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ABSTRACT

Aquifer characterization studies were performed to develop a hydrogeologic understanding of an
unconfined shallow aquifer at the Weldon Spring site west of St. Louis, Missouri. The 88-ha site became
contaminated because of uranium and thorium processing and disposal activities that took place from the
1940s through the 1960s. Slug and pumping tests provided valuable information on the lateral distribution
of hydraulic conductivities, and packer tests and lithologic information were used to determine zones of
contrasting hydrologic properties within the aquifer. A three-dimensional, finite-clement groundwater
flow model was developed and used to simulate the shallow groundwater flow system at the site. The
results of this study show that groundwater flow through the system is predominantly controlled by a
zone of fracturing and weathering in the upper portion of the limestone aquifer. The groundwater flow
model, developed and calibrated from field investigations, improved the understanding of the
hydrogeology and supported decisions regarding remedial actions at the site. The results of this study
illustrate the value, in support of remedial actions, of combining field investigations with numerical
modeling to develop an improved understanding of the hydrogeology at the site.

INTRODUCTION

The Weldon Spring site is located in St. Charles County, Missouri, about 48 km west of St. Louis
(Figure 1). The site is listed on the National Priorities List, and cleanup activities are currently being
conducted by the U.S. Department of Energy (DOE). The chemical plant area of the Weldon Spring site
became contaminated as a result of uranium and thorium processing and disposal activities that took place
from the 1940s through the 1960s. The chemical plant area, the focus of this study, contains about 40
buildings and support structures (currently in the process of being dismantled), four raffinate pits, two
ponds (Ash Pond and Frog Pond), two former dumps (North Dump and South Dump), and a former coal
storage area (Figure 2). A remedial investigation/feasibility study (RI/FS) was prepared to evaluate
remedial actions at the chemical plant area. Important components of the RI/FS included aquifer
characterization and numerical modeling to develop an understanding of the hydrogeoiogical
characteristics of a shallow limestone aquifer beneath the site.

This paper describes the hydrogeologic characterization studies that were performed to provide the
framework upon which the groundwater flow model was developed, calibrated, and used to support
decisions regarding remedial ar'H- re at the chemical plant area of the Weldon Spring site.

Fig. 1. Location of the Weldon Spring Site (Source: Ref. 1)

Fig. 2. General Layout of the Chemical Plant Area (Source: Ref. 1)

GEOLOGICAL CHARACTERISTICS

The Weldon Spring site lies at the southern edge of the Dissected Till Plains, a subdivision of the Central
Lowlands Physiographic Province, and is characterized by gently rolling hills in upland areas. The surface
drainage divide between the tributaries of the Mississippi River to the north and the Missouri River to
the south bisects the site in a northeasterly direction (2). Gently rolling topography characterizes the area



to the north and west, whereas the terrain to the south and east is heavily wooded, rugged, and ravined
(3).

The bedrock stratigraphy in the area of the site is composed of approximately 610 to 915 m of Paleozoic
marine limestone, dolomite, sandstone, and shale. The uppermost units at the site are the Mississippi,™
Burlington and Keokuk limestones overlain by 5 to 18 m of unconsolidated suriici.il materials composed
of topsoil, loess, glacial drift, and residuum. The bedrock units are lithologically similar and have
therefore been grouped together by most investigators into the Burlington-Keokuk Limestone. The
thickness of this limestone is estimated to be approximately 12 to 56 m at the site (4). In general, this
formation is composed of fine- to coarse-grained limestone ivith abundant chert occurring as nodules and
beds (2).

Subsurface data collected from 92 vertical and 2 angle collected at the site were used to describe the
lithologic characteristics of the Burlington-Keokuk Limestone which is 12 to 56 m thick in this area (5).
On the basis of weathering characteristics, the formation is divided into two lithologic units. The upper
zone, which is more weathered than the lower portion of the limestone, is referred to as the "weathered"
limestone. The lower zone, which is less weathered, is identified as the ""unweathered" limestone. The
lithologic contact between these two zones was estimated on the basis of the weathering characteristics
from borehole data. The amount of weathering gradually decreases with increasing depth; thus, the
lithologic contact between the zones is gradational, and extends up to several meters vertically.

