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RESUME

La première phase du programme dans lequel on passe du stockage
provisoire à l'enfouissement définitif des déchets radioactifs de moyenne et
faible intensité, aux LNCR, est centrée sur les déchets solides dont la
durée de vie dangereuse est inférieure à 500 ans. Pour utiliser une
installation souterraine située au-dessus de la nappe phréatique et pouvoir
exploiter au maximum les renseignements sur la migration des radionuclides,
lesquels proviennent des études d'installations existantes, on situe le site
proposé dans des sables, au-dessus d'un réseau actif d'écoulement d'eaux
souterraines. Le choix d'un réseau d'écoulement perméable et géologiquement
simple permet l'application d'une grande variété de techniques d'évaluation
hydrogéologique du site. La combinaison du radar de détection terrestre et
des sondages carottés continuellement a permis d'obtenir des renseignements
stratigraphiques et des sédiments à des fins d'essais. Les essais
hydrogéologiques sur le terrain mettent en jeu un réseau précis de
piézomètres pour la cartographie de la hauteur piézométrique et comprennent
une série d'essais de dilution en sondage. En outre, on mesure sur le
terrain le comportement, sous sorption, des contaminants pour réduire les
variations des paramètres non réglés. Des modèles mathématiques simulent
avec succès le système réel en fonction de l'écoulement d'eaux souterraines.
Les simulations de la migration des contaminants réactifs sont plus
difficiles mais nous croyons que l'application des résultats obtenus d'après
les essais sur le terrain de comportement sous migration des radionuclides
et d'après les panaches de contaminants existants, permettra des prédictions
assez fiables des conséquences des ruptures produites dans l'installation
d'évacuatic artificielle.
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ABSTRACT

The first phase of conversion from storage to
disposal of low- and intermediate-level radioactive
wastes at CRNL is focussed on solids with hazardous
lifetimes less than 500 years. In order to use a
facility buried above the water table and to achieve
maximum use of radlonuclide migration information
from studies of existing facilities, the proposed
site is located in sands above an active ^roundwater
flow system. The nelectiun of a permeable and
geologically-simple flow system has allowed
application of a wide variety of techniques for
hydrogeologic evaluation of the site. Ground-probing
radar in conjunction with continuously cored
boreholes have provided stratigraphic data and
sediments for testing. Field hydrogeologic testing
has Included a detailed network of piezometers for
hydraulic head mapping and a series of borehole
dilution tests- Measurements of contaminant sorption
behaviour are also being made in the field to reduce
variations in uncontrolled parameters. Mathematical
models sucessfully simulate the real system in terms
of groundwater flow. Simulations of reactive
contaminant transport are more difficult, but the
application of data from field tests of radionuclide
migration behaviour and from existing contaminant
plumes will, we believe, provide acceptably reliable
predictions of the impact of failures in the
engineered disposal structure.

INTRODUCTION

Since 1946, low- and intermediate-level radioactive
wastes have been managed in a variety of storage
facilities on the 37 km2 property of the Chalk River
Nuclear Laboratories (CRNL). The site has
responsibility for managing radioactive wastes from
CRNL, Canadian hospitals, universities, industries,
and lorae wastes produced at the nearby prototype
CANDU reactor at Rolphton, Ontario. Currently, off-
site sources account for about 40% of the waste
handled at CRNL. Volume-reduction and waste
stabilization programs 'nave been in plate for the
last 5 years (1). In 1982, a program to convert most
waste management operations from storage to disposal
was established; a major constraint on this program
1B that the disposal facilities must be located on
CRNL property.

For the purposes of low- and intermediate-level
waste disposal, a system of classification based on
hazardous lifetime was established (2). A large
fraction of the wastes fall Into the category with a
hazardous lifetime less than 500 years, and the
program has placed first priority on development of
disposal facilities for such wastes. The most
attractive option for disposal is the emplacement of
treated wastes in an engineered facility buried in
unconsolldated sediments* This paper will summarize
the site selection rationale and conceptual design of

the prototype shallow land hurlal facility (SLft-Pl).
Hydrogeologic and geochemical studies required for
assessment of contaminant migration behaviour, should
engineered barriers fall, will then be reviewed in
detail.

SETTING

CRNL is located beside the Ottawa River
approximately 150 km upstream of Ottawa. The climate
Is humid continental, with warm summers and cold
winters. Precipitation, which averages 730 mm, is
fairly evenly distributed throughout the year, and of
this, 220 mm is available for infiltration and/or
runoff- Natural vegetation is mixed
coniferous/deciduous forest on Roils with very
limited agricultural capacity. Precambrian granitic
gneisses form most of the bedrock on site;
unconsolidated sediments of glacial and postglacial
origin cover bedrock over about 95% of the CRNL
property. The unconsolidattd sediments are generally
less than 30 m thick, and a complete sequence would
consist of (from bottom to top) bouldery silty sand
till (glacially-deposited), fluvial sands
occasionally containing sand and gravel units,
aeolian or wind-depoBited sands, and local
accumulations of recent organic sediments In wetlands
(3). Thin strata of clays and silts are locally
encountered within the sands, and there are some
extremely limited occurrences of clays and sands
possibly of marine origin within the till (A).

