the study area would 
need to be monitored on a regular basis to provide information on the seasonal fluctuations of water 
levels in the Ozark aquifer. After completion of a well inventory and the first synoptic water-level 
measurements in the summer of 1988, seven wells were selected as candidates for water-level 
monitoring wells. Permission to measure water levels intermittently could be obtained for only two 
wells open to the lower zone; wells 59 (School of the Ozarks) and 125 (Branson, "Michel" well), and one 
well open to the upper zone, well 144 (Gateway subdivision). Access was not obtained to use paired 
shallow and deep wells to monitor differences in hydraulic head between the upper and lower zones of 
the Ozark aquifer. The city of Branson intended to monitor water levels in the three wells beginning 
in late September 1988, but decided not to monitor well 59 and postponed monitoring well 144 until 
March 1989 (fig. 9).

Hydrographs of water-level data for wells 125 and 144 are presented in figure 14. Water levels in 
well 125 rose 21 ft from late September 1988 to early December 1988 and remained stable from 
December 1988 through March 1989. At the onset of warm weather, and coinciding with the opening 
of business establishments that serve the tourist industry, water levels in the lower zone of the Ozark 
aquifer begin to decline. The lowest water level in 1989 in well 125 occurred in September. Depth to 
water measurements in well 144 ranged from 256 to 268 ft and does not display any discernible 
seasonal pattern. Thus, the water-level changes in well 125 apparently were caused by changing rates 
of pumping, not by seasonal changes in precipitation.

Water Use bv Municipalities. Public Water-Supply Districts.
And Selected Businesses

Because it is necessary to have accurate water-use data to properly calibrate a ground-water flow 
model, the principal users of ground water were contacted in September 1988 and requested to 
measure their water-use rate on a monthly basis for the duration of the project. Monthly water-use 
information collected through February 1990 is listed in table 5 and the location of the wells containing 
large-capacity pumps is shown in figure 15. The largest user of ground-water in the study area is the 
city of Branson. The combined pumping rate of all Branson municipal wells ranges from about 20 to 25 
million gallons per month in mid-winter to about 50 million gallons per month in mid-summer. Other 
water users pump less water, but generally show a similar pattern of increasing pumping rates in the 
summer.

SIMULATION OF GROUND-WATER FLOW NEAR BRANSON

Ground-water flow in the upper and lower zones of the Ozark aquifer was simulated using a 
modular three-dimensional finite-difference model (McDonald and Harbaugh, 1984). The variable- 
grid model contains 54 rows by 55 columns centered on Branson with cell sizes ranging from 0.5 mi by 
0.5 mi near the center of the model to 2 mi by 2 mi near the corners of the model (fig. 16). The variable 
cell size of the model design permits a detailed analysis of flow near Branson without requiring that a 
large quantity of data be collected in the outlying areas of lesser interest to this study. Three distinct 
groups of water-bearing rocks are represented by active model layers (fig. 17) for which hydraulic-head 
distributions are calculated; the Springfield Plateau aquifer (layer 1), the upper zone of the Ozark 
aquifer (layer 2), and the lower zone of the Ozark aquifer (layer 3). Passive layers, for which hydraulic- 
head distributions are not calculated, are used to represent less-permeable material between the 
centerlines of the aquifers and aquifer zones. The leakage coefficient between each active layer was 
calculated independent of the model and includes the effect of the less-permeable material between the 
active layers and the vertical anisotropy within each active layer.
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Figure 14.--Water levels in well 125 (City of Branson "Michel" Well) and well 144 (Gateway subdivision).
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Figure 15.-Location of wells for which monthly ground-water-use data were collected.
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model layer representing aquifer units (trace of section in figure 4).
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Calibration of the ground-water flow model to steady-state conditions presented some difficulty. 
Initially, the steady-state condition for purposes of model calibration was chosen to be the 
predevelopment-head distribution for the upper zone of the Ozark aquifer (fig. 8). A good 
representation of the hydraulic head distribution was achieved during the calibration procedure. 
Because the predevelopment steady-state calibration does not provide a unique model solution, it is 
necessary to refine the model derived estimates of hydraulic properties by also calibrating the model 
to a post-development transient condition. However, the only pumping rate data and hydraulic-head 
measurements available to calibrate the transient model against are from a time period post-dating 
the creation of Table Rock Lake, Lake Taneycomo, and Bull Shoals Lake. Thus, the post-development 
transient model must include different boundary conditions than the predevelopment steady-state 
model. As a result, hydraulic head changes associated with development of the Ozark aquifer cannot 
be clearly distinguished from model modifications required to simulate vertical leakage through the 
lake beds and flow through lateral boundaries where the lakes are present at the model boundary.