On the basis of the estimated lithologic contact, the weathered limestone at the site ranges in thickness
from less than 3 m to about 15 m. The unit is moderately to highly fractured and slightly to severely
weathered. Core sampling from the angled boreholes indicates that fracturing in the unit is
predominantly horizontal and irregularly spaced and typically occurs along shaley interbeds, bedding
planes, or chert interbeds. Solution features have also been found, but they are either partially or
completely filled with clay-sized material. Although some voids occur in the uppermost bedrock, they
are generally isolated and display limited vertical or lateral continuity (5). The unweathered portion of
the Burlington-Keokuk Limestone is thinly to massively bedded and finely to coarsely crystalline. Both
horizontal and vertical fracture densities are significantly lower in the unweathered limestone than in the
weathered limestone (6).

The uppermost part of the shallow aquifer also includes unconsolidated residuum overlying the bedrock
surface at some locations. This residuum unit is interpreted to be a weathered product of either the
Burlington-Keokuk Limestone or the Warsaw Formation, a calcareous shale and interbedded limestone
(7). The residuum consists of clayey gravel to gravelly day that probably formed prior to the Pleistocene.
At the Weldon Spring site, this unit ranges in thickness from 0 to 8 m. The thickness and areal extent of
the unit appear to be somewhat affected by bedrock topography. Bedrock lows tend to have a thicker
residuum section, whereas bedrock highs have a thinner section (7). Discrete portions of saturated
residuum occupy depressions in the bedrock surface.

CROUNDWATER

The two principal bedrock aquifer systems at the Weldon Spring site include a shallow unconfined aquifer
and a deep confined aquifer (Figure 3). These systems are separated by several hundred feet of limestone,
dolomite, and shale formations (8). Regionally, the shallow bedrock aquifer system consists primarily of
saturated Mississippian and Devonian rocks that range regionally from 76 to 198 m in thickness, and the
deep bedrock aquifer system consists of Ordovician and Upper Cambrian saturated rocks (8).
Ground water that is used to supply drinking water for the area is taken from the deep productive aquifers
of the Ordovician/Cambrian bedrock system and from an alluvial aquifer near the Missouri Riv IT.

Fig. 3. General Stratigraphy and Hydrostrarigraphy of the Weldon Spring Site (Source: Refs. 4,7, 8)



The groundwater system of interest at the site is the upper unconfined aquifer, which consists of saturated
rocks within the Burlington-Keokuk Limestone and discrete occurrences of the overlying saturated
residuum. Although relatively unproductive, this aquifer is the focus of this study because it has been
contaminated as a result of previous site activities and is a likely route for contaminant migration.

A map of the water-table surface constructed from average water levels measured from 1986 through 1992
within the upper aquifer indicates the presence of a groundivater divide that trends northeasterly
(Figure 4). Ground water to the north of this divide flows northeast toward a tributary of the Mississippi
River, whereas ground water to the south of the divide flows southeast toward the Missouri River (7).
Although the water table fluctuates in elevation, it generally remains ivithin the upper bedrock or the
highly weathered residuum at the overburden/bedrock interface.

Fig. 4. Map of the Water-Table Surface Constructed from Average Water Levels Measured during 1986
through 1991 (Source: Ref. 9)

AQUIFER CHARACTERIZATION

Hydraulic conductivities in the bedrock aquifer were estimated from three different hydraulic testing
methods: slug tests, pumping tests, and packer tests (4,10). The results of these tests were used in this
study to provide a range of hydraulic conductivities for the numerical model and to characterize the
aquifer more definitively by estimating hydrostratigraphic relationships ivithin the upper and lower units
of the Burlington-Keokuk Limestone.

Slug tests were performed in 39 monitoring wells and 2 piezometers at depths ranging from 0 to 12.2 m
and 2.1 to 32 m below the top of the Burlington-Keokuk Limestone. Hydraulic conductivity values were
also determined from pumping tests conducted at three different areas of the site. The hydraulic
conductivities determined from these tests ranged from 1.7 * 10* to 45 * 10'3 cm/s with the higher
conductivities generally associated with wells completed in the upper zone of the aquifer.

The results of slug and pumping tests, in general, are indicative of the umveathered portion of the
Burlington-Keokuk, given that the test intervals for most of the wells are open to both the unweathered
and weathered zones of the limestone. In addition, these tests provided information on the horizontal
distribution of hydraulic conductivity and the heterogeneous nature of the shallow aquifer beneath the
site. For example, the larger hydraulic conductivity values, as determined from slug tests, occurred in
areas of saturated residuum and highly fractured and argillaceous weathered bedrock where the limestone
surface is incised by weathering. Ground water flow in these areas is discrete, typical of conduit type flow
encountered in solution-modified carbonate terrain.