There are no areally extensive thick deposits of
very, low permeability sediments on CRNL property.
This has ruled out conventional selection of
"impervious" materials as hosts for waste management
facilities. Currently, solid wastes are stored in a
variety of Bubsurface structures located In
uneaturated sands, occupying an area of 0.2 km^ (5).
Fast and present research and monitoring associated
with these facilities has provided an extensive
hydrogeologic data base for some parts of the CRNL
property.

SITE SELECTION AND CONCEPTUAL DESIGN

Given the site characteristics, there are
basically two options for a disposal facility in
unconsolidated sediments; burial above the water
table in sands (generally in stabilized dunes), or
burial beneath the water table in Bands or till.
Sands have much greater hydrogeologic uniformity and
predictability than the very bouldery and spatially
variable local till, and are amenable to application
of a wide variety of test and measurement techniques.
This, and the information from previous studies, make
sands the preferred host material for the SLB. Water
is the major agent for contaminant transport; a
facility located above the water table and



Incorporating engineered features to prevent
Infiltration of precipitation will minimise contact
between waste and water. This consideration directed
the site selection program towards local sand dunes,
and to Bfwimtze the utility of the hydrogeoiogic
database the selection program targeted areas
currently used for waste management. Some details of
the selection strategy are available In (6)i the dune
ridge southwest of lake 233 (Figure i) was chosen for
detailed assessment.

Nitrate Plant was used in the early 1950'a for
decomposition of ammonium nitrate In contaminated
solutions. Mixed fission products in solution were
occasionally discharged into an Infiltration pit-
Figure 1 shows the present position of the plume of
radlostrontlun contamination in the aquifer
downgradient of the infiltration pit. Also shown is
the proposed location of the SLB-P1 facility.

The SLB-P1 structure, consisting of three cells
each approximately 33 m long by 20 o wide and S m
deep, will have concrete walls and a self-supporting
concrete cap. Figure 2 is a schematic transverse
section through one cell, and illustrates the minimum
1 m thick Intrusion-resistant, self-supporting
concrete cap and the permeable base of the facility.
The concrete cap is Intended to be the primary barrier
to Infiltration, but other barriers, such as
Impermeable membranes and a wick-effect cover, may be
Included to provide redundancy In Infiltration
prevention! Should measures to prevent Infiltration
fail, the free-draining base of the structure will
ensure that flooding of the vault does not occur.
Assuming that leakage into the SLB-Pl would be
localised, only wastes in the immediate vicinity of
the leak would be Bubject to leaching. Approximately
2,700 m 3 of waste will be accommodated in a cell (7);
ttv: remaining apace will be filled with buffer
composed of a clay-sand mixture or backfill sand (8).
The projected total radlonudlde Inventory of the
SLB-Pl facility Is abou- 900 TBq (24.000 Ci).
Dominant isotopes will be 3H, 60Co, U 4 C e , «'Cs,
9<>Sr, and 10«Ru.

WGH WATER TULC

FIGURE 1: LOCATION HAP OF THE LAKE 233 AREA « * _ /

The Lake 233 drainage basin consists of 1.7 km2 of
bedrock and thin soils northeast of the lake. The
lake has no surface outlet, and drains by seepage
into underlying Bands. Groundwater recharge from
Lake 233, augmented with Infiltration of
precipitation through the sand dune ridge that lies
southwest of the lake, flows southwestward beneath
the dune In an unconfined aquifer. The groundwatera
discharge In a large wetland area that in turn drains
by overland flow through Duke Stream and Lower Bass
Creek (Figure 1). Both of these watercourses
eventually supply Hasklnonge Lake, which In turn
drains to the Ottawa River via a large (9 km*) lake
on property of Canadian Forces Base Petawawa.

Two waste management facilities are presently
located on the dune ridge - WaBte Management Area C
and the former Nitrate Decomposition Plant (S). Area
C la currently used for storage of low-level solid
waste In unllned trenches, with trench bottoms
approximately 2 o above the water table. Since there
has been no attempt to prevent infiltration through
most of the trenches In Area C, contaminants
(primarily tritium) have leached from the waste,
entered the underlying aquifer, and been transported
to the groundwater discharge atea and on to
Huaklnonge Lake through Duke Stream (Figure 1). The

FIGURE 2: SCHEMATIC CROSS SECTION OF THE
SLB-Pl FACILITY

GEOLOGY AND HYDROGBOLOGY

Stratigraphy and Physical Properties of Sediments

Information on the subsurface distribution of
sedimentB with distinct hydraulic properties Is
essential for any hydrogeologlc assessment. This
information can be obtained by direct sampling
(drilling and soil coring) and by remote sensing
(detecting changes in physical properties from ground
surface). In most caseB, a combination of the two
approaches is most cost-effective in resolving site
stratigraphy. Soil sampling provides high resolution
of the vertical sequence of sediments at a series of
relatively widely spaced locations. Correlation of
strata between boreholes Is sometimes strslghtforward
and unambiguous, but in some situations (notably
areas of terrestrially deposited sediments)
stratlgraphic units have irregular surfaces and
feature rapid lateral changes in properties.
Extremely closely spaced drilling would be needed for
direct lnterpretstion of such a sedimentary sequence.



