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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
acre-foot (acre-ft) 1,233 cubic meter
foot (ft) 0.3048 meter
cubic foot per second (ft3/s) 0.0283 cubic meter per second
inch (in.) 25.4 millimeter
mile (mi) 1.609 kilometer
square mile (mi?) 2.590 square kilometer
acre 0.4047 hectare
pound (Ib) 0.00454 gram
gallon (gal) 0.264 liter
gallons per minute (gpm) 0.631 liters per second
foot per mile (ft/mi) 0.189 meter per kilometer
pound per square inch (Ib/in%) 6.895 kilopascal
foot per day (ft/d) 0.3048 meter per day

Temperature in degrees Fahrenheit (°F) can be converted to degrees Celsius (°C) as follows:
°C = 5/9 (°F - 32)

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)--a

geodetic datum derived from a general adjustment of the first-order level nets of both the United States and
Canada, formerly called Sea Level Datum of 1929.
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ANALYSIS OF THE GROUND-WATER FLOW SYSTEM,
GEOCHEMISTRY, AND UNDERSEEPAGE IN THE VICINITY

OF THE RED ROCK DAM NEAR PELLA, IOWA
by
Keith J. Lucey
ABSTRACT

The U.S. Army Corps of Engineers operates the Red Rock Dam on the Des Moines River in Marion
County, Iowa. The dam consists of a gravity concrete control structure between two earthen
embankments and has an impoundment storage capacity of 1,700,000 acre-feet. Since the
impoundment of Lake Red Rock commenced during 1969, water seepage beneath the dam has been
significant enough to cause continuing investigation by the Corps of Engineers of its source and
implications.

The St. Louis Limestone, which consists of interbedded sandstones and carbonates with solution
collapse features resulting from partial removal of a basal evaporite zone, forms the bedrock
foundation of the dam in the river valley. The soluble gypsum and anhydrite in the evaporite zone have
the potential to be removed in greater quantity with increasing seepage velocities and volumes.
Solution channels may develop as material is removed from the bedrock foundation, which could result
in the collapse of overlying strata, thereby threatening the integrity of the earthen dam.

The potentiometric surface in the overburden on the southwest side of the dam has an extremely
steep hydraulic gradient from the reservoir through the dam to the downstream observation wells,
which implies expected small permeability and minimal seepage through the dam and embankment
materials. A lesser hydraulic gradient exists on the northeast side of the dam, which could indicate
excessive seepage through embankment material from larger than expected hydraulic conductivity or
underseepage through bedrock. Statistical analysis of water-level changes in the reservoir and in
observation wells completed in the evaporite stratigraphic horizon on the northeast side of the dam
indicates a hydraulic connection between the reservoir and the wells.

Direct evidence of the existence of a connection between the reservoir and the ground-water system
is provided by chloride concentration data. Maximum chloride concentrations occurred in the reservoir
water in the early spring of 1989. Chloride concentrations reached a maximum in ground water from
bedrock and overburden observation wells on the northeast side of the dam 1 to 4 months after their
maximum in the reservoir. Underseepage of reservoir water occurs through the basal evaporite zone
of the St. Louis Limestone and through the glacial sands in the northeast bluff between the bedrock
surface and the base of the dam fill.

The increased hydraulic head imposed on the system by the impounded waters of Lake Red Rock
causes recharge and flow to the deeper bedrock aquifers in the immediate vicinity of the dam. This
effect is manifested in the observation wells along and downstream from the dam axis, implying flow
through the grout curtain in the bedrock foundation of the dam. There is potential for disselution of
the gypsum and anhydrite in the bedrock foundation, because reservoir water and shallow ground
water in the vicinity of the dam are undersaturated with respect to these evaporite minerals.



INTRODUCTION

The Rock Island District of the U.S. Army Corps of Engineers (COE) operates the Red Rock Dam
on the Des Moines River in Marion County, Iowa. The dam is 5,841 ft (feet) long and approximately
100 ft high and has an impoundment storage capacity of 1,700,000 acre-ft (acre-feet). The dam was
constructed during the 1960’s and consists of a gravity concrete control structure between two earthen
embankments. Although limited water seepage is expected at dams of earth-fill construction (Freeze
and Cherry, 1979), seepage at Red Rock Dam since the impoundment of Lake Red Rock began during
1969 has been significant enough to cause continuing investigation by the COE of its source and
implications.

During construction of the dam, a grout curtain was installed in the upper 70 ft of bedrock to
control underseepage. After evaluation of observation well levels and geologic and water-quality data,
the COE became concerned that excessive underseepage occurs through the bedrock foundation at the
dam site. Part of the bedrock foundation is composed of gypsum and anhydrite, which are potentially
soluble by ground water that is undersaturated with respect to these evaporites. As material is
removed from the bedrock foundation, solution channels may develop resulting in the collapse of
overlying strata, and thereby threatening the integrity of the earthen dam. To address concerns about
the potential effects of the seepage, the U.S. Geological Survey (USGS), in cooperation with the COE,
conducted an investigation of the ground-water flow system and its associated geochemistry.

Purpose and Scope

This report presents the findings of the investigation of the ground-water flow system and its
associated geochemistry in the vicinity of the Red Rock Dam and provides an analysis of underseepage.
The study is based on a review of available hydrologic and geologic data.

