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1 INTRODUCTION

The Weldon Spring site is part of the former Weldon Spring Ordnance
Works used by the U.S. Department of the Army for the manufacture of
TNT and DNT in the 1940s. The site is located about 23 km southwest
of St. Charles, Missouri, and about 48 km west of St. Louis. In the
mid 1950s, 81 hz of the Ordnance Works was transferred to the
U.S. Atomic Energy Commission (AEC) for construction and operation of
a uranium and thorium processing facility (now called the chemical
plant). During operations, which ceased in 1966, radioactive sludge
residues (raffinates) were stored in four onsite pits (the raffinate
pits). A nearby quarry, located 7 km south of the plant, was used to
store other contaminated material and rubble. The locations of the
quarry, raffinate pits, and chemical plant are shown in Figure 1.
The four raffinate pits are located next to the chemical plant; they

were constructed by excavating into the existing clay formation and
using the removed clay for construction of the levees surrounding the
pits. The 168,000 v? of residues contained in all the pits contain
about 27 wt.? solids and consist mainly of neutralized raffinates from
uranium refining operations and washed slag residues from uranium
metal production operations.

The quarry, which was created by excavation of a limestone outcrop
that projected above the surrounding terrain, is estimated to contain
about 99,000 n? of chemically and radioactively contaminated soils,
rubble, and sediments. A 0.2-ha pond occupies part of the quarry
floor (Bechtel Natl. 1984a).

In this study, two alternatives are compared to evaluate the effec-
tiveness of waste stabilization and isolation at the raffinate pits
area: (1) no action, and (2) improved containment., Under the no-
action alternative, current maintenance and monitoring practices would
be continued for the contaminated materials in the raffinate pits.
Under the improved-containment alternative, stabilized raffinate and
quarry sludges would be stored in the raffinate pits along with
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Figure 1. Map of the Weldon Spring raffinate pits site and quarry
site.
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contaminated materials from the quarry, chemical plant, and nearby
vicinity properties. Multilayered covers—each consisting of 1.5 n
clay, 0.15 m sand, 0.9 m riprap, 0.15 in sand, and 0.46 m topsoil in
ascending order—would be constructed over the four pits. The area
around the raffinate pits would then be cleared, graded, covered with
15 cm topsoil, and planted with grass (Bechtel Natl. 1984a).
The quarry is not considered further in this study because of the

great complexity and lack of good data for the geohydrology under and
around the quarry. It is intended in the future to carry out ground-
water modeling of the quarry and nearby municipal well field.
The remedial activities at the raffinate pits area are estimated to

take about 10 years (the action period), after which the area would be
maintained and monitored in perpetuity. A 1,000-year period of main-
tenance and monitoring is analyzed; during this period, the pit walls
and covers would be maintained, radioactive releases to the environ-
ment would be monitored, and periodic corrective actions would be
taken if necessary. The federal government would continue to own the
site and to maintain limited access.
Because of the presence of long-lived radioactivity in the raffinate

pits, groundwater impacts are assessed for both the assumed 1,000-year
maintenance and monitoring period and the long-term period beyond
1,000 years during which federal control—including maintenance and
monitoring—night be lost.

2 CHEMICAL CONCENTRATIONS

Concent ntions of several chemical species have been measured for the
dried raffinate sludge in the four pits. Average concentrations for
the dried sludge are high (> 1,000 ppm) for nitrate, fluoride, zir-
conium, molybdenum, and vanadium. They are between 100 and 1,000 ppm
for species such as lead, copper, and boron. Carbonates and silicon
(presumably as sand) are also present. The sludge is alkaline, with a
pH of about 9 (Bechtel Natl. 1984a).
There is much uncertainty in the chemical data, as evidenced by the

fact that different chemical analyses of the raffinate sludge gave
quite different concentrations for many species. Presumably, this is
due to stratification and inhomogeneities in the sludge in the pits.
More data are being obtained in order to reduce these uncertainties.
For the no-action alternative, the sludge is considered to be in its

original wet state. For the improved-containment alternative, the
raffinates would be stabilized by addition of 1 kg stabilizer (20?
Portland cement and &0% fly ash) to each 1.2 L sludge. Stabilization
would increase the volume by about 37% (Bechtel Natl. 1984a).

