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METRIC CONVERSION FACTORS

The inch-pound system of units is used in this report. For readers who prefer the International System of

Units (SI), the conversion factors for the terms used in this report are listed below:

Multiply inch-pound units By To obtain SI units
foot 3.048x10”° meter

mile 1.609 kilometer

gallon per minute 6.308x10™ cubic meter per second
cubic foot per second 2.832x10° cubic meter per second
square mile 2.589 square kilometer

foot per mile 1.894x10™ meter per kilometer
foot per second 3.048x10™! meter per second

foot per year 3.048x1" meter per year

National Geodetic Vertical Datum of 1929 (NG VD 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 mean sea level. NGVD

of 1929 is referred to as sea level in this report.



THE GROUND-WATER FLOW SYSTEM IN NORTHERN MISSOURI
WITH EMPHASIS ON THE CAMBRIAN-ORDOVICIAN AQUIFER

By JEFFREY L. IMES

ABSTRACT

The hydrologically important aquifers in northern Missouri are (1) alluvial
valley deposits, (2) surficial deposits of glacial drift, (3) the Mississippian
aquifer, and (4) the Cambrian-Ordovician aquifer. The Cambrian-Ordovician
aquifer was studied in detail.

The construction of detailed potentiometric maps and the results of
modeling studies of the Cambrian-Ordovician aquifer show that an eight-
county region immediately north of the Missouri River has a local freshwater
flow system independent of the regional saline-water flow system. Potentiometric
divides prevent saline water from entering this freshwater area. Part of the
saline water discharges in Chariton and southern Howard Counties. The
remainder flows eastward into Illinois. In the freshwater region, water
enters the Cambrian-Ordovician aquifer by vertical leakage from the overlying
Mississippian limestone formations and infiltration of precipitation where
the aquifer crops out atop the Lincoln fold. The freshwater discharges
along the Missouri and Mississippi Rivers.

A two-dimensional model of the Cambrian-Ordovician aquifer in northeastern
Missouri was calibrated to prepumping steady-state conditions and to 1965
and May 1979 transient potentiometric surfaces. The model was used to
predict effects of future water withdrawals at two potential rates: (1) continued
withdrawal at 1980 pumping rates, and (2) accelerated withdrawal, increasing
by one percent per year more than 1980 pumping rates. Under both conditions
the potentiometric surface approaches steady state by 1990. The ground-
water divides are slowly migrating southward due to present (1983) pumping
stresses on the freshwater part of the aquifer and will continue in the future.
This will allow saline water to move into former freshwater areas at a rate
estimated to be 5 to 15 feet per year by 1990.

INTRODUCTION

Four major ground-water sources exist in northern Missouri:
(1) alluvial valley deposits, (2) surficial deposits of glacial
drift, (3) limestone formations of Mississippian age, and (4)
dolomite and sandstone formations of Cambrian and Ordovician
age. Alluvial deposits are the primary source of ground
water along the major river systems (Emmett and Jeffery,
1968, 1969a, 1969b, and 1970), most notably in the Missouri,
Mississippi, and Grand River valleys. The total volume of
water withdrawn from this aquifer is more than that of the
other major aquifers combined. Glacial-drift deposits and
Mississippian rocks (mainly those of the Osagean Series)
commonly are sources of water for domestic and nonirrigation
farm use. The intervening Pennsylvanian shale and sandstone
formations, however, produce insufficient quantities of suitable
quality water to consider them reliable sources on a regional

basis. The large, complex aquifer composed of formations
of the Cambrian and Ordovician Systems (the Cambrian-
Ordovician aquifer) is the only one of these four aquifers
that underlies all of northern Missouri. The excessive salinity
of water from this aquifer throughout much of the region
limits its use to the southeastern one-quarter of the study
area. During recent years, increasing population and industry
and a rapid increase in the number of irrigation wells have
placed greater demand on the freshwater part of this aquifer.
Farmers desiring to expand crop acreage and yields have
developed ground-water sources to supplement surface-
water impoundments. From 1978 to 1981, the number of
deep irrigation wells increased from none to 28, primarily
in or near Audrain County. No new deep wells, municipal
or irrigation, have been constructed north of Audrain County
because of the salinity of water in that part of the aquifer.

PURPOSE

This study of the hydrology of northern Missouri is a
part of a broader investigation of the major aquifers underlying
the north-central United States, the Northern Midwest Re-
gional Aquifer-System Analysis (Steinhilber and Young,
1979). Northern Missouri comprises the southwestern part
of this larger study area. The objective of this study is to
describe the ground-water flow system in northern Missouri
and its relationship to the regional ground-water flow system.
The study emphasizes the Cambrian-Ordovician aquifer,
the primary nonalluvial source of freshwater in northern
Missouri, delineates this aquifer’s recharge and discharge
areas, and provides an estimate of the aquifer’s transmissivity
and storability. In addition, the possible effect of future
withdrawals of water from the aquifer and the degree of
saltwater encroachment into the present freshwater area
were determined. A brief summary of the geology is presented
to aid in understanding the regional hydrology.

