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ABSTRACT

A research study was undertaken to establish a long term groundwater
monitoring program to examine the spatial and temporal effects of agricultural waste
disposal on cultivated fields and the effectiveness of several containment barriers.
The research project attempts to address the effect of agricultural waste storage

facilities and common manure fertilization practices on groundwater quality.

The monitoring program included twenty-five sampling wells of which sixteen
wells were dedicated to the spreading experiment with the remaining nine for the
storage experiment. Initial background site characteristics, namely; instrumentation,
determination of soil index properties, and chemical analyses before and after the first
manure spreading were determined. The physical and hydrogeological properties of
the site were defined using various in situ and laboratory techniques resulting in a
geotechnical soil description and hydraulic characterization. The chemical properties
of the groundwater were analyzed using samples obtained from the monitoring well

network.

Groundwater quality analysis for the period of May 1992 to December 1992
showed no statistical variation in chemical concentrations for the spreading zone

experiment. The chemical concentrations, determined thus far, can be considered as
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background readings for the site. The statistical analysis of the groundwater
chemistry has not shown any statistically significant chemical change in the
groundwater signatures after the first manure application on the spreading or
background zone. The water quality changes can not be attributed to the experiment.

However, it is likely that the local anomalies are caused by extraneous sources.

Continued site surveillance is necessary to estimate long-term trends, be able
to define seasonal or other cycles, and forecast chemical concentrations. A detailed
study of the storage experiment is necessary to determine its effects on water quality
and overall site properties. The sampling scheme should be modified to statistically

determine these effects in future.
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CHAPTER 1

INTRODUCTION

1.1 Background Overview:

In the past, agricultural waste management practices in Newfoundland have
focussed insufficient attention towards their potential environmental impact. The low
density of farming enterprises in the province, and their relative isolation from major
urban developments, required little demand for regulated waste management
procedures. Problems encountered were usually localized in extent, and for the most
part, ignored. Solutions to these problems, when deemed unacceptable, were
resolved on an individual basis. However, the infringement of suburban
developments onto previously zoned agricultural lands has emphasized these issues.
Such developments demonstrate that many of the common practices presently in use
are inadequate to allow future expansion of adjacent agricultural and residential
communities. Government agencies reacting to these growing environmental concerns
have provided assistance and regulations to benefit both the public and farmers of this

province.



The present study originated from a previous case study of an operational farm
where the impact of a liquid manure storage lagoon on groundwater quality was
examined (Robinson et al., 1991). There was concern for the degradation of the
groundwater quality from such a facility so an intensive monitoring program was
implemented. The study revealed elevated nitrate + nitrite concentrations exceeding
background levels downgrade from the lagoon. However, based upon the
groundwater chemistry it was evident that the contamination level was not as high as
expected if no sealing at the base of the lagoon occurred. Robinson et al. (1991)
concluded that a significant seal existed at the base of the lagoon. The nature and
extent of the lagoon seal could not be clearly assessed. One recommendation from
the study was to further explore the phenomenon of self-sealing lagoons either by a

physical or biological process under more controlled conditions.

1.2 Project Purpose and Thesis Scope:

The main goal of the overall project, on which this thesis is based, was to
establish a long term groundwater monitoring program to examine the spatial and
temporal effects of agricultural waste disposal on cultivated fields and the
effectiveness of several containment barriers. The research project attempts to
address the effect of agricultural waste storage facilities and common manure

fertilization practices on groundwater quality. To achieve this goal, the following

-9



objectives were devised:

* performance assessment of various liners; bare soil - no preparation, 5
weight percent (wt. %) bentonite - native soil mix, 10 weight percent
(wt. %) bentonite - native soil mix, and a GCL (geosynthetic clay liner)

used for waste confinement, and

- site characterization of the spreading area test site and storage tanks to
delineate the movement of pollutants through the aquifer and determine

the retardation effects of the soil mass.

At the completion of the project, (1994 - 1995 depending upon funding) it is hoped
that assistance in refining regulations for storage and disposal of agricultural wastes

under indigenous Newfoundland climatic and soil conditions can be given.