3 GROUNDWATER PATHWAY

The raffinate pits are underlain by Paleozoic bedrock covered with
unconsolidated Quaternary sediments. The uppermost bedrock strata are
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the Burlington-Keokuk cherty limestones of Mississippian age. This
bedrcjk unit is fractured and contains many large solution-enlarged
cavities and voids along Joints and bedding planes that trend north-
west and northeast (Bechtel Natl. 1984b).
Clays underneath the raffinate pits have measured permeabilities

ranging from 1.6 * 10"' to 2.9 x 10 cm/s. Clay samples taken at a
depth of 3 m have measured permeabilities ranging from 6.4 x 10"' to
1.7 x 10"8 cm/s (Lomenick 1982; Bechtel Natl. 1983, 1984b).
Groundwater flow at the pit site is in the northerly direction, with

a gradient of 0.01 to 0.02. The groundwater table is in the Missis-
sippian limestone, from 8 to 18 m below the raffinate pit bottoms.
Groundwater in the vicinity of the raffinate pits may also occur under
localized perched conditions in the various unconsolidated geologic
units (Lomenick 1982; Bechtel Natl. 1983, 1984b).

4 MODEL DESCRIPTION

In order to analyze potential chemical migration from the pits, a
three-dimensional solute transport model developed at Oak Ridge
National Laboratory (Yeh 1981) was adapted to calculate groundwater
concentrations at particular times and locations. The model uses a
three-dimensional transport equation that takes into account advec-
tion, hydrodynamic dispersion, and chemical sorption. It is assumed
that the transport medium and waste materials are homogeneous and
uniform.
The input parameters needed for the groundwater migration analysis

are obtained from the literature or are conservatively estimated if no
other values are available. The groundwater flow is assumed to be
under steady-state and isothermal conditions. Groundwater movement is
assumed to be in one direction from the south to the north.
Release rates of chemicals from the waste area are estimated by use

of the ion-exchange model (Gilbert et al. 1983). This model, which
assumes that contaminant ions are localized on the surface of the
substrate, gives more conservative (higher) estimates of the release
rates than does a diffusion model which assumes that chemical species
are bound in the interior of substrate particles and must fi:st
diffuse to the surface before being released by exchange with ions in
the water.
The solute transport model also requires, as input, values of the

distribution coefficient (Kd) for each chemical species of concern. A
study of literature values of these coefficients for soils and clays
(Nucl. Saf. Assoc. 1980; Baes and Sharp 1963) shows that they can be
placed in six groups, with each group assigned a representative Kd
value. This division is sufficient because the Kd value for each
element lies in one of the groups when the corresponding geometric
standard deviation is included. The representative Kd values, in
mL/g, are: 0 (most mobile), 3, 25, 50, 100, and 1000 (least mobile).
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5 MODEL RESULTS

Model calculations of the concentration ratio C/S, where C and S are
the respective concentrations in the groundwater and in the waste
material, have been carried out for the representative Kd values using
appropriate input parameters. Some results are given in Table 1 for
various distances from the site. The results for the raffinate pits
show that in 1,000 years, only the most mobile chemical species with
Kd = 0 (e.g., boron, fluoride, nitrate, and sulfate) would move away
from the waste field. Even in this case, contamination in the ground-
water would move only slightly more than 300 m {= 500-204) downstream
from the nearest edge of the waste field. Species with a Kd value of
3 mL/g would move, at most, only a few meters from the downstream edge
of the waste field and those with higher Kd values woulc* not move at
all in 1,000 years. This slow motion is a consequence of the model
parameters that locate the raffinate pits in clay with the pit bottoms
assumed to be 10 m above the groundwater table. Because the hydraulic
conductivity of the clay is low—3 * 10 m/s (this value is the geo-
metric mean of the four values given in Section 3), it would take a