Because of the recent increase in the use of ground water
as a source for irrigation in Audrain County, a more
comprehensive investigation of water supplies in that county
was undertaken concurrently with this study (Emmett and
Imes, 1983).
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FIGURE 1.—Location of the study arca and model boundaries.

SCOPE

Thisreport contains a general description of geology and
ground-water hydrology in Missouri north of the Missouri
River (fig. 1), and a comprehensive description of the Cambrian-
Ordovician aquifer in northeastern Missouri. A two-dimensional
ground-water model was developed for the northeastern
one-quarter of the state, but does not extend into the northwest
because available ground-water and subsurface-structural
information are extremely sparse throughout this region.
Data that are pertinent to the construction of the model are
presented for those areas that lie outside the study area, but
inside the model area.

The area modeled contains 22,700 square miles, extending
from just south of the Missouri River northward to Iowa
and from approximately 91 degrees 20 minutes longitude
eastward to Illinois, exclusive of the eastern one-half of St.
Charles County, Mo. The model has a uniform 3.2-mile
spacing in the more intensively pumped freshwater region
with larger node spacings in the northern saline-water area.

The model boundary is shown in figure 1.
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GEOHYDROLOGY OF NORTHERN MISSOURI
REGIONAL GEOLOGY

Abrief summary of the geologic structure and stratigraphy
of northern Missouri is presented to aid in understanding
their effect on ground-water flow. The relationship among
the geologic units underlying this area is shown in a generalized
stratigraphic column (table 1). The dominant lithologies
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are limestone and dolomite, limestone being more prevalent
in post-Ordovician rocks. Several geologic sections have
been prepared to clarify the structural features and stratigraphic
relationships of the various geologic formations. The location
of these geologic sections is shown in figure 2, a geologic
map of northern Missouri.

The regional geology of northern Missouri is controlled
by the Ozark uplift, which reaches its greatest height where
Precambrian rocks are exposed in southeastern Missouri.
The Precambrian surface of northern Missouri, modified
from Kisvarsanyi (1975), is shown in figure 3. The surface
dips slightly to the northwest at about 15 feet per mile
toward the Forest City basin. The Precambrian is buried to
a depth of more than 3,000 feet below seal level in the basin.
Geologic Section A-A', a west-to-east traverse, and geologic
section B-B', a south-to-north traverse, both shown in plate
1, are approximately parallel to the regional dip and strike.

Geologicsection A-A" and paleogeologic maps (McCracken
and McCracken, 1965) of the Lower Ordovician indicate the
Forest City basin did not develop before Ordovician time.

Instead, the area was uplifted as a part of the then northwest- |

trending Ozark uplift. Erosion of the structural high removed
much of the Lower Ordovician (see pl. 1). Basin development
began during Middle Ordovician time and continued until
Pennsylvanian time.

In the eastern one-half of the study area, especially along
the Missouri-1llinois border, the more northerly dip is interrupted
by the Lincoln fold, a northwest-trending anticline terminated
at its southern extremity by the Cap au Gres fault (Koenig,
Martin, and Collinson, 1961, p. 86). The smaller Browns
Station anticline lies to the southwest of and parallel to the
Lincoln fold. Immediately south of the Cap au Gres fault
the Precambrian surface dips into the St. Louis depression.
This deep syncline probably opens to the east into the
Illinois basin.

Middle and Upper Ordovician formations are exposed
along the southern axis of the Lincoln fold (see fig. 2). They
dip to the north and are buried to a depth of about 1,000 feet
below land surface along the eastern part of the Missouri-
Iowa border. In the northwest they dip toward the Forest
City basin.

Geologic section C-C’, a southwest-to northeast traverse
through the Lincoln fold, shows that sediments deposited
during earliest Cambrian time had effectively covered the
rugged Precambrian topography before later Cambrian
and Ordovician sediments were deposited (pl. 1). Because
Ordovician sediments are not significantly thinner atop the
Lincoln fold, the deposition of these strata occurred before
the uplift that produced the anticline. Geologic section
D-D' (pl. 1), asouth-to-north traverse through Lincoln County,
contains a distinct portrayal of the Lincoln fold and the
large Cap au Gres fault. The altitude of Ordovician formations

3

| along a wide band bordering the Mississippi River (see fig.
2) and they are missing atop the Lincoln fold in part of
Ralls, Pike, and Lincoln Counties. Mississippian rocks also
have been eroded from a narrow strip along the Missouri
River from Boone County east to St. Charles County. The
younger Pennsylvanian rocks lie unconformably on the
older rocks and do not dip significantly to the northwest.
They attain a thickness of more than 1,800 feet in the Forest
City basin.