Geophysical techniques seek to de f ine the
locat ions of changes in subsurface p r o p e r t i e s . They
often do not g i v e direct information on the materials
themselves, however, and must be combined with
borehole data for a complete i n t e r p r e t a t i o n -
Geophysical methods that provide continuous records
of the depth to geologic contacts along the l ine of
survey are of g r e a t e s t use. A l imited number of
boreholes along the survey l i n e s provide point
l q e n t i f l c a t l o n of the s trat lgraphic sequence and
samples of the various sediments; remote sensing
defines the p o s i t i o n of geologic i n t e r f a c e s between
boreholes•

Remote sensing information for the SLB-P1 s i t e
(and for other waste management areas at CRNL) has
been c o l l e c t e d using ground probing radar (GIJR). Low
frequency radar signal a have some c a p a b i l i t y to
penetrate earth mater ia ls , e s p e c i a l l y those with low
e l e c t r i c a l conductance. Part ia l r e f l e c t i o n of the
radar s i g n a l s occurs at surfaces between changes in
the d i e l e c t r i c constant of material in the
subsurface. Previous tes t ing of GPR at CRNL (9) had
shown i t to be the geophysical technique of choice
for sedimentary sequences dominated by sand. GFR
produces continuous records of the p o s i t i o n of
r e f l e c t o r s along the l i n e of survey, and in some ways
can be considered an e l e c t r i c a l equivalent of seismic
r e f l e c t i o n surveying. The technique o f f e r s major
improvements in resolut ion of s trat igraphy in sandy
sequences over the more conventional se i smic and
e l e c t r i c a l geophys ica l techniques and i s an exce l l ent
complement to the borehole information.

FIGURE 3: WATER TABLE CONTOURS, BOREHOLE LOCATIONS,
AND GROUND PROBING RADAR SURVEY LINES

Figure 3 d i sp lays the locat ions of boreholes in
the sand aqui fer downgradient of Lake 233; numbered
locat ions Ident i fy boreholes used for constructing
cross s e c t i o n s shown below- Nearly-continuous
cores of the overburden were c o l l e c t e d as d r i l l i n g
proceeded using a l o c a l l y developed technique for
sampling cohes ion l e s s sediments ( 1 0 ) . So i l samples
were logged and tes ted for mean grain s i z e and s i z e
d i s t r i b u t i o n (degree of s o r t i n g ) , co lour , the nature
of smal l - sca le layer ing , gross mineralogy, and any
other d i s t i n c t i v e physical f eatures . Based on the
s o i l samples, major sedimentary un i t s in the study
area can be c l a s s i f i e d as fo l lows:

- interstratified sand and s i l t : mean grain
size 0.056 mm, moderately to poorly sorted,
alternating strata of clayey s i l t s and very
fine sands

- very fine sand, minor s i l t : mean grain size
0.084 mm, moderately sorted, predominantly
very fine sand with occasional thin « 5 mm)
layers (laminae) of s i l t

- fine sand: mean grain size 0,124 mm,
moderately to well sorted, generally
featuring laminae 2 - 10 mm thick
highlighted by partial segregation of light
and dark minerals

- fine-medium sand: mean grain size 0.195 mm,
well sorted, variable development of laminar
textures

- t i l l : stony, s i l ty sand, mean grain size
approx. 0.1 mm, very poorly sorted, ranging
from clay sized to boulders.

Figure 3 also shows the locations of come of the GPR
survey lines In the study area. In most areas, strong
reflections were returned from the t i l l or bedrock
surface and from the upper surface of the
interstratified sand and s i l t unit. Weaker
reflections were returned from the very fine sand
unit. Contacts between sands with differing grain
size were only occasionally identified on the radar
records.

Figure 'i(a) is a stratigraphlc section along the
SLB-Pl groundwater flowpath based on the combined
borehole and geophysical data* The sediment sequence
begins with local deposits of glacial t i l l on an
irregular bedrock surface. Overlying the t i l l , or in
direct contact with the granitic bedrock, is a layer
of fluvlally deposited fine to medium sand that 1B
present throughout the area of interest. Along the
northern half of the section in Figure 4(a), very
fine sandB with minor s i l t s are the next unit in the
sediment sequence; in the southern part of the cross-
section, a layer of fine sand intervenes. Overlying
the very fine sand unit are more fine sands
containing a unit of interstratified sand and s i l t
that becomes sandier to the south- Fine-medium sands
make up the main dune ridge beside Lake 233 and a
subsidiary small ridge to the south. These units
have been traced east and west (in and out) of the
plane of the section shown here. Figure 4(b) is
plotted without vertical exaggeration to give a true
perspective of the configuration of the crops
section.

