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Ground-Water Flow and Ground- and Surface-Water
Interaction at the Weldon Spring Quarry, St. Charles

County, Missouri

By Jeffrey L. Imes and Michael J. Kleeschulte

ABSTRACT

Ground-water-leve] measurements were
made in 37 piezometers and 19 monitoring wells
during a 19-month period to assess the potential
for ground-water flow from an abandoned quarry
to the nearby St. Charles County well field, which
withdraws water from the base of the alluvial
aquifer. From 1957 to 1966, low-level radioactive
waste products from the Weldon Spring chemical
plant were placed in the quarry a few hundred feet
north of the Missouri River alluvial plain. Ura-
nium-based contaminants subsequently were
detected in alluvial ground water south of the
quarry.

During all but flood conditions, lateral
ground-water flow in the bedrock from the quarry,
as interpreted from water-table maps, generally is
southwest toward Little Femme Osage Creek or
south into the alluvial aquifer. After entering the
alluvial aquifer, the ground water flows southeast
to east toward a ground-water depression presum-
ably produced by pumping at the St. Charles
County well field. The depression position varies
depending on the Missouri River stage and proba-
bly the number and location of active wells in the
St. Charles County well field.

Vertical ground-water flow as determined
from ground-water-level measurements in pi-
ezometers and monitoring wells completed in dif-
ferent horizons in the bedrock and the alluvial
aquifer indicate that water from the quarry moves

downward into the Plattin Formation and laterally
toward and into the base of the alluvial aquifer.
Ground water also flows from the alluvial aquifer
water table downward into more permeable
gravel and sand deposits at the base of the alluvial
aquifer. '

The Femme Osage Slough is a source of
recharge to the alluvial aquifer except during
extreme conditions caused by an unusually high
Missouri River stage (above 455 feet). Water lev-
els in Femme Osage Slough typically are higher
than water levels in the alluvial aquifer beneath
the slough. Gains or losses of streamfiow in Little
Femme Osage Creek near the abandoned quarry
are minimal. Therefore, the exchange of water
between the bedrock aquifer and Little Femme
Osage Creek is minimal.

INTRODUCTION

The Weldon Spring chemical plant in southern
St. Charles County, Missouri (fig. 1), was operated
from 1957 to 1966 to process uranium-ore concen-
trates and recycled scrap to obtain uranium tetrafluo-
ride, uranium trioxide, and pure uranium metal
(Kleeschulte and Emmett, 1987). Low-level radioac-
tive waste products from the chemical plant, which
consisted primarily of accumulated contaminated sol-
ids and radioactive residues, were transported to an
abandoned limestone quarry, known as the Weldon
Spring quarry (fig. 1), hereinafter referred to in this
report as the quarry, located south of State Highway

Introduction 1




90°55" 45' 9038

f %
{ %
. River W ILLINOIS /
UNCOLN|COUNTY Q. N \\_ : /
\\? . /" ., 34,
N (D
38°55'
, . k ; Vs ‘\.\_.__,J'
I3 “’/}JE’Y:_‘”.. A {,
{ Ve
I
; : : g Cottieville |
U.S. Amy prope ko
45 | . boundar (brgina) ol A
o) 7 Sy """ Weiion - Spring /
S S chefmical piant e
e chemical p x‘|
I - V4 Weldon x;
U.S. Amy Weldon Spring Spring e, l’
traning area ——tpWE e i N ' 50
I o £A
Lirtle Femme g
i "f\wo.wge Creek —
! ™~ v
Waldon Spring “
e s quarry
/ o k% StfChardes County
‘B e 3§ ‘ well field
tlz / ~
o ;7 -
Sig 1 s Amy
) 38'35' z lg X . Boundary” (Ggman
NI
2:3
= ‘ o E
o '
' v ,::'_‘:_‘, 8 St. Louis
o
7
S
8 MISSOURI:
5
]
1 L | . 1
2 4 6 8 MILES
J

1 1 i

|
2 4 6 8 KILOMETERS

Figure 1. Boundary of U.S. Arrhy property and U.S. D:ranment of Energy chemical plant site and
location of the Weldon Spring quary, Weldon Spring, Missour.

2 Ground-Water Flow and Ground- and Surface-Water Interaction at the Weldon Spring Quarry, St. Charles County, Missouri




94, about 3 mi (miles) southwest of the chemical plant.
The quarry, which was cut into permeable, fractured
rocks of the Kimmswick Limestone and the upper 15
to 20 ft (feet) of the Decorah Formation, is a few hun-
dred feet north of bedrock bluffs overlooking the Mis-
souri River alluvial plain. The quarry is steep-walled

to the north, east, and south and opens to the west onto

the narrow alluvial plain of Little Femme Osage
Creek. With the accumulated wastes, the quarry floor
was raised from an altitude of about 435 to 465 ft
above sea level or approximately the same level as the
Missouri River alluvial plain south of the quarry.

The first load of an estimated 95,000 yd? (cubic
yards) of contaminated materials consisting of struc-
tural debris, drummed and unconfined wastes, process
equipment, soils, and sludges was transported from the
quarry in May 1993 (U.S. Department of Energy,
1994). Waste removal from the quarry has again low-
ered the altitude of the quarry floor back to the original
altitude, and currently (1996), the lowest point in the
quarry is at an altitude of 435 ft (Bill Goldkamp,
Project Management Contractor, written commun.,
1996). This level of the floor is beneath the water table
and is shown as the quarry pond on figure 2. This part
of the quarry remains flooded unless water is removed
by pumping.

The St. Charles County well field withdraws
water from the base of the Missouri River alluvial
aquifer south and east of the quarry (figs. 1, 2). Wells 2
through 8 are active. The construction of these wells is
similar; they range from 104 to 110 ft deep, are open
to the base of the alluvial aquifer through a 40-ft
screen at the bottom of the well, and are cased from
the screen to land surface (Mugel, 1993). Because of
the potential for migration of uranium-based contami-
nants from the quarry into the well field, a water-sam-
pling program was initiated to collect samples from
the alluvial aquifer that supplies water to the well
field. Ground-water samples collected during 1985
and 1986 south of the quarry and north of Little
Femme Osage and Femme Osage Sloughs (fig. 2) had
above-background uranium concentrations (fig. 2)
ranging from 47 to 4,500 pg/L (micrograms per liter).
Elevated concentrations of uranium (as large as 77
ug/L) also were detected in surface-water samples
from the western section of Femme Osage Slough near
the quarry. These data indicated that uranium had
migrated southward from the quarry area (Kleeschulte
and Emmett, 1987). However, water samples collected
from alluvial wells south of the slough had uranium

concentrations at background concentrations ranging
from 0.4 to 4.2 pug/L (Kleeschulte and others, 1986).

Purpose and Scope

The detection of uranium-based contaminants in

" alluvial ground water south of the quarry indicated the

possibility that contaminated ground water could
migrate into the St. Charles County well field. How-
ever, the movement and fate of contaminants trans-
ported from the quarry by ground water was not
completely understood. Because of uncertainties
regarding the potential of contaminant migration, a
study was begun in March 1994 by the U.S. Geologi-
cal Survey, in cooperation with the U.S. Department of
Energy, to address these concerns. This report presents
the results of that study that ended in September 1996,
defines the vertical and lateral movement of ground
water from the quarry to discharge areas in the Mis-
souri River alluvial aquifer, and assesses ground- and
surface-water interaction between the quarry area and
Femme Osage Slough, Little Femme Osage Slough,
and in the alluvial aquifer near the quarry.

‘This report also provides: a ground-water flow-
path analysis from the quarry; data to support remedial
actions associated with the removal of uranium-con-
taminated material from the quarry; and data that can
aid in the construction and calibration of a digital
ground-water flow model] to simulate ground-water
flow in the quarry and the nearby alluvial aquifer. The
geohydrologic data were collected from a monitoring
network consisting of piezometers and surface-water
staff gages designed to provide ground-water-level
monitoring in the quarry area and in the alluvial aqui-
fer south and east of the quarry.

Topography and Geologic Setting

Land-surface altitudes in the study area (fig. 3)
range from 450 to 580 ft above sea level. A ridge ‘
south of the quarry forms the bluff overlooking the
Missouri River alluvial plain. The quarry was exca-
vated into the west end of this ridge about 0.25 mi east
of the Little Femme Osage Creek. The vertical bluff
face exposes as much as 80 ft of limestone bedrock
and marks the northern erosional limit of the Missouri
River. The Missouri River alluvial plain south of the
bluff is flat, and altitudes range from 450 to 460 ft
above sea level. Altitudes are about 10 ft lower in

Topography and Geologic Setting 3
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abandoned channels and sloughs and about 10 ft
“higher along the man-made levee, constructed to pro-
tect the alluvial plain from floodwaters.

Bedrock geologic units from younger to older
formations in the vicinity of the quarry are the
Kimmswick Limestone, Decorah Formation, and Plat-
tin Formation (fig. 4). The uppermost Kimmswick
Limestone is covered by thin clayey soils and was the
source rock during the production years of quarry
operation. The criginal quarry floor exposed the upper
part of the Decorah Formation, a predominantly thinly
bedded limestore. The altitude of this part of the
quarry floor is about 435 ft and is near the top of the
predominantly limestone Plattin Formation, which
underlies the 30-ft thick Decorah Formation. The base
of the Decorah Formation and upper part of the Plattin
Formation commonly are characterized by the pres-
ence of metabentonite beds, which may impede the
downward movement of ground water. The primary
permeability of the Plattin Formation typically is small
and fractures are few. The formation permeability is
higher where small fractures are present, offering
alternate routes for ground-water flow.

Unconsolidated sediment forming the Missouri
River alluvium generally is composed of fine-grained
silt or clay near the surface grading downward to
coarser-grained sand and gravel near the base of the
alluvium. During drilling of piezometers in the allu-
vial aquifer, a thick (15~20 ft) layer of blue viscous
clay was observed south of the quarry along the south-
ern side of the Femme Osage Slough. This clay layer
seemed to be localized in this area. Silt was a more
common surficial material encountered in other parts
of the alluvium.
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GROUND-WATER FLOW

The sharp termination of bedrock at land surface
evident by the bluff overlooking the Missouri River
alluvial plain and the presence of the Missouri River,
smaller tributary streams, the thick alluvial deposits,
and the St. Charles County well field all in a limited

" area add to the complexity of ground-water flow in the

quarry area. The combined effects of these factors
caused uncertainty in the conceptual model of ground-
water flow for the area. Therefore, a piezometer and
staff-gage monitoring network was designed to deter-
mine both the lateral and vertical ground-water flow
directions for the area, which will support future digi-
tal-modeling efforts.

Methodology

The piezometer and staff-gage network was
designed to monitor water levels at the water-table
surface, at various depths (as deep as about 120 ft) in
the bedrock and alluvial aquifers, and in surface-water
bodies. This section describes techniques and the
rationale that were used to create the network and col-
lect the data. The network was designed to be flexible
and monitor ground- and surface-water levels through-
out different seasonal conditions. Water levels in some
of the piezometers were measured monthly, whereas
other piezometers had continuous digital recorders
that monitored water levels hourly.

The shallow alluvial piezometers and staff
gages (fig. 5) were installed by U.S. Geological Sur-
vey personnel, and a detailed discussion of the con-
struction of these piezometers is provided. Several
deeper piezometers also were needed as a result of this
project. Because monitoring wells already existed in
the quarry area and in the Missouri River alluvium
prior to the start of this project, the monitoring net-
work was designed to incorporate as many existing
monitoring wells as possible to reduce costs. The deep
piezometers that had to be drilled because an adequate -
substitute was not available were installed by the
Project Management Contractor. Construction data for
all piezometers and monitoring wells are summarized
in table 1.