Geologic structure maps of several Ordovician and Cambrian
formations are available as open-file reports from the Missouri
Division of Geology and Land Survey, and other maps have
' been published in McCracken and McCracken (1965).
Descriptions of smaller, locally important geologic structures
can be found in McCracken {1971), and information on the
stratigraphy of Missouri can be found in Koenig (1961) and
references therein.

HYDROLOGY

ALLUVIAL VALLEY DEPOSITS

Alluvial fill in the river valleys and outwash deposits in
buried bedrock valleys are the primary sources of freshwater
in northern Missouri. The deposits consist of clay, sand,
and gravel, and generally grade from fine to course grained
with increasing depth. The generally permeable deposits
can yield as much as 3,000 gallons per minute along reaches
of the Missouri River (Skelton, Harvey, and Miller, 1982).
Water levels in the Mississippi and Missouri River alluvium
respond to fluctuations in river stage, thus the aquifer both
discharges into and is recharged by the river systems (U.S.
Geological Survey and Missouri Division of Geology and
Land Survey, 1967, p. 304). Water from alluvial wells in
northern Missouri is a calcium bicarbonate type with a
large dissolved-iron concentration. Dissolved-solids
concentrations normally are less than 1,000 milligrams per
liter (Gann and others, 1971; and Gann and others, 1973).

A complete study of the alluvial aquifer in northern
Missouri is beyond the scope of this report. Several reports

| on the Missouri River alluvium have been published (Emmett

| and Jeffery, 1968, 1969a, 1969b, and 1970; and previously
referenced reports). The reader is referred to these publications

for more detailed information about this aquifer.

GLACIAL-DRIFT DEPOSITS

Glacial-drift deposits, consisting of clay, silt, sand, and
gravel, are a source of water for domestic and non-irrigation
farm use throughout much of the northern and western
parts of the study area. During the Pleistocene Nebraskan
and Kansan glaciations, ice covered much of the northern
part of Missouri (Koenig, 1961, p. 130). The advance and

differ by more than 500 feet across this fault.
Mississippian strata are the primary bedrock formations |

retreat of these glaciers buried existing river valleys under
thick deposits of glacial debris. As the topography was



GROUND-WATER FLOW SYSTEM IN NORTHERN MISSOURI

uoleR WO }2217) 12pAug

m c Yyinos =) ouojsawli] pue a[eyg 3a|eys 221D Asse1n laddn NVINOAId
Mw m ay; 0} Buluuiyl ‘unossiy waypou .% auojsawt] eueisino]
3 =
2 jo yonw jnoydnouy; 1afe| Buuyuo) o _— 2.21BUS }OOUIapuIy
" a|eyg [eqiuuey
uenooy1apuryf
2|eys pue (2uojsawr] neanoy)
2 ‘2}1WO|Op ‘2U0jsAWI] 2uojsawl] elepag
Q “ 0
s g 2nuiw 1ad suojjed G1-g sayddns o
wm wiey pue JSAWOP 10} 121em 3jenbapy — auojsawry Usjy uiadg
T o auojsawi] auojsawi| uojburjing ueabes(y NVIddISSISSIN
E) 2uojsawWI ] YNy 03y
o 2UOJSaWIT MesIeM
oo a[eys pue auojsawil] wajeg uenaweiap
[Sa! '2)lwo|op "duojsawi] auojsawl] SINoT 1§
< 2U0JS2WIT 2A21N2UB0) 21§
|e02 pue [2Ieys 22x013y) ueisawowsa(]
aInuiw ‘auojspues ‘ajeyg dnoigy uojewepy
1ad suojeb (1-() pazijeiautw Kanissad
-Xa 1ajem ‘suorjewog Ncouw—.ur_ﬂm woly o [e0d pue ~C°_~ME._OH~ CO«CMmMW_&
2SN dYsaWop 10} 2|qe[iene UOLINPOI] R ‘auoisawy] Aleys dnoioy A sesuey| ueunossIp
X auoIspues ‘2[eyg dnoug Buisue] NVINVATASNNI
S dnoic) aapagd
|{e0d pue dnou9) sejbnoQg
"auojsawi| Ajeys dnoi9) aaumeyg uebiin
‘auojspues ‘ajeyg dnoig) aasuneqem
-apnuiw 1ad suofjed (1-0 M -
'sA3|[en 12U paunq wolj Ajuewud "asn ) e - ﬂ_._am s e yu( [ere[o 2u2203s12]g
uliej pue dYSAWOP 10} s3uHUEND JUDING m pue’'p i e}
‘2pnuiw a2d suo|
-6 QOOE-Q1 2sh uuej pue dysawop o 5 AYVYNYILVND
10§ 12}em juayns Ajddns sauengu] RN [oned wn
's12n1y 1ddississiy pue unossiyy Buoje wn pue ‘pues s ‘Ae) iy 2ua%01oH
spja1f abie] spsodap ui pues pue janeib ©
jJo aseamnut juadiad yum aseaidul SpAA
T
< 1224 ut
=3
m. E samadold buueag-iajem ‘ssau Abojoyn] nun 21bojoany s3u2g wajshs
"8 oYL
a