The COE has been collecting hydrologic data at the dam site from observation wells since reservoir
impoundment (Lake Red Rock) began during 1969. This analysis is based on hydrologic data collected
by the COE from observation wells at the dam site from March 1982 through July 1990. Geologic
information collected from exploratory borings by the COE since dam construction began during 1960
also was incorporated in the study. Limited water-quality data were collected by USGS personnel
during 1990.

Location of Study Area

The Red Rock Dam is located on the Des Moines River, 4 mi (miles) southwest of Pella, Iowa. The
study area covers approximately 1 mi? (square mile) in section 19 in township 76 north and range 18
west (T76N-R18W), in Marion County (fig. 1). The dam site with the network of observation wells
discussed in this report is depicted on plate 1. The topography of the area varies from the relatively
flat alluvial valley of the Des Moines River with an elevation range of 702 to 708 ft above sea level to
the dissected bluffs on either side of the valley that rise to 850 ft.

Geology

The geologic units in the study area include the Warsaw Limestone of Mississippian age, the St.
Louis Limestone of Mississippian age, Pennsylvanian age rocks, Pleistocene glacial till, Pleistocene
outwash deposits, and Holocene alluvial deposits (table 1). Unconsolidated glacial deposits overlie
bedrock in highland areas, while alluvium and glacial outwash deposits cover bedrock in the Des
Moines River valley. Only unconsolidated deposits and shallow bedrock units related to the foundation
of the dam will be discussed. In this report, overburden refers to the unconsolidated glacial and
alluvial deposits and dam fill overlying the shallow bedrock units.
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Table 1.--Geologic units and their water-bearing characteristics at the Red Rock Dam site

[undiff., undifferentiated; gpm, gallons per minute; yield data under water-bearing characteristics
from Cagle and Heinitz (1978)]

Water-bearing
System Series Geologic unit Lithology characteristics
Quaternary Holocene undiff. Clay, silt, sand Limited permeability;
(dam fill) internal sand drain for
seepage control
undiff. Sand, silt, clay Yields 150-500 gpm
(alluvium)
Pleistocene undiff. Clay, silt, sand, Sands in till can yield
(glacial till, loess) and  1-5 gpm; outwash
gravel (outwash) 150-500 gpm
Pennsylvanian Desmoinesian undiff. Shale, occasional Limited permeability;
sandstone, siltstone,  discrete sands yield
limestone, coal 3-10 gpm
Mississippian Meramecian St. Louis Interbedded limestone, Yields 5-60 gpm, higher
Limestone sandstone, dolomite; where unit is bedrock
solution-collapse surface overlain by
features overlying permeable surface
gypsum-anhydrite material
beds in lower part
Warsaw Shale and dolomite Limited permeability

Limestone

The locations of the geologic sections presented in this report are shown on plate 1. Geologic
section A-A’ (plate 1) illustrates the stratigraphy along the axis of the dam from the northeast bluff
through the river valley to the southwest bluff. The relatively impermeable dolomitic shales and
argillaceous dolomites of the Warsaw Limestone are used to anchor the grout curtain of the dam.
Exploratory holes drilled during the construction of the dam detected no lithology change in the top 70
ft of the Warsaw Limestone (U.S. Army Corps of Engineers, 1968).

The St. Louis Limestone overlies the Warsaw Limestone and forms the bedrock surface in the Des
Moines River valley. It varies from 40 to 85 ft thick in the study area because of an erosional surface
at the top of the formation. Consisting of alternating limestone, sandstone, and dolomite with a
discontinuous, basal evaporite bed, the unit is locally intensely fractured and contains open cavities.
Gypsum is the predominant evaporite mineral present in the evaporite beds at the dam site. The
composition of evaporite material was determined from X-ray diffraction studies of core samples
obtained from four exploratory borings at the dam site (George Mech, Rock Island District, U.S. Army
Corps of Engineers, written commun., 1990). In samples from two of the borings, the mineral
composition of the evaporite beds is typically two parts gypsum to one part anhydrite with trace
amounts of other evaporite minerals. In the remaining two borings, the evaporite material was
determined to be composed essentially of gypsum with no anhydrite detected.

Over geologic time, weathering processes have removed parts of the basal evaporite bed of gypsum
and anhydrite, causing slumping and collapse of the overlying bedrock. As a result, there is a zone of
intense fracturing and cavity development immediately above and adjacent to the evaporites. Strata
fractured to a lesser degree exist throughout the overlying bedrock. Cavities are either open or are
filled with clay, silt, sand, and rock fragments. There are remnants of evaporite material up to 15 ft
thick in the discontinuous evaporite bed (fig. 2).
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Throughout this report, the following terminology will be used in discussions of the St. Louis
Limestone. The “lower bedrock” is up to 25 ft thick and contains an “evaporite zone” of anhydrite and
gypsum beds, or its stratigraphic equivalent, overlain by a “cavity zone” of extremely fractured bedrock
with open and filled cavities and solution channels. The “upper bedrock” refers to the alternating
limestone, sandstone, and dolomite above the “lower bedrock” and can be as much as 60 ft thick.

In the valley bluffs, rocks of Pennsylvanian age overlie the St. Louis Limestone. The
Desmoinesian Series of the Pennsylvanian primarily are black shales with occasional interbedded
siltstone, sandstone, limestone, and coal. In the bluff comprising the southwest abutment of the dam,
the Pennsylvanian rocks are nearly 100 ft thick, whereas in the northeast abutment they are only 40
ft thick (U.S. Army Corps of Engineers, 1984).