The accuracy of the model simulations is evaluated by monitoring the average squared error 
(difference) and the average difference between measured and simulated hydraulic heads. The average 
squared error is a measure of the overall deviation between measured and simulated hydraulic heads 
irrespective of whether or not the simulated heads are greater than or less than the measured 
hydraulic heads. The average difference is a measure of the bias of the simulation; that is, whether the 
simulated hydraulic heads generally are greater than or less than the measured hydraulic heads. 
Ideally, both parameters should be minimized to obtain the best calibration. As a result, a decision was 
made to: (1) calibrate the steady-state simulation to hydraulic heads measured in March 1989 under 
conditions of minimum seasonal pumping rates; (2) remove pumping from the steady-state calibration 
to determine the effect of the lakes on the predevelopment potentiometric surface; and (3) calibrate the 
transient simulation to hydraulic heads measured in June-July 1989 under conditions of maximum 
seasonal pumping rates using boundary conditions that include the effect of the lakes.

Digital representations of contour maps of the altitude of the top of each important geohydrologic 
unit and of potentiometric-surface maps for each zone of the Ozark aquifer were developed using 
Geographic Information System (GIS) techniques. The digitized contour maps were used to generate 
discretized aquifer thickness data, saturated-rock thickness data, and related information necessary 
for construction of the flow model.

Model Boundary Conditions

Vertical boundary conditions control the rate of leakage between the modeled units and the 
underlying St. Francois aquifer, the rate of recharge to surficial units by percolation of infiltrated 
precipitation, and the exchange of water between surficial units, streams, and lakes. Lateral boundary 
conditions control the movement of water through the aquifers at the model edges. The distribution of 
the recharge rate to the model was derived by adjusting a uniform value to account for different surface 
conditions. The uniform value is derived from model calibration and is not an independently calculated 
estimate of recharge. Where Table Rock Lake, Lake Taneycomo, or Bull Shoals Lake are present in a 
model cell, the uniform value of recharge rate is decreased by the percentage of cell area occupied by 
the lakes. Where the Ozark confining unit is exposed at land surface, the uniform value of recharge 
rate is limited to a value no greater than the leakage rate of the confining unit. Because layer 1 is 
treated as a specified-head layer for steady-state and transient modeling, recharge is intercepted 
where layer 1 is present.

The lower boundary of the model is treated as an impermeable barrier to ground-water flow. This 
condition probably is not strictly true because water in the lowermost St. Francois aquifer discharged 
upward through the Ozark aquifer to the White River before development of the Ozark aquifer as a 
source of water (Imes and Emmett, in press). The upward gradient from the St. Francois aquifer to the 
Ozark aquifer probably was decreased after construction of the lakes. However, pumping of water from 
the lower zone of the Ozark aquifer probably countered the effect of the lakes and reestablished the
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upward gradient. Results of ground-water flow modeling for the Springfield area (Imes, 1989), which 
is about 40 mi north of Branson, indicate that nearly the entire contribution to water-supply wells is 
from lateral flow in the Ozark aquifer and downward leakage from the overlying Springfield Plateau 
aquifer. The relatively thick St. Francois confining unit effectively impedes the upward flow of ground 
water to wells in the Springfield area. The thickness of the St. Francois confining unit in the Branson 
area is comparable to the thickness of the unit in the Springfield area. Although Springfield is in an 
area of regional recharge, whereas Branson is in an area of regional discharge, it is not expected that 
upward movement of ground water from the St. Francois aquifer to the Ozark aquifer is a significant 
part of the contribution to wells in the Branson area.

Streams and rivers are simulated by assigning an average stream elevation and an estimated 
streambed conductivity to each model cell that contains one of the larger streams (fig. 2). These data 
are used with assigned values of streambed width and thickness to calculate the rate of water exchange 
between the stream and aquifer in each cell (McDonald and Harbaugh, 1984, p. 6-1). Lakes are 
simulated using the general-head boundary module of the modular model (McDonald and Harbaugh, 
1984, p. 11-1). The value of hydraulic conductance that controls the exchange of water between lakes 
and aquifers is calculated for each cell using the cell area covered by the lake, the distance between the 
lake and the mid point of the subjacent upper zone of the Ozark aquifer, and the vertical hydraulic 
conductivity of the upper aquifer.