SSU21D40Y> NF0j04pAY Jo suondiosap ypm uUnossiy wiaypou fo uwngor nydoiSuyvas pazypiouany — 1 A19V L










GEOHYDROLOGY OF NORTHERN MISSOURI

Modified from Kisvarsanyi (1975)
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FiGURE 3.— Altitude of the top of Precambrian basement rocks.

used as a guide to contouring the water table. The glacial
drift is recharged by direct precipitation and discharges
into the major river systems of northern Missouri.

The transmissivity of glacial drift varies considerably,
depending on the quantity of silt and clay present (Skelton,
Harvey, and Miller, 1982). Transmissivity is largest in the
glacial outwash deposits of the buried river valleys.

PENNSYLVANIAN ROCKS

Rocks of Pennsylvanian age form the predominant bedrock
material underlying the glacial drift. The Pennsylvanian
rocks are composed primarily of shale and sandstone interbedded
with shaly limestone and coal. A thickness map of Pennsylvanian
deposits (fig. 5) shows that these rocks thicken toward the
west and attain a maximum thickness of more than 1,800 feet
in the Forest City basin. The Pennsylvanian rocks are absent
along the eastern edge of the study area due to erosion of
the Lincoln fold anticline.

The large shale content of most Pennsylvanian racks

greatly impedes the flow of ground water; thus the Pennsylvanian
probably is a confining bed atop the relatively permeable
Mississippian aquifer. Few wells are completed in Pennsylvanian
sediments due to small yields and inferior quality water.
Thus, there is insufficient water-level data to construct a map
of the potentiometric surface of water in Pennsylvanian rocks.

MISSISSIPPIAN AQUIFER

The Mississippian aquifer includes formations of the Osagean
Series and the underlying limestone formations of the upper
part of the Kinderhookian Series. The overlying Meramecian
Series in northern Missouri generally contains sufficient
interbedded shale to make the series incapable of yielding
water in large quantities. The base of the aquifer rests on the
Hannibal Shale {or “Kinderhook shale,” of informal subsurface
usage in northwest Missouri) throughout most of the study
area (see table 1). Water enters the Mississippian aquifer by
direct recharge from precipitation in the east and southeast
and by leakage from overlying Pennsylvanian and Mississippian
strata where it is confined.
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The Burlington and Keokuk Limestones, generally treated | Keokuk Limestones attain a thickness of 200 feet in the
as one geologic unit due to the difficulty in distinguishing | study area and dip slightly from the Ozark uplift and Lincoln
their contact, are the principal water-yielding rocks in this | fold toward the northwest (fig. 6).
aquifer (table 1). Both normally are composed of coarsely A map of the prepumping potentiometric surface of the
crystalline limestone containing varying quantities of chert | Mississippian aquifer in northeastern Missouri is shown in
nodules. Well-developed solution channels are common | figure 7. Insufficient data are available to map the entire
and provide a source for domestic and farmwater supplies | study area. Most data used to prepare this map are for wells
in the eastern part of the study area. The combined Burlington- | that penetrate the Burlington and Keokuk Limestones. The
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earliest recorded water level for each well was used to
construct the map if the regional potentiometric surface at
the well site was not significantly affected by previous pumping
of nearby wells.

In the northern half of the model area, the ground-water
flow divides; part flows eastward to discharge into the Mississippi
River, and the remainder flows southwest and discharges
into the Chariton and Missouri Rivers. In the south and
southeast the potentiometric surface is affected more by
topography as the aquifer changes from confined to uncon-
fined conditions. The effect produces two large mounds
in the potentiometric surface at southwestern Audrain
County and northwestern Warren County. Ground water
flows radially outward from these mounds and discharges
into the major rivers.