A major problem in the construction of the moni-
toring network was that the drilling of some piezome-
ters was substantially delayed. Drilling of piezometers
was scheduled to begin in March 1994; however, a
combination of administrative delays related to piezom-

6 Ground-Water Flow and Ground- and Surface-Water Interaction at the Weldon Spring Quarry, St. Charles County, Missourt
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g Fem Glen Formation 0-67 Limestone;  yellowish-brown, 5 g Individually, the rock units
¢} fine-grained, medium- to = yield small to moderate
2 th bedded; contains & quantities of water to wells
E appreciable chert 55—10 gallons per minute).
G > ly, these units
Q)’ Chouteau Group 0-45(+) Dolomitic limestone; gray to yield sufficient water to
213 (undifferentiated) , yellowish-brown, fine- :gd mosctk domestic
2] needs
s § gralned. thinly to medium
@ £ Bachelor Formation 0-2 Sandstone
w 2=
(=) N c
K4 Bushberg Sandstone 0-20 Quariz sandstone; reddish- >
x brorne.dﬁrf\ﬁe;b tlo medium 2
[~
grainec. ° "§= Yields n%tr?a" t? moderate
N i . quantities of water to
g < Glen Park Limestone 0-25 Caslgaar::tgzeslmon:o I%:::d C wells (5-50 galions per
g limestone with some §; [rinute,
% > dark, hard, carbonaceous =
® a shale
o« Maquoketa Shale 0-11 Calcareous or dolomitic ' Yields very small quantities
E shale; typically thinly of water to wells
laminated, siity with shaly
> limestone lanses
Kimmswick Limestone 41-104 Limestone; white to light 0¥
et oy beud, | 352
medium- , |2
® z cherty near base 5§ &
[+] -
g Decorah Formation 25-36(+) Thinly bedded limestones
Q =
8 fg 5 Yields small t? mt:derata
. . . quantities of water to
g Platﬂ.n Fommation 70-125 Umﬁ;?n;ﬁe:?mﬁ\t _g welis (10-50 gallons
tghinly bedded, weathars 2 per minute)
to pitted surface 8
Joachim Dolomite . 80-105 Dolostone; yeliowish-brown, §
® sity, thin- to thickly
bedded, gmades into siit-
stone, shale common
Temninology is that- of the Missouri Division of Geology and Land Survey. {D.N. Mugel, U.S. Geological Survey, written commun., 1996}
P Figure 4. Generalized stratigraphic column with descriptions of the lithologic and hydrologic properties of the

geologic formations present in southem St. Charles County.
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eter construction design and flooding of the alluvial
plain in April 1994 prevented the drilling of shallow
alluvial piezometers until late July 1994. A series of
administrative delays also kept three of the deep alluvial
piezometers (WSQ-B series) and bedrock piezometers
(WSQ-S1 and all WSQ-P series) from being drilled
until fall 1995, near the completion of the study.
Because of this, water-level measurements collected
from the designed network needed to be ‘supplemented
with water levels measured in existing monitoring
wells that were not originally part of the network. All
the existing monitoring wells (MW-series wells) that
were used are shown in figure 6.

Piezometer and Staff-Gage Network Design

Piezometers installed in the alluvial aquifer
were designed to provide data to enhance the under-
standing of lateral and vertical ground-water flow in
the alluvial aquifer south and southeast of the quarry
area. Water-table and potentiometric heads at the base
of the alluvial aquifer were monitored using a combi-
nation of a primary set of piezometers designed to
measure small hydraulic-head differences and a sec-
ondary set of piezometers consisting of existing moni-
toring wells located immediately south of the quarry.

Twenty-five of the primary water-table piezom-
eters (WSQ-S2 to WSQ-S26, fig. 5) were constructed
by U.S. Geological Survey personnel specifically for
this study to provide a sufficient piezometer spacing
and density for monitoring the water-table gradient.
The piezometers were drilled with hollow-stem augers
and generally ranged from 20.8 to 25.5 ft deep, except
piezometers WSQ-S2, WSQ-S3, and WSQ-S4, which
were shallower (table 1). These depths were selected
so that the piezometer screen would not extend more
than about 5 ft below the lowest expected water level.
Because augers were used to construct the piezometers
and cutting returns were not continuous, lithologic
logging at each borehole was not performed.

The piezometer riser pipe and screen consisted
of flush-wall, 2-in. (inch) nominal schedule 40 polyvi-
nyl chloride pipe with O-rings inserted at each pipe .
Joint. The slot size used for the screen was 0.010 in. A
natural filter pack was used around the piezometer
screen to a depth of about 5 ft above the screen. The
filter pack was formed by allowing the sands around
the auger flights to collapse around the screen as the
augers were slowly removed from the hole. When
sloughing of the sands would not occur, 30 to 40
mesh, washed sands were added to a depth of about 5

ft above the screen. The bentonite seal and annular
seal were installed by placing 0.375-in. bentonite
chips above the filter pack and hydrating the bentonite
in place to the base of the protective casing. Each pi-
ezometer was secured with a metal protective casing
that extended about 3 ft below land surface.

The shallow water-table piezometers in the allu-
vial aquifer were developed by using a surge and
pump method. The water in the piezometers was ini-
tially removed by pumping or bailing until the water
from the piezometer was clear. Then, the water in the
piezometer was agitated with a surge block, after
which the water was again removed. This process of
surging and pumping or bailing was repeated three to
four times or until surging did not cause the water to
become turbid.

Five WSQ-B series piezometers and two exist-
ing monitoring wells (MW-1019 and MW-1021 along
the southern edge of Femmne Osage Slough) were used
to collect water-level measurements from the base of
the Missouri River alluvial aquifer. The WSQ-B series
piezometers also are included with the primary set of
piezometers and were paired with other piezometers to
measure vertical hydraulic-head differences between
selected horizons. Piezometers WSQ-B4 and WSQ-B6
were drilled along the southern edge of Femme Osage
Slough and piezometers WSQ-B1, WSQ-B7, and
WSQ-B8 were drilled southeast of the quarry, several
hundred feet south of the slough (fig. 5). These last
three piezometers were not drilled until the fall of
1995. The WSQ-B series piezometers were con-
structed with either a 2.5- or 5.0-ft screened interval

" completed within 10 ft of the base of the alluvial aqui-

fer.

Because small hydraulic-head differences in
paired piezometers and a low-angle water-table gradi-
ent were expected in the alluvial aquifer, all piezome-
ters that were installed during the study were surveyed
to determine a reference-point altitude and location
(table 1). The reference point was marked on the top
of the casing at each piezometer and all subsequent
water-level measurements were made from the indi-
cated point. The reference-point altitudes and loca-
tions of existing monitoring wells were available from
previous surveys. The reference points were resur-
veyed near the end of the project to verify the refer-
ence altitude had not changed.

Measured water levels in bedrock piezometers
and monitoring wells primarily were used to assess
patterns of ground-water movement from the quarry

12 Ground-Water Flow and Ground- and Surface-Water Interaction at the Weldon Spring Quarry, St. Charles County, Missouri
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area and the ground-water exchange between the bed-
rock and the alluvial aquifer. Piezometers in the bed-
rock near the quarry also were designed specifically to
permit the measurement of hydraulic-head differences
across the Decorah Formation, which may have a
lower permeability than adjacent formations. An
attempt to make monthly water-level measurements in
the quarry pond was abandoned because of the diffi-
culty of gaining access.

Three piezometers (WSQ-S1, WSQ-P2, and
WSQ-P4) were installed near the quarry. Piezometer
WSQ-S1 was installed to monitor water levels near the
base of the Little Femme Osage Creek alluvium
immediately outside the fenced restricted area at the
quarry. The piezometer was located beside a buried
bluff at about the same altitude as the base of the
~ Kimmswick Limestone. Piezometers WSQ-P2 and

WSQ-P4 were designed so that only a 2.5- to 10-ft
screened interval (including filter pack) was open to
the bedrock. Piezometer WSQ-P2 was drilled 150 ft
north of the quarry boundary to monitor water levels
in the lower Plattin Formation. Piezometer WSQ-P4
also was completed in the lower Plattin Formation and
was paired with piezometer WSQ-S1.

Other bedrock piezometers were designed to
monitor water levels beneath the Missouri River allu-
vial aquifer. Bedrock piezometer WSQ-P6 was drilled
into the Plattin Formation near the base of the lime-
stone bluff south of the quarry. Three bedrock piezom-
eters (WSQ-P5, WSQ-P8, and WSQ-P9) were drilled
through the alluvial aquifer southeast of the quarry and
south of Femme Osage Slough to measure water levels
in the Plattin Formation. '

Piezometer WSQ-S1 and the six WSQ-P series
piezometers were not drilled until the fall of 1995. In
March 1996 at the completion of the study, the water-
level in piezometer WSQ-P5 was near a static water-
level condition and the water level in piezometer
WSQ-P8 had attained a static water-level condition.
However, water levels in piezometers WSQ-P2, WSQ-
P4, WSQ-P6, and WSQ-P9 were still rising and had
not reached static water-level conditions. The low pri-
mary permeability of the Plattin Formation was the
probable reason why some piezometers did not attain
an equilibrium (static water-level) condition before the
completion of the study. The piezometers with water
levels that stabilized quickly may have penetrated
fractures in the bedrock.

Existing water-quality monitoring wells were
used to make water-level measurements if the location

and construction were sufficient to represent a specific
horizon. Sixteen monitoring wells (MW-1002, MW-
1004, MW-1006, MW-1008, MW-1009, MW-1010,
MW-1014, MW-1016, MW-1029, MW-1030, MW-
1034, MW-1035, MW-1036, MW-1037, MW-1038,
and MW-1039) were used to measure the water-table
altitude in the bedrock and the alluvium near Little
Femme Osage Creek, Little Femme Osage Slough,
and Femme Osage Slough. Bedrock water levels in the
Decorah Formation were measured in monitoring well
MW-1012 (fig. 6).

Eight staff gages were installed on surface-
water bodies (fig. 5) to monitor stage (the height of the
water surface of the stream or slough above sea level)
and provide data for comparison with ground-water
levels near the quarry and in the alluvial aquifer. Staff
gages WSQ-SG1, WSQ-SG2, and WSQ-SG3 were
installed in Little Femme Osage Creek to help assess
the potential for ground-water discharge from underly-
ing bedrock near the quarry to Little Femme Osage
Creek. Staff gages WSQ-SG4, WSQ-SG5, WSQ-SG6,
and WSQ-SG7 were installed in Femme Osage Slough
to provide data to enhance the understanding of inter-
action between the slough and the alluvial aquifer.
Staff gage WSQ-SG8 was installed on the Missouri
River at the Missouri Department of Conservation
boat ramp 0.5 river mi downstream from the mouth of
Femme Osage Creek. Measurements were read

- directly from the staff-gage scale and added to the sur-

veyed datum, except for the boat-ramp gage (staff
gage WSQ-SG8). The boat-ramp gage was calibrated
by surveying the altitude of expansion joints in the
concrete ramp and constructing a table for interpola-
tion of stage based on the water-surface distance from
a specific expansion joint (table 2).

Ground- and Surface-Water-Level Measurements

Monthly water-level measurements were made
in piezometers, monitoring wells, and at surface-water
sites in the study area from August 1994 to February
1996 (table 3, at the back of this report). This period
included conditions of low and high river stage, flood
stage, and low and high local precipitation. The water-
level measurements were made from the reference
point using an electric tape that was read to the nearest
0.01 ft.

Alluvial aquifer water-level measurements
scheduled during June 1995 were delayed until early
July 1995 because of flooding that occurred when the
Missouri River crested levees that protected the St.

14 Ground-Water Flow and Ground- and Surface-Water interaction at the Weldon Spring Quarry, St. Charles County, Missouri
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Charles County well field. From October 1995 to Feb-

“ruary 1996, the measurement schedule was modified
to bi-monthly. Water-table surface maps were con-
structed for each set of water-level measurements
from August-September 1994 to February 1996.
Hydraulic-head measurements in deeper strata were
not available until October 1995; therefore, potentio-
metric surface maps for the basal part of the aftuvial
aquifer were prepared only for December 1995 and
February 1996. Potentiometric surface maps for the
Plattin Formation were not prepared because of insuf-
ficient static water-level data from piezometers com-
pleted in the Plattin Formation.

» Six piezometers (WSQ-S12, WSQ-S19, WSQ-
25, WSQ-B4, WSQ-P6, and WSQ-P8), one existing
monitoring well (MW-1019), and a stage gage (WSQ-

SG5) on Femme Osage Slough were instrumented
with continuous recorders at various times during the
study to monitor daily water-table fluctuations (tables
4-9, at the back of this report). The recorders were
used to provide data to compare hydraulic-head
changes deeper in the alluvial aquifer and in the Plattin
Formation with water-table changes and to compare
changes in the surface-water level of Femme Osage
Slough with the water table in the alluvial aquifer. The
recorders were placed along a general ground-water
flow line from the quarry area to the alluvial aquifer.
Data collected from the recorders on the piezometers
completed in the Plattin Formation (piezometers
WSQ-P6 and WSQ-P8) were not used because water
levels in these piezometers still had not reached static
water-level conditions when data collection ended in
February 1996.