The unconsolidated deposits in the Des Moines river valley include Pleistocene glacial outwash and
Holocene alluvium up to 30 ft thick. The sands, silts, and clays of the alluvium overly the sands and
gravels of the outwash deposits (W.L. Steinhilber, U.S. Geological Survey, written commun., 1971).

The overburden on the valley bluffs is Pleistocene pre-Illinoian glacial till primarily consisting of
clay with fine, clayey sands and occasional fine to medium sand layers. Thickness ranges from a few
feet on the southwest bluff to nearly 100 ft on the northeast bluff. A layer of loess 10 to 20 ft thick caps
the bluffs (Anderson, 1983; U.S. Army Corps of Engineers, 1984).

Regional dip of the bedrock units is approximately 10 ft/mi (feet per mile) to the south-southwest.
Locally, dip direction and magnitude will vary within the collapse features of the St. Louis Limestone
(U.S. Army Corps of Engineers, 1984).

Description of Dam

The Red Rock Dam extends 5,841 ft between the bluffs of the Des Moines River valley and is
approximately 100 ft high. The top of the dam is at an elevation of 797 ft. The control structure of the
dam is southwest of the center of the valley, whereas the former Des Moines River channel is northeast
of the valley center (plate 1). As a result, there is an oxbow on the northeast side of the valley formed
from the cutoff river channel. The conservation pool elevation of the reservoir is 735 ft and stands
about 35 ft above the downstream valley. The maximum pool elevation for Lake Red Rock is 780 ft;
the record pool elevation was recorded during June 1984 at 779.6 ft. Dam operation maintains a
minimum downstream flow of 300 ft%/s (cubic feet per second).

From exploratory borings during the construction of the Red Rock Dam, the COE (1965, 1968,
1969, 1971) determined that the shallow bedrock in the river valley at the dam site consists of
fractured limestones and sandstones of the St. Louis Limestone. To decrease permeability and control
underseepage, a grout curtain was installed in the upper 70 ft of the bedrock foundation of the dam to
the base of the evaporite horizon. Impermeable, competent dolomitic shales of the Warsaw Limestone
underlie the evaporite zone.

The grout curtain was installed through holes that were drilled on 20-ft centers. Grout was
pumped until refusal into the holes in three zones, beginning at the bottom of the St. Louis Limestone
and terminating at the bedrock surface. In areas of extensive open cavities or numerous fractures,
spacing of the holes was decreased to 10, 5, or 2.5-ft centers and the number of lines of grout holes was
increased to 2 or 3 to augment the integrity of the curtain. Generally, the grout curtain consists of a
single line of grout holes extending from the southwest abutment to the abandoned oxbow of the old
Des Moines River channel in the northeast river valley (plate 1). Three lines of grout holes spaced 10
ft apart comprise the grout curtain in the northeast part of the river valley from the oxbow to the base
of the northeast bluff. Two lines of grout holes extend the curtain for a 300-ft reach and a single line
of grout holes completes the grout curtain to a point about 100 ft southwest of well location 26-R in the



northeast bluff (plate 1). The grout curtain is located approximately 35 ft upstream from the dam axis
in the river valley and straddles the dam axis in the bedrock beneath the bluffs (U.S. Army Corps of
Engineers, 1971).

The base of the earth-fill dam, the core trench, was cut into the bedrock from the southwest side of
the dam through the valley to the base of the bluff on the northeast side of the dam. The bluffs on the
southwest side of the dam are composed of consolidated shales of Pennsylvanian age, while
unconsolidated glacial materials in the bluffs on the northeast side comprise a part of the abutment of
the dam. Auger and rotary borings were drilled on 100-ft centers to evaluate the glacial materials in
the northeast abutment. A fine-grained sand was recovered from materials along the dam axis; 6 to
10 percent passed through a 200-mesh [0.075 (mm) millimeter], silt-sized sieve. Upstream from the
dam axis, up to 15 percent of sand samples would pass through the 200-mesh sieve. Relatively
impervious material was collected from the first 4 ft in all borings.

Sixteen observation wells were installed initially at the dam site in the overburden materials and
in the bedrock (U.S. Army Corps of Engineers, 1970). After the first year of operation, an additional
eight observation wells were installed on the northeast side of the dam in the valley and abutment. To
monitor dam operation, the observation well network was expanded to its present total of 69 wells
during the next two decades (plate 1).

Previous Investigations

During the first operational year of the dam, the COE (1970) detected higher water levels in
observation wells on the northeast side of the dam than in wells on the southwest side. Large
concentrations of calcium and sulfate were detected in water flowing in the old river channel and
drainage ditches on the northeast side of the valley, indicating a probable source from the underlying
bedrock.

The effects of the Red Rock Dam on the alluvial wells supplying water to the city of Pella, Iowa,
were analyzed by W. L. Steinhilber (written commun., 1971). The increased hydraulic head resulting
from Lake Red Rock on the confined St. Louis Limestone caused sulfate concentrations to increase in
the Pella water supply wells as highly mineralized water was discharged upward into the alluvium in
the Des Moines River valley.

Selected overburden observation wells and drainage weirs on the northeast side of the dam were
sampled during an investigation at the Red Rock Dam during the early 1970’s by the COE (1975).
Results of this study indicated that specific conductance of the ground water decreased with increasing
pool levels. Ground-water levels were higher in both the overburden and bedrock observation wells in
the northeast abutment area than in the southwest abutment area.

