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When designing lagoons and landfills, it's important to understand
how clayey soil formed and changed during its geologic past, as well
as how containment potential is evaluated.

or storage of solid and liquid waste in landfills or

lagoons has always been a challenge for industry and
municipalities. Clayey soil formations may help to prevent
the release of contaminants into geologic formations, where
the contaminants may affect drinking water quality, indoor
air quality, and/or surface water quality. Typically, it is
assumed that a thick layer of natural clayey soil beneath a
disposal area should provide good protection against con-
taminating the underlying groundwater. However, because
natural clayey soil formations originate in different ways
and/or change after their formation, they can pose distinct
challenges for waste disposal and storage.

The primary attribute of clayey soils for containing
waste is their low hydraulic conductivity, a soil property that
indicates how easily groundwater (and chemicals) can move
through them. Clayey soils have hydraulic conductivity val-
ues that typically range from about 1x107 to 1x10~° cm/sec
(1, 2). This means water will move through the most perme-
able clays at least 1,000 times slower than through the least
permeable sand. The literature (e.g., Ref. 3) indicates that
groundwater movement in some clayey soils is so slow that
chemicals in the groundwater move only centimeters per
year, primarily due to diffusion (chemical concentration

C ontaining contaminants that leak from the disposal
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gradients) rather than advection (groundwater movement).

This article discusses how clayey soils form and change,
problems with measuring their hydraulic conductivity and
continuity, and how isotopes in water molecules can help in
evaluating containment potential.

Three common types of clayey soil formations

Clayey soils can originate in several ways. Three com-
mon modes of formation in North America include direct
deposition of entrained material from continental glaciers,
deposition from meltwater lakes associated with glaciation,
and deposition from rivers.

Deposition from continental glaciers. Continental glacia-
tion, which covered most of Canada and much of the north-
ern U.S. more than 10,000 years ago, is responsible for large
sheets of clayey soil in those areas. For example, the clayey
soils beneath Detroit, MI, and other areas around the lower
Great Lakes, called glacial till, may be more than 30-m thick
and extend for tens of kilometers or more laterally. Glacial
tills consist of an unsorted mixture of clay (<0.002 mm par-
ticles), silt (0.002—0.05 mm), sand (0.05-2 mm), and gravel
(>2 mm) (using the U.S. Dept. of Agriculture soil classifica-
tion limits). Since the continental glaciers were thick masses
of ice (up to thousands of meters thick), they not only
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deposited soil entrained in the ice, but they also compacted
it. Figure 1 is a photo of a vertical drill core of glacial till
from a site in Flint, MI.

Deposition from meltwater lakes. Vast glacial meltwater
lakes associated with the melting continental glaciers left
another type of distinctive clayey soil deposit. Glacial Lake
Agassiz, for example, covered large portions of what is now
Minnesota, North Dakota, Manitoba, Saskatchewan, and
Ontario with an extensive sheet of clayey soil more than
30-m thick. Other glacial meltwater lakes in the eastern U.S.
and Canada left similar deposits. Unlike glacial till forma-
tions, these glacial lake deposits were neither compacted by
the glacier mass nor intermixed with sand and gravel. Some
of these glacial lake clays, called “varved clays,” consist of
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A Figure 1. A split-spoon
core sample of glacial

till was collected from a
former manufacturing site
in Flint, ML Oil in the sub-
surface was released from
the manufacturing process.
Note the mixture of clay, silt,
and gravel-sized particles,
and that the core is dry.

< Figure 2. A Geoprobe
core of varved clay was
collected from a former
manufacturing site near
Hartford, CT, where solvents
were released into the
ground. The dark horizontal
bands are the silty (more
permeable) layers, and

the thicker, lighter bands
are the clayey layers. The
cupping around the edges
is a remnant of the drilling
process.
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alternating layers of clayey and silty soil, which represent
annual deposits caused by varying melt rates during the year.
While clay particles are small, platy, and cohesive, silt par-
ticles are rounded, not cohesive, and form more permeable
soils. Figure 2 is a photo of a vertical drill core of varved
clay from a site near Hartford, CT.

Deposition from rivers. Sediment carried by rivers has
created discrete deposits of clayey soil in some river valleys,
called alluvial soils. Alluvial clayey soils can be locally
interbedded vertically with, and located adjacent to, zones
with more permeable soils. Unlike glacial till formations, the
clayey soils were neither compacted by a glacier mass nor
completely intermixed with sand and gravel. Unlike glacial
tills and varved clays, alluvial clayey soil deposits do not
extend in all directions but often form part of an elongated
band in a river valley. For example, the alluvial deposits of
Dry Creek near Salina, KS, consist of up to 15 m of clayey
and silty soil (4). Figure 3 is a photo of construction occur-
ring in an alluvial clay terrain in Salina, KS.