Lateral Flow Interpreted from
Potentiometric Maps

The water-table measurements span 19 months
and observing the resulting water-table maps in chro-
nological order provides insight about the response of
alluvial and bedrock water levels to changing hydro-
logic conditions that affect hydraulic boundaries. All
of the water-table maps display certain similarities.
The quarry is located at the west end of a narrow ridge
bounded on the south by the Missouri River alluvial
valley, on the north by the valley of a tributary creek
of Little Femme Osage Creek, and on the west by the
Little Femme Osage Creek valley. Lateral ground-
water flow (direction of flow lines, fig. 7, at the back
of this report) in the bedrock near the quarry as inter-

preted from two-dimensional water-table maps can
range from southwestward flow toward the Little
Femme Osage Creek to southern flow toward the Mis-
souri River alluvium. Apparently, even the more
southwestward flowing water turns southward toward
the Missouri River alluvium before reaching the Little
Femme Osage Creek. The bedrock water-table altitude
at monitoring wells MW-1002, MW-1029, and MW-
1034 near the northern and eastern quarry boundaries
varied by 4.11 ft, 1.99 ft, and 4.30 ft throughout the
measurement period. In contrast, the water-table alti-
tude in the Little Femme Osage Creek alluvium west
of the quarry as measured in monitoring wells MW-
1036, MW-1037, and MW-1038 varied by 8.13 ft,
10.20 ft, and 9.70 ft.

Flow in the Missouri River alluvial aquifer
south of the quarry generally is southeast to east. Most
of the ground water that enters the alluvium from the
quarry area flows between areas of higher water-table
altitudes near piezometers WSQ-S7 and WSQ-S11
(figs. 5, 7). Under all conditions except after fiooding
when the water table was unusually high, flow contin-
ues eastward toward a typically closed cone of depres-
sion near the St. Charles County well field. The
position of this depression varies depending on the
stage of the Missouri River and the specific wells in
the St. Charles County well field that are active at any
given time. The variations of water-table altitude in
the alluvial aquifer as measured in 25 piezometers
(WSQ-S2 to WSQ-S26) and 7 monitoring wells (MW-

1006, MW-1008, MW-1009, MW-1014, MW-1016,

MW-1019, and MW-1021) during the study ranged
from 4.15 to 20.76 ft. Generally, the range of water-
table altitude fluctuations north of the Femme Osage
Slough and south of the quarry was less than 11 ft. The
water-table altitude fluctuations south of the Femme
Osage Slough were somewhat greater and ranged from
10.50 to 20.76 ft. The measured variation of the Mis-
souri River stage was 19.22 ft during the study. During
periods of rising Missouri River stage, the hydraulic
gradient in the alluvial aquifer adjacent to the river
increases. The gradient increase may indicate that the
tesponse of water levels in the aquifer to changes in
river stage lag the stage changes because of the pres-
ence of fine-grained silt in the alluvium or may indi-
cate that pumped wells in the St. Charles County well
field cause water levels in the aquifer adjacent to the
tiver to remain low. Maps showing the water-table
altitudes for August—September 1994 to February
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1996 are shown in figures 7 to 22, at the back of this
report. ~

Water-table altitudes in August—September
1994 (fig. 7) showed that lateral ground-water flow in
the quarry area was southwest and south from an area
of highest altitude of about 470 ft (monitoring well
MW-1029) near the northeastern comner of the quarry
perimeter fence. Ground-water flow at the quarry was
southwest and became more southerly as it
approached the alluvial aquifer. Ground water that
flowed southwest beneath the northwestern part of the
quarry perimeter fence seemed to discharge along the
reach of Little Femme Osage Cre¢k upstream from the
alluvial plain; however, much of the ground water also
may flow through permeable alluvial material adjacent
to the creek into the alluvial aquifer. Hydraulic gradi-
ents in the alluvial aquifer were much smaller than
gradients in the bedrock aquifer because of the much
larger permeability of the alluvial aquifer. The water-
table altitude along the limestone bluff that forms the
northern boundary of the alluvial aquifer was about
450 ft. South of the quarry, ground water flowed
south-southeast away from the bedrock bluff into the
alluvial aquifer. Water-table altitudes in piezometers
WSQ-S7 (447.59 ft) and WSQ-S11 (450.76 ft) were
several feet higher than water levels in other nearby
piezometers located approximately an equal distance
from the bluffs.

Based on ground-water flow directions as inter-
preted from water-table contours, ground water from
the quarry area flowed beneath the bluffs, converged,
and flowed between the two piezometers (WSQ-S7
and WSQ-S11). The high water levels in these two
piezometers probably were caused by the lenses of
viscous blue clay encountered in the upper 15 to 20 ft
of these piezometer boreholes during drilling. The
large thickness of low-permeability clay at these loca-
tions impedes the downward movement of infiltrated
precipitation that recharges the alluvial aquifer, caus-
ing small mounds of ground water to form. Ground-
water flow south of Femme Osage Slough was east-
erly, toward a ground-water depression in the eastern
part of the alluvial aquifer. Femme Osage Creek and
~ the Missouri River were both sources of recharge to
the aquifer. » ’

Presumably, the depression occurred because
large quantities of ground water were pumped from
the base of the alluvial aquifer by high-capacity wells
in the St. Charles County well field. The active wells
in the St. Charles County well field include wells 2

through 8 (fig. 2); the active wells are rotated monthly
(Tom Aaron, Plant Manager, St. Charles County Water
Department, oral commun., 1996). The location of the
ground-water depression does not coincide with the
centroid of these active wells, but was shifted west of
the well field away from Femme Osage Creek and the
Missouri River. Therefore, the position of this depres-
sion may vary depending on the Missouri River stage
and probably the number and location of active wells
in the St. Charles County well field. Water levels in the
Missouri River also were higher than water levels in
the alluvial aquifer. A hydraulic-head difference of
about 4.47 ft existed between the lowest measured
altitude in the depression (438.88 ft at piezometer
WSQ-S24) and the Missouri River (443.35 ft). This
difference indicates that the well field captures large
quantities of water from the Missouri River and that
less water is captured between the well field and bluff,
resulting in the depression shifting toward the bluff
and away from the streams.

Water-table altitudes in the quarry area in Octo-
ber 1994 (fig. 8) were quite similar to the water-table
altitudes in August—September 1994. The altitude was
about 470 ft at the northeast corner of the quarry
perimeter fence and about 452 ft near the southwest
corner of the perimeter fence (monitoring wells MW-
1037 and MW-1038; fig. 6). Ground-water flow
beneath the quarry was more directly south to the allu-
vial aquifer than in August-September 1994. The
water-table altitude along the limestone bluff that
forms the northern boundary of the alluvial aquifer
was about 450 ft. Ground water beneath the quarry
flowed south and entered the alluvial aquifer, then
continued flowing south between areas of higher
water-table altitudes near piezometers WSQ-S7
(446.90 ft) and WSQ-S11 (450.12 ft), and then flowed
eastward. The ground-water depression in the eastern
part of the alluvial aquifer is broader and about 1 ft
higher than in August-September 1994 and extended
northeast beneath the Femme Osage Slough. The Mis-
souri River stage was essentially the same as the stage
for August-September 1994, so the hydraulic-head
difference between the river (443.34 ft) and the lowest
water-table altitude in the depression (439.53 ft at pi-
ezometer WSQ-S24) was 3.81 ft.

Water-table altitudes.in the quarry area in
November 1994 (fig. 9) were 1 to 4 ft higher near the
southwestern corner of the quarry area perimeter fence
than measured water-table altitudes in the previous 2
months. However, general ground-water flow direc-
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tions remained the same. The water-table altitade

- remained about 470 ft at the eastern corner of the

quarry perimeter fence. Ground-water flow beneath
the quarry was south to the alluvial aquifer. Water-
table altitudes of 452 to 453 ft along the limestone
bluff south of the quarry were slightly higher than they
were the previous 2 months. Ground water flowing
south beneath the quarry entered the alluvial aquifer
and flowed between areas of higher water-table alti-
tude near piezometers WSQ-S7 (455.33 ft) and WSQ-
S11 (450.69 ft). The size of the ground-water depres-
sion in the eastern part of the alluvial aquifer contin-
ued to increase and occupied most of the eastern part

. of the alluvium. The lowest water-table altitude mea-
sured in the depression was 440.27 ft at piezometer
WSQ-S24. The depression extended northeast beneath
the Femme Osage Slough and beyond the area con-
taining piezometers. The depression was assumed to
be closed to the northeast because the Missouri River
stage was 449.50 ft, about 9 ft above water-table alti-
tudes in the depression.

Water-table altitudes in the quarry area in
December 1994 (fig. 10) differed only slightly from
those in November 1994. Ground-water fiow beneath
the quarry was south to the alluvial aquifer. Water-
table altitudes along the limestone bluff ranged from
about 450 to 452 ft. Ground water flowing south
beneath the quarry entered the alluvial aquifer and
flowed between areas of higher water-table altitudes
near piezometers WSQ-S7 (452.04 ft) and WSQ-S11
(450.36 ft), then flowed eastward. Water-table alti-
tudes in much of the alluvial aquifer south of Femme
Osage Slough increased slightly from the previous
month and the gradients decreased. The location of the
ground-water depression in the eastern part of the allu-
vial aquifer migrated eastward toward piezometer
WSQ-S18 from its position the previous month and
apparently was open to the Missouri River to the
northeast. The Missouri River stage (443.02 ft)
declined about 6.5 ft from November 1994 and was
only 0.23 ft above the lowest water-table altitude in
the ground-water depression.

Water-table altitudes immediately north of the
quarry area in January 1995 (fig. 11) were higher than
those in December 1994. Near the southwest corner of
the perimeter fence water-table altitudes were about
L.5 to 2 ft higher (about 454 to 456 ft) than they were
in December 1994. Ground-water flow beneath the
quarry probably was south-southwest toward the allu-
vial aquifer. Water-table altitudes along the limestone

" (lowest altitude of 441.22 ft at piezometer WSQ-S16)
was about 7.4 ft.

bluff that forms the northern boundary of the alluvial

aquifer were about 452 to 455 ft. Ground water that

entered the alluvial aquifer from beneath the quarry

flowed between areas of higher water-table altitude ®
near piezometers WSQ-S7 (458.61 ft) and WSQ-S11

(456.24 ft) and then flowed eastward. The location of

the ground-water depression in the eastern part of the

alluvial aquifer shifted to the west and was about 1.5 ft

lower in altitude than in December 1994. The depres-

sion extended an unknown distance northeast beneath ®
Femme Osage Slough. The shift of the depression

from its position in December was a result of the

higher Missouri River stage in January 1995 (448.63

ft) than in December 1994 (443.02 ft). The hydraulic-

head difference between the river and depression

Water-table altitudes in the quarry area in Febru-
ary 1995 (fig. 12) were about 471 ft at the northeastern
comner of the quarry perimeter fence and about 454 to
456 ft near the southwest corner of the perimeter
fence. Ground-water flow beneath the quarry was °
south-southwest to the alluvial aquifer. Water-table
altitudes along the limestone bluff ranged from about
454 ft near the southwest corner of the perimeter fence
to about 452 ft. Ground water flowing south beneath
the quarry entered the alluvial aquifer and flowed
between areas of higher water-table altitude near pi-
ezometers WSQ-S7 (456.81 ft) and WSQ-S11 (454.88 ®
ft), then flowed eastward. The location of the ground-
water depression in the eastern part of the alluvial
aquifer again shifted eastward toward piezometer
WSQ-S18 from its position in January 1995 and was
about 2 ft higher (about 443 ft) than in January 1995,
There were insufficient water-level data to confirm the
depression closure by onsite measurements; however,
the Missouri River stage of 444.62 ft was higher than
water-level altitudes in the depression. The Missouri
River stage was 4.01 ft lower than the stage the previ-
ous month. )

Water-table altitudes at the eastern edge of the
quarry perimeter fence in March 1995 (fig. 13) were
slightly higher than they were during the previous
month and reflect a small, but continuous trend of
increasing hydraulic heads (1.72 ft increase at moni-
toring well MW-1029) from October 1994. Water-
table altitudes near the southwestern corner of the