Temperature studies at the Rod Rock Dam by the COE (1984) from May to July 1983 detected a
zone in the glacial sands and upper bedrock in the northeast abutment that was 1 to 3 degrees colder
than the surrounding materials. This was interpreted as evidence of a seepage path for colder
reservoir water.

During the record reservoir level at an elevation of 779.6 ft in June 1984, the COE (1984) mapped
the potentiometric surface in the overburden with a gentler gradient from the reservoir to the toe of
the dam in the area of the northeast abutment than in the area of the southwest abutment. A similar
gradient existed for the potentiometric surface in the St. Louis Limestone. Decreasing specific
conductance values were measured in water samples from both overburden and bedrock wells during
rising pool levels during 1983, implying mixing with fresher reservoir waters.



Examples of investigations of ground-water systems where the dissolution of evaporite material
causes concern for dam safety include James and Lupton (1978) and Claassen (1981). Both studies
were concerned with the accelerated dissolution rates of anhydrite and gypsum in dam foundations
resulting from increased hydraulic head caused by reservoirs.

METHODS OF INVESTIGATION
Well Nomenclature and Construction

The present (1990) network of 69 observation wells (plate 1) at the dam site monitors ground-water
levels at various depths within the overburden and the bedrock. Wells designated “-O” or “GW-” are
completed in the overburden materials, either alluvium (at an elevation between 673 ft and 694 ft) or
glacial till sands (at an elevation between 693 ft and 742 ft); wells completed in the evaporite zone or
in a stratigraphic equivalent cavity zone at an elevation between 630 and 648 ft are annotated by “-R”
(lower bedrock), “-RA” (evaporite zone), or “-L” (lower bedrock); “-U” designates wells monitoring water
levels in sandstones in the upper bedrock of the St. Louis Limestone at an elevation between 652 and
656 ft; and “UR” represents wells completed in limestone in the upper bedrock of the St. Louis
Limestone at an elevation between 680 and 690 ft. Generally, wells labeled “R-” monitor water levels
in the lower bedrock of the St. Louis Limestone or will have a modifier “U” or “L” to designate the cavity
zone or evaporite zone.

The following wells are exceptions to the previously described annotation system. R-88-1, R-88-2,
and R-88-3 are completed in the bedrock of Pennsylvanian age in the bluff on the northeast side of the
dam. R-88-1, located about 1,150 ft north of well 26-R, is not located on the base map but will be
referred to in table 2. R-88-4 is completed in extremely fractured and weathered limestone of the
former Des Moines River channel at the approximate elevation of the lower cavity zone. R-87-2U is
completed in limestone in the upper bedrock of the St. Louis Limestone. Well 5-RB is completed in the
fractured, cavity zone above the evaporite horizon at an elevation of 654 ft.

In general, observation wells were installed as 0.75 in.(inch)- to 2 in.-diameter galvanized or PVC
(polyvinyl chloride) pipe, the annulus back-filled with sand to an elevation above the top of the well
point or well screen, the completion zone isolated by a bentonite seal, and the annulus then back-filled
with sand, cement, and bentonite. Observation well pairs were prepared in a similar manner by
nesting two separate pipe assemblies in a single well bore and isolating the well points or well screen
with bentonite layers (U.S. Army Corps of Engineers, 1970; Terracon Consultants, 1987, 1988).

Data Collection

The COE has measured water levels from several observation wells at the Red Rock Dam since
impoundment of water began during 1969. Water levels from the present (1990) observation well
network (plate 1) were measured on a monthly or bimenthly basis.

The current (1990) ground-water monitoring program for collecting and analyzing water samples
on a monthly basis at five water-quality wells (23-R, 5-RB, 5-RA, 30-0, and 29-0) was begun in April
1987 (plate 1). Well R-87-4 was added to the program in October 1989. Since March 1988, samples
also have been collected from the tailwater downstream from the dam and from the reservoir. Iowa
State University, under contract from the Rock Island District of the COE, collects the water samples
and measures field specific conductance, pH, temperature, and alkalinity. Wells were pre-pumped and
samples collected when parameters measured onsite stabilized. The Analytical Services Laboratory
(U.S. Environmental Protection Agency-certified) at the Department of Civil and Construction
Engineering of Iowa State University analyzed the samples for major cations and anions, nitrate, iron,
and manganese.



Table 2--Range of water-level changes in observation wells, reservoir, and tailwater at the
Red Rock Dam from July 27, 1988-July 9, 1990

[Completion elevation, elevation of the base of the completion interval, in feet above sea level;
reading, water-level elevation, in feet; --, not applicable]