Lateral boundary conditions are different for each layer. Because all of layer 1 is modeled as a 
specified-head condition, lateral boundary conditions for this layer are specified head. Lateral 
boundary conditions for layer 2 are specified heads, as determined from the predevelopment 
potentiometric map of the upper zone of the Ozark aquifer (fig. 8), with certain exceptions. An 
explanation of these exceptions is presented in the sections on steady-state and transient model 
calibrations. Lateral boundary conditions for layer 3 are no-flow conditions because there is not 
sufficient hydraulic head data to construct a map of the potentiometric surface of the lower zone of the 
Ozark aquifer near the model boundary. Estimates of lateral flow in the Ozark and Springfield Plateau 
aquifers at the model boundaries caii be obtained from a previously constructed model of ground-water 
flow in the Ozark Plateaus aquifer system (Imes and Emmett, in press). However, experience with the 
Springfield area model indicated that the boundary flow estimates calculated from the steady-state 
model of the Ozark Plateaus aquifer system were not accurate enough to be useful for boundary 
conditions for the transient calibration of the Springfield area model (Imes, 1989). It is the opinion of 
the author that the same situation exists with respect to using results from the Ozark Plateaus aquifer 
system model to estimate flow at the Branson model boundaries. The boundary conditions used in the 
model are described in the following section.

Steady-State Calibration; March 1989 Pumping Conditions

The hydrograph of water levels in well 125 (open to the lower zone of the Ozark aquifer) shows 
that water levels were stable during the winter of 1988-89 when pumping rates were small compared 
to pumping rates during the warmer months (fig. 14). The stable configuration of hydraulic heads in 
the aquifer is indicative that a steady-state condition has been attained. Therefore, it is possible to 
calibrate the model to March 1989 pumping rates with the assumption that steady-state conditions 
prevail. The predevelopment hydraulic heads shown in figure 8 cannot be used as specified-head 
boundaries for layer 2 under March 1989 conditions in areas where the lakes are near the model 
boundaries. During calibration of the steady-state simulation, lateral boundary conditions at model 
cells in column 1, from row 20 to row 53, and in column 55, from row 47 to row 53, were set to no-flow 
conditions. Elsewhere, the predevelopment heads were used as specified-head boundaries. This 
modification allowed the model to simulate the effect of the lakes near the model boundary. Because 
ground-water flow near these two segments of the model boundary predominately is parallel to the 
boundaries and toward the lakes, the simulation of these boundary segments using no-flow conditions 
probably is a reasonably accurate approximation of the actual flow conditions.
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Ground-water withdrawal by water-supply wells was simulated using the March 1989 ground- 
water-use data reported by the major water users (table 5). Water withdrawal rates from well 94 
(Rockaway Beach 2) were assigned to the upper zone, the producing zone of this shallow well. Wells 
219 and 261 are open to both the upper and lower zone, but the primary producing horizons probably 
are in the lower zone. Thus, pumping rates from these wells were assigned to the lower zone. All other 
wells in table 5 are open to the lower zone.

Generally, uniform values of lateral and vertical hydraulic conductivity were used in the model 
calibrations. Model calibration did not yield an estimate of lateral hydraulic conductivity for layer 1 
(Springfield Plateau aquifer), because hydraulic heads in layer 1 were held constant during the 
simulations. The estimated lateral hydraulic conductivity of layer 2, representing the upper zone of the 
Ozark aquifer, is 3.0 x 10"6 ft/s (foot per second). Layer 2 is laterally isotropic, thus the distribution of 
the horizontal hydraulic conductivity is uniform and the lateral to vertical hydraulic conductivity ratio 
is 10. The lateral hydraulic conductivity of layer 3, representing the lower zone of the Ozark aquifer, 
also is laterally isotropic and is estimated at 2.0 x 10"6 ft/s. Layer 3 is laterally isotropic, thus the 
distribution of the horizontal hydraulic conductivity is uniform. However, the value of lateral hydraulic 
conductivity for four model cells (row 28, columns 15 and 16, and row 29, columns 15 and 16) was 
increased to 2.0 x 10"5 ft/s. The increased conductivity value was applied to these cells to more 
accurately simulate the situation at Silver Dollar City, a large recreational complex near Branson. 
Although Silver Dollar City is a large user of ground water (table 5), measured drawdown during times 
of substantial pumpage in the Silver Dollar City well field is small. However, the wells probably are 
open to extremely permeable and cavernous rocks associated with the underlying Marvel Cave 
complex, the deepest cave in Missouri, and the Ten O'Clock Run fault. The lateral to vertical hydraulic 
conductivity ratio for layer 3 is 10.