- perimeter fence were about 453 to 456 ft, and ground-

water flow was southwest beneath the quarry. The
water levels increased 1.48 ft at monitoring well MW-
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1037 and 2.89 ft at monitoring well MW-1038 from
levels measured in October 1994. Water-table altitudes
along the limestone bluff that forms the northern
boundary of the alluvial aquifer were about 452 to 454
ft. Ground water that flowed from beneath the quarry

- into the alluvial aquifer was directed between the areas
of higher water-table altitude near piezometers WSQ-
S7 (456.08 ft) and WSQ-S11 (454.78 ft) and flowed
eastward toward the ground-water depression. The
depression was much broader than it was the previous
month and about 2 ft lower in altitude, despite a 1.37 ft
rise in the Missouri River stage to 445.99 ft. The
hydraulic-head difference between the river and
depression (lowest altitude of 441.12 ft at piezometer
WSQ-S18) was about 4.9 ft. -

Water-table altitudes of the quarry area in April
1995 (fig. 14) were slightly lower than they were in
March 1995. The altitude was about 471 ft at the
northeast corner of the quarry perimeter fence and
about 453 and 455 ft near the southwest corner of the
perimeter fence. Ground-water flow beneath the
quarry was south-southwest to the alluvial aquifer.
Water-table altitudes along the limestone bluff ranged
from about 453 ft south of the quarry to 451 ft east of
the quarry. Ground water flowing south beneath the
quarry entered the alluvial aquifer and flowed between
areas of higher water-table altitude near piezometers
WSQ-S7 (451.88 ft) and WSQ-S11 (453.12 ft) and
then flowed eastward. The ground-water depression in
the eastern part of the alluvial aquifer was closed, cen-
tered about piezometer WSQ-S15 (443.62 ft), and
about 2.5 ft higher than it was in March 1995, proba-
bly as a result of increased stage in the Missouri River.
The depression was located west of its position in
March 1995, smaller, and more circular. The Missouri
River stage increased to 450.65 ft, about 4.7 ft higher
than in March 1995. The hydraulic-head difference
between the river and depression (Jowest altitude of
443.60 ft) was about 7.0 ft.

Water-table altitudes in May 1995 (fig. 15) indi-
cated the first substantial difference from the patterns
observed since August-September 1994 and were the
first evidence of the effect of the substantial increase
in Missouri River stage. Water-table altitudes in the
quarry area in May 1995 were about 472 ft at the
northeast corner of the quarry perimeter fence and
about 460 to 462 ft near the southwest corner of the
perimeter fence. Thus, water levels in the unconsoli-
~ dated sediments along Little Femme Osage Creek
were nearly 9 ft higher than levels measured in the

previous month. Ground-water flow beneath the
quarry was south-southwest to the alluvial aquifer.
Water-table altitudes along the limestone bluff bound-
ary of the alluvial aquifer ranged from about 455 to
462 ft. Ground water entering the alluvial aquifer from
beneath the quarry flowed south near piezometers
WSQ-S11 and WSQ-S12 (fig. 5). The areas of higher
water-table altitude observed near piezometers WSQ-
§7 and WSQ-S11 in previous months were much more
subdued in May 1995. The water-table altitude at pi-
ezometer WSQ-S7 (457.64 ft) was about 2 ft higher
than it was in wells to the southeast, but the altitude at
piezometer WSQ-S11 (455.66 ft) was only a few
tenths of a foot higher than it was in wells to the south
and west. Ground-water flow, however, probably was
similar to that of previous months, eastward toward
the depression. The ground-water depression, nor-
mally farther east, shifted west in response to the ris-
ing Missouri River stage, which was 11.59 ft higher
than it was in April 1995. The hydraulic-head differ-
ence between the river and depression (lowest altitude
of 454.45 ft at piezometer WSQ-S14) was about 7.8 ft.

During mid-May 1995, the Missouri River rose
above and breached levees designed to protect the well
field and alluvial plain from flooding. Floodwaters
filled the alluvial plain behind the levees and was
trapped in the area for several weeks. The water-level
measurements planned for June 1995 were delayed
until the first week in July, when a partial set of mea-
surements were made in the bedrock piezometers near
the abandoned quarry. Water-table altitudes in the
quarry area in early July (fig. 16) were about 472 ft at
the northeast corner of the quarry perimeter fence and
about 459 to 462 ft near the southwest corner of the
perimeter fence. Ground-water flow beneath the
quarry was south-southwest into the alluvial aquifer.
Water-table altitudes along the limestone bluff were
about 463 ft (piezometer WSQ-S2) to 464 ft (piezome-
ter WSQ-S4). Piezometers in the alluvial plain and the
Missouri River stage gage were not accessible. The St.
Charles County well field remained operational during
the flood.

By late July 1995, the Missouri River had
receded from flood stage, and a few piezometers in the
alluvial plain were again accessible. Water-table alti-
tudes in the quarry area in late July 1995 (fig. 17) were
about 471 ft at the northeast comer of the quarry
perimeter fence and about 457 to 460 ft near the south-
west corner of the perimeter fence. Ground-water flow
beneath the quarry may have been south-southwest to
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the alluvial aquifer, as in months before the fiood, or
may have become more westerly to discharge into the
lower reach of Little Femme Osage Creek. It is diffi-
cult to distinguish between the two possibilities
because of possible flow path changes resulting from
higher water levels in the alluvial aquifer and because
of insufficient water-level measurements in the
flooded area near the limestone bluff. Water-table alti-
tudes in the alluvial aquifer were highest (about 460 ft)
along the limestone bluff that forms the northern
boundary of the aquifer, and altitudes declined steadily
to the Missouri River. Ground water that flowed into
the alluvial aquifer from the western part of the quarry
probably flowed southwest to the Little Femme Osage
Creek. Ground water that flowed into the alluvial aqui-
fer from the eastern part of the quarry probably flowed
southeast into the Femme Osage Creek or Missouri
River. Absent was the ground-water depression in the
eastern part of the alluvial aquifer toward which
ground water from the quarry flowed in previous
months. The Missouri River stage had decreased to
453.72 ft by late July, a decline of 8.52 ft from the
stage measured in May 1995.

By August 1995, floodwaters had receded from
the alluvial plain, and all piezometers were again
accessible. Water-table altitudes in the quarry area in
August 1995 (fig. 18) ranged from about 471 ft at the
northeast corner of the quarry perimeter fence to about
455 to 457 ft near the southwest corner of the perimé'-
ter fence. Ground-water flow beneath the quarry was
southwest to the alluvial aquifer. Water-table altitudes
along the limestone bluff at the northern boundary of
the alluvial aquifer ranged from about 455 to 456 ft,
and water levels in the alluvial aquifer remained
higher than usual because of the flood during May
through July. Ground water flowing south beneath the
quarry entered the alluvial aquifer and flowed between
areas of higher water-table altitude near piezometers
WS8Q-S7 (457.85 fty and WSQ-S11 (457.37 ft). After
ground water from beneath the quarry flowed between
the small ground-water mounds, it probably flowed
southeast toward Femme Osage Creek, then flowed
east toward the Missouri River. A ground-water
depression was beginning to reform in the eastern part
of the alluvial aquifer, but had not yet developed to an
extent that it strongly affected flow from areas near the
quarry. The Missouri River stage was 2.09 ft lower
than in the previous month at 451,63 ft. The hydraulic-
head difference between the river and the developing

depression (lowest altitude of 449.25 ft at piezometer
‘WSQ-S23) was about 2.4 ft.

Water-table altitudes in September 1995 (fig.
19) were similar in the northeast part of the quarry
area and about 2 ft lower in the southwestemn part of
the quarry area as compared to altitudes from August
1995. The altitude was about 471 ft at the northeast
corner of the quarry perimeter fence and about 453 to
455 ft near the southwest comner of the perimeter
fence. Ground-water flow beneath the quarry was
southwest to the alluvial aquifer. Water-table altitudes
along the northern boundary of the alluvial aquifer
ranged from about 453 to 454 ft. Ground water flow-
ing south beneath the quarry entered the alluvial aqui-
fer and flowed between areas of higher water table
altitude near piezometers WSQ-S7 (453.63 ft) and
WSQ-S11 (454.08 ft) and then eastward toward the
ground-water depression. The depression in the east-
ern part of the alluvial aquifer was larger and centered
west of the depression observed redeveloping in
August 1995. The Missouri River stage (447.69 ft)
declined about 4 ft from the August 1995 measure-
ment, and the hydraulic-head difference between the

~ river and depression (lowest measured altitude of

443.85 ft at piezometer WSQ-524) was about 3.8 ft.

Water-table altitudes in the quarry area in Octo-
ber 1995 (fig. 20) ranged from about 470 ft at the
northeast corner of the quarry perimeter fence to about
452 ft near the southwest corner of the perimeter
fence. Ground-water flow beneath the quarry was
south-southeast to the alluvial aquifer, then eastward
to the closed ground-water depression. Water-table
altitudes along the limestone bluff that forms the
northern boundary of the alluvial aquifer ranged from
about 452 to 453 ft. Ground water flowing south
beneath the quarry entered the alluvial aquifer and
flowed between areas of higher water-table altitude
near piezometers WSQ-S7 (450.06 ft) and WSQ-S11
(452.17 ft). The ground-water depression in the east-
ern part of the alluvial aquifer was much broader and
centered farther west than it was in September 1995;
however, water-table altitudes in the depression
remained about the same as in September 1995. The
Missouri River stage remained almost unchanged
from September 1995 (447.48 ft) and, therefore, the
hydraulic-head difference between the river and
depression (lowest measured altitude of 443.39 ft at
piezometer WSQ-S24) remained about 4.1 ft.

Water-table altitudes in the quarry area in
December 1995 (fig. 21) differed little from October
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1995. The altitude was about 470 ft at the northeast
corner of the quarry perimeter fence and declined to
about 453 ft near the southwest corner of the perimeter
fence. Ground-water flow beneath the quarry remained
south-southwest to the alluvial aquifer. Water-table
altitudes along the northern boundary of the alluvial
aquifer ranged from about 451 to 453 ft. Ground water
flowed south beneath the quarry and entered the allu-
vial aquifer. Flow continued between areas of higher
water-table altitude near piezometers WSQ-S7
(448.61 ft) and WSQ-S11 (450.97 ft) and then east-
southeast toward the presumably closed ground-water
depression. The center of the depression shifted to the
south from its position in October 1995 and was about
0.4 ft lower. The Missouri River stage declined 0.76 ft
from October 1995 to 446.72 ft. The hydraulic-head
difference between the river and depression (lowest
altitude of 442.95 ft at piezometer WSQ-S22) was
about 3.8 ft.

Water-table altitudes in the quarry area in Febru-
ary 1996 (fig. 22) were about 470 ft at the northeast
comner of the quarry perimeter fence and about 453 to
455 ft near the southwest corner of the perimeter
fence. Ground-water flow beneath the quarry was
southwest to the alluvial aquifer. The water-table alti-
tudes along the limestone bluff that forms the northern
boundary of the alluvial aquifer were about 450 to 452
ft. Ground water beneath the quarry flowed southwest,
then south to the alluvial aquifer. After entering the
alluvial aquifer, the ground water continued flowing
southeast between areas of higher water-table altitudes
near piezometers WSQ-S7 (449.54 ft) and WSQ-S11
(451.88 ft), and then flowed eastward. The presumably
closed ground-water depression in the eastern part of
the alluvial aquifer was broader and about 0.5 mi -
northeast of its position in December 1995. The
depression extended northeast beneath the Femme
Osage Slough. The Missouri River stage was 445.31 -
ft, or 1.41 ft lower than the stage in December 1995.
The hydraulic-head difference between the river and
the depression (lowest altitude of 440.48 ft at piezom-
eter WSQ-S16) was about 5 ft. ’

During the fall of 1995, a sufficient number of
the piezometers originally proposed to monitor
ground-water levels in the more permeable coarse-
grained basal part of the alluvial aquifer were com-
pleted in the northern part of the alluvial aquifer to
permit mapping of the potentiometric surface in that
area. However, there were no data collected in the
southern or the eastern part of the alluvial aquifer near

the St. Charles County well field or the Missouri
River. The potentiometric surface (fig. 23) in Decem-
ber 1995 showed water-level altitudes decreased to the
south and east toward the well field. The lowest water-
level altitude was measured in piezometer WSQ-B7
(443.44 ft), which was located north and west of the
well field. The potentiometric surface altitude in this
piezometer was about 3 ft lower than the Missouri
River stage (446.72 ft). In the northern part of the allu-
vial aquifer, south of the quarry, the altitude of the
December 1995 water table (fig. 21) was several feet
higher than the potentiometric surface measured in the
coarse-grained basal part of the alluvial aquifer. To the
south and east, the water table and potentiometric sur-
face at the base of the aquifer began to converge. The
reason for this convergence is not readily apparent, but
indicates a complex flow pattern within the alluvial
aquifer. A more complete understanding of the flow
system may not be possible without the benefit of a
three-dimensional ground-water flow simulation that
includes the detailed effects of ground-water with-
drawals by the St. Charles County well field.