HydrpReology

Calculations of the movement of groundwater
require data for the porosity and hydraulic
conductivity (permeability with respect to water) of
materials in the flow system. Porosities of
sediments In the Lake 233 area average 40% and vary
only by a couple of percent within one standard
deviation. Hydraulic conductivity is a much more
variable property, ranging over more than 2 orders of
magnitude in study-area unconsolidated sediments.
Vertical hydraulic conductivities were measured using
sections of undisturbed core in a constant-head
permeameter. Horizontal hydraulic conductivities were
determined from borehole dilution measurements of
groundwater flow velocity and simultaneous
determination of hydraulic gradients. Hydraulic
conductivities were also estimated from
single-well-response tests and from grain size
distribution data. Previous studies in another part
of the same aquifer have shown that estimates of
hydraulic conductivities of these sands from grain
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size data are within a factor of 2 to 3 of true
values. Point-to-point variations in hydraulic
conductivity are encountered in each of the geologic
units; log-normal distributions provide the best fit
to the variations seen in data collected for this
study and in previous hydrogeologic evaluations In the
vicinity. Table 1 summarizes hydraulic conductivity
information for the stratigraphie units listed above.

TABLE li MEAN HYDRAULIC CONDUCTIVITIES FOR SLB-P1
SITE SEDIMENTS

Hydraulic Conductivity (cm/a)
Kv Kh

Permeameter Dilution Grain Size

Sands & Silts
Very Fine Sand
Fine Sand
Fine-Medium Sand
Till

3.9X1O"4

2.2x10-3
3.6xl0~3

4.4x10-3

7.2x10-3
4.3x10-3
1.6x10-2

<3xlO-3
5.4x10-3
6.5x10-3
1.2x10-2
3.5xlO"4

Hydraulic conductivities of geologic materials may
exhibit anisotropy, with permeability varying as a
function of direction of flow. No direct
experimental studies to test for horizontal
anisotropy have been performed; the subhorizontal
nature of the sediment stratification make an
assumption of horizontal isotropy reasonable. From
the data presented In Table 1, it is evident that
vertical anisotropy does exist. Vertical hydraulic
conductivities (Kv) of the sands (measured by
perroeameter tests) are two to three times lower than
horizontal hydraulic conductivities (Kh). In the
interstratifled sand and silt unit, the ratio of Kh
to Kv is estimated to be about 10.

Directions and the magnitude of the force driving
groundwater flow are defined by the distribution of
hydraulic gradient. Measurements of hydraulic head at
the water table and at various depths in the zone of
saturation using the multilevel piezometers installed
in the various boreholes give a 3-dimensi'onal
pressure distribution field. Figure 3 dlsplay.s
contours of the water table in the Lake 233 area-
Assuming that hydraulic conductivity is xsotroplc in
a horizontal plane, groundwater flow lines at the
water table are orthogonal to the contours.

Figure 5 displays the distribution of hydraulic
head (as equipotential contours) in cross-section
along the SLB-P1 flowpath. Steep downward gradients
are present beneath Lake 233, a reflection of both the
entry of lake water into the aquifer and the
relatively low permeability of the interstratified
sand and silt unit beneath the lake* There is a
rapid transition from near-vertical to essentially
horizontal flow immediately downgradient of Lake 233.
Very slight upward and steep lateral gradients
between boreholes C-118 and C-131 are a result of
constriction of the aquifer over the bedrock high-
Gradients return to horizontal and become
progressively lower as water moves through the
southwestern half of the flow system where the
aquifer becomes progressively thicker. Very slight
upward gradients are observed in borehole C-133; from
observations in the area of discharge from Waste
Management Area C we anticipate almost vertically
upward flow near the northern margin of the wetland.

As implied by the hydraulic head contouring, the
till/bedrock surface is considered to be the lower
boundary of active groundwater flow. For relatively
unfractured bedrock, this assumption is valid;
hydraulic conductivites for such rock are five or
more orders of magnitude lower than those of the
aquifer sands (11). The local till has permeabilities
1.5 to 2 orders of magnitude lower than the sands
(Table 1) and in the long term considerable water and
contaminant transport through the till are therefore
possible. The absence of downward gradients into the
till, however, implies that there is little potential
for movement out of the bare of the sands. Mapping
of the radiostrontlum pluma from the Nitrate Plant
supports the conclusion that contaminant transport
will be confined to the sand aquifer.

Figure 5 also displays point measurements of
velocity at 14 locations along the section provided
by borehole dilution testing. Values range over an
order of magnitude, from 0.07 to 0.73 m/d. Some
influence of changes in hydraulic gradient are
evident (the highest flow velocities in the fine-
medium sands occur where hydraulic gradient is
BteepeBt), but much of the variation must be
attributed to small-scale changes in aquifer
hydraulic conductivity. Assumptions inherent in the
analysis of the borehole dilution data were generally
met (12), and the calculated velocities are believed
to be within a factor of 2 of ln-situ flow rates.