What could be wrong with clayey soil?

Clayey soils from continental glaciation, glacial melt-
water lakes, and alluvial deposits may act as “aquitards,”
geologic formations that inhibit the vertical and lateral
movement of groundwater and contaminants due to their low
hydraulic conductivity. Cherry et al. (5) provide a detailed
state of the science report on aquitards.

A few problems can arise when clayey soil is selected
as a site for waste disposal. Fractures, varves, and pinch
outs are three routes that may enable groundwater to either
bypass the low permeability blocks of clayey soil or move
around the entire clay soil deposit.
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A Figure 3. Alluvial clays were encountered during installation of a new storm
drain in Salina, KS. This site is located on a former Air Force base where metal-
cleaning solvents were released from cleaning of aircraft on the tarmac, cleaning
of parts in buildings, and landfills. The site has been investigated for potential
impacts to indoor air and municipal groundwater. Photo courtesy of Tim Rogers.
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Fractures. Fractured clays commonly occur at the
surface of till sheets. These fractures allow groundwater to
move around the low-permeability blocks of clayey soil at
a much greater rate than through the blocks. Figure 4 is a
photo of the bottom of a test pit excavated into clayey soil in
northeastern Ohio at a potential lagoon location. The photo
clearly shows groundwater moving into the pit through
fractures. Fractures formed when the glacial ice melted and
receded, and the till rebounded from the weight of the over-
lying ice; desiccation of the tills also contributed to fractur-
ing. The fractures in tills in the lower Great Lakes area may
extend to about 9 m below ground level (mbgl); they tend
to be vertical, and they tend to become progressively less
frequent and narrower with depth (6).

Varves. Varved clays allow groundwater to move later-
ally through the silty layers faster than groundwater can
move through the low-permeability clayey layers. The part-
ings in Figure 2 are the silty layers in the varves that permit
more rapid lateral groundwater movement than through the
more massive clayey layers.

Pinch outs. Regardless of the mode of formation, clayey
soil formations eventually pinch out laterally. The pinch
outs allow groundwater to move around the low-hydraulic-
conductivity clayey soil formation. The pinch outs form dur-
ing the deposition of the clayey soil formation and give the
formation a tapered shape like an open book, with a finite
areal extent that gradually thins towards the edges.

Problems with clayey soil evaluation

There are several potential problems with how clayey
soils are evaluated for waste disposal and storage sites.

First, the hydraulic conductivity of fractured clays cannot
be properly characterized using only conventional verti-
cal boreholes. The fractures, which are primarily vertical,
may be missed by a vertical boring, especially at depth. As
a result, soil samples collected for hydraulic conductivity
testing in a laboratory may not include fractures. Figure 5
is a photo of a soil core collected from a boring advanced at
a 45-deg. angle into the subsurface to improve the chances
of intersecting fractures. The fracture in Figure 5, between
about 5.2 mbgl and 5.5 mbgl (17 ft and 18 ft below ground
level [fbgl]), would not likely have been encountered with
vertical boring.

Second, field tests of hydraulic conductivity, which
are conducted in vertical monitoring wells, may also miss
fractures. Because many soil borings are advanced with a
spinning drill bit or auger, the drilling process may seal
the fractures. Both laboratory and field tests of hydraulic
conductivities can produce lower hydraulic conductiv-
ity values than the actual field conditions if fractures are
missed or sealed. This results in lower calculated ground-
water velocities, slower calculated chemical transport rates
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than would occur in the field, and a false sense of security
with respect to the integrity of the clay as a barrier to
groundwater movement.

Third, finding gaps in, or at the edges of, clayey soil
aquitards by conventional drilling can be an expensive trial-

A Figure 4. This photograph shows the bottom of a test pit used to investigate
the nature and thickness of clayey soil for a proposed lagoon to contain manure
for a commercial dairy farm in northeastern Ohio. Note groundwater flowing into
the pit between the clay blocks (tips of yellow arrows) and the spacing between
the fractures.