The estimate of vertical hydraulic conductivity for hydraulically restrictive material between layer 
1 and layer 2 (primarily represented by the Ozark confining unit) is 1.0 x 10"9 ft/s. No well-defined 
geohydrologic unit forms hydraulically restrictive material between layers 2 and 3. The value of 
vertical hydraulic conductivity representing material that impedes the vertical movement of ground 
water between layers 2 and 3 was calculated as the effective vertical hydraulic conductivity between 
the centerlines of layers 2 and 3. The uniform value of recharge used in the model is 1.0 x 10~9 ft/s. As 
stated previously, recharge was reduced where the model represented the Springfield Plateau aquifer 
or lakes and in represented areas where the Ozark confining unit is the surficial unit.

Because the March 1989 potentiometric surface was mapped only for a small area immediately 
surrounding Branson (fig. 12), the model was not calibrated to a digital representation of the 
potentiometric surface, but was calibrated to the March 1989 measured hydraulic heads. The average 
squared error between the March 1989 measured and simulated hydraulic heads for layer 2, based on 
16 measured water levels, is 1,674 ft (foot squared). The average difference between measured and 
simulated hydraulic heads is 13 ft. Simulated hydraulic heads generally agree with the potentiometric 
surface determined from measured data (fig. 18). One exception occurs at the downstream reach of 
Lake Taneycomo where simulated hydraulic heads are 10 to 20 ft above the potentiometric surface. 
However, the simulated hydraulic heads may not be in error here because simulated hydraulic heads 
for layer 2 are average hydraulic heads over the vertical thickness of the upper zone and represent 
hydraulic heads at the centerline of the zone, whereas the potentiometric contours derived from 
measured water levels are drawn consistent with water levels of the lakes. In an area of regional 
discharge it is reasonable to expect increasing hydraulic head with depth below the discharge areas 
(lakes). The second area where contours on the simulated and measured heads differ is near the 900- 
ft closed contour between Lake Taneycomo and Bull Shoals Lake. The 900-ft closed contour is 
estimated from hydraulic heads measured in June-July 1989 and the accuracy of the contour is 
assessed with the discussion of the June-July 1989 simulation.
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Ozark aquifer, March 1989.
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The average squared error between the March 1989 measured and simulated hydraulic heads for 
layer 3 is slightly better than that for layer 2. Based on 13 measured water levels, the average squared 
error is 1,175 ft . The average difference between measured and simulated hydraulic heads is -1 ft. 
Again, simulated hydraulic heads generally agree with the potentiometric surface determined from 
measured data (fig. 19), but simulated hydraulic heads along the downstream end of Lake Taneycomo 
are 10 to 20 ft above the lake surface, reflecting the upward hydraulic gradient beneath the discharge 
area.

Ground-water discharge to Bull Creek was simulated at 2.7 ft3/s, which is within 10 percent of the 
measured 7-day Q2 low flow. Discharge to Swan Creek was simulated at 3.3 ft3/s, about 35 percent less 
than the measured 7-day Q2- Comparison of simulated discharge and measured 7-day Q2 in other 
streams are not meaningful because the streams have large drainage areas outside of the model area.

Steady-State Simulation; Predevelopment Conditions with Lakes

Pumping effects were removed from the calibrated post-development steady-state model to 
simulate hydraulic heads of the upper and lower zones after construction and filling of Table Rock 
Lake, Lake Taneycomo, and Bull Shoals Lake and in the absence of pumping stresses. Potentiometric 
surfaces of the upper and lower zones constructed by contouring simulated hydraulic heads are shown 
in figures 20 and 21. Comparison of the simulated potentiometric surface of layer 2 (fig. 20) with the 
pre-lakes (predevelopment) potentiometric surface based on measured water levels (fig. 8) shows that 
the most notable effect of the lakes on the potentiometric surface of the upper zone is that the 900-ft 
potentiometric contour crosses the White River channel at Table Rock Dam within the study area 
instead of crossing beyond the western boundary of the study area. This situation occurs because the 
average level of Table Rock Lake is 915 ft. Changes in the potentiometric surface also are evident in 
that the 700-ft and 800-ft contours cross the White River channel much farther downstream from their 
previous positions and that the potentiometric surface in the southeastern corner of the study area is 
no longer lower than 600 ft. Again, these changes occur because the average levels of Lake Taneycomo 
and Bull Shoals Lake are 700 ft and 650 ft, levels that are well above the original river channel bottom.