Groundwater residence times are key pieces of
Information required by the flow system analysis.
Using arithmetic and logarithmic means of all
borehole dilution measurements, we calculate
groundwater residence times of 3.0 and 3.5 years,
respectively, for a nonreactive contaminant entering
the flow system beneath the crest of the dune ridge.
Over the same flow path, the mean hydraulic
conductivity for the fine-medium sand and observed
gradients yield a residence time of 2.6 years. The
calculated residence times agree well with the
residence time observed for the adjacent Nitrate
Plant plume. In 1957, 106Ru was observed in the
groundwater discharge area, 3 to 4 years after
ruthenium was released to the infiltration pit at the
Nitrate Plant (13).

Hydrodynamic Dispersion

The spreading of a mass of tracer or contaminant
during transport through a porous medium is known as
hydrodynamic dispersion. This spreading is the
combined result of molecular diffusion and mechanical
dispersion caused by variations in the paths and
velocities imposed on the transporting water by the
network of pores. Mechanical dispersion 1B often
described as the product of the velocity of the
transporting groundwster and a property of the porous
medium called dlspersivity (which has unltB of
length). Dlsperslvity is a tensor; it is normally
described as longitudinal dispersivity (in th*
direction of groundwater flow) and two orthogonal
transverse dispersivlties.

There are a wide range of values for disperBivity
reported in the literature, with measurements and
estimates for field situations ranging from 0.01 to
approximately 100 m (14). Controlled Injections of a
non-reactive radlottacer were followed by study of
migration behaviour over 20 and 40 m transport
distances at a site 500 a northwest of the proposed
SLB-P1 location (15,16). Results of these
experiments Indicate that deterministic specification



of longitudinal dispersivity for the SLB-P1 flowpath
may not be possible, but chat effective values are on
the order of a few tens of centimetres. Simulations
of the Nitrate Plant plume employed a longitudinal
diaperaivity of 1 m (17). Both studies indicate that
transverse dispersivities are very small (0.1 m or
less).

GEOCHEMISTRY AND CONTAMINANT TRANSPORT

Baseline Geochemistry

The establishment of baseline geochemistry is a
necessary part of any site assessment program. Such
information is needed not only as a reference for
changes in aquifer quality following waste disposal
operations, but also as input data for predictions of
contaminant migration behaviour should materials be
released from the facility. Samples for major and
sane trace element analyses were collected from 43
piezometers around and downgradient of the SLB-P1
site in the fall of 1985, and a repeat sampling la
currently under way* Large-volume samples for
background radloisotope determination have also been
collected. Sampling Involved thorough cleaning of the
piezometers prior to sample collection; pH, redox
potential, temperature, and conductance were measured
in the field. Alkalinities were determined within 5
hours of sample collection. Cations and anions were
determined, by Inductively coupled plasma spectrometry
(1CP) and ion chromatography (1C), respectively.
Data were processed using the WATEQF code (18) to
determine speclation of dissolved components and
degree of saturation with respect to a wide variety
of mineral phases, assuming thermodynamic
equilibrium.

As with most shallow groundwaters on the CRN I.
property, analyses of the SIB-PI sample set showed
the waters to be slightly acidic to near-neutral In
pH and low In total dissolved solids. One of the
most notable features of the sample results Is the
presence of sodium chloride contamination in the flow
system. Part of the surface drainage into Lake 233
is from ditches along the main road through the CRNL
property, which la salted in winter. Figure 5
displays the distribution of Cl~ along the flowpath
passing through the SLB-P1 site. Adjacent to the
lake, chloride is present throughout the aquifer, at
an average concentration of 21 ppm (local background
is approximately 1 ppm). Moving downgradlent, the 20
ppm contour occurs at progressively greater depths In
the zone of saturation. This is not interpreted as a
density effect, but rather as a result of the
Infiltration of salt-free precipitation entering the
system directly over the aquifer. A zone of
transitional Cl" concentrations separates the two
portions of the aquifer; it Is worth noting that this
transition zone thins In the downgradient direction,
rather than thickening as a conventional dispersion
calculation would predict.

Groundwaters In the study area can be classified
into three groups based on major ion chemistry, two
of these being in the road-salt contaminated part of
the aquifer. Table 2 lists values averaged over at
least 8 samples from various points in the aquifer
for each class of water. Salt-free waters,
encountered near the water table, are relatively
oxidizing and near neutral pH. The groundwaters
originating in Lake 233 generally have lower Eh's (by
platinum electrode), with lowest values encountered

adjacent to the lake. The pattern implies
consumption of dissolved oxygen during passage of the
water through the thin (approx. 30 cm) layer of
organic detritus on the lakebed, with possibly a
small amount of re-oxidation farther down the flow
system. Dissolved iron concentrations are inversely
correlated with Eh, with total Fe occasionally
exceeding 15 ppm; the nondynamic data predict that
Fe(uH)2+ is a substantial component of the total.