The hydraulic conductivity values determined from the 46 packer tests in 34 wells ranged from 3.5 x l(r7

to 6.3 x W2 cm/s. These tests were conducted on discrete intervals throughout the shallow bedrock
column during drilling operations. Although the results show considerable variability, the hydraulic
conductivity decreases with increasing depth. Specifically, the results of these tests showed that the
hydraulic conductivity values, determined from tests conducted in the shallow bedrock, were about 907c
smaller than those values determined from tests performed in the deeper bedrock. The occurrence of
larger hydraulic conductivity values in shallow test locations is probably attributable to greater effective
porosity as a result of weathering. These observations suggest that the aquifer is vertically heterogeneous
with respect to hydraulic conductivity. The vertical variation in hydraulic conductivity, determined from
all the packer test data, was useful for estimating hydrostratigraphic relationships within the Burlington-
Keokuk Limestone.

In summary, groundwater flow through the shallow aquifer system is predominantly controlled by a zone
of fracturing and weathering in the upper portion of the aquifer. Diffuse Darcian groundwater flow is
manifested in the shallow bedrock aquifer through predominantly horizontal flow occurring in the
uppermost part of the aquifer, which is generally strongly weathered and contains fractures along bedding



planes, vuggy porosity, and small voids. Assuming an interconnection between these upper highly
conductive layers and the fracture zones, the Burlington-Keokuk aquifer at the Weldon Spring site can
be conceptually modeled as a two-layer hydrogeological system. The thin upper zone, \vhich is more
variable and generally has a higher hydraulic conductivity, is assumed to overlie a relatively thick zone
with 9 much lower hydraulic conductivity (7).

NUMERICAL MODEL

Development

A three-dimensional groundwater flow model was chosen because of its ability to address sufficiently the
vertical variations in hydraulic conductivity present in the bedrock below the site. The numerical code
selected to model the site was the Coupled Fluid, Energy, and Solute Transport (CFEST) computer code
(11). The finite-clement grid was developed for the model on the basis of site-specific information. The
grid was designed to be consistent with the areal extent of the region of interest, the boundary conditions,
and other important surface features (e.g., ponds, raffinate pits, and observation wells). The finite-element
grid (Figure 5) developed for the site consists of 1,939 surface nodes and 1,863 quadrilateral surface
elements encompassing an area of approximately 204 ha. The nodal spacing in the raffinate pit area was
about 15.2 m, with each element occupying an area of 232 m2 (9).

Fig. 5. Finite-Element Grid for the Numerical Model (Source: Ref. 9)

The unconfined aquifer, consisting of the Burlington-Keokuk Limestone and residuum, was divided into
upper and lower zones on the basis of weathering characteristics and hydraulic properties determined
from numerous on-site borings and aquifer characterization tests, as discussed above. In the calibrated
model, the combined thickness of the saturated residuum and the weathered limestone ranges from 1 to
4 m in the modeling area. The tower, more competent unit underlying the weathered limestone is 27.5
to 52 m thick.

The areal boundary conditions incorporated into the model are shown in Figure 6. A segment of the
northwest boundary, which parallels a flow line, was modeled as a no-flow (Neumann) boundary. The
other boundaries were assigned a constant-head (Dirichlet) condition on the basis of a map of the water-
table surface contoured from average water levels measured over a five-year period (Figure 4).

In cross section, the model was assumed to be bounded on the bottom by the Fern Glen Limestone, a low-
permeability unit. Although some vertical leakage is likely to occur between the lower competent
Burlington-Keokuk Limestone and underlying formations, the effect of the leakage is not expected to
significantly affect groundwater flow in the unconfined aquifer. The bottom boundary was therefore
simulated as a no-flow condition. The top boundary, which corresponds with the water-table elevation,
was simulated as a constant-flux boundary to represent recharge from precipitation (9).

Continuous uniform values of hydraulic conductivity were selected for modeling the unweathered zone
of the Burlington-Keokuk Limestone. However, heterogeneity for the upper weathered limestone of the
Burlington-Keokuk was incorporated in the model by increasing the hydraulic conductivity in the northern
area of the site. Packer and slug tests conducted in wells located in the northern half of the site resulted
in most of the high hydraulic conductivity values. Field evidence for a high conductivity feature in this
area includes the shape of the water-table contours, the configuration of the underlying bedrock
tope ̂ raphy, and the hydrostratigraphy. As shown in Figure 4, the water-level contours at the northern
portion of the site form a clearly discernible trough, which indicates a predominantly northern
groundwater flow. The map of the bedrock topography (Figure 6) shows the presence of two
paleochannels in the northern section of the chemical plant area. The hydrogeology of these palcochannels
is characterized by associated zones of intense weathering that are likely to produce areas of higher
conductivity. In addition, water levels measured in several of the monitoring wells in this area occur
above the weathered bedrock in the more permeable residuum (Figure 7).