The simulated predevelopment potentiometric surface of the lower zone (fig. 21) is similar to the 
simulated predevelopment potentiometric surface of the upper zone. Generally, the simulated 
potentiometric surface of the upper zone is slightly higher than that of the lower zone in the upland 
areas of recharge (usually less than 10 ft) and slightly lower than that of the lower zone in lowland 
areas of discharge (usually 10 to 20 ft). Contours on the simulated potentiometric surface of the upper 
zone tend to show the effect of streams to a greater degree than contours on the simulated 
potentiometric surface of the lower zone. The exchange of water between Table Rock Lake and the 
underlying upper zone of the Ozark aquifer is complex. Vertical hydraulic head differences of near 0 to 
10 ft, indicating an upward gradient, are present throughout most of the area occupied by the lake, 
with the larger upward gradients concentrated around the lake perimeter. However, a downward 
gradient is present near Table Rock Dam where lake water flows beneath the dam to emerge at the 
much lower elevation Lake Taneycomo.

A comparison of the simulated hydraulic heads under predevelopment conditions with lakes 
present to the simulated hydraulic heads under March 1989 pumping conditions for the upper and 
lower zones provides an estimate of the effect of current pumping rates on the potentiometric surfaces 
of the two zones near Branson. The distribution and depth of drawdown in the upper and lower zones 
of the Ozark aquifer nearly are the same (fig. 22). The only substantial difference between drawdown 
in the two zones occurs beneath Lake Taneycomo where drawdown in layer 3 is nearly 80 ft and does 
not seem to be substantially decreased by the presence of the lake. However, the drawdown in layer 2 
is less than 40 ft beneath the lake and the drawdown pattern is substantially affected by the lake. The 
maximum drawdown in both layers is larger than 100 ft but smaller than 150 ft in two areas, one on 
each side of Lake Taneycomo. The drawdown cone in each layer extends north into Christian County 
and south into Boone County (Arkansas). The extent of drawdown is limited by induced recharge from
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Figure 19.-Measured and simulated potentiometric surface of the lower zone of the
Ozark aquifer, March 1989.
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the lakes and streams. It is likely that the simulations include some boundary effects along the 
southern boundary where drawdown apparently extends slightly farther south than the southern 
model boundary.

Transient Calibration: June-July 1989 Pumping Conditions

The ground-water flow model was calibrated under transient conditions to water-levels measured 
in late June and early July 1989. The specified-head boundary for layer 2 was extended to include all 
lateral boundary cells. The initial hydraulic heads for layer 2 were set to the hydraulic heads calculated 
by the steady-state March 1989 calibrated simulation to retain the effect of the lakes on the 
potentiometric surface at the model boundary.

For the transient calibration, layers 2 and 3 were assigned storage coefficients of 0.004, except at 
4 cells containing the Silver Dollar City well field. Storage coefficients of 0.2 were assigned to these 4 
cells. The storage coefficient for layer 2 is more indicative of a confined aquifer than an unconfined 
aquifer. The small storage coefficient implies that the downward movement of recharge is impeded by 
less permeable material in the upper zone. Results of the transient calibration validate the assumption 
that the March 1989 hydraulic-head distribution represents a steady-state situation. The simulation 
from March 1989 to June 1989 was accomplished in three monthly stress periods of five time steps 
using pumping rates reported in table 5. The simulated hydraulic heads for each stress period 
stabilized before the end of the stress period, indicating that steady-state conditions are achieved 
rather quickly after changes in pumping rates.