TABLE 2i SUMMARY OF MAJOR ION CHEMISTRY OF
GROUNDWATERS IN THE VICINITY OF THE PROPOSED

SLB-P1 FACILITY

Salt Free Road Salt

Ca/Na Mole Ratio

pH
Eh mV

Ca2+ Mg/mL
Mg2+

Na+
K+
F e z + + Fe(0H)2+
A1(OH)2

+

c i -
SOi, *~
HCO3-

-1

6.4
520

4.3
1.3
2.6
1.0
0+2
0.5

1
12
17

»1

6.1
300+560

8.9
3.0
5.7
1.2

0.3+20
0.5

21
9.3

36

•0.3

5.6-v 6.4
290+ 470

4.8
2.2
7.9
1.1

1.2+14.6
0.4

13.1
4.2

27

Road salt contamination of Lake 233 has increased
Na+ as well as Cl" inputs to the aquifer. Ion
exchange theory predicts that a new equilibrium
between dissolved and exchangeably bound cations must
be established as a result of the increase in Na+

input. In groundwaters collected near Lake 233,
sodium is about three times more abundant than
calcium on a molar basis; calcium concentrations are
similar to those seen in salt-free parts of the
aquifer. For this part of the system we conclude
that a new ion exchange equilibrium is close to being
achieved. Farther dovmgradient in the salt plume,
however, both sodium and calcium are present In
concentrations higher than those observed in salt-
free portions of the system. The 1:1 molar ratio
between i.,e *.<!O cationB observed in uncontaminated
grourdwater is preserved. This is interpreted as
evidence of active re-population of ion exchange
sites, with Na+ displacing Ca + from the solid to the
solution phase. Calcium concentrations in the
aquifer will remain elevated until sufficient Ca + on
soil exchange sites has been replaced by Na+ to
establish equilibrium conditions with the salt-plume
input chemistry. It ion exchange is a dominant
mechanism for retardation of contaminants from the
SLB-P1 facility, the alteration in exchange site
population will affect contaminant movement-

Mineral saturation Indices were also calculated
from the water chemistry data. All samples were at
or very close to saturation with respect to
chalcedony (mlcrocrystalline quartz). Almost all
samples were also saturated or supersaturated with
respect to aluminum oxides, a wide variety of ferrous
and ferric oxyhydroxides, and illite and kaolinite
clay minerals. Although the saturation indices do



not conclusively prove that precipitation of these
minerals is occurring at an appreciable rate, they do
demonstrate the chemical potential for formation of
the above minerals. The widespread observations of
iron oxyhydroxide coatings on sands from this and
other sand aquifers at CRNL demonstrates that at
least these minerals are actively forming in the flow
systemi Strong positive correlations between BET
surface areas and radtonueltde sorptlon in
contaminated aquifers at CRNL (19) highlight the
Importance of secondary precipitates in controlling
migration.

Radlonucllde Sorptlon and Retardation

The standard method for predicting the subsurface
behaviour of radionuclides is the so-called batch
test. In this test, water spiked with the
contaminant of interest Is contacted with samples of
the aquifer sediments in a closed container, usually
for a short period of time. The ratio of sorbed to
dissolved contaminant concentrations at the end of
the test is referred to as a distribution coefficient
or Kd. If the Kd can be assumed to represent a
rapidly reversible equilibrium exchange reaction, it
can be incorporated into a simple equation and used
to calculate the velocity of contaminant movement
through the aquifer relative to the velocity of water
flow. All available multi-dimensional codes used for
simulating combined flow and contaminant transport
use Kd's with the assumptions of instantaneous and
completely reversible solution/sediment partitioning
of the contaminant (e.g. 20). Unfortunately, studies
of existing contaminant plumes at CRNL have failed to
find any cases where short-term batch tests
accurately represent ln-situ behaviour of various
radionuclides (21). In most cases, studies have
shown a greater degree or permanence of radionuclide
sorption than is predicted or assumed, respectively,
based on batch Kd testing. This is by no means a
universal rule, however, and situations can arise
where contaminant migration occurs at greater rates
than batch testing would indicate (22).

Despite differences in the source terms for the
Area C, Nitrate Plant, and potentially the SLB-P1
plumes, the two existing sites provide some of the
best long-term data possible. Monitoring of the
Nitrate Plant plume, originating from high ionic
strength solutions of mixed fission products pumped
to an infiltration pit, has provided the following
Information:

although trace amounts of l3?Cs have been
detected along the entire length of the
groundwater flowpath doungradlent of the pit
(23), almost all of the radiocesium has
migrated less than 25 m from the source.

for one to two years after transfer to the
Infiltration pit, 90Sr was observed to move
at a velocity close to that of the
transporting groundwater. Since that time,
the front of the plume has advanced at a
speed consistent with a Kd of 2.6 mL/g.
Over 90 % of the raaiostrontium inventory,
however, is moving much more slowly; samples
of groundwaters and associated sediments
from contaminated regions in the aquifer
yield distribution coefficients averaging 45
mL/g. Sequential leaching of contaminated
sands ravealed that half of the 90Sr
retention was provided by chemisorption to

iron oxides (24), a process too slow to be
observed in moat batch tests (25).