<« Figure 5. This
photograph shows a
fractured clay core from
Essex County, Ontario.
The fracture is the
reddish slash (at the

tip of the yellow arrow)
between 17 ft and 18 ft
(5.2 m and 5.5 m) below
ground level. This core
was part of an isotopic
investigation of the

age distribution of the
groundwater in a thick
clayey aquitard.
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and-error process. Many years ago, our firm characterized

a 1960s-era landfill used by a group of municipalities that
was being sued by the State and private parties for contami-
nating the groundwater. The landfill was developed in an
old sand pit without an artificial liner, as many were at that
time, but was underlain by a clayey soil aquitard. We had
conducted an intensive investigation of the site conditions
and collected additional data on the underlying aquitard
(e.g., groundwater-level data) that indicated a continuous
aquitard. Nevertheless, the State challenged the continuity
and extent of the clayey soil aquitard in the area immedi-
ately north of the landfill. We suggested advancing six shal-
low soil borings immediately north of the landfill, with both
parties observing the drilling, to evaluate the continuity of
the clayey soil aquitard. All six borings indicated the clayey
soil indeed extended north of the landfill. In this case,
because the site was so intensively investigated, we were
confident of the continuity of the aquitard even before the
additional borings. However, other less intensively charac-
terized sites might require significantly more investigation
and investment to convince regulators of the continuity of
clayey soil aquitards beneath waste disposal sites.

Using isotopes in water molecules to evaluate
containment potential by a clayey aquitard
Although the general chemical formula of water is H,O,
both hydrogen (H) and oxygen (O) have several isotopes.
Isotopes are versions of an element that contain different
numbers of neutrons in their nuclei. The most common
isotopic form of oxygen in water is oxygen-16 (Hzl"O),
but water can also contain some molecules with oxygen-18
(H2180). Similarly, the most common form of hydrogen in
water is protium (1H20), but water also contains some mol-
ecules with deuterium (*H'HO) and tritium (*H'HO).
The distribution of concentrations of %0, 2H, and *H in
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A Figure 6. Distribution of 5'®0 with depth in a thick clayey soil aquitard in Essex
County, Ontario (77). As indicated by the red dashed line, the near-surface ground-
water has 80 values similar to current precipitation, while the deep groundwater
(~20 m below ground level) has 8%0 values similar to precipitation during glacial

times, on the order 0f 10,000 years ago (70).
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groundwater can be used to determine when precipitation
first entered the groundwater system (7). There are four
factors to consider when using '%0, 2H, and *H for such
an evaluation:

* The concentrations of these isotopes in precipitation
have changed significantly over time (over thousands of
years for 130 and ?H and decades for *H). These changes are
well-documented in the literature and are discussed later in
this article.

* Since most groundwater originates as precipitation that
directly infiltrates into the ground (as opposed to infiltrating
through a lake bottom, for example), the water molecules in
the precipitation and hence in the groundwater containing
these isotopes indicates the time period of the precipitation
(i.e., a time imprint).

* At the low temperatures associated with most shal-
low groundwater flow systems, the time imprint is pre-
served unless groundwater from two distinct groundwater
masses mix.

» Water molecules containing these isotopes travel at
the same rate and follow the same flow paths as “average”
water ('H,'60).

Considering all of these factors, the distribution of 180,
’H, and *H in groundwater indicates when the groundwater
recharged from precipitation.

Using '®0 and ?H to estimate groundwater age

130 and ?H concentrations in water are expressed in stan-
dard delta (8) notation in parts per thousand (%o) differences
relative to the Standard Mean Ocean Water (SMOW) (8). A
good linear relationship, called the Global Meteoric Water
Line (GMWL), exists between §'30 and §°H values for
worldwide precipitation and groundwater (8). Dansgaard (9)
observed that 3'%0 and 3’H values for current precipitation
at a given location depend on the mean annual air tempera-
ture and the location on the continent. Although the §'%0
and 8”H values of very shallow groundwater might reflect
seasonal variability in precipitation '%0 and §°H values,
deeper groundwater acquires the long-term average §'%0 and
8”H values of the mean annual precipitation.

Edwards and Fritz (70) and others have demonstrated
that the 5'%0 and §2H values of precipitation during the
glacial periods in North America were similar to current
values in polar regions but much different from precipitation
in many non-polar regions today (Figure 6). Vertical profiles
of §'%0 and §°H values in groundwater in massive clayey
aquitards (without fractures) reflect climatic change over
time — from glacial (cooler) periods thousands of years ago
at depth to warmer temperatures like current ones near the
ground surface (3).