The average squared error between the June-July 1989 measured and simulated hydraulic heads 
for layer 2, based on 42 measured water levels, increased to 3,384 ft2, almost twice the error in the 
steady-state simulation. The average difference between measured and simulated hydraulic heads is 
-10 ft. Simulated hydraulic heads generally agree with the potentiometric surface determined from 
measured data (fig. 23) in the lowland areas and upland areas in northern Taney County and Boone 
County, Arkansas, but are lower than the potentiometric surface in a small area between Lake 
Taneycomo and Bull Shoals Lake in southwestern Taney County and higher than the potentiometric 
surface in east-central Stone County. The single measured hydraulic head controlling the 900-ft closed 
potentiometric contour in southwestern Taney County is from a relatively shallow well (200 ft) and 
may not reflect an average hydraulic head for the upper zone of the Ozark aquifer. The potentiometric 
surface in east-central Stone County may be inaccurately mapped. Six predevelopment water-level 
measurements taken in wells (not shown) that cluster in this small area ranged from near 1,000 ft to 
almost 1,200 ft. Apparently, water levels change abruptly with depth in this area. It is not known for 
certain which water levels accurately reflect the average water level for the upper zone in this area. As 
with the steady-state simulation, simulated hydraulic heads at the downstream reach of Lake 
Taneycomo are 10 to 20 ft above the potentiometric surface estimated from measured hydraulic heads. 
Again, the simulated hydraulic heads may represent average hydraulic heads over the vertical 
thickness of the aquifer, whereas the potentiometric contours are drawn consistent with the water 
levels of the lakes.

The average squared error between the June-July 1989 measured and simulated hydraulic heads 
for layer 3, based on 16 measured water levels is 1,632 ft2. The average difference between measured 
and simulated hydraulic heads is -7 ft. Simulated hydraulic heads generally agree with the 
potentiometric surface determined from measured data (fig. 24), except at the downstream end of Lake 
Taneycomo where simulated hydraulic heads are 10 to 20 ft above the lake surface, reflecting the 
upward hydraulic gradient beneath the discharge area.
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Figure 23.--Measured and simulated potentiometric surface of the upper zone of the Ozark aquifer,
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Figure 24.-Measured and simulated potentiometric surface of the lower zone of the Ozark aquifer,
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Sensitivity Analysis

The sensitivity of the calibrated June 1989 model simulation to a 50 percent increase and a 50 
percent decrease in the value of selected hydraulic variables was analyzed to qualitatively assess the 
accuracy of the simulation. The effect of variable changes on the hydraulic head simulation for layers 
2 and 3 was monitored by calculating the average squared difference and average difference between 
the simulated and measured hydraulic heads. Changes in the lateral hydraulic conductivity of layer 2 
generally failed to improve the simulation accuracy for one or both layers (table 6). The maximum head 
changes (about 10 ft) were localized in layer 2 near and slightly downstream from Table Rock Dam. A 
50 percent increase in the lateral hydraulic conductivity of layer 3 produced a small improvement in 
the accuracy of layer 2 and layer 3 simulated hydraulic heads, except for an increase in the average 
difference for layer 3. Hydraulic head changes for both layer 2 and layer 3 were localized around 
Branson.

Table 6. --Sensitivity of calibrated June 1989 model simulation to changes in hydraulic variables 

[K, hydraulic conductivity; L, leakage coefficient, coeff., coefficient; S, storage coefficient; subscripts indicate layer number]

Layer 2
Hydraulic 
variable

No change
K2 lateral
K2 lateral
K3 lateral
K3 lateral
^1-2
Ll-2
^2-3
L2-3
Lakebed leakage coeff.
Lakebed leakage coeff.
S2
S2
S3
S 3
Recharge
Recharge

Percent 
change

0
-50

+50
-50

+50
-50

+50
-50

+50
-50
+50
-50

+50
-50

+50
-50

+50

Average squared 
difference

3,291
3,332
3,278
3,308
3,281
3,291
3,291
3,303
3,286
3,282
3,304
3,284
3,303
3,295
3,291
3,289
3,311

Average 
difference

-10
-10
-11
-10
-11
-10
-10
-11
-10
-11
-10
-11
-10
-10
-10
-10
-11

LayerS
Average squared 

difference

1,621
1,622
1,635
1,948
1,618
1,621
1,621
1,599
1,650
1,625
1,629
1,633
1,628
1,629
1,653
1,617
1,633

Average 
difference

-8
-7
-8
0

-13
-8
-8
-6
-8
-8
-8
-8
-7
-5
-9
-8
-8

The model is insensitive to changes in the leakage coefficient between layers 1 and 2. Changes in 
the leakage coefficient between layers 2 and 3 improved the simulation of hydraulic heads for one layer 
at the expense of a less accurate simulation of hydraulic head for the other layer. The maximum 
hydraulic head changes were about 5 ft. Most changes were only about 1 to 2 ft and were scattered 
throughout the simulation. However, an increase of 50 percent in the leakage coefficient between 
layers 2 and 3 produced hydraulic head changes that correlated with the location of streams. Changes 
in storage coefficients did not improve the model. A slight improvement was noted when recharge was 
decreased by 50 percent.