A comparison of the potentiometric surface alti-
tude of the basal part of the alluvial aquifer (fig. 24)
and the water-table altitude measured in February
1996 shows the same general trend as the December
1995 measurements. However, in February 1996 a
vague expression of the possible development of a
ground-water depression in the basal part of the allu-
vial aquifer is shown. This possible depression is elon-
gated along an east-west trend with the axis being less
than 0.25 mi south of the Femme Osage Slough. The
lowest water-level altitude measured in this possible
depression was about 4 ft lower than the Missouri
River stage (445.31 ft), and the depression is located
about 0.25 mi west of the mapped water-table depres-
sion (fig. 22). However, these two depressions may
coincide.

Flow Interpreted from Hydraulic-Head
Differences along Two Sections

, Two-dimensional water-table maps provide
insight into the flow of ground water, but are not ade-
quate to show the three-dimensional characteristics of
a complex flow system. Water-level measurements
were also made in deep piezometers to help assess ver-
tical ground-water flow patterns. Vertical hydraulic-
head differences along two flow paths extending from
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the upland bedrock aquifer into the Missouri River
alluvial aquifer are shown in figures 25 and 26. The
westernmost section (fig. 25) begins north of the
quarry area and ends at the ground-water depression

" east of the quarry; however, three piezometers com-
pleted in the Plattin Formation along this cross section
were drilled too late in the study for ground-water lev-
els in the piezometers to achieve static water-level
conditions before the final measurements were taken
in February 1996. However, the available data are suf-
ficient to indicate the ground-water flow pattern
depicted by potentiometric contours in figure 25. The
easternmost section (fig. 26) extends along a flow path
from the upland area north of the alluvial aquifer
southeast to the ground-water depression. No piezom-
eters completed in the Plattin Formation were drilled
along this flow path. :

Ground water flowing from the quarry can fiow
either preferentially along bedding planes at the top of
the Decorah Formation to the shallow sediments of the
alluvium or move downward through the Decorah
Formation and underlying Plattin Formation to dis-
charge into the base of the alluvial aquifer (fig. 25).
Either situation or a combination of both is possible
depending on the integrity of the confining material in
the Decorah Formation, hydraulic heads near the
quarry, and the water level in the quarry pond. Ground
water that flows from the quarry along the bedding
plane associated with the Kimmswick Limestone-Dec-
orah Formation contact probably moves into unsatur-
ated sediment in the alluvial aquifer a few feet beneath
the limestone bluff at the north edge of the alluvium.

- After entering the alluvium, the water percolates
downward to the water table.

Regional ground water that flows beneath the
quarry travels downward into the Plattin Formation
and laterally toward the base of the alluvial aquifer
where it is discharged. The direction of flow is perpen-
- dicular to potentiometric contour lines shown in figure
25. Water levels measured in piezometers in February
1996 indicate that ground water moves downward
from the water table and laterally downgradient (figs.
22, 25). Flow from the water table converges with
flow from the Plattin Formation in the highly perme-
able gravel and sand at the base of the alluvial aquifer.
The downward hydraulic gradient shown at monitor-
ing well MW-1019 in figure 25 is the gradient from the
water table to the well screen at the base of the alluvial
aquifer. The water-table altitude used in the calcula-
tion for monitoring well MW-1019 was interpolated -

from the water-table contours shown on figure 22 at
the location of monitoring well MW-1019. The
upward gradient shown at piezometer WSQ-P8 is the
gradient between the screened intervals in piezometer
WSQ-P8 in the Plattin Formation and monitoring well
MW-1019. The movement of ground water into the
more permeable coarse-grained material at the alluvial

‘aquifer base is indicated by these gradients. The

downward gradient shown at piezometer WSQ-B8
probably is smaller than the error associated with the
ground-water level estimates and measurements used
in the gradient calculation. Thus, the vertical gradient
in this part of the aquifer probably is near zero, and its
direction cannot be determined with certainty using
the available data.

Ground-water flow parallel to the cross section
depicted in figure 26 also is from the upland bedrock
area into the alluvial aquifer. Although ground-water-
level measurements are not available in the Plattin
Formation along this flow path, ground water probably
flows from the upland area into the alluvial aquifer
along a similar flow pattern as observed along trace
A-A’. The two vertical hydraulic gradients associated
with piezometers WSQ-B6 (0.002 upward gradient)
and WSQ-B8 (0.001 downward gradient) are esti-
mated gradients from the water table to the base of the
alluvial aquifer. Both calculated values probably are
smaller than the uncertainty inherent in the calcula-
tions; therefore, the actual gradients probably are near
zero, and their directions cannot be determined with
certainty.

GROUND- AND SURFACE-WATER
INTERACTION

The proximity of Femme Osage Slough and
perennial Little Femme Osage Creek to the Weldon
Spring quarry indicates that these surface-water bodies
may either supply water to or remove water from the
ground-water system near the quarry. The ground- and
surface-water interaction was assessed by monitoring
the stages of Femme Osage Slough and Little Femme
Osage Creek at several locations and comparing the
stage with nearby ground-water levels. Also, three
seepage runs, which consist of a series of discharge
measurements made in a short time along a stream
reach, were conducted on the downstream reaches of
Little Femme Osage Creek. The seepage runs were
conducted in an attemnpt to identify where gains or
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losses in streamflow occur and to complement the
stage and ground-water level data.

Recharge of the Alluvial Aquifer by
Femme Osage Slough

Water-level recorders were installed on selected
piezometers during the study to monitor daily fluctua-
tions in ground-water levels and provide data for accu-
rate correlations of water levels between paired wells
installed to different depths. Mean daily water-level alti-
tudes in these piezometers and the mean daily stage of
Femme Osage Slough (staff gage WSQ-SGS5) are listed
in tables 4 through 9. Four recorders were installed on
or near Femme Osage Slough south of the quarry to
assess the interaction between surface water in the
slough and water-table altitudes in the alluvial aquifer
and to assess vertical water movement in the alluvial
aquifer beneath the slough. These recorders were placed
at piezometer WSQ-S12 (a water-table piezometer com-
pleted in alluvial clay approximately 330 ft south of the
slough), piezometer WSQ-S2S (approximately 80 ft
north of the slough), monitoring well MW-1019 (com-
pleted in the base of the alluvial aquifer approximately -
40 ft south of the slough), and Femme Osage Slough
(staff gage WSQ-SGS). Hydrographs for these sites are
shown in figure 27 from October 1994 to February
1996. The precipitation data shown in figure 27 are
from a U.S. Department of Energy rain gage installed at
the quarry. ' ‘

At all times during the study, except under flood
conditions, water levels in Femme Osage Slough were
higher than the water table in the aquifer beneath the
slough. Ground-water flow was, therefore, downward
from the slough to the aquifer. However, because there
was no evidence of ground-water mounding beneath or
adjacent to the slough, the rate of downward flow
beneath the slough is assumed to be small.

From January to mid-April 1995, water-table alti-
tudes north of the slough (piezometer WSQ-S25) aver-
aged about 2.5 ft higher than those south of the slough
(piezometer WSQ-S12), indicating a southward gradi-
ent beneath the slough. Water levels in these two pi-
ezometers respond similarly to precipitation. Water lev-
els in monitoring well MW-1019 were consistently
lower than the water table by about 1 ft. Thus, vertical
water movement in the alluvial aquifer in this area was
downward to the more permeable coarse-grained mate-
ria] at the base of the aquifer. Water-level fluctuations at
the base of the alluvial aquifer were subdued as com-

pared to fluctuations at the water table. The stage of the
Femme Osage Slough (staff gage WSQ-SGS5) was
higher than alluvial water levels north and south of the
slough, indicating the slough was a source of recharge
to the ground-water system.

From mid-April to mid-September 1995, water
levels at the four recorder sites changed substantially as
the Missouri River crested during a major flood and
then receded. The levees constructed around the well
field failed to keep floodwaters out of the alluvial plain.
As water levels in the Missouri River rose toward flood
stage, water levels in the alluvial aquifer and slough also
rose, and differences between water levels in the pi-
ezometers and surface water in the slough became
smaller. By mid-May, the water-table altitude was about
455 ft. Within a few days after this short period of coa-
lescing water-table altitudes, ground-water levels in pi-
ezometer WSQ-S12 and monitoring well MW-1019
were higher than the surface-water level in the slough
by about 1.5 ft, and water from piezometers and wells
completed in the lower part of the alluvial aquifer began
to flow. '

Immediately before the levee breach by floodwa-
ters, all of the installed recorders were removed. The
recorders were re-installed in piezometers after the
floodwaters receded and the piezometer casings were
again exposed. Data were not collected from any pi-
ezometer from mid-May to mid-July. The recorder at
Femme Osage Slough could not be reinstalled until
September 1995.

Water levels in alluvial piezometers were still
declining 3 months after floodwaters had receded. The
water levels in piezometer WSQ-S25 (north of the
slough) typically were higher than water levels in pi-

- ezometer WSQ-512 (south of the slough) between mid-

July and late September. This difference in water-table
altitudes steadily increased from less than 1 ft in late
July to about 2.5 ft in late September, except for a few
days in early August. Water-table altitudes in piezome-
ter WSQ-S12 were greater than water levels at the base
of the aquifer in monitoring well MW-1019 (south of
the slough). The hydraunlic-head difference between
these piezometers remained fairly steady at about 0.5 ft
except for a few days in early August when all levels
sharply increased. The stage in Femme Osage Slough
was consistently at least 2 ft higher than the water table
in the alluvial aquifer through September 1995.

From October 1995 to February 1996, recorded
water levels were similar to those measured during pre-
flood conditions. However, the data indicate ground-
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water levels in the piezometers in the alluvial aquifer ters in the alluvial aquifer were below surface-water °
continued to slowly recede throughout most of the fall levels in the slough, indicating the ground-water system
and early winter after the flooding earlier in the summer.  was being recharged by the slough. Water levels at the
The water table north of the slough (piezometer WSQ- base of the aquifer (monitoring well MW-1019) in the
$25) again averaged about 2.5 ft higher than that imme-  vicinity of the slough were slightly lower than the water
diately south of the slough (piezometer WSQ-S12), table in the alluvial aquifer, indicating that ground water
indicating ground-water flow was to the south beneath had resumed moving downward into the more perme- @

the slough. Water levels in the three recording piezome-  able material.
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Ground-Water Discharge to Little Femme
Osage Creek

Three seepage-run measurements were made on
Little Femme Osage Creek near the quarry between
August 24, 1994, and October 26, 1995. The stream dis-
charge was measured with a current meter using the
general methods adopted by the U.S. Geological Survey
(Carter and Davidian, 1968). The discharge measure-
ments were made to determine if the creek gained or
lost flow to the ground-water system in the area of the
quarry and to determine if seasonal changes affected
recharge/discharge patterns between the creek and the
ground-water system. Specific conductance and water
temperature were determined at most measuring loca-
tions. Specific conductance values were measured using
a portable conductivity meter with temperature com-
pensation designed to express readings in microsiemens
per centimeter at 25 degrees Celsius. Water temperature
was measured using the thermistor of the conductivity
meter,

The first seepage run was conducted on August
24, 1994, during a period of low flow. This seepage run
was more extensive than the two subsequent seepage
runs and included the stream reach from 3.25 river mi
upstream from the mouth of Little Femme Osage Creek
to the mouth of the creek. Dry stream reaches with scat-
tered pools of water were encountered in the upstream-
most reaches. Streamflow was not observed in the creek
until flow from a spring entered the creek about 1.9
river mi upstream from the mouth (site 3; table 10).
Water continued to flow in the creek for the next 0.25
river mi until a large gravel bar that spanned the creek
was encountered, and all visible flow was lost (site 6).
Water from the creek was not likely lost to the aquifer at
this point, but was flowing through the streambed
gravel. About 200 ft downstream from site 6, the
streamflow re-emerged in the creek (site 7). The visible
quantity of flow in the creek continued to fluctuate
downstream (sites 8-10); this fluctuation is thought to
be caused by the sometimes large, mounded gravel bars
located in the creek. Downstream from site 11 (fig. 28),
the large gravel bars were not present, and conditions
for making discharge measurements and observations
improved. Flow in the creek generally increased from
site 12 to site 17; however, much of this flow was
caused by the inflow of tributary streams. Flow was
shown to decrease by 0.032 ft3/s (cubic foot per second)
between site 17 and 18, but the specific conductance of
the water did not substantially change.