Figure 6 shows the vertical distribution in §'%0 values
in groundwater with depth at a clayey aquitard site in Essex
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County, Ontario (71). The data indicate a mix of 'O values
in groundwater with depth that reflects recent precipita-

tion (about —8 %o to —10 %o) near the ground surface, while
values at depth (about —14 %o to —16 %o) indicate mixing with
groundwater originating from precipitation in a cold glacial
climate that predominated thousands of years ago. In other
words, the near-surface §'30 values in groundwater indicate
movement of groundwater that may be very recent, whereas
the deep groundwater is thousands of years old. Therefore,
chemicals released from a waste disposal site could move
readily in the near surface, but not into deeper zones.

Using 3H to estimate groundwater age

3H is a radiogenic isotope with a half-life of about
12.3 years (1). *H analyses are expressed in tritium units
(TU), where 1 TU is equal to one atom of *H per 10'8 'H
atoms. Figure 7 shows the tritium distribution in precipita-
tion in Ottawa, Ontario, which can be used as a time imprint
(tritium records are available for many locations in North
America, but Ottawa has the longest record) (72). Prior to
the beginning of large-scale atmospheric testing of thermo-
nuclear devices in 1952, natural *H concentrations in
precipitation ranged from 5 TU to 20 TU (13). Beginning in
1952, atmospheric tests of thermonuclear devices increased
the concentration of *H in precipitation by up to three orders
of magnitude higher than natural levels. >H concentrations
in precipitation reached a peak of several thousand TUs
in 1963. The atmospheric nuclear test ban treaty of 1963
greatly reduced the input of anthropogenic *H, and concen-
trations of 3H in precipitation gradually diminished. During
the past two decades, *H concentrations in precipitation have
returned to natural levels.
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A Figure 7. Average annual tritium concentration in precipitation in Ottawa,
Ontario (72). Tritium concentrations in precipitation began to increase during the
1950s due to the advent of atmospheric testing of thermonuclear devices, until
they peaked in 1963 in the northern hemisphere following the atmospheric nuclear
test ban treaty. The gradual decline of tritium in precipitation from 1963 onward is
the result of mixing in the upper atmosphere and the decay of tritium.
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The *H signatures of shallow and deep groundwater
may be different due to timing and location of recharge by
precipitation. In humid areas, about one-third of precipi-
tation eventually recharges (becomes) groundwater; the
remainder of the precipitation does not become ground-
water as it runs off to streams and lakes, is used by plants, or
evaporates. Most shallow groundwater is recharged directly
from precipitation that infiltrates the ground, and as such,
most shallow groundwater assumes the most recent precipi-
tation 3H signature. Deeper groundwater may be separated
from shallow groundwater by an aquitard or by groundwater
flow conditions that inhibit mixing of the shallow and deep
groundwater. In addition, deeper groundwater may only get
recharged in limited areas. As such, deeper groundwater may
be isolated from recent precipitation recharge and carries
the 3H signature of the precipitation recharge from an earlier
time and a distant location.

Once the recharge becomes groundwater, the *H con-
centration in groundwater progressively diminishes due to
radioactive decay. We can use the observed 3H concentra-
tions in groundwater and the decay rate of *H to estimate
groundwater age (When the precipitation recharged the
groundwater). In general, groundwater recharged within
the past 60 years will have measurable *H (from nuclear
bomb tritium and more recently, natural tritium production);
groundwater recharged more than 60 years ago and isolated
from more recent recharge, however, will now contain virtu-
ally no measurable *H.

Case studies involving isotopes
to evaluate containment potential

In the first case study, Chekiri (74) used %0 and *H to
evaluate the containment potential of thick clayey soils in
Essex County, Ontario. This area had been mentioned as
a potential site for hazardous waste landfilling; however,

a regional investigation of the 30 concentrations in the
groundwater underlying the clayey aquitard indicated there
was recent (not glacial age) groundwater in parts of the
county. In addition, Chekiri investigated the nature and verti-
cal extent of fractures in the clayey soil aquitard that would
need to be considered with respect to shallow groundwater
flow (e.g., Figure 4).

Chekiri collected groundwater samples with depth and
tested them for 80 and *H concentrations to determine the
depth of active groundwater movement (the fractured clay
zone). He obtained most of his groundwater samples from
soil cores that he squeezed with a hydraulic press; some
samples came from conventional monitoring wells. Figure 8
indicates that active groundwater movement (*H > 10 TU,
at the time) occurs in the uppermost 5 m. Below this point,
there is minimal active groundwater flow. If this had been
a candidate site for a hazardous waste landfill, lagoon, or
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sanitary landfill, measures would need to be taken to control
groundwater movement in the uppermost 5 m of the soil.