- at least some fraction of the l°6Ru
released to the ground migrated through the
flow system at velocities near those of the
local groundwater (13).

Monitoring of the contaminant plume from Area C has
provided information on only one reactive
radionuclide. 6DCo is being transported through the
aquifer at velocities fairly close to those of the
groundwater; measurements of in situ Kd's have yielded
values averaging near 1 mL/g.

Studies of contaminant plumes at CRNL and
elsewhere Indicate that ch nils try of the source has
played a role in the radioviclides' retardation or
lack thereof. To provide data more directly
pertinent to the short-term behaviour of common
radionuclides in the SLB-P1, and to do so under
aquifer chemical conditions, a series of field column
experiments are underway. The technique (26)
utilizes columns containing aquifer sediments and
water pumped from a well screened at the location
from which the sediment samples were collected. This
ensures that sediments and elution waters are in
chemical equilibrium (or at least as close to it as
they are naturally) and avolde the difficulty of
maintaining well water quality in the laboratory.
The method offers advantages over tests involving
tracer injection into the aquifer by providing well-
defined flow conditions and a reduced spatial (and
time) scale.

Since any contaminants released from the SLB-F1
facility would be expected to migrate through the
aquifer along the interface between road-salt
contaminated and salt-free groundwater, field column
experiments are being conducted at two locations
along the SLB-P1 flowpath. One UBes cores from, and
a well in, the portion of the aquifer with salt
contamination and a Ca:Na ratio of 0.3 (exchange
sites depleted of calcium). The second is above the
chloride plume. Testing involves slug injections of
either groundwater or a cement/bitumen leachate
spiked with 57Co, 85sr, and 1 3 7Cs, followed by
elution with groundwater. Cement and bitumen are
expected to be abundant materials in the waste
containers (1). Tests in the salt-contaminated
portion of the aquifer are complete; those at the
uncontaminated site are in progress*

A detailed discussion of the results of these
experiments to date is beyond the scope of this
paper, but Figure 6 displays a Bample of the data
obtained. Figure 6(a) is a plot of the elution
curves for Co and Sr following Injection of the
spiked cement/bitumen leachate- Both radlotracers
exhibited a small pulse release from the column
shortly after displacement of 1 pore volume, showing
that a small proportion of both contaminants moved
almost conservatively through the sediments.
Subsequent strontium elution might be considered to
exhibit behaviour similar to that resulting from a
true Kd reaction. Radiocobalt concentrations In the
eluent rose slowly to a low, broad peak followed by a
very long trailing limb, with approximately 30X of
the Injected 57Co inventory still in the column
after passage of 120 pore volumes of groundwater. No
release of ^37Cs was detected during the experiment.

Figure 6(b) shows the distribution of radiocesium
and cobalt in the column at the end of the elution
period. 137Cs distribution, with a peak in



concentration near the midpoint of the column!
Indicates that behaviour over the time^scale of the
experiment could be reasonably well simulated using a
Kd model for aorptlon-desarption. Moat of the
radiocobalt not eluted {tea Che column, however, Is
retained close to the colum inlet. Its behaviour
uould beat be described by postulating Initial
copreclpitatlon of most of the J'Co near the column
inlet, followed by slow leaching or dissolution
during the remainder of the experiment-

TABLE 3: SUMMARY OF LUSTRIBUTION COEFFICIENTS FOR
C o, Sr, AND Cs DETERMINED BY VARIOUS TECHNIQUES

Column vaumu

r\A

\

b) Dltonu Inn Wil |tn>]
# C0-S7 a C-I1T

FIGURE bi (a) BLUTION OF 85Sr AND 5 7Co FROM A FIELD
COLUMN AFTER A SLUG INJECTION OF CEMENT/BITUMEN

LEACHATB. (b) DISTRIBUTION OF SORBED 5 7Co AND 137Cs
ELIJT1ON WITH 120 COLUMN VOLUMES OF GROUNDWATER

Table 3 summarizes sorptlon characteristics for
the three radionuclldes from these experiments and
from previous field and lab studies in the area. As
the notes on Che table indicate, equilibrium
aorptlon/desorption is known to be an Invalid
assumption for several of the data seta, but for the
sake of comparison the results are expressed in terms
of Kd'a. Results of the field column tests performed
to date provide values similar to or lower than those
of the existing plumes and uould appear to provide
conservatively short estimates of subsurface
residence time.

Test Method

Kd(mUg-1}
Cobalt Strontium Cesium

Batch
Existing Plume
Plume

Field
Field

Front Advance
Column (groundwater)
Column (cement/bitumen)

6
->1

1.
4,
3
8*

13
45*
2.6
4.1
2.2

74

>35*

27
73*

* Kd model Inappropriate

MODELLING

Three multi-dimenalonal models have or are being
applied to the study area. The first extensive
modelling study was contracted to Geologic Testing
Consultants Ltd. (GTC) and consisted of an
application of the 3-D SWIFT finite difference code.
The study was limited to simulation of groundwater
flow patterns, and used a 1664-element mesh.
Distributions of hydraulic head and groundwater
flowllnes predicted by the model were in good
agreement with observations (27), leading to the
conclusion that the conceptual hydrogeo.\ogic model of
the flow system on which the numerical 'uodel was
based is reasonably accurate.