The second seepage run was conducted on March
17, 1995, during a period of high flow. This seepage run
included the reach 1 river mi upstream from the mouth
of Little Femme Osage Creek to the mouth of the creek
(fig. 29). The scope of the seepage run was decreased
because of the large gravel bars upstream from site 10
(fig. 28) that affected flow conditions. During this seep-
age run, the creek had more flow than during the first
seepage run, but the results were similar (table 10).
Flow continued to increase downstream, but this
increase was caused by inflow from tributary streams.
The slight fluctuation in flow between sites 4 and 6 is
within the 5 percent accuracy of current meter discharge
measurements rated "good," and the specific conduc-
tance of the water did not substantially change.

The third seepage run was conducted on October
26, 1995, during a period of low flow. This seepage run
included the reach 1.5 river mi upstream from the
mouth of Little Femme Osage Creek to the mouth of the
creek (fig. 30). Flow in the stream channel was
obstructed by leaves throughout most of this stream
reach. Again, flow in the creek increased downstream
because of inflow from tributary streams. The increase
in flow between sites 4 and 6 could not be completely
accounted for by the surface-water inflow measured at
site 5. A direct correlation exists between specific con-
ductance and dissolved solids concentrations (Hem,
1985). The product of multiplying the discharge and the
specific conductance value measured at each site is an
estimate of the dissolved solids load at each site. Com-
paring these products at sites 4, 5, 6, and 7 indicates the
discharge at site 5 may have been under-measured by
about 0.03 ft*/s. Because of the low flows occurring
during this seepage run, small variations in measured
flow produce substantial differences (more than 5 per-
cent) when comparing discharges. Some of these dis-
charge fluctuations may be attributed to inherent
imprecision of current-meter discharge measurements
caused by variations in flow conditions at the various
measuring Cross sections.

Based on the three seepage runs, gains or losses
of streamflow in Little Femme Osage Creek near the
quarry are minimal, and, therefore, little exchange of
water occurs between the underlying bedrock and Lit-
tle Femme Osage Creek. Fluctuations in discharge mea-
sured during the low-flow seepage runs seem significant
when comparing percent differences between sites;
However, the quantity of flow involved in creating these
differences is small.
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Table 10. Stream-discharge measurements on Litle Femme Osage Creek (August 24, 1994, March 17, 1995, and October 26,

1995)
[ftsls, cubic feet per second; pS/cm, microsiemens per centimeter at 25 degrees Celsius; °C, degrees Celsius; --, no data; e, estimated)
Specific
Measurement Discharge conductance Temperature
number Stream {1ts) {uS/em) (°C) Remarks
August 24, 1994 (fig. 28)
1 Little Femme Osage Creek - 0.0 - -- No flow
2 Little Femme Osage Creek 0 425 20.1 No fiow; scattered pools
3 Little Femme Osage Creek Tributary 03 425 203 Left bank; flow begins; enters pool
4 Little Femme Osage Creek 02 - -- Fiow out of pool
5 Little Femme Osage Creek ' .10 450 20.5
6 Little Femme Osage Creek - - - No flow observable; large gravel bar
7 Little Femme Osage Creek - - - Flow returning
8- Little Femme Osage Creek .03e -- - Large pool; gravel; decreased flow
9 Little Femme Osage Creek - -- -- Small flow in-gravel bar
10 Little Femme Osage Creek 06 437 210
11 Little Femme Osage Creek Tributary 02e - - Left bank; no observable flow at mouth;
gravel bar
12 Little Femme Osage Creek 09 408 220
13 Little Femme Osage Creek Tributary .0 - - Left bank; no flow
14 Little Femme Osage Creek 10 429 214
15 Little Femme Osage Creek Tributary 02 528 24.4 Right bank; State Highway 94 bridge
16 Little Femme Osage Creek 11 481 23.7
17 Little Femme Osage Creek 12 494 23.1 Katy Trail Bridge
18 Little Femme Osage Creek .09 511 26.5
19 Little Femme Osage Creek -- -- -- Water pooled at mouth of stream
March 17, 1995 (fig. 29)
1 Little Femme Osage Creek 2.88 381 144
2 Little Femme Osage Creek Tributary 1.18 447 15.6 Left bank
3 Little Femme Osage Creek Tributary .64 553 15.1 Right bank; State Highway 94 bridge
4 Little Femme Osage Creek 4.65 428 14.7 Upstream of quarry
5 Little Femme Osage Creek 4.56 433 14.6 Katy Trail Bridge
6 Little Femme Osage Creek 4.68 438 14.3 Near mouth
October 26, 1995 (fig. 30)
1 Little Femme Osage Creek 0.09 389 122
2 Little Femme Osage Creek 20 417 122 Across from old quarry entrance
3 Little Femme Osage Creek Tributary .03 578 10.9 Left bank
4 Little Femme Osage Creek 23 435 10.8 400 feet upstream from State Highway 94
bridge
5 Little Femme Osage Creek Tributary 08 800 12.5 Right bank
6 Little Femme Osage Creek 36 540 11.5 60 feet downstream from walkway bridge
7 Little Femme Osage Creek 33 557 114 200 feet downstream from Katy Trail

Bridge
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SUMMARY AND CONCLUSIONS

Low-level radioactive waste products from the
Weldon Spring chemical plant were transported to an
abandoned limestone quarry 3 miles southwest of the
chemical plant from 1957 to 1966. The quarry is cut
into permeable, fractured rocks of the Kimmswick
Limestone and the Decorah Formation, a few hundred
feet north of the Missouri River alluvial plain. Ura-
nium-based contaminants have been detected in allu-
vial ground water south of the quarry; thus,
contaminated ground water could petentially migrate
into the St. Charles County well field, which with-
draws water from the base of the alluvial aquifer.
Water-level measurements were made in 37 piezome-
ters and 19 monitoring wells completed in the bedrock
near the abandoned quarry and in the alluvial aquifer
south and east of the quarry for about 19 months to
assess the potential for ground-water flow from the
quarry to the well field.

During all but flood conditions, lateral ground-
water flow in the bedrock at and near the quarry, as
interpreted from water-table maps, generally is south-
west toward Little Femme Osage Creek or southward
toward the Missouri River alluvium. Before reaching
the creek, the flow direction becomes more southerly,
and ground water enters the alluvial aquifer. Flow in
the alluvial aquifer south of the quarry generally is
southeast to east and between areas of higher water-
table altitudes near piezometers WSQ-S7 and WSQ-
S11. Flow typically continues southeast, then east
toward a ground-water depression presumably pro-
duced by pumping at the St. Charles County well field.
The position of this depression varies depending on
the Missouri River stage and probably the number and
location of active wells in the St. Charles County well
field.

Although water from the quarry generally
moves in the direction indicated by two-dimensional
water-table maps, the actual flow is three-dimensional.
Water from the quarry can potentially flow along bed-
ding planes at the top of the Decorah Formation to the
alluvium, then percolate to the water table. The water
also can move downward from the quarry into the
Plattin Formation and then laterally toward and into
the base of the alluvial aquifer. The base of the alluvial
aquifer is an area of discharge for regional flow in the
Plattin Formation. Ground water also flows from the
alluvial aquifer water table downward into more per-

meable gravel and sand deposits at the base of the allu-
vial aquifer.

The Femme Osage Slough is a source of
recharge to the alluvial aquifer except during extreme
conditions caused by a high Missouri River stage
(above 455 ft). Water levels in Femme Osage Slough
typically were higher than the water table in the allu-
vial aquifer beneath the slough. During floods, the
hydraulic head in the base of the aquifer can rise
higher than the hydraulic heads near the water table,
allowing water from piezometers and wells completed
in the lower part of the alluvial aquifer to flow.

Streamflow gains or losses in Little Femme
Osage Creek at or near the quarry are minimal. There-
fore, there is little exchange of water between the bed-
rock and Little Femme Osage Creek. Slight
fluctuations were measured in stream discharge mea-
surements near the quarry during each of three seep-
age runs; however, these fluctuations are a result of
inherent current meter measurement imprecision, not
ground- and surface-water interaction between the
bedrock aquifer and stream. '
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Table 4. Daily mean water-level altitudes for piezometer WSQ-512

[Station number 383920090450601; latitude 383920; longitude 0904506; piezometer depth 21.3 feet,; altitudes are in feet
above sea level; --, no data)

1994 1995
Day Oct Nov Dec Jan Feb Mar Apr May
1 - -- 446.22 44481 447.48 44624 446.78 449.59
2 -- - . 446.21 44477 447.36 446.18 446.60 450.57
3 - - 446.06 444.68 447.66 446.17 446.48 450.95
4 -- - 44598 444.59 448.31 446.12 446.14 451.23
5 -- - 44589 44477 448.45 446.06 44631  451.57
6 - - 44595 44495 44851 44592 44626 45192
7 -- -- 44577 444.43 448.37 = . 447.46 446.13 452.16
8 -- - 445.79 444.38 448.14 448.77 445.09 452.61
9 -- -- 445.78 444.33 448.36 448.47 445.85 453.15
10 -- -- 44578 44442 448.22 448.12 445.72 453.50
1r T e -- 445.70 44449 - 44787 447.78 445.70 453.88
12 -- - 445.79 444.33 44781 447.46 445.58 454 .47
13 -- - 445.68 444 65 447.81 447,13 445.59 45498
14 -- - 445.65 447.06 447.82 446.88 44591 455.03
15 -- -- 445.59 447.32 447.67 446.71 446.09 45531
16 - . - 445.66 447.18 447.24 44651  446.09 455.67
17 -- - 44551 446.95 447.17 446.29 446.23 457.49
18 -- - 44536 . 44671 447.25 446,21 446.44 -
19 -- 444 .44 445,42 447.48 447.12 446,22 446.20 --
20 - 444,77 44537 447.82 447.08 446.16 447.08 --
21 -- 444,64 44531 447.77 446.82 446.16 447.61 -
22 - 444.75 445.63 447.59 44695 446.30 447.71 --
23 - 44521 44585 447.32 446.67 446.12 447.95 -
24 - 445.63 44582 447.09 446.49 446.09 448.09 -
25 -- 44570 44570 446.99 44675 44614 448.19 --
26 - 445.89 445.58 446.93 446.55 446.27 448.43 - --
27 - 446.25 445 .46 447.13 446.44 446.51 448.31 -
28 : - - 44591 445.25 447.08 446.27 446.72 448.47 -
29 -~ 445.92 445.14 447.05 - 446.78 448.65 --
30 - 446.05 445.07 447.28 - 446.78 448.92 -
31 - - 445.02 447.50 - 446.81 - -
MEAN - 445.43 445.64 446.12 447.45 446.69 446.85 453.18
MAXIMUM -- 446.25 446.22 447.82 448.51 448.77 448.92 457.49