The sensitivity analysis indicates that no major improvement in model accuracy can be made by 
further refining the model calibration. Slight improvements may possibly be made to the model by 
adjusting the lateral hydraulic conductivity of layer 3 and recharge, but flow directions and volumes 
will not be substantially changed. The model probably is most sensitive to the lateral hydraulic 
conductivity of layer 3.
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Predevelopment and Post-Development Hvdrologic Budgets

Volumetric flow rates derived from the calibrated ground-water flow model can provide 
information about net ground-water movement and changes in flow volumes in response to stress. 
Comparison of the model water budget under predevelopment conditions (including the effect of lakes) 
with the model water budget for March 1989, after pumping stresses have altered ground-water flow 
patterns, indicates that the source of most of the 4.3 ft /s of water pumped from the lower zone is a 
combination of increased recharge from the upper zone and decreased discharge to the upper zone (fig. 
25). Under predevelopment conditions, net flow from the upper zone to the lower zone was zero and net 
flow to streams and lakes was 36.9 ft3/s. Because of pumping, net flow to the lower zone in March 1989 
was a net 4.3 ft3/s. The resulting loss of water from the upper zone decreased net flow to streams and 
lakes to 32.7 ft3/s, a loss of 11 percent of the prepumping discharge to streams and lakes. About 0.1 ft3/s 
of the water pumped from wells comes from larger induced leakage from the Springfield Plateau 
aquifer.

Estimates of Future Drawdown: June- July 2010

To estimate the effect of future pumping stresses on the Ozark aquifer, the calibrated ground- 
water flow model was used to simulate the potentiometric surface of the upper and lower zones of the 
aquifer in June-July 2010. Pumping rates were estimated to increase 20 percent every 10 years during 
the 20-year simulation period. This increase in pumping rate is arbitrary but provides a basis from 
which an estimate of the effect of possible future pumping rates on the potentiometric surfaces of the 
upper and lower zones can be calculated. When estimates of future ground-water needs are determined 
by rigorous analysis of water requirements for the Branson area, the more accurate estimates can be 
incorporated into the model. Because most of the large-capacity wells in the Branson area are open to 
the lower zone of the Ozark aquifer, estimated drawdown in the lower zone is larger than the 
drawdown in the upper zone. Using the estimated pumping rates, the increased drawdown in the 
upper zone is simulated to be larger than 1 ft, but less than 10 ft, in three small areas centered about 
the Rockaway Beach, Forsyth, and Taney County Public Water Supply District 2 wells (fig. 26). A 
larger area of increased drawdown surrounds Branson and Hollister. The increased drawdown exceeds 
10 ft only in a small area centered on the more recently developed western edge of Branson.

Estimated increased drawdown in the lower zone of the Ozark aquifer also exceeds 1 ft, but is less 
than 10 ft, in areas centered on Kimberling City, Silver Dollar City, Rockaway Beach, Forsyth, and 
Taney County Public Water Supply District 2 wells (fig. 27). The increased drawdown around Branson 
and Hollister is larger than the corresponding increase in the upper zone. The maximum increased 
drawdown in the lower zone exceeds 30 ft near the western edge of Branson and exceeds 20 ft near the 
eastern edge of Branson. Although the increased drawdown will require larger lift distances to pump 
ground water to water-supply tanks and supply lines, these simulations indicate that, under the 
assumption of a 20 percent increase in pumping rates every 10 years, ground-water supplies will be 
adequate for municipal, commercial, and domestic uses to 2010. However, it is possible that some 
shallow domestic wells in the areas of larger increased drawdown will need to be deepened in the 
future.