UPPER CONFINING BED

The upper confining bed is not a single unit, but a sequence
of several Lower Mississippian, Devonian, Silurian, and
Upper Ordovician shale and limestone formations (see pl.
1). The Hannibal Shale of Mississippian age (fig. 8) is the
uppermost formation of this sequence of rocks that separates
the Mississippian aquifer from the underlying Cambrian-
Ordovician aquifer. The data from northwestern Missouri
used to construct this map is the top of the “Kinderhook
shale.” Historically, the relationship between the “Kinderhook
shale” and other Lower Mississippian and Upper Devonian
shales has not been clearly understood (Koenig, 1961, p.
41-49), but this shale is now believed to be a subsurface
equivalent of the Hannibal Shale of northeastern Missouri
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Ordovician aquifer to have a large horizontal to vertical
hydraulic conductivity ratio, thus impeding the vertical
flow of ground water.

CAMBRIAN-ORDOVICIAN AQUIFER

Other than the Missouri River alluvium, the most important
aquifer in northern Missouri, based on volume of water
withdrawn, is the Cambrian-Ordovician aquifer. As defined
in this report, the aquifer includes the stratigraphic sequence
between the top of the Davis Formation and the base of the
Maquoketa Shale (see table 1). Use of the aquifer is limited
largely to the southeastern one-quarter of the study area,
because elsewhere the water in the Cambrian-Ordovician
aquifer is too saline for domestic use.

The Cambrian-Ordovician aquifer is composed of a complex
layering of permeable and semipermeable rock units. The
stratigraphic column (table 1) shows the lithologic and hydrologic
characteristics of the major formations in the aquifer. The
top of the aquifer is characterized in northeastern Missouri
by a northwest dip broken by the Lincoln fold anticline (fig.
12). The aquifer crops out along the Missouri River where
rocks of Mississippian age have been removed by erosion.
(See shaded area in figure 12.) The aquifer has a relatively
uniform thickness of about 1,200 feet in the northern and
western part of the model area, but becomes thicker to the
southeast, especially south of the Cap au Gres fault (fig. 13).
The thickness data presented in this figure were computer
generated using data derived from maps of the top (fig. 12)
and base of the aquifer. The following comments about the
hydrologic properties of the aquifer apply principally to
the eastern one-half of the study area.

The deepest formations that are hydrologically important
are the Eminence and Potosi Dolomites; both formations
can yield large quantities of water. This is principally a
result of the increased permeability and porosity in the
coarse-grained vuggy and drusy dolomite of these formations.
Well-developed solution channels also commonly are present.
Wells penetrating the Eminence and Potosi Dolomites can
produce 400 to 1,100 gallons per minute.

The overlying Gasconade Dolomite and Roubidoux
Formation contain permeable sandstone bodies and also
can yield significant quantities of water. The Gunter Sandstone
Member of the Gasconade Dolomite stores sufficient quantities
of water to make it a valuable source for municipalities and
industry. Wells penetrating the Gunter Sandstone Member
at Columbia have produced more than 1,000 gallons per
minute, but typical yields range from 50 to 500 gallons
per minute.

The most shallow hydrologically important formation is
the St. Peter Sandstone. This medium-to-coarse grained
sandstone can produce 25 to 75 gallons per minute throughout
much of the freshwater part of the aquifer. The St. Peter
Sandstone crops out in two small areas atop the Lincoln fold

and thins to the south, existing only as small local deposits
in southern Callaway and Boone Counties.

Historical water-level data for the Cambrian-Ordovician
aquifer are limited in northern Missouri. A few wells were
drilled at the turn of the century near the cities of Mexico,
Columbia, and Centralia. Because of the presence of adequate
surface-water supplies and the lack of industry, few deep
wells were drilled unti] the middle of this century, except
for several oil-test wells in the northeastern counties. The
range of geologic formations to which the wells are open
causes complications in determining water levels in the
aquifer. Many wells in this area are open to both Ordovician
and Mississippian strata. Even those open only to Cambrian
and Ordovician formations rarely are open to the entire
aquifer, but instead to specific groups of formations within
the aquifer. Thus the water levels reflect vertical as well as
horizontal variations in the potentiometric surface. The
criteria for selecting prepumping water-level data were the
same as those for the Mississppian aquifer; that is, only if it
was reasonable to expect that the potentiometric surface at
the well site was unaffected by drawdown from wells previously
drilled in the area. The water levels used are for various
dates during the first half of this century.

The prepumping potentiometric surface for the Cambrian-
Ordovician aquifer in northeastern Missouri is shown in
figure 14. Because the accuracy of some of the data is questionable,
the data were visually smoothed in the process of contouring.
It is believed that the potentiometric map properly depicts
the general features of the historical ground-water levels.
Regional saline water enters Missouri from the northwest
(Horick and Steinhilber, 1978). In the vicinity of Linn,
Chariton, and Macon Counties this water divides; part flows
eastward and passes under the Mississippi River into Illinois,
and part flows southward to discharge into the Missouri
River in southern Chariton and Howard Counties.