MINIMUM -- 444.44 445.02 44433 446.27 445.92 445.58 449.59
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®
Table 4. Daily mean water-level altitudes for piezometer WSQ-S12—Continued
® = - 1995 . \ 1996
Day June July  Aug Sept Oct Nov Dec Jan Feb
1 - - 458.17 452.27 447 .48 446.83 446,42 444.84 444.43
2 - - 458.40 451.80 447.47 446.74 446.35 44494 444.41
3 - -- 458.31 451.44 447.51 446.70 446.15 444,82 444.51
A 4 -- - 458.17 451.10 447.48 446.76 446.12 444,82 444.56
L4 5 - -- 458.10 450.72 447.49 446.96 446.09 444.57 444,73
6 - - . 457.95 450.50 447.27 447.16 445.99 444.66 444.75
7 -- - 458.79 450.34 447.12 446.93 445.99 44499 444.89
8 - - 458.73 450.15 447.18 447.13 446.04 44471 444.75
9 - - 458.30 450.02 447.13 447.85 445.78 444.64 444.65
L 10 - - 458.00 449.81 446.97 447,51 445.84 444 44 444.67
11 -- - 457.77 449.67 447.00 447.12 44593 . 444.60 444.44
12 - -- 45734 - 449.52 447.03 447.29 445.81 -444.48 444.41
13 . -- 457.07 449.30 447.04 447.17 445.88 444 81 44477
14 -- - 456.73 449.07 446.89 447.14 445.63 444,90 444.67
15 - - 456.43 448.99 446.90 447.17 445.48 444.64 444.46
® ' . )
16 - - 456.31 448.98 446.73 447.17 445.43 44490 444.44
17 -- -- 456.31 448.84 446.78 447.23 445.46 444.80 444,76
18 -~ - 456.10 448.65 446.76 447.09 445.43 44496 444.74
19 ~- - 455,92 448.64 446.64 446.95 445.73 445.30 444.83
20 - -- 455,75 448.46 446.57 446.78 445.57 44521 44472
® 21 - 460.72 455.49 44834 446.59 446.73 445.47 44498 444,59
22 - 460.52 455.18 448.28 446.56 446,81 445.26 444,90 444,90
23 -~ 460.31 45495 448.26 446.48 446.58 445.17 445.22 444.82
24 - 460.11 454.74 448.21 446.23 446.53 445.19 445.61 444.57
25 - 459.91 454.44 448.13 446.36 446.74 445.10 44558 444 80
) 26 - 459.68 454.14 447.99 446.56 446.88 445.14 44539 444 85
® 27 -- 459.57 453.86 447.83 446.47 446.66 44495 444,77 444.71
i 28 - 459.17 453.26 447.72 446.16 446.27 444.88 44492 -
29 - 458.91 453.10 447.73 446.20 446.42 44492 444.69 -
30 - 458.67 452.95 447.70 446.37 446.61 445.03 444.48 -
31 - 45836  452.70 - 446.61 - 44501 44440 -
® MEAN - 459.63 456.24  449.28 446.84 44693 445,59 444,86 444,66
MAXIMUM - 460.72 458.79 452.27 447.51 44785 446.42 445.61 444.89
MINIMUM - 458.36 452.70 447.70 446.16 446.27 444.88 444.40 444.41
)
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Table 5. Daily mean water-level altitudes for piezometer WSQ-S19

[Station number 383912090450401; latitude 383912; Jongitude 0904504; piezometer depth 22.3 feet; altitudes are in feet above sea level; --, no data)

1995
Day Feb Mar Apr May June July Aug Sept Oct Nov
1 - 44510 ©  445.19 448.62 -- - 456.40 - 445.87 446.12
2 - 444 .86 44505 449.19 - - 456.67 - 445.89 446.20
3 - 44477 444 90¢ 449.69 - - 456.59 - 445.97 44624
4 446.56 444.63 444 .80 450.02 - -~ 456.61 - 445.94 446.30
5 446,73 444.55 444 81 450.31 - - 456.66 - 445.96 446.43
6 446.84 444,48 444770 450.65 -- - 456.80 -- 445.85 446.56
7 446.97 444,68 44462 450.81 -- - 458.37 448.43 445.77 446.42
8 446,98 44478 444,42 451.11 - - 457.87 448.39 445.70 446.54
9 447,05 44478 44438 451.82 - - 457.08 448.20 445.56 446.69
10 447.07 444 84 44433 452.53 - - 456.48 447.99 445.51 446.76
11 446.99 444.82 44436 453.33 - - 455.93 447.62 445.56 446,72
12 446,91 44471 44430 454.23 - - 455.43 447.58 445.57 446.79
13 446.78 - 444 .56 454.89 - -- 455.18 447.42 445.55 446.81
14 446.69 444.68 444 90 455.06 -- - 454.59 447.13 445.58 446.81
15 446.42 444.65 445.04 455.33 - - 454.32 446.99 445.47 446.75
16 446.29 444.54 445.20 455.86 - - - 447.09 445.29 446.83
17 446.24 444 .41 44538 - - - - 446.87 445.26 446.87
18 446.22 444.39 445.44 - - - - 446.71 446.67 446.24
19 446.12 444.49 -445.64 - - - - 446.82 445.17 445.94
20 446.05 44495 - 446.07 - - - - 446.75 445.22 445.80
21 445.94 445.09 446.43 - - 460.06 - 446.69 445.24 445.78
22 445.92 - 446.58 - - 459.85 453.87 446.64 445,21 --
23 445.79 - " 446.87 - - 459.66 453.64 446.56 445.11 --
24 445.69 - 447.02 - - 45952 - 446.43 445.04 --
25 445.68 - 447.14 - - 458.68 - 446.26 445.12 -
26 445.59 - 447.40 - - 458.47 - 446.16 445.19 --
27 445.53 -- 447.42 - - 458.15 - 446.01 445.21 --
. 28 445.44 - 447.64 - -- 457.57 - 44597 445.16 --
- 29 - - 447.78 - - 457.21 - 44598 445.22 -
30 - - 448.10 - - 456.77 - 44595 445.53 --
31 - 445.57 - - - 456.33 - - 445.92 -
MEAN 446.34 44475 445.68 452.09 - 458.39 456.03 446.94 445.48 446.46
MAXIMUM 447.07 445,57 448.10 - 455.86 - 460.06 458.37 448.43 44597 446.87
MINIMUM 445.44 44439 444.30 448.62 - 456.33 453.64 44595 445.04 445.78
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Table 6. Daily mean water-level altitudes for piezometer WSQ-S25
[Station number 383925090450901; latitude 383925; longitude 0904509; piezometer depth 23.0 feet; altitudes are in feet above
sea level; -, no data])
L
1994 1995
Day Oct Nov Dec Jan Feb Mar Apr May
1 -- - 448.20 447.54 449.38 448.43 448.92 450.69
2 - 448.23 447.48 449.30 448.41 44884 451.49
Py 3 -- -- 448.16 447.41 449.35 448 41 448.78 452.17
4 -- - 448.09 447.33 449.63 448.37 448.59 452.76
S -- - 448,04 447.36 449.82 448.35 448.62 453.23
6 - -- 448.02 447.50 449.90 448.23 448.64 453.59
7 - - 447.96 447.19 449.89 449.31 448.55 453.82
8 - -- 44791 447.13 449.74 450.27 448,53 454.07
@ 9 -- - 447.93 447.06 449.84 450.11 448.40 454.37
10 -- - 447.90 447.08 449.81 449.93 44828 454.55
11 -- - 447.83 447.11 449.60 44974 448.23 45470
12 - - 447.86 447.04 449.51 449.56 448.15 454.95
13 - - 447.82 447.12 449.50 449.37 448.11 45522
14 - - 447.78 448.78 449.50 449.20 448.27 455.26
® 15 - - 447.75 449.16 449.47 449.10 448.37 455.39
16 -- 447.12 447.78 449.08 449.18 448.98 448.38 455.62
17 - 447.18 447.69 448,98 449.10 448.86 448.40 456.42
18 -- 447.07 447.61 448.82 449.12 448.79 448.54 -
19 -- 447.02 447.60 449.23 449.09 448.78 448.39 --
) 20 - 447.24 447.61 449.53 449.05 448.74 448.81 --
o
21 - 44730 447.56 449.55 448.88 448.68 449.10 -
22 -- 447.40 447.72 449.49 44891 448.71 449.26 -
23 -- 44770 447.90 449.34 448.81 448.63 449.52 -
24 -- 447.97 447.97 449.20 448.63 448.55 449.64 -
25 -- 448.02 447.99 449.13 448.75 448.55 449.74 --
| 4 26 - 448.11 44797 449.07 448.68 448.59 449.90 -
27 - 448.33 447.93 449.18 448.61 448.68 44991 --
28 - 448.11 44783 = 449.12 448.49 4438.76 449.96 -
29 - 448.07 447.74 449.06 -- 448.82 450.08 -
30 -- 448.11 447.72 449.21 - 448.87 450.22 --
31 - - 447.67 449.37 - 448.90 -- --
®
MEAN - 447.65 447.86 448.38 449.27 44893 - 44890 . 454.02
MAXIMUM - 448.33 448.23 449.55 449.90 450.27 450.22 456.42
MINIMUM - 447.02 447.56 447.04 448.49 448.23 448.11 450.69
®
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Table 6. Daily mean water-level altitudes for piezometer WSQ-S25—Continued
1995 1996
Day June July Aug Sept Oct Nov Dec Jan Feb ®
1 -- - 458.83 453.60 450.19 449.11 448.53 44765 447.42
2 -- - 458.79 453.34 450.13 449.09. 448,50 447.62 447.34
3 - - 458.65 453.11 450.12 449,01 448 .45 447.59 447.33
4 - - 458.49 452.92 450.13 449.01 448.15 447.59 447.33
S - - 458.35 452,71 450.01 449.09 448.25 447.50 44738 9
6 - - 458.21 ( 452.56 449.88 449.20 448.29 447.51 447.39
7 - - 458.67 452.32 44977 449.14 448.29 447.52 447.44
8 - - 458.67 452.11 449.75 448.98 448.28 447.55 447.38
9 -- -- 458.48 451.98 449.73 449.15 448.14 447.53 441.27
10 - -- 458.25 451.84-  449.60 449.25 448.11 447.40 447,28
Q@
11 - - 458.06 451.73 449.59 449.04 448,12 - 447.46 447.15
12 - - 457.82 451.63 449.58 449.11 448.10 447.36 447.09
13 - - 457.62 451.49 449.57 449.14 448.08 447.37 447.23
14 - -- 457.34 451.39 449 .48 449.07 44797 447.40 44722
15 - -- 457.03 451.35 449.46 449.10 447,86 44732 447,09
16 - - 456.82 451.35 449.35 449.10 447.83 447.49 447.03 ®
17 - - 456.70 451.29 449,32 449.12 447.82 447.51 447,18
18 -- - 456.52 451.16 449.27 449.06 44782 447.52 447,14
19 -- - 456.33 451.12 449.23 448.99 44787 447.55 447.20
20 - -- 456.15 451.01 449.18 448.90 44791 447.69 447.14
21 - - 45595 450.92 449,17 - 448.86 448.02 447.70 447.05 ®
22 - -- 455.75 450.86 449.14 448 .87 448.01 447.69 447.10
23 - - 455.55 450.82 449.08 448.79 44797 44775 447.16
‘ 24 -- - 455.35 450.77 448.95 448.71 447,96 447.84 446.99
| 25 -- - 455.11 450,70 448.97 448.78 44791 44795 447.07
26 - - 454.89 450.59 449.08 448.84 447.88 447.99 447.12
27 - - 454.67 450.48 449.09 448.79 447.78 447,71 - )
- 28 - 460.01 454,36 450.40 448,91 448.54 447.71 447.72 -
29 -~ 459.59 45415 450.36 448.87 448.56 447.71 447.66 -
30 - 459.29 454.00 450.30 448,93 448.64 44774 447.54 -
31 -- 459.04 45381 - 449.01 - 447.75 447.44 -
MEAN - 459.48 456.75 451.54 449.44 448.97 448.03 447.58 44721
MAXIMUM - 460.01 458.83 453.60 450.19 449.25 448.53 447.99 447.44 ®
MINIMUM - 459.04 453.81 450.30 448.87 448.54 447.71 447.32 446.99
L
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Table 7. Daily mean water-level altitudes for piezometer WSQ-B4
i ) {Station number 383925090450201; latitude 383925; longitude 0904502, piezometer depth 66.0 feet; altitudes are in
] ~ feetabove sea level; --, no data]
1994 1995
Day Oct Nov Dec Jan Feb Mar Apr
1 -- - 445.33 443.93 445.82 445.08 44521
2 .- -- 44531 443.88 445.82 44495 445.12
9 3 -- - 445.25 443.80 44591 444.90 445.08
4 -- - 445.23 443.77 446.07 444.83 444.95
5 - T 445.19 443.78 446.19 444.77 445.02
6 - - 445.22 443.82 446.31 44470 444.99
7 -- - 445.14 443.61 446.39 445.10 44494
8 - - 445.13 443.55 446.38 445.37 444.88
® 9 - S 445.10 443.49 446.51 445.30 444.73
10 - - 445.11 443.46 446.55 445.27 444.67
11 - - 445.09 443 .46 446.47 445.24 444.64
12 - - 445.09 443.37 446.43 445.15 444.59
13 - - 445.00 443.48 446.40 445.04 444.66
14 -- -- 44495 444.09 446,37 444.97 444.90
o 15 - -- 44489 444.12 446.26 444.93 445.05
16 -- - 444.89 44427 446.05 444.83 445.10
17 - - 444.77 44438 445.97 444.72 445.22
18 - - 44465 444.46 44595 444.67 445.34
19 - 443.59 444.61 44482 445,88 444.71 445.38
® 20 - 443.71 444.53 44495 445,82 444.77 445.78
21 = 443.80 444.44 445.04 445.70 444.86 446,05
22 - 443.98 444.49 445.11 445.69 444.96 446.22
23 -- 444.22 444.49 445.15 445.58 444.96 446.45
24 - 444.48 44447 445.17 445.45 444.93 446.64
25 -- 444.66 444.42 445.22 445.48 444.93 446.83
26 - 44486 444.35 44525 445.39 445.01 447.04
27 - 445.08 444.26 445.36 445.31 445.06 447.13
28 - 445.10 444.18 44541 445.20 445.10 447.28
29 - 445.17 444.13 445,43 -- 445.15 447.47
30 - 445.29 444.08 445.57 - 44520 44772
7 31 - -- 444.03 445.74 -- 445.25 --
® .
MEAN -- 444 .45 444,77 444 .42 445.98 44499 445.64
MAXIMUM - 445.29 445.33 44574 = 446.55 445.37 447.72
’ MINIMUM - _ 443.5% 444,03 443.37 445.20 444.67 444.59
®