A major concern was to choose a site that typified the agricultural, climatic,
and hydrogeologic conditions of the Avalon Peninsula. Once the location of the study
was determined an initial geotechnical, hydrogeological, and groundwater chemical
characterization would be conducted. The ensuing groundwater quality monitoring
program associated with the experiments was designed to provide information on the

effects of agricultural waste management procedures on the surrounding environment.
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The present study is part of the overall project and details the initial
(background) properties of the selected site and several aspects of the first phase of
the project (instrumentation, determination of soil index properties, chemical analyses
before and after the first manure spreading, and initial filling of the storage tanks).
The physical and hydrogeological properties of the site were defined using various in
situ and laboratory techniques resulting in a geotechnical soil description and
hydraulic characterization. The chemical properties of the groundwater were
determined using samples obtained from the monitoring well network. Analytical
work involved the measurement of pH, conductance, TDS (Total Dissolved Solids),
and specific water quality chemistry (ie. orthophosphate, nitrate, ammonia nitrogen,

chloride, and calcium and magnesium hardness concentrations).

The objective of this thesis is to extract from these data a general
representation of the site in terms of overburden and bedrock physical and hydraulic
properties. The observation time required to effectively monitor the behaviour of the
site, with respect to pollutant transport, either from manure spreading or storage,
greatly exceeds the time frame of this work. However, in light of the initial
monitoring period, recommendations can be made regarding the further development

of that research.



1.3 Thesis Outline:

The organization of the thesis is designed to logically work through the
research project as defined in the present chapter. Hypotheses testing,
implementation of the monitoring and testing network, collection and interpretation of

data are presented, followed by conclusions and recommendations.

Chapter 2 synthesizes the relevant literature pertaining to case studies on
spreading and storage of liquid manure. Previous studies are examined to determine
the physiochemical effects of spreading and storing liquid manure on soil and
groundwater quality. Following this, the provincial regulations for agricultural waste
management are reviewed. The methods and instrumentation for detection and
monitoring of contaminant plumes in the vadose zone and the various sealing
mechanisms in soils follows. A discussion of the construction techniques and

applications of soil-bentonite liners and geosynthetic clay liners ends the chapter.

Chapter 3 describes the site in terms of surficial and bedrock geology and
overall physiography. A description of the installation of the groundwater sampling
instrumentation, the storage tanks, and liners follows. Finally, a summary of the

geotechnical index properties performed on the site soils concludes the chapter.



Chapter 4 describes the site hydrogeology in terms of well hydraulics
performed on site and in the laboratory. Site surveys provided detailed surface and
bedrock topographic maps and water table contour maps. A tracer test experiment,
which is currently in progress, will be used to examine the localized groundwater

flow system.

Chapter 5 introduces the results of the groundwater quality monitoring
program and a statistical analysis of the data follows. The statistics are used to detect
significant chemical variations and trends in the data set and to incorporate the

necessary changes in the monitoring program for future data interpretation.

Chapter 6 concludes the thesis with a summary of the results and

recommendations for future work.



CHAPTER 2

LITERATURE REVIEW

2.1 Previous Studies and Existing Legislation:

Designing storage facilities for liquid manure disposal from agricultural
operations has become a major concern in North America due to the increased size
and mechanization of the industry. In the past, manure applications replenished
depleted nutrients from agricultural soils. However, manure disposal from
commercial feed lots usually involves high application rates which can deteriorate soil
and groundwater quality. To rectify this degradation, provincial governments
introduced legislation to protect groundwater supplies and to assist the farmer. This
has spurred an interest in revising agricultural waste management practices. One
inexpensive solution is an unlined earthen storage lagoon as an alternative to
expensive concrete, asphalt, steel, or a geosynthetic clay liner (Barrington et al.
1987a). The research emphasis was directed towards these low-cost earthen storage
facilities. Any advances in design could prevent further groundwater contamination

and encourage favourable associations between the agricultural community and society.