Table 1. Concentration ratios at 1,000 years for the representative
values and various downstream distances from the raffinate pits and
quarry

Site/
Alternative

Downstream
Distance
from Site*b

(m)

Raffinate pits,
no action

Improved

240TC

2U5.
800*e

containment 204*c

210
300
500+
800*e

c/s*a

0

0.97
0.97
0

0.2
0.4
9.0
0.2
0

Values

3

0.6
0.009
0

0.95
0
0
0
0

(ppb/ppm)

25

0*d
0
0

0
0
0
0
0

for

50

0
0
0

0
0
0
0
0

Various

100

0
0
0

0
0
0
0
0

Kd Values

1000

0
0
0

0
0
0
0
0

C = concentration in groundwater, S = concentration in sludge
(no action) or stabili2ed sludge (improved containment).
Distance is measured from upstream edge of waste field. All cross
stream locations are midway oetween lateral ends of waste fields
(assumed to be rectangular).

*° At downstream edge of waste field.
Zero means the waste front has not yet reached the location in
1,000 years.
At County Road D at edge of raffinate pit site.
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long time for contaminants to migrate down to the groundwater and move
away from the edge of the waste field.
One notes that there is much uncertainty in the values of the model

parameters used to calculate the C/S ratios, including such things as
irregularities in the bedrock surface and imhomogeneities in the
transport properties of the clay and bedrock under the pits. These
would all affect the migration of contaminants down to the groundwater
and away from the pits. Nevertheless, it is believed that the values
chosen here represent reasonable estimates based on available data and
that they can be used to give rough estimates of the migration of con-
taminants from the raffinate pits.
For purposes of the analysis for which the above modeling work was

done, the time period after 1,000 years is also of interest. One
reason is the possibiJity for future loss of institutional control of
the raffinate pits. Under this scenario, it is assumed that human
intrusion would occur into the waste area to carry out agriculture or
to live on or near the waste piles. Consideration of this scenario is
limited to chemical contaminants that might appear in the water in a
well that a resident intruder drills at the midpoint of the downstream
edge of the waste pile, to a depth of 10-12 m below the water table.
The intruder is assumed to use the water from this well for drinking
and other domestic purposes.
Model calculations are carried out for this scenario for two times:

(1) 1,000 years, and (2) the times at which the concentration contri-
bution from contaminants in the waste would reach a maximum. (In the
ion-exchange model used here to describe leaching from the source,
concentrations of all contaminants reach a peak value. The time of
this occurrence and the height of the peak are dependent on the hydro-
logical parameters used.) For each of the two alternatives, concen-
trations of individual chemical contaminants are determined by multi-
plying the model C/S value for the appropriate representative Kd value
by the concentration of the contaminant in the waste.
For the well at the edge of the raffinate pits under the improved-

containment alternative, it is assumed that the well is drilled at a
location adjacent to the buried stabilized sludge. Other waste com-
ponents—such as those from the quarry, chemical plant, and vicinity
properties—are located in the waste pile farther away from the well
site than the stabilized sludge. At the time these calculations were
made, no data were available on concentrations of chemical species in
these other components. General considerations of the uranium and
thorium refining processes that took place at the chemical plant lead
one to conclude that most chemical wastes should be in the raffinates.
Because of these considerations and the increased distance from the
well to the other components, it is assumed that most of the contami-
nants contributed to the well would come from the stabilized raffinate
and that the other components can be neglected. The calculations will
be redone whenever data become available that show this assumption to
be invalid. Other assumptions made for these calculations are:
(1) the well is drilled 1,000 years after the beginning of the action
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period, and (2) the cover is intact during the 1,000-year period but
lost soon after due to erosion and activities by intruders.
The results of these calculations for the no-action alternative are

presented in Table 2 along with the concentrations of chemical species
in the raffinates. Because of space limitations, a separate table is
not included for the improved-containment alternative. However, the
results obtained for this alternative are discussed below.