The Cambrian-Ordovician aquifer in an area of approximately
eight counties in the southeastern corner of the study area
has a local freshwater flow system, which is nearly independent
of the regional saline-water flow system. Ground-water divides
prevent the regional saline water from entering the freshwater
area. Water enters this local flow system by leakage from the
overlying Mississippian aquifer, primarily in southwestern
Audrain County and northern Warren County (fig. 7), and
by infiltration where the aquifer crops out along the Missouri
River and atop the southern end of the Lincoln fold (shaded
area in fig. 14). The small unnamed faults located south of
the major Cap au Gres fault system (fig. 12) do not significantly
affect ground-water flow in the aquifer, but the Cap au Gres
fault impedes the movement of ground water.

The withdrawal of water from the freshwater part of the
Cambrian-Ordovician aquifer has steadily increased during
this century. An exception to this is at Columbia, which
began to supplement water from deep wells with water from
wells drilled into the Missouri River alluvial deposits during
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the late 1960’s. The contours in figure 15 represent a potentiometric
surface based on data collected primarily during the 1960’s
(referred to as the “1965” potentiometric surface). A well-
developed drawdown cone existed around Columbia by
this time. Much smaller areas of drawdown are evident near
Mexico, Fulton, and O’Fallon. During the 1970's, the population
of central St. Charles County increased rapidly and Audrain
County experienced a rapid growth in crop irrigation and
an increase in the population of Mexico. By May 1979, the
increased rate of ground-water withdrawal had altered the
potentiometric surface to that shown in figure 16. The in-
creasing stresses resulted in a substantial drawdown cone
around O'Fallon, and in the joining of the Mexico and
Columbia drawdown cones. Water levels measured during
May 1979 are predominantly from Audrain, Boone, and
Callaway Counties.

WATER QUALITY

Water containing more than 1,000 milligrams per liter of
dissolved solids is considered saline by the U.S. Geological
Survey (Hem, 1970, p. 219). Saline water is classified as
slightly saline (1,000-3,000 milligrams per liter), moderately
saline (3,000-10,000 milligrams per liter), very saline (10,000-35,000
milligrams per liter), and briny (more than 35,000 milligrams
per liter). Water from the localized freshwater area of the
Cambrian-Ordovician aquifer has dissolved-solids concentrations
ranging from about 350 to 750 milligrams per liter (fig. 17).
A transition from saline to freshwater, as defined by the line
representing a concentration of 1,000 milligrams per liter
of dissolved-solids, occurs along an approximate east-west
line passing through northern Audrain and central Pike
Counties and along the western border of Boone County.
The transition also occurs in St. Charles County and eastern
Lincoln County.

Water in the Cambrian-Ordovician aquifer is saline in
the regional-flow system to the north and west of Audrain
County (fig. 17). The greatest salinity occurs along the southwest
edge of the study area and in northeastern Ralls County
where water in the aquifer can have greater than 10,000
milligrams per liter dissolved-solids concentration (fig. 17).
As the saline water flows eastward from Missouri into Illinois,
it flows around the northern edge of the Lincoln fold and
flows south through eastern St. Charles County. Thus the
water in this part of St. Charles County also is saline. Because
of its salinity, no municipal and few domestic wells are
completed in the aquifer outside the freshwater region in
the southeast part of the study area. A more detailed study
of water quality in the Cambrian-Ordovician aquifer is
presented in Emmett and Imes (1983).

VERTICAL GROUND-WATER MOVEMENT
Those regions where the Cambrian-Ordovician aquifer

was recharged by or discharged into the Mississippian aquifer,
before stresses were applied to the flow system, are delineated

19

by the shaded areas in figure 17. Three primary recharge
centers in the local freshwater zone are clearly outlined by
the transition line between recharge and discharge areas.
Recharge to two of these centers is by leakage from the
Mississippian aquifer (see potentiometric surface mounds
in southwest Audrain County and northeast Warren County
in figure 7) and to the third center atop the Lincoln fold by
precipitation (see shaded area in figure 14). The discharge
areas parallel the major rivers of northeastern Missouri.
The distribution of water discharging from the aquifer as
shown by this map is consistent with information obtained
from drillers’ logs. This is evident by comparing the location
of those data points in figure 14 depicting increasing
potentiometric head with depth and flowing artesian wells
with the discharge areas shown in figure 17. The conceptual
vertical flow pattern is supported by dissolved-solids concentration
data from wells open to the Mississippian aquifer (fig. 18).
In the vicinity of Chariton and southern Howard Counties,
where the overlying confining bed is leaky, the Mississippian

i aquifer contains more saline water due to upward movement

of saline water from the Cambrian-Ordovician aquifer. This
degradation does not occur in the large discharge area
along the Mississippi River in the northeast where the
confining bed that overlies the Cambrian-Ordovician aquifer
contains as much as 200 feet of shale. The hydrogeologic
cross section E-E’ (pl. 1) depicts this shale and the relative
positions of the potentiometric surfaces above and below
the confining bed. The point at which the Cambrian-
Ordovician potentiometric surface rises above the water
levels of the shallow aquifers represents the transition to the
discharge area.