Well or

reservoir Completion Lowest Highest Number Range of
location elevation reading reading of readings
(plate 1) (feet) (feet) (feet) readings (feet)
R-88-3 740.6 744.5 749.2 12 4.7
31-0 677.5 691.1 698.4 13 7.3
16-0 673.6 690.7 698.3 13 7.6
29-0 675.7 692.0 700.0 13 8.0
8-0 673.7 692.5 700.8 13 8.3
16-R 639.6 692.4 701.2 13 8.8
R-88-1 750.0 782.3 791.1 11 8.8
25-0 691.0 693.2 702.0 13 8.8
7-0 673.5 693.1 702.1 13 9.0
8-R 647.0 693.5 702.7 13 9.2
9-0 678.8 688.5 697.8 13 9.3
9-R 640.6 687.9 697.3 13 94
10-0 679.8 689.9 699.6 13 9.7
11-0 677.4 688.9 698.6 13 9.7
Tailwater - 685.7 695.6 13 99
12-0 672.7 689.1 699.1 13 10.0
83-L 635.7 689.6 699.7 13 10.1
GW-1 690.8 693.5 703.7 13 10.2
R-88-4 652.8 693.5 703.8 12 10.3
83-U 654.0 689.2 699.6 13 104
84-U 652.0 690.0 700.4 13 104
85-L 631.3 690.0 700.5 13 105
85.U 656.2 690.1 700.6 13 10.5
84-L 632.5 689.9 700.6 13 10.7
14-R 630.8 690.7 701.8 13 111
13-R 633.5 690.7 701.9 13 11.2
7-R 648.1 695.2 706.4 13 11.2
12-R 633.2 690.3 701.6 13 11.3
R-88-2 761.2 768.2 780.0 12 11.8
17-0 693.7 694.5 707.2 13 12.9
10-R 639.6 695.2 708.1 13 12.9
18-0 692.6 695.1 708.4 13 13.3
6-0 677.0 695.9 709.7 13 13.8
5-0 688.3 695.3 709.2 13 139
19-0 686.6 695.3 709.3 13 14.0
28-0 690.4 694.4 708.6 13 14.2
11-R 633.0 696.6 710.8 13 14.2
4-0 685.8 696.1 710.5 13 14.4
5-RB 654.3 695.8 710.5 13 14.7
5-R 645.4 695.9 710.7 13 14.8



Table 2--Range of water-level changes in observation wells, reservoir, and tailwater at the
Red Rock Dam from July 27, 1988-July 9, 1990--Continued

Well or

reservoir Completion Lowest Highest Number Range of
location elevation reading reading of readings
(plate 1) (feet) (feet) (feet) readings (feet)
R-88-6 639.7 693.8 709.0 12 15.2
20-0 683.7 695.1 710.8 13 15.7
18-R 649.6 694.4 7104 13 16.0
23-0 690.0 695.3 711.3 13 16.0
3-0 692.2 695.3 711.6 13 16.3
21-0 702.3 719.0 719.0 1 116.7
R-87-4 640.1 696.0 713.3 13 17.3
23-R 645.7 695.6 714.1 13 185
R-88-5U 650.4 696.0 714.5 12 185
R-88-5L 639.7 696.1 714.7 12 18.6
4-R 646.1 697.4 716.1 13 18.7
3-R 643.4 694.8 714.7 13 199
21-UR 689.5 697.1 718.2 13 21.1
2-R 645.1 696.2 718.5 13 22.3
26-R 636.8 6974 720.0 13 22.6
30-0 687.8 697.7 720.7 13 23.0
27-R 642.6 696.6 720.2 13 23.6
22-UR 683.7 697.0 721.5 13 245
22-0 710.0 734.5 734.5 1 1245
i-R 642.6 697.8 724.6 13 26.8
R-87-1 638.0 697.6 726.6 13 29.0
R-87-2L 642.3 696.5 726.3 13 29.8
R-87-2U 684.3 697.0 732.7 13 35.7
Reservoir - 730.4 766.3 13 35.9

! Range of readings is 2 minimum, because the well was dry before the July 9, 1990, measurement.

Correlation of Geologic Units

Drillers’ logs for exploratory and observation wells at the Red Rock Dam site contain geologic
information and are available from files stored at the Rock Island District of the COE. Bedrock cores
cut by Terracon Consultants during drilling programs in 1987 and 1988 are available for wells R-87-1
through R-87-4 and wells R-88-1 through R-88-6 (Terracon Consultants, 1987, 1988). Using this
information, geologic cross-sections at a 5:1 vertical exaggeration were constructed to correlate
permeable zones in the bedrock and glacial till, and as an aid in visualizing the spatial relation of
observation wells to the geology.

Hydrogeologic Mapping and Statistical Analysis of Water-Level Changes

In addition to areal maps of the potentiometric surface in the overburden and the potentiometric
surface in the evaporite zone of the St. Louis Limestone, maps were prepared comparing the changes
in water levels for observation wells and the reservoir. Maps showing the difference between the
potentiometric surface in the bedrock and the potentiometric surface in the overburden also were
prepared.
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A data base containing more than 4,000 water-level measurements for the reservoir, the tailwater,
and all observation wells at the dam from March 1982 through July 1990 was created on the USGS
computer. The change in water levels in each observation well between two monthly measurements
and the change in the reservoir or tailwater levels for the same period was calculated using the
relational data base INFOL. A correlation coefficient was calculated for the monthly or bimonthly
change in water levels in each well and the corresponding change in reservoir level or tailwater level
using the statistical package P-STAT. For this statistical analysis, only those wells with at least 50
water-level readings covering the entire 8 years were used.

Analysis of Geochemistry

By expressing concentrations of major ions in meq/L (milliequivalents per liter) and subsequently
calculating the percent of major cations (calcium, magnesium, sodium, and potassium) and anions
(bicarbonate, carbonate, sulfate, and chloride), trilinear (Piper) diagrams were used to distinguish
water types in the vicinity of the dam and possible mixing relations (Hem, 1985). Saturation indices
for calcite, dolomite, and gypsum were calculated using the USGS chemical equilibrium program
WATEQ4F (Plummer and others, 1976), which models the thermodynamic speciation of inorganic ions
and complex species in solution.