A second 3-D modelling project, chls time
incorporating both water and contaminant transport
simulation of the radiostrontium plume frum the
former Nitrate Plant, has recently been completed.
This study, utilizing the finite element CFEST code,
has been undertaken jointly with Battelle Pacific
Northwest Laboratories (PNL) in a program sponsored
by the US Nuclear Regulatory Commission (USNKC).
Again, good agreement between computed and observed
hydraulic head distributions was achieved, even when
employing only a subset of the hydrogeologic data
base (17). Obtaining good agreement between computed
and observed ' Sr distributions, however, has proved
much more difficult- A reasonable match
was achieved only after the model allowed for two
years of unretarded radiostrontium movement, followed
by sorption with Kd's of SO to 75 mL/g. These Kd's
are commensurate with in situ distribution ratios
calculated from measured radiostrontium
concentrations in samples of contaminated sediments
and associated pore waters but are a factor of 5 to 10
higher than batch Kd test results and about 20 times
greater than those observed in the field column tests.
A third, in-house, modelling study is also under
way. A 2-dimsnsional finite element model had been
applied to a simulation of t vertical cross section
oriented along the Nitrate Plant plume
G.L- Moltyaner, pers.comm.). Again, good agreement
between calculated and observed hydraulic head
distributions was achieved. As with the CFEST
modelling, however, the use of Kd's
derived from batch sorption tests made it impossible
to obtain reasonable matches between computed and
observed radiostrontium distributions.



DISCUSSION AND CONCLUSIONS

The rates of processes In the subsurface are
generally so slow that direct tests of predictions are
impossible, and the validity of conceptual and
mathematical models can be evaluated only by indirect
means. Simply defining the extent and hydraulic
properties of groundvater flow systems is often a
major technical challenge, and in low-permeability
geologically complex environments current technology
does not generally allow for collection of redundant
data that can be used for quality assurance. As a
result, site evaluations ma} be founded on
conceptually incorrect models of local groundwater
flow systeoiB. Maxey Flats provides a good example of
this. Predictions of contaminant movement baBed on
measurements of permeability in unweathered shale
indicated that almost no subsurface movement of
trench wastes would be observed. More recently,
tritiated water has been found to have migrated tens
of metres from the trenches through fracture networks
In the host shales (2b). Had the site been more
amenable to hydrogeologlc testing and to field
evaluations of system performance, much more reliable
predictiuns would have been possible.

Because of the fast hydraulic response of sandy
flow systems (and because of earlier studies of such
systems both for water supply and contaminant
transport interests), a variety of techniques can be
applied to data rollectlon In such materials. Sandy
environments that are geologically fairly simple
offer the beat possibilities for achievement of
satisfactory agreement between simulations and
observations. In this study, we have tried to apply
at least two complimentary techniques for all
critical measurements. Agreement between
measurements (such as the radar reflectors and
stratigraphlc contacts observed in soil cores, or the
flow velocities measured by borehole dilution gauging
and calculated from hydraulic conductivity analyses)
provides substantial confidence In the study area
data base. Additional confidence in our analysis of
the flow system comes from the agreement achieved
between simulated and observed flow patterns.

Dispersive properties of the flow system are still
only defined in terms of limiting values, although
the limits are relatively narrow. Here, we have been
able to draw on results of controlled tracer
injection experiments in another part of the same
aquifer as well as estimates based on the existing
contaminant plumeB.

Greatest uncertainty in the data base needed for
assessment of subsurface transport from the SLB-P1
remains In specification of chemical processes that
influence the movement of contaminants. The
experimental program using columns of aquifer
sediments and groundwaters from the projected SLB-P1
flowpath provides conditions as close to those in
situ as possible and, we believe, appropriate data
for describing short-term behaviour. Kinetlcally
slow reactions that have been identified in studies
of the Nitrate Plant plume are not observed in the
field column tests. Experiments to directly test for
additional sorption capacity are being designed and
approaches to the measurement of reaction rate
constants are being discussed. At present, we will
include observations of radionuclide behaviour in the
existing contaminant plumes In specifications of
sorption parameters for assessment modelling-

Overall assessment of: the environmental impacts of
the SLB-P1 facility will be made using a

comprehensive environmental transport model - COSMOS
(29). Subsurface movement of contaminants is
represented by one Bub-model within the COSMOS code;
to keep the assessment code to a tractable size, a 1-
D analytical solution to the advectlon-dlspersion
equation will be applied. The detailed field, lab,
and modelling studies of the groundwater flow system
will not be incorporated directly into the assessment
model, but they are essential supporting information
for the simplifications required by the COSMOS code.
We believe that most of the necessary Information is
now li place.
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