The thick shale confining bed impedes the upward movement
of water and causes the potentiometric surface of the Cambrian-
Ordovician aquifer to rise more than 100 feet higher than
that of the Mississippian aquifer. Any small quantity of
saline water that does move upward through the shale may
be subject to a filtering process that can trap dissolved
electrolytes while allowing water molecules to pass freely
(Hanshaw and Zen, 1965, p. 1379). Therefore, little saline
water may actually be moving into the Mississippian aquifer
in this area.

LOWER CONFINING BED

The confining bed at the base of the Cambrian-Ordovician
aquifer is the Davis Formation. The Davis Formation and
the overlying Derby-Doe Run Dolomites comprise the
Elvins Group. Although the Derby-Doe Run sequence has
been included as part of the aquifer, it probably contributes
little water. The Davisisa relatively thick dolomitic formation
(ranging in thickness from 100 to 300 feet) underlying the
entire study area, except above the Lincoln fold where it is
absent. Shale and silt comprise as much as 50 percent of the
Davis Formation and impede water movement between the
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TABLE 3.— Pumping rates for irrigation wells

Node Average pumping rate in cubic feet
Location! location(i,j)2 per second
May 1979 May 1980
to to
Sept. 19793 Sept. 19803
49-08-09 29,25 1.24 .79
49-08-11 29,25 .96 .90
50-06-02 27,29 .29 .25
50-07-02 27,27 1.05 .78
50-07-05 27,26 .95 45
50-07-08 27,26 40 .25
50-07-09 27,26 141 1.00
50-07-12 27,27 .56 .26
50-08-04 27,24 61 .51
50-09-05 27,22 — .64
50-09-05 27,22 51 .75
50-09-17 28,22 .38 .69
50-10-13 28,21 .64 .88
51-06-30 26,27 — .70
51-06-31 27,27 .85 1.03
51-07-10 25,26 .84 .81
51-07-31 26,26 .80 .65
51-07-36 27,27 44 45
51-08-08 25,24 .37 .50
51-12-10 2517 .10 22
52-10-34 25,21 24 21
52-11-26 24,19 41 42
52-11-33 25,19 24 41
52-12-26 2417 .30 87
53-06-33 23,28 .24 .14

ILocation is given by township, range, and section. All townships are north,
all ranges are west

2See figure 24
3Averaged from a 92-day pumping season (May 31 - Sept. 1)

surface during transient simulation. Specific yield, the ratio
of the volume of water a saturated rock will yield by gravity
to the total rock volume, measures the release of water from
the unconfined part of the aquifer as the water table declines.
The storage property of a confined aquifer is defined as the
volume of water the aquifer releases or takes into storage
per unit surface area per unit change in head. Potentiometric
heads in the aquifer were simulated under transient conditions
using several values of specific yield and storage coefficient
until there was agreement between the historicand simulated
potentiometric surfaces. Two comparisons of simulated and
actual potentiometric surfaces were made during the transient
calibration: the first using the “1965” potentiometric surface
(fig. 25), and the second using the May 1979 potentiometric
surface (fig. 26). The dashed lines in figures 25 and 26
represent the simulated potentiometric surfaces. The specific
yield of the Cambrian-Ordovician aquifer was determined
by this calibration procedure to range from 0.001 to 0.006,

GROUND-WATER FLOW SYSTEM IN NORTHERN MISSOURI

and the storage coefficient to range from 3 x 10" to 8 x 10”.

In the immediate vicinity of Columbia, the May 1979
simulated potentiometric heads are as much as 150 feet
deeper than the actual heads. There are several possible
reasons for this discrepancy. Most of the May 1979 water-
level measurements in this area were made in recently
pumped wells or while nearby wells were pumping. These
water levels may reflect lower heads due to local drawdown,
not the regional potentiometric surface. Some water-level
data indicate the potentiometric surface of the Mississippian
aquifer has declined during recent years. Because the rate
of leakage through the confining bed is proportional to the
potentiometric-head difference across the confining bed,
vertical leakage should decrease as the potentiometric surface
of the Mississippian aquifer is lowered. This model, however,
assumes the Mississippian water level is static. Thus too
much water can enter the aquifer and decrease the extent of
the drawdown cone around Columbia.