5 DISCUSSION

The results given in Table 2 show that at year 1,000 when the well is
assumed to be drilled, concentration contributions from leaching of
the raffinate sludge would be negligible for all but the fairly mobile
species with values of Kd < 3 mL/g (arsenic, boron, cadmium, selenium,
chloride, fluoride, nitrate, and sulfate). Even for these species,
contributions would be small except for the major ions and boron (Kd =
0 mL/g). The same would be true for concentration contributions at
the times when the concentration contributions would be at a maximum.
No values are given for the most mobile species with Kd = 0 because
they would reach maximum values at times less than 1,000 years—before
the well was drilled. The times to reach maximum contributions range
from less than 1,000 years (Kd = 0 mL/g) to more than 190,000 years
(Kd = 1,000 mL/g) and are quite sensitive to the Kd values.

The data in Table 2 also show that contributions from the sludge
leachate would be small to negligible when compared to background
concentrations for most species. Only for some of the most mobile
elements (boron, fluoride, nitrate) would the leachate contributions
be appreciable when compared to background.
It is of interest to compare the total concentrations (background

plus leachate contributions) to the lowest regulatory limits for the
different chemical species. The lowest regulatory limit is explained
in footnote e of Table 2. The total concentrations of arsenic,
cadmium, iron, lead, manganese, mercury, selenium, and fluoride in the
well water would be equal to or exceed the lowest regulatory limit.
(Background values reported as upper limits are conservatively assumed
to be equal to the upper limits.) For all these speaies except
mercury and fluoride, the background concentrations already exceed trt
lowest regulatory limit. For mercury, the background concentration is
not known. However, the contribution of leachate from the sludge
would not reach the regulatory limit until at least 28,000 years after
the well was drilled. Fluoride is the only species where the concen-
tration contribution from the sludge leachate would be large and in
excess both of background and the lowest regulatory limit when the
well was drilled. Thus, it ic the only chemical species for which
there would be an appreciable impact under the resident-intruder
scenario.

The calculations made for the improved-containment alternative also
show that concentrations of many chemical species would be below the
lowest regulatory limit. Exceptions are those species for which the



Table 2. Concentrations of selected chemical species in water in a well adjacent to the raffinate pits,
no-action alternative*8

Che MI CatX

Species

Arsenic
Barlua
Beryllium
Boron
Cadalua
Chroaiua
Cobalt
Copper
Iron
Lead
Manganese
Mercury
Nickel
Selenlua
Silver
Zinc
Chloride
Fluoride
Nitrate
Sulfate

Representative
IM Valuesno TI1UCI

(aL/g)

3
50
50
0
3
25

1,000
25

1,000
100
100
100

1,000
3

100
25
0
0
0
0

Average
Concentration
in Raffinate

Sludge

(ppa)

23
12
0.0037

140
3.2
19
1.8
9.9

230
21
13
3.1
6.9
0.28
0.28
6.7
99

9,400
5,000
150

Contribution froa
Raffinate Sludge
Leachate*c (ppb)

Year 1,000

14
0
0

140
1.9
0
0
0
0
0
0
0
0
0.17
0
0
96

9,100
4,900
150

Maxima

14
0.44
0.00014

-
2
1.4
0.00064
0.74
0.083
0.36
0.2!
0.053
0.0024
0.17
0.0048
0.5
-
-
-
—

Tine to Reach
Maximum

Concentration
(yr)

1,100
IB,000
18,000

13
1,100
8,900

>190,000
8,900

>190,000
>28,000
>2«,000
>2B,000

>190,000
1,100

>28,000
8,900

-
-
-
—

Background
Concentration

(ppb)

200
340
<1
70
<1C

<10

16,000
<50

2,600
-
<10

\100
20
42

8,600
<l,000
<l,000
8,600

Total
Concentration In

Well Water*c (ppb)

Year 1,000 Maximum

210
340
<1
210
<12
<I0
<io
<10

16,000 16
<50

2,600 2
-

<10
<100
20
42

8,700
<10,000
<5,900
8,800

210
340
<1
-

<12
<11
<10
<10
,000
<50
,600
>0.O53

<10
<100
20
42
-
-
-
-

Lowest
Regulatory

LIU L

(ppb)