SUMMARY

The demand for potable water to supply recreation facilities, commercial establishments, lodging 
facilities, and residences has increased in Branson, Missouri, the center of a rapidly developing 
retirement community and tourist industry. The rapid pace of business and residential expansion has 
caused concerns regarding the future ground-water quality and availability. This study was designed 
to provide a reconnaissance of ground-water quality in the Branson area and estimate the long-term 
effect of the large summer water demand.
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51



93°30' 93°00*

37°00' :__ _

36°30'

CHRISTIAN COU 
TANEV COUNTY

ockawa 
BeachSTONE COUNTY

Tabl* 
Rock Tamycomo

Sili/er 
Do.llar

Taney County 
Public Water 
Supply District 2

MISSOURI 
ARKANSAS

CARROLL COUNTY BOONE COUNTY

Base from U.S. Geological Survey State base map, 
1:500,000, Missouri, 1973 and Arkansas, 1976 10 15 WILES

10 15 KILOMETERS

EXPLANATION

LINE OF EQUAL DRAWDOWN IN LOWER ZONE OF 
AQUIFER-lntervai, in feet, Is variable

Figure 27-Pumpage induced drawdown in the lower zone of the Ozark aquifer from June 1989 to June 2010.

52



All water supply wells in the Bran son area withdraw water from the Ozark aquifer, a permeable 
sequence of dolostone and sandstone formations. Within the study area, the Ozark aquifer can be 
divided into two distinct zones based on permeability contrasts. The upper zone, which comprises of 
formations stratigraphically higher than and including the Jefferson City Dolomite, is the less 
permeable zone. The lower zone, comprised of formations stratigraphically lower than and including 
the Roubidoux Formation, is the more permeable zone.

A survey of 34 wells to determine the concentrations of fecal coliform bacteria and inorganic 
chemicals usually indicative of water contamination indicated no fecal coliform bacteria present in any 
well, and no unusually large concentration of inorganic chemicals. Chloride and nitrate concentrations 
in all water samples were less than the Missouri Department of Natural Resources criteria for public- 
drinking water supply. Specific conductance of the water samples ranged from 347 to 841 pS/cm. An 
analysis of 5 water samples for a suite of 33 volatile organic compounds failed to detect the presence of 
any of the compounds.

Measurements of water levels made during the summer of 1987, June-July 1988, March 1989, and 
June-July 1989 show that seasonal variations in ground-water levels can be greater than 100 ft. The 
seasonal changes primarily result from changes in the rate of water use during the summer tourist 
season as compared to the winter months. Interpretative potentiometric maps based on all measured 
water levels indicate no evidence of a pattern of declining water-levels on a long-term basis. Water 
levels in a well open to the lower zone of the Ozark aquifer were monitored from September 1988 to 
March 1990. The water levels in the well, located in the city of Branson, were stable during the winter 
of 1988-89, but declined by about 30 ft from winter 1988-89 to summer 1989. The water level recovered 
to the previous winter height in the winter of 1989-90. Water use by the city of Branson ranges from 
about 20 to 25 million gallons per month in winter to about 50 million gallons per month during the 
summer tourist season.

A three-dimensional ground-water flow model was developed to simulate flow in the upper and 
lower zones of the Ozark aquifer. The model was calibrated to March 1989 pumping conditions. A 
hydrograph of water levels in a well open to the lower zone of the Ozark aquifer in Branson shows that 
it is reasonable to assume steady-state conditions at the end of the winter period. The model was used 
to simulate the probable hydrologic effect of the construction and filling of Table Rock Lake, Lake 
Taneycomo, and Bull Shoals Lake. A transient calibration was accomplished by incorporating 
simulation of aquifer storage into the model and simulating the effect of changing pumping rates from 
March 1989 to June 1989. The model probably is most sensitive to changes in the lateral hydraulic 
conductivity of layer 3 (the lower zone of the Ozark aquifer). Model simulations confirm that water 
levels in the Ozark aquifer respond quickly to changes in pumping rates. Water levels will continue to 
oscillate seasonally with changes in pumping rates. However, it seems that long-term declines in water 
levels will not occur unless mean annual pumping rates increase in the study area.

The calibrated model was used to simulate the probable effect of a 20 percent increase in pumping 
rates every 10 years from June 1989 to June 2010. Estimated water levels in the lower zone of the 
Ozark aquifer decline by a maximum of about 30 ft under this simulation; water levels in the upper 
zone of the Ozark aquifer also decline, but only by a maximum of about 10 ft. The areas of maximum 
estimated decline are centered in the more recently-developed western edge of Branson.
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