Another possible cause of the discrepancy is that near
Columbia the model converts from confined to water-table
conditions too early in the pumping history, thus releasing
too much water from storage and slowing the development
of the drawdown cone. This could occur if the uppermost
formation of the Cambrian-Ordovician aquifer near Columbia
is semiconfining. The thickness of this formation (the Cotter
Dolomite) is about 200 feet here. To investigate this possibility,
the aquifer top was lowered 200 feet around Columbia to
delay the onset of conversion. This change decreased the
potentiometric heads a maximum of 40 feet during 1965. By
May 1979, they had recovered to within 12 feet of the heads
before the change. Therefore, the problem does not seem to
be caused by the presence of semiconfining strata near the
top of the aquifer.

SENSITIVITY ANALYSIS

An estimate of the reliability of the hydraulic variables
determined during the model calibration procedure can be
obtained by sensitivity analysis. The historical potentiometric
surface to which the model is calibrated may be in error as
much as =10 feet, especially in the more intensely used
freshwater area. The range of hydraulic conductivity values
that produces a =10 feet change in simulated potentiometric
surface is a measure of the uncertainty in the hydraulic
conductivity. A 20 percent increase in the hydraulic conductivity
of the aquifer decreases the potentiometric heads in the
confined areas of Warren and northern Callaway Counties
by just less than 10 feet (solid lines in figure 27). Thus the
hydraulic conductivity is no more accurate than +20 percent.

Because the ground-water flow equation used in this model
is isotropic, the predevelopment, steady-state flow equation
is a function of K/K', the ratio of the aquifer hydraulic
conductivity (K) to the confining bed vertical hydraulic
conductivity (K'). Therefore, the vertical hydraulic conductivity
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GLOSSARY OF HYDROLOGIC TERMS

Aquifer. A formation, group of formations, or part of a formation that
contains sufficient saturated permeable material to yield significant
quantities of water to wells and springs.

Confining bed. A body of relatively impermeable material stratigraphically
adjacent to one or more aquifers.

Evapotranspiration. The combined process by which water is vaporized by
direct evaporation and by transpiration of vegetation.

Hydraulic conductivity. The property of a medium, such as an aquifer, to
transmit a unit volume of water at the prevailing viscosity through a
cross section of unit area in unit time.

Hydraulic gradient. The change in static head per unit of distance in a given
direction. The direction is that of the maximum rate of decrease in head.

Isotropy. That condition in which all significant properties are independent
of direction. Although no aquifers are isotropic in detail, models based
on the assumption of isotropy have been shown to be valuable tools for
predicting the approximate relationship between discharge and poten-
tial in many aquifers.

Potentiometric surface. A surface that represents the static head. As related to an
aquifer, it is defined by the levels to which water will rise in tightly
cased wells.

Recharge. The addition of water to the zone of saturation. Infiltration of
precipitation is a form of natural recharge.

Specific yield. The ratio of the volume of water that the rock, after being
saturated, will yield by gravity to the total volume of the rock.

Steady state. Steady flow of water through permeable material. Under this
condition, there is no change in hydraulic head with time or change in
volume of water in storage.

Storage coefficient. The volume of water an aquifer releases from or takes
into storage per unit surface area of the aquifer per unit change in
hydraulic head (dimensionless).

Transmissivity. The rate at which water of the prevailing kinematic viscosity
is transmitted through a unit width of the aquifer under a unit
hydraulic gradient.

Water Table. The water table is that surface in a ground-water body at which
water pressure is atmospheric. It is defined by the levels at which water
stands in wells that only penetrate the aquifer a small distance below
the water table.

ADDITIONAL DATA

The modifications to the fortran code of the two-dimensional
model (Trescott and others, 1976) are relatively minor. Only
the strongly implicit procedure (STP) code was modified, but
other solution subroutines can be changed in a similar manner

1. To eliminate the possibility of unintentionally re-
moving water at the edge of shallow confining beds,
insert the following code after SIP 1540 and SIP 2580:

If (RIVER (N). LT. TOP(N))

Then

SL(N)=0.0

TL(N)=0.0

U=10

Go to 200
Else

HEDI = AMAXI1 (STRT(N), TOP(N))
ENDIF

and remove SIP 1550 and SIP 2590.

2. To insure the proper storage variable at the edge of a
shallow confining bed that thins out before reaching
the surface, insert the following code after SIP 1410
and SIP 2450.

If (M(N). EQ.0.)

Then
RHO = SY(N)/DELT
Go to 180

ENDIF
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