50
1,000
100
750
10
50

1,000
20
300
50
50
0.05

100
10
51
100
-

2,000
44,000
250,000

ct-
O
O

O

*b

** Calculation* are aade assuming all the raffinate aludge la In a square pit 240 a x 240 a * 2.43 a deep (the depth of the sludge In
Pit 3). All values are rounded to two significant figures.
Geoaetrlc averages of two sets of aeasureaentb Bade on the sludge In Pits I and 3 are combined with the reaults of aeasureaents In Pits 2
and 4 (Bechtel NatI. 1984a) to obtain, for each chealcal species, a weighted average concentration In sludge.
Year 1,000 refers to concentrations at 1,000 years; aaxlnua denotes aaxlmua concentrations at the tlaes noted. A hyphen Indicates that
naxlatua contributions are reached at tlaes less thsn 1,000 years after site closure. Zero concentrations aean that the contaalnant has
not yet reached the veil alte.

" Background concentrations are taken to be those In the water in borehole OBS 9 outside of and to the east of the quarry (Berkeley Geoscl.
Assoc. 1984—Appendix F). This Is the only borehole outside of the quarry or pit area for which the uranlua concentration In the veter
(used as a tracer for contamination by the waste aaterlals) Is at background (<0.002 ppa) and for which aqueous concentration* of chealccl
species are available.
The lowest regulatory Halt refers to the lowest Halt v*lue aaong thosa given by the state of Missouri for groundwater or drinking water
(Missouri Water Quality standards 10 CSR 20-7 as amended through J»ne 1, 1983) and the EPA for drinking water (40 CFR 141.11).

•e
ro
00

00
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background concentrations are equal to or exceed the regulatory limit,
and copper and fluoride. The concentration of copper in the well
water would be less than the regulatory limit at 1,000 years.
However, the maximum total concentration of 23 ppb, which would be
reached in 11,000 years, is slightly higher than the lowest regulatory
limit. The concentration contribution of fluoride from the stabilized
raffinate at 1,000 years would be 2,100 ppb, which is slightly in
excess of the lowest regulatory limit.
Differences between estimated well water concentrations for the

no-action and improved-containment alternatives result from differ-
ences in the model C/S ratios and from the fact that, for most
chemical species, concentrations would be higher in the stabilized
raffinate than in the unstabilized raffinate. This is a consequence
of the fact that the concentrations of many enemies.! species are much
higher in the fly ash added as a stabilizer than they are in the wet
sludge. [The representative concentrations in fly ash used here were
obtained for each chemical parameter as geometric means of maximum and
minimum concentrations reported by Saguinsin et al. (1981).] Excep-
tions are mercury, fluoride, and possibly nitrate for which concentra-
tions would be lower in the stabilized raffinate.

For most chemical species, the increased concentrations in the
stabilized sludge would not affect the total concentrations in the
well water because the background concentrations are ao much larger.
Fluoride, copper, and chromium are exceptions in that the maximum
concentration contributions from the stabilized raffinates would be
larger than the background. However, only for fluoride and possibly
nitrate would the concentration contributions be much larger than the
background values (at both 1,000 years and the time of maximum concen-
tration contribution). For the stablized sludge, the fly ash com-
ponent gives a maximum concentration contribution of 8.9 ppb for
selenium. This value would be reached in 2,500 years and is close to
the lowest regulatory limit of 10 ppb.

In conclusion, the results presented here show that for most chemi-
cal parameters, improved containment would not significantly affect
the total concentrations in the well water of a resident intruder.
Exceptions are fluoride and nitrate where the concentrations at
1,000 years would be reduced significantly by improved containment.
Because of the fly ash component in the stabilized sludge, concentra-
tions of copper, chromium, and selenium would be increased at the
times of maximum concentration contributions. However, the increase
is probably not significant because the ion-exchange model, which was
used here, is expected to overestimate the contaminant release rate
from the stored waste (Gilbert et al. 1983).
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