For water-quality analysis in this study, water samples collected from the observation wells are
assumed to represent the formation waters at the elevation of the well screen. It is expected that well
completion techniques, described in the “Well Nomenclature and Construction” section of this report,
provide an effective seal in the well bore, isolating the well screen interval from adjacent formation
waters.

Determination of Hydraulic Conductivity and Ground-Water Velocity

Hydraulic conductivity for the evaporite zone and the cavity zone in the St. Louis Limestone was
calculated from water pressure test data obtained by Terracon Consultants during drilling programs
at the dam site during 1987 and 1988 (Terracon Consultants, 1987, 1988). For each test interval of 5
to 10 ft, gauge pressure was recorded in 1b/in? (pounds per square inch), water loss in ft%/s, and elapsed
time (5 minutes in each case). Hydraulic conductivity (K), or permeability, in ft/d (feet per day) per
unit gradient is calculated from equation 1:

K = [Q/(Cg + 4)rH] x 86,400 (6]
where K = hydraulic conductivity, in feet per day;
Q = flow into well, in cubic feet per second;
Cg = conductivity coefficient for semispherical flow in saturated material;
r = radius of well bore, in feet;
H = effective hydraulic head; and

86,400 converts feet per second to feet per day.

Cs is graphically determined from a plot against A/r where A is length of aquifer exposed in the well
bore, in feet. H is determined from h; + hy - L, where h; is the distance between the gauge and the
water table; hg is the applied pressure at the gauge, in feet of water; and L is the head loss in the pipe,
in feet, from friction. A detailed explanation of this method of calculating hydraulic conductivity from
in-situ water pressure tests is contained in Bureau of Reclamation (1985).

1 The use of firm or trade names in this report is for identification purposes only and does not
constitute endorsement by the U.S. Geological Survey.
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Ground-water velocities were determined from tracer information. Road salt application upstream
from Lake Red Rock during the winter months probably caused peak chloride ion concentrations in the
reservoir during March 1989 and February 1990. After a time lag of 1 to 4 months, chloride
concentrations peaked in observation wells at the dam site. An average ground-water velocity was
then calculated by assuming a flow path:

V =D/T (2)
where V = average velocity, in feet per day;
D = distance, in feet; and
T = time,in days.

Ground-water velocities also were measured in two bedrock wells completed near the grout curtain
on the northeast side of the dam during June 1990, with a K-V Associates Groundwater Flowmeter
System, Model 40. A point source of heat is produced at the center of the tool, which is sensed by four
pairs of thermistors arranged in a circular pattern. From the magnitude and direction of the thermal
rise, the velocity and direction of horizontal flow can be calculated from vector resolution. The tool is
fitted with a packer assembly, which isolates the probe in the interval of interest, and is lowered into
the well casing on a rod assembly. To eliminate instrument bias, two separate sets of measurements
are taken at a given well depth. After the initial set of measurements, the tool and rod assembly is
rotated 180 degrees and a second set of measurements is obtained (K-V Associates, 1983).

HYDROGEOLOGY

The hydrogeology of south-central Iowa is described in Cagle and Heinitz (1978). The Warsaw
Limestone is the lower confining unit in the area. The St. Louis Limestone contains two water-bearing
parts, referred to as the lower bedrock and upper bedrock. Rocks of Pennsylvanian age are generally
confining units with interspersed water-bearing strata. Water-bearing units within the overburden
include glacial sands and alluvial sands.

The Warsaw Limestone is the lower confining unit at the Red Rock Dam site. The shale and
dolomite have limited permeability and retard movement of ground water.

Water is confined in the St. Louis Limestone, where it is overlain by consolidated units. Where
overlying units are absent, ground water is under water-table conditions. Mapping of the
potentiometric surface indicates that the water in the St. Louis Limestone discharges to the Des
Moines River and alluvium (W.L. Steinhilber, written commun., 1971). The regional flow gradient in
the St. Louis Limestone generally is toward the southwest.

Regionally, extremely mineralized water occurs in the St. Louis Limestone. Dissolved solids
averaged about 3,000 mg/L (milligrams per liter). Where the aquifer is the bedrock surface, or near
the bedrock surface, dissolved solids averaged about 700 mg/L. Sulfate concentrations ranged from 50
to 3,500 mg/L and the higher concentrations occurred in ground water near the evaporite beds (Cagle
and Heinitz, 1978).

Strata of Pennsylvanian age are mostly confining units. A few water-bearing sandstone units are
within these strata, but are generally thin and not areally extensive.

The potentiometric surface in the shallow glacial material of the overburden generally slopes from
topographic highs toward the stream valleys, where water is discharged to the alluvial deposits. Water
moves toward the streams in the valley within the alluvium. At high stream levels, there may be a
reversal of flow in the alluvium as water moves toward the valley walls from the stream.
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The gradient of the potentiometric surface in the overburden at the Red Rock Dam site is from the
valley bluffs toward the Des Moines River. The potentiometric surface on February 23, 1984 (fig. 3),
when the reservoir level was 731 ft, indicates that shallow ground-water generally flows from the bluffs
on either side of the dam with a down-valley component away from the dam in the river valley. The
potentiometric surface in the evaporite zone of the St. Louis Limestone on February 23, 1984, indicates
flow away from the dam on both sides of the valley (fig. 4). Ground water in the evaporite zone is under
confined conditions in the river valley, because the top of the potentiometric surface, at an elevation of
approximately 700 ft (fig. 4), is above the top of the St. Louis Limestone, which is at an elevation of less
than 690 ft (geologic section A-A’ on plate 1).