Tables and lllustrations 51




Table 7. Daily mean water-feve! altitudes for piezometer WSQ-B4—Continued

| ' 1995 - ®

Day May June July Aug Sept Oct Nov
| 1 448.14 - - 458.18 - 44632 = 44578
2 448.68 . - 458.17 - 446.28 44581
3 449.14 - - 458.08 - 44631 445.78
4 449.52 - - 458.01 - 44628 445.81 ®
5 44991 - - 45792 - 44626 44591
6 450.29 - - 457.82 - 446.17 44601
| 7 450.63 - - 45848 44893 446.09 44597
| 8 451.06 - - 45837 44881 446,09  445.87
9 451.62 - - 45806  448.68 446,02  446.10
| 10 452.34 - - - . 448.48 44592  446.16 P
11 45305 - - - 44327 44593 44610
12 453.81 - - - 44816 44592  446.16
13 454.47 - - - 448.01 44592  446.18
14 45479 - - - 44780 44585  446.16
15 455.19 - - - 44766 44582  446.17
_ K J
16 455.65 - - - 447.61 44565 44620
17 45727 - - - 44750 44564 44623
i 18 - - - - 44731 44553 446.11
| 19 - - - - 44726 44551 446.00
| 20 - - - - 447.16 44542 44591
21 - - 460.74 - 44711 44547 44591 ®
22 S - 460.57 45452 44705 445.44 -
23 - - 46038 45420  447.00  445.39 -
24 - - 460.21 45392 44697 44526 -
25 - - 45995 45360 44686 44529 -
26 - - 459.67 45328 44676 44536 -
27 - - 45951 45294  446.63 44534 - *
28 - - 459.17  452.15 44654  445.28 -
29 - - - 458.93 45202 44651 445.36 -
30 - - 458.66 451,79 446.46 44549 -
31 - - 458.38 451.72 -- 445.65 -
MEAN 452.09 - 459.65  455.43 447.48 445.75 446.02 ®
MAXIMUM 457.27 - 46074  458.48 44893 44632 44623
MNIMUM 448.14 - 45838 45172 44646 44526  445.78
e
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Table 8. Daily mean water-level altitudes for monitoring well MW-1019

[Station number 383921090451001; latitude 383921; longitude 0904510; well depth 68.0 feet;

altitudes are in feet above sea level; --, no data]

1995 ‘
Day Feb Mar Apr May June July

1 - 44592 44616  449.08 - -

2 - 44580  446.05 44973 - -

3 - 44574 44597 45021 - -

4 44700 44567 44582 450.60 - -

5 44700 44559 44587  450.94 - -

6 44700 44550 44580  451.30 - -

7 44700 44607 44572 45157 - -

8 447.01 44639 44563  451.90 - -

9 44729 44632 44546  452.45 - -

10 44755 44629 44540  453.10 - -

11 447.42 44623 . 44539  453.70 - -

12 44734 44611 44537  454.40 - --

13 44726 44596 44553 455.05 - -

14 44722 44583 44586 45522 - -

15 4709 44570 44602  455.47 -- -

16 44690 44559 = 44607  455.84 -- -

17 44682 44545  446.17  457.68 - -

18 446,82 44543 44629 - - -

19 44675 44552 44638 - - --

20 446,68 44564  446.86 - - -
21 44651 44573 447.13 - - 460.11
22 44650 44582 44730 - - 459.92
23 446,37 44579 44754 - - 459.78
24 44623 44574  447.69 - - 459.62
25 44628  445.76 - - - 459.26
26 44620 445384 - - - 455.04
27 44614 44593 - - -- 458.83
28 446.03 44599  448.15 - - 458.43
29 - 446,04 44821 - - 458.13
30 - 44611  448.57 - - 457.84
31 - 44621 - - -- 457.54
MEAN 44682 44586 44639 45284 - 458.95
MAXIMUM 44755 44639 44857  457.68 - 460.11
MINIMUM 446.03 44543 44537  449.08 - 45754
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Table 8. Daily mean water-evel altitudes for monitoring well MW-1019—Continued

1995 1996
Day Aug Sept Oct Nov Dec Jan Feb
1 457.42 - 44726 44683 44645 44471 444.09
2 457.46 - 44722  A446.87 . 44638 44470 44420
3 457.36 - 44726 44686 44624 44463 444,30
4 457.33 - 447.25 44689  446.18 44459 44429
5 457.35 - 44724 44701 44617 44450 44442
6 457.42 - 447.14  447.14 44610 44450 44446
7 458.62 44976  447.04 44706 44607 44448 44453
8 45833 44966  447.04 - 44680 44607  444.44 44449
9 457776 44953 44696 44722 44593 44441 44444
10 45724 44935 44685 44731 44592 44432 44445
11 456.86  449.12 44688 44720 44592 44434 44436
12 45650  449.03 44687 44727 44581 44424 44433
13 45629 44888 44688 44730 44582 44427  444.44
14 455.85  448.67 44682 44727  445.69 44424  444.46
15 45555 44855 44680 44727 44560 44414  444.44
16 45538 44854  446.64 44728 44553 44426  444.47
17 455.52. 44842 - 446.64 44733  445.44 44420  444.62
18 45538 . 44825 44654  447.13 44537 44415  444.63
19 45528 44822 . 44653 = 44693 44531 44408  444.69
20 455.14  448.13  446.48 44679 44524 44419  444.66
21 45482 44806 44651 44677 44522 44417  444.62
22 45448 44800 44648 44679  445.11 444.18  444.69
23 45423 44795 446,42 44665 44507 44425 44472
24 45396 44792 44628  446.64 44506 44427  444.63
25 453.68  447.81 44635 446773 44499 44438  444.69
26 453.40 44770  446.44 44678 44499 = 44442 44472
27 453.08 44755  446.41 446,66 44488 44421 44472
28 45236  447.45 44630 44650 44482 44428 -
29 45239 44743 44633 44652 44481  444.16 -
30 45224 44738 44646 44657 44483  444.05 -
31 - - 446.67 - 44480  444.01 -
MEAN 45562 44839 44674 44695 44554 44432 44450

MAXIMUM 458.62 449.76 447.26 447.33 446.45 444,71 444.72
MINIMUM 452.24 447.38 446.28 446.50 444.80 444.01 444,09
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Table 9. Daily mean stage for Fernme Osage Slough (staff gage WSQ-SGS)

{Station number 383925090450601; latitude 383925; longitude 0904506; datum 470 feet; stage is in feet above sea

level; --, no data]

1995
Day Jan Feb Mar Apr May June July

1 - 450.10 450.06 450.19 451.90 -- -

2 - 450.10 450.04 450.19 452.80 - -

3 - 450.16 450.03 450.17 453.68 - -

4 - 450.20 450.03 450.16 45430 - -
5 450.20 450.05 450.15 454.68 - -
6 - 450.20 450.18 450.13 454.83 - -

7 -- 450.20 450.35 450.13 454.92 . -

8 - 450.20 450.38 450.11 455.02 - -

9 - 450.20 450.38 450.09 455.16 - -
10 - 450.20 450,38 450.07 455.12 -- -
11 - 450.19 450.38 450.05 455.08 - -
12 - 450.19 450.38 450.05 455.06 - -
13 - - 450.18 450.38 450.04 45510 - -
14 - 450.16 450.37 450.03 455.12 - --
15 -- 450.16 450.36 450.00 455.14 - -
16 - 450.14 450,36 449.98 455.20 -- .
17 - 450.14 450.35 449.97 456.08 - -
18 - 450.13 450.32 449.97 - - -
19 - 450.09 450.29 449.98 - - -
20 - 450.09 450.29 450.43 - - -
21 - 450.09 450.29 450.77 - - -
22 - 450.09 450.26 450.94 - - -
23 - 45009  450.19  451.00 - - -
24 - 450.08 450.19 451.02 - - -
25 - 450.06 450.19 451.00 - - -
26 - 450.06 450.20 450.99 - -- -
27 - 450.09 450.26 450.98 - -
28 450.10 450.08 450.24 450.98 - - -
29 450.10 - 45023 450,98 - - -
30 450.10 - - 451.17 - - --
31 450.10 -- 450.19 - - - -
MEAN 450.10 450.14 450.25 450.39 454.66 - -
MAXIMUM 450.10 450.20 450.38 451.17 456.08 - -
MINIMUM 450.10 450.06 450.03 449.97 451.90 - -
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Table 9. Daily mean stage for Femme Osage Slough (staff gage WSQ-SG5)—Continued

1995 1996
Day Aug Sept Oct Nov Dec Jan Feb
1 - - 452.29 451.27 450.69 450.48 450.33
2 - - 452.27 451.27 450.67 450.48 450.30
3 - - 452.23 451.24 450.65 450.49 450.28
4 - - 452.14 451.19 450.63 450.49 450.26
5 - - 452.08 451.16 450.60 450.49 450.25
6 - - 452.03 451.13 450.59 450.48 450.23
7 - - 452.01 451.11 450.58 450.47 450.22
8 - 45351 451.99 451.10 450.55 450.47 450.22
9 - 453.43 451.98 451.07 450.52 450.43 450.20
10 - 45335 451.97 451.05 450.52 450.41 450.19
11 - 453.26 451.97 451.06 450.50 450.40 450.17
12 - 453.17 451.96 451,05 450.47 450.38 450.17
13 - 453.10 451.96 451.05 450.45 450.38 450.16
14 - 45308 45196  451.03 450.45 450.38 450.14
15 - 453.08 451.95 451.03 450.44 450.37 450.13
16 - 453.13 451.95 451.01 450.43 450.36 450.12
17 - 453.11 451.95 450.99 450.42 450.34 450.10
18 - 453.05 451.95 450.97 450.41 450.38 450.09
19 - 452.98 451,95 450.95 450.59 450,40 450.09
20 - 45292 451.95 450.92 450.63 450.40 450.08
21 - 452.85 451.95 450.88 450.63 450.40 450.07
22 - 452.78 451.95 450.87 450,62 450.39 450.06
23 - 452,72 451.95 450.85 450.61 450.40 450.04
24 - 452,67 451.95 450.83 450.58 450.43 450.02
25 - 452.57 451.68 450.80 450.56 450.42 450.02
26 - 452.50 451.33 450.77 450.55 450.42 450.01
27 -- 452.45 451.34 450.74 450.55 450.40 -
28 - 452.40 451.32 450.74 450.53 450.38 -
29 - 452.34 451.31 450.74 450.51 450.37 -
30 - 45231 451.30 450.71 450.50 450.36 -
31 -- - 451.29 - 450.48 450.34 -
MEAN - 452.90 451.87 450.99 450.55 450.41 450.15
MAXIMUM . 453.51 452.29 451.27 450.69 450.49 450.33
MINIMUM - 452.31 45129 450.71 450.41 450.34 450.01
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