In the second case study, Sklash and Gorman (75) used
130 and *H to evaluate the containment performance of
thick clayey soils at a hazardous waste landfill in Wayne
County, MI. Landfill owners and operators must demonstrate
that the clayey aquitard beneath the landfill is continuous and
effective below the landfill. This can be accomplished by
drilling numerous soil borings to demonstrate the continuity
and areal extent of the clay till aquitard. Alternatively, the
distribution of *H and 80 (or ?H) in groundwater from exist-
ing monitoring wells open below the aquitard can be used.

Sklash and Gorman (15) collected groundwater samples
from nine perimeter monitoring wells around a landfill
cell and compared the isotopic concentrations to those of
the leachate sump and a drain adjacent to the landfill. The
Wayne Disposal Inc. Site No. 2 landfill is located 32 km
west of Detroit, MI. The geology beneath the site consists
of a thick clay till aquitard (11-18 mbgl) overlain by a thin
alluvial sand unit (2.3—7.0 mbgl). A sand and gravel deposit
between the clay till and the bedrock is a local water sup-
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A Figure 8. Distribution of tritium in groundwater with depth in clayey soil was
investigated in Essex County, Ontario (74). The shallow (uppermost 5 m) ground-
water was recharged after 1952, while the deep groundwater was recharged before
1952. Lagoon or landfill planning would need to account for active groundwater
movement in the uppermost 5 m of the aquitard. The elevated tritium at depth is
apparently from younger groundwater that has migrated laterally beneath the
aquitard from a recharge area south of the site.
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ply aquifer. Laboratory and field tests indicate the clayey
till aquitard has a hydraulic conductivity on the order of
1x1078 cm/sec (which should provide containment as long
as the aquitard is continuous beyond the boundaries of the
landfill and there are no fractures in the aquitard).

Figure 9 is a graph comparing the upgradient and down-
gradient isotopic ('*0 and *H) concentrations in groundwater
beneath the clayey aquitard and some shallow groundwater
samples. The monitoring well locations with respect to the
groundwater flow direction are indicated by the data marker
shapes (upgradient or downgradient of the landfill). The
vertical line on Figure 9 delineates the *H concentrations (at
the time of the investigation) in groundwater representative
of pre- and post-1952 recharge. The most important observa-
tion in terms of *H is that the groundwater from all monitor-
ing wells contain *H concentrations of less than 10 TU, and
the landfill leachate (sump) and the East Edge Drain have ’H
concentrations of more than 10 TU.

The groundwater H data indicate the groundwater
beneath the clay aquitard recharged prior to 1952. This
indicates that there was no movement of post-1952 water
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through the clay till aquitard into the aquifer and the aquitard
is continuous beneath the landfill. The mean §'%0 values of
the nine groundwater samples is —8.8 %o, which is consistent
with §'30 values observed in shallow groundwater in the
lower Great Lakes area. The leachate sump sample has a
8180 value of —7.2 %o, which may be indicative of processes
within the landfill (76).

Final thoughts

It is good practice to develop lagoons or landfills in
places that have clayey soil aquitards. Establishing the pres-
ence of clayey soil, however, is only part of the equation.

Understanding how a clayey soil aquitard formed and/or
changed during its geologic past may indicate how effective
the aquitard will be in preventing contamination of ground-
water by releases from lagoons and landfills. Regional geo-
logic reports provide some insight into potential issues such
as: the areal and vertical extents of the aquitard, whether
to expect fractures or varves, or the likelihood of aquitard
pinch outs.

Field and laboratory testing are needed to confirm the
site-specific characteristics of the clayey soil, but testing can
be problematic. Conventional vertical drilling can be mis-
leading with respect to the presence, frequency, and depth
of fractures. Conventional vertical monitoring wells may be
misleading when evaluating the hydraulic conductivity of
the upper part of the clayey soil formation.

A few strategies can help confirm waste disposal security
in clayey soil formations. For example, angled boreholes are
better than vertical boreholes for determining whether frac-
tures in clay are present. Test pits are useful for determining
whether fractures allow groundwater to flow around clay
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A Figure 9. Tritium and oxygen-18 concentrations are shown here in groundwater,
leachate, and surface drainage at a hazardous waste landfill in southeastern
Michigan (75). None of the groundwater samples are impacted by the post-1952
recharge, meaning the aquitard provides good containment.
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blocks. Finally, the vertical distribution of water isotopes
(80, ?H, and *H) in groundwater within aquitards and the
areal distribution of the water isotopes in the aquifer below
an aquitard provide good indications of the containment
potential offered by an aquitard. CEP |
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