The difference in elevation between the potentiometric surface in the evaporite zone and the
potentiometric surface in the overburden on February 23, 1984, is indicated by the observation well-
pairs installed by the COE throughout the valley and northeast bluff (fig. 5). At the Red Rock Dam
site, water in the St. Louis Limestone is being discharged upward to the overburden in the river valley.
The St. Louis Limestone is being recharged by water from the overburden in the northeast bluff.

Despite the small hydraulic conductivity of dam fill material, large hydraulic head differences
between the reservoir and the toe of the dam cause extremely steep potentiometric gradients that
result in natural seepage. When the reservoir level was 773.4 ft on July 13, 1984, the configuration of
the potentiometric surface in the overburden (fig. 6) had changed compared to February 23, 1984, with
flow becoming more parallel to the axis of the dam. The potentiometric surface had an extremely steep
hydraulic gradient from the reservoir through the dam and southwest bluff to the downstream
observation wells, which implies expected small permeability and minimal seepage through the dam
and embankment materials. A lesser hydraulic gradient from the reservoir to the downstream
observation wells existed on the northeast side of the dam, which could indicate excessive seepage
through embankment material from larger than expected hydraulic conductivity, underseepage
through bedrock, or a recharge area unconnected to the reservoir located northeast of the dam site.
The potentiometric surface of the evaporite zone had a similar configuration in the river valley on the
southwest side of the dam on July 13, 1984 (fig. 7), to that on February 23, 1984. On the northeast side
of the dam, flow generally paralleled the axis of the dam with a strong down-valley component.

A similar relation of the potentiometric surface of the evaporite zone to the potentiometric surface
in the overburden on July 13, 1984, to February 23, 1984 was evident (fig. 8). Higher water levels occur
in the overburden than in the bedrock aquifer in the area of the northeast bluff. If vertical hydraulic
conductivity is large enough, water from the overburden can move downward and recharge the
bedrock.

GEOCHEMISTRY

Three primary types of water are present in the ground-water system in the vicinity of the Red
Rock Dam on the basis of a classification of major ion percentages with a trilinear diagram (fig. 9). The
most prevalent is a calcium bicarbonate water (type I), which occurs in the cavity zone of the St. Louis
Limestone, in the overburden (both alluvial and glacial deposits), the Des Moines River, and in Lake
Red Rock. Water samples collected and analyzed by the USGS in June 1990 from wells R-88-2 and
R-88-3 indicate a calcium bicarbonate water occurs in the shale and other fine-grained deposits of
Pennsylvanian age in the bluffs on the northeast side of the dam. A calcium sulfate water (type II)
occurs in the lower evaporite zone of the St. Louis Limestone.

A sodium sulfate water (type III) has been sampled from the lower evaporite zone in well 5-RA
during the current (1990) water-quality monitoring program and in well 3-R during previous water-
quality studies at the dam (U.S. Army Corps of Engineers, 1984). These wells were initially completed
in a thick, impermeable evaporite bed; therefore, the large sodium concentration (800-1,200 mg/L)
could be caused by the existence of associated sodic-minerals in the evaporite sequence or water from
deeper rock units being discharged upward into the well bore.
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EXPLANATION
a WELL 5-RA [CaSO4 to NaSO4]

+ WELL 23-R [Ca SOy]
X WELL 29-O[Ca (HCO3),]

Refer to plate 1 for location of wells

CATIONS PERCENTAGES OF ANIONS
REACTING VALUES

Figure 9.--Trilinear diagram showing water types present in wells 5-RA, 23-R, and 29-O.
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On the trilinear diagram in figure 9, data from wells 29-O, 23-R, and 5-RA represent the calcium
bicarbonate, caleium sulfate, and sodium sulfate water types. Water samples from these wells have
been analyzed monthly from April 1987 through July 1990. The trend in the data from well 5-RA
indicates a change from the sodium sulfate water to the calcium sulfate water occurring in well 23-R.
When well 5-RA initially was completed in the impermeable evaporite bed, it was isolated from the
more permeable parts of the St. Louis Limestone. The high sodium concentration in well 5-RA
subsequently decreased dramatically during 1989 (fig. 10). Before May 1989, waters with a large
sodium concentration from the underlying Warsaw Limestone possibly were being discharged to the
well bore and constituted a large part of the pumped water samples. As the evaporite bed was stressed
by subsequent sampling operations, a pathway was opened to the more permeable part of the
formation and calcium sulfate water began to mix with the sodium sulfate water. A water analysis
obtained from the USGS national water-quality data base (WATSTORE) for a well completed in the
Warsaw Limestone, located approximately 40 mi southeast of the dam site in Monroe County,
indicates that sodium sulfate water occurs in the Warsaw Limestone.