Fig. 6 Bedrock Topography in the Study Area (Source: Modified from Ref. 7)

Fig. 7 Depth to Groundivater in the Upper 10 Feet of Bedrock (Source: Modified from Ref. 7)

Calibration/Sensitivity Analysis

The groundwater flow model was calibrated in a two-stage process with water-level data collected from
1986 through 1991. The first stage involved comparing contour maps of the model-predicted water-level
elevations with a map of the water table contoured from average water levels measured in the field during
this five-year period. After the general configurations of the model-predicted and field-measured water-
table maps were similar, the second and final stage of the calibration process was implemented. In this
stage, the simulation results were compared directly ivith the water levels measured at 33 monitoring
wells. The model was assumed to be calibrated after determining the set of input parameters that
produced the smallest sum of squared differences between the model-predicted water-level elevations and
those measured in the field. The water-table surface predicted by the calibrated model for the unconfined
aquifer is shown in Figure 8.

Fig. 8 Model-Predicted Water-Table Surface (Source: Ref. 9)

The calibration included varying the hydraulic conductivity values for the weathered and umveatlvred
zones of the aquifer within the range of values determined from field investigations. The steady-state
calibrated hydraulic conductivities for the lower unvveathered zone and upper weathered zone, except for
the elements in the northwestern area of the grid, were 4.0 x 10'7 and 4.6 x 10'3 cm/s, respectively. The
calibrated hydraulic conductivity value assigned to an array of elements in the north-central area of the
chemical plant area was 4.4 x 10"2 cm/s. To simulate a transitional decrease in hydraulic conductivity
from 4.6 x 101 to 4.4 x 102 cm/s, the elements surrounding this area of high hydraulic conductivity were
assigned an intermediate value of 1.8 * 10"2 cm/s.

The results of the sensitivity analysis showed that the model was most sensitive to changes in hydraulic
conductivity. The model was more sensitive to changes in the regional hydraulic conductivity of the
weathered unit whereas changes in hydraulic conductivity of the unweathered zone did not significantly
affect the calibration. This sensitivity occurred because the weathered unit has much higher regional
hydraulic conductivity (i.e., several orders of magnitude larger) than the uruveathered zone and, therefore,
dominates the flow-field dynamics.

Model Application

Alternative remedial actions for the chemical plant area of the Weldon Spring site were developed and
evaluated as part of the feasibility study for Jhe Weldon Spring Site Remedial Action Project (1). The
feasibility study identified remediation technologies and process options that are potentially applicable
to the various contaminated media associated with the site. From evaluation of the final alternatives, DOE
identified the preferred alternative for remedial action at the site. Under the preferred alternative, material
would be removed from contaminated areas and treated, as appropriate, and all site wastes would be
disposed of in an engineered disposal cell constructed on-site (12).

The southern boundary of a conceptual on-site disposal cell coincides with the groundwater divide.
Figure 8 illustrates the model-predicted water-table surface at the site, including the location of the
proposed disposal cell. The model-predicted groundwater flow direction and the relative groundwater
velocities at the site for the unconfined aquifer are shown in Figure 9 (arrows show flow directions).
Evaluation of the steady-state groundwater flow velocity plots indicates that groundwater would flow
beneath the disposal cell along natural gradients and would not stagnate beneath the cell. The
remediation capability for groundwater contamination would not be significantly impacted by the
presence of the disposal cell (9).



Fig. 9 Croundwater Flow Directions and Relative Velocities at the Site, Including the Luctfion of the
Potential On-Site Disposal Cell (Dashed Line) (Source: Ref. 9)

CONCLUSIONS

Aquifer characterization studies were performed, and a three-dimensional groundwater flow model was
developed and calibrated for the Weldon Spring site west of St. Louis, Missouri. Slug and pumping tests
provided information on the horizontal distribution of hydraulic conductivity, and packer tests and
lithologic information were valuable in defining hydrostratigraphic units and the vertical distribution of
hydraulic conductivity. The numerical model validated the conceptual, formulated from field studies, and
improved the understanding of the shallow groundwater system. A number of issues were addressed,
including preferential flow paths within the shallow groundwc ier system and possible constraints on
future cleanup activities.

This study illustrates the value of combining field investigations with numerical modeling to improve
understanding of the groundwater system at a site. It also shows that combining field studies and
numerical modeling a useful tool can be developed to support decisions regarding remedial action.
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