T i 1

—®— WELL 5-RA (Evaporite zone of St. Louis Limestone)
= -0-~- WELL 5-RB (Cavity zone of St. Louis Limestone)

CONCENTRATION, IN MILLIEQUIVALENTS PER LITER
3
T

ob— ©0-=0:-0001--0-00-00-0 00-0:010:00°0- 000-0:0- -00-0- 00 0000
1987 1988 1989 1990 1991
Figure 10.--Sodium concentration in samples from wells 5-RA and 5-RB, April 1987- July 1990.

An alternative explanation for the trend toward a calcium bicarbonate water type in well 5-RA is
that dissolution of the evaporite minerals occurred during the sampling period because of in-situ
processes in the ground-water system. Downward movement of ground water from overlying strata or
development of a solution channel from adjacent strata could have caused a breakthrough from a more
permeable zone, allowing mixing of the two water types. If the sampling interval is not isolated from
the well bore, leakage from overlying strata also could explain the change in water chemistry.

EVIDENCE OF UNDERSEEPAGE

Evidence for excessive underseepage of reservoir water through the overburden (glacial sands) and
the St. Louis Limestone beneath the dam on the northeast side of the dam site will be presented.
Topics include comparing the water-level changes in observation wells with corresponding changes in
reservoir levels, mapping the potentiometric surfaces in the overburden and in the St. Louis Limestone
in the vicinity of the dam, evaluating the geochemistry of the ground-water system using data from
analyses of water samples collected from observation wells at the dam site, and presenting results of
ground-water flow measurements.
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Relation Between Water-Level Changes in Reservoir
and Observation Welfs

The range in water-level measurements for all observation wells at the dam site from July 27,
1988, through July 9, 1990, is listed in table 2. Data for well 5-RA are not included because water levels
did not always recover to the potentiometric surface between water-level measurements after samples
were pumped from the well. Ranges of reservoir and tailwater elevations and the elevation of the base
of the completion interval of each well are included for reference. Tailwater elevation is measured in
a stilling basin located in the concrete control structure of the dam and represents river elevation
immediately downstream from the dam spillway. This comparison of water-level changes indicates
that varying hydrogeologic conditions exist near Red Rock Dam. Of the observation wells completed
in the evaporite zone of the St. Louis Limestone, those having the widest range in water-level
measurements (R-87-2L, R-87-1, 1-R, 27-R, 26-R, and 2-R) are located on the northeast side of the dam
(plate 1), whereas wells on the southwest side of the dam (12-R, 13-R, and 14-R) have a much smaller
range in their water-level measurements. Wells completed in the upper bedrock of the St. Louis
Limestone located on the northeast side of the dam (R-87-2U, 22-UR, and 21-UR) (plate 1) also exhibit
large fluctuations in water levels. Of the overburden observation wells, the largest water-level
fluctuations occurred in wells 30-O and 22-O, which are completed in glacial sands in the overburden
of the northeast bluff (plate 1).

Large fluctuations in hydraulic head were observed on the northeast side of the dam in the bedrock
and in the overburden. The ranges in water-level measurements from July 27, 1988, to July 9, 1990,
in wells R-87-2U, R-87-2L, R-87-1, 1-R, and 30-O represent more than 75 percent of the 35.9 ft that the
level of Lake Red Rock varied during this period.

Time-series plots comparing monthly water elevations of the reservoir, observation wells, and
tailwater from March 1982 to July 1990 indicate hydrogeologic conditions differ on the two sides of the
river valley. Well 14-R (fig. 11), located in the southwest bluff (plate 1), has a more subdued response
to reservoir level changes than does well 1-R (fig. 12), which is located in the northeast bluff (plate 1).
Both wells are located immediately downstream from the dam axis and are completed in the evaporite
zone of the St. Louis Limestone. The magnitude of water-level changes in well 1-R correlates better
with changes in reservoir levels. This difference in response between observation wells on the two
sides of the dam has been noted by the COE since dam operations began. For this reason, and because
the distribution of evaporite beds is more extensive on the northeast side of the river valley than on
the southwest side (fig. 2), hydrogeologic data collection has been focused on the northeast valley and
bluff.

Time-series plots for water levels in observation wells completed in the overburden of the northeast
bluff also show a correlation with changes in reservoir levels from March 1982 to July 1990. Until the
piezometer became inoperative, water-level data for well 2-O (fig. 13) show a similar response to
changes in reservoir levels as data for well 1-R. Water-level measurements for well 21-O (fig. 14) also
show a relation to high reservoir levels. There seems to be a time lag of 1 month or less between a
maximum reservoir level reading and the maximum water-level measurement in wells 2-O and 21-0,
which are completed in the same glacial sand package of the overburden (geologic section B-B’ on plate
.

The time-series data for well 21-UR (fig. 15) indicate a relation between water-level changes in an
observation well completed in the upper bedrock of the St. Louis Limestone and changes in reservoir
levels. This well is located in the northeast bluff and is completed in fractured limestone just below
the top of the uneven, erosional bedrock surface (geologic section B-B’).

Time-series data indicate a relation between pool-level changes and water-level changes in

observation wells on the northeast side of the dam site. A correlation coefficient between the monthly
or bimonthly changes in water levels in each of the observation wells and the corresponding changes
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WATER-LEVEL ELEVATION, IN FEET ABOVE SEA LEVEL

WATER-LEVEL ELEVATION, IN FEET ABOVE SEA LEVEL
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Figure 11.--Water-level elevations of reservoir, observation well 14-R, and taiiwater, March 1982 - July 1990.
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