A number of researchers have investigated groundwater contamination
and the self—sealing_ characteristics from the storage of liquid manure, including;
Barrington et al. (1987a,b); Barrington and Madramootoo (1989); Ciravolo et al.
(1979); Culley and Phillips (1989a,b); DeTar (1979); Ghaly et al. (1988); Miller et
al. (1976); Miller et al. (1985); Patni et al. (1981); Robinson et al. (1991); Rowsell et
al. (1985); and Sewell (1978). The focus in these studies has been on waste storage

lagoons and this will be reflected in the literature review.

Culley and Phillips (1989b) monitored three pairs of small-scale manure
storages, 10 m® in volume and about 1.5 m deep, constructed in sand, sandy loam,
and clay loam. They analyzed for inorganic nitrogen, phosphorous, and mineral
content of water in the undisturbed clay underlying each pair of earthen storages.
They observed an increase in nutrient concentrations over time beneath all the earthen
storages. The greatest increases were observed beneath the storages that were dug in
acidic sand. No changes in inorganic nitrogen were reported, however phosphorous
showed considerable increases. They concluded that the small-scale storages did not

effectively self-seal over the five-year period of the study.

Miller et al. (1985) conducted a case study on a 4500-head beef cattle feeding
operation in Wilmot Township, Waterloo County, Ontario. The waste storage pond

located on glacial outwash encompassed a surface area of 2 hectares with an

-



approximate volume of 15 000 m®. The groundwater sampling program consisted of
fourteen monitoring wells extending to a maximum depth of 13.7 m below ground
level. They concluded that there was an initial flushing of the storage pond into the
underlying groundwater for the first eight weeks after filling with liquid manure.
This was followed by a significant input reduction after the eighth week. There was
conclusive evidence that the pond was effectively sealed within 12 weeks of the first
addition of dilute dairy manure into the coarse textured sand bottom of the holding

facility (Miller et al. 1985).

Patni et al. (1981) examined groundwater quality beneath cast-in-place
reinforced concrete liquid manure storages that were constructed without special
consideration for the porosity of the concrete. The study also examined the
groundwater quality from heavy land applications of manure in excess of crop
requirements. Both the storage and spreading experiments were located on poorly-
drained, dark-grey clay loam, underlain by silty marine clay. The groundwater
quality in the vicinity of the storages was analyzed from a monitoring well network
for a period of seven years and from the manure disposal field for a period of three
years. There were two major conclusions from this study: (1.) groundwater pollution
potential from below-grade, concrete, liquid manure storages, built without special
construction precautions for leakage appeared to be low, and (2.) the practice of

manure disposal on land in excessive amounts had potential to excessive load
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groundwaters in NO;-N and NH,-N (Patni et al., 1981).

Robinson et al. (1991) examined a manure lagoon located on a private dairy
operation near St. John’s, Newfoundland. They inferred the existence of a seal
beneath the lagoon through the attenuation of the major chemical constituents
emanating from the lagoon into the groundwater aquifer beneath. The soils in the
area can be described as sandy to gravelly sandy glacial tills with little or no fines.
They assumed that cation exchange was not a dominant process by which ionic
concentrations were lowered in the monitoring wells down gradient from the lagoon.
Adsorption was also ruled out as a dominant attenuation process because there was
little difference between ionic concentrations in the lagoon and the concentrations
determined in the monitoring wells. Consequently, advection and mechanical
dispersion were favoured to dominate the concentration reductions observed in the
monitoring wells, confirming the existence of a seal at the soil-manure interface in
the lagoon. However, to what extent, or if the effectiveness could be improved, was

not determined by their study.

Legislation throughout the country requires that a minimal storage capacity of
liquid manure be maintained to prevent deleterious effects from runoff and seepage
into surface and groundwaters. Each of the provinces have implemented regulatory

programs covering the management practices of manure. A complete list of these
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agencies can be found in the Canada Animal Manure Management Guide, Publication
1534. The regulatory emphasis has shifted from enforcing tough detailed regulations
to managing farm pollution problems through guidelines and education programs. An
increasing number of provinces are adopting a certificate of compliance program
wherein written approvals are given to operations that comply with recognized

standards.

In Alberta, the objectives of the guidelines for the design of earthen manure
storages (Agdex 729-2, 1984) are: (1.) provide a sufficient storage period to allow
flexibility for disposal, (2.) watertight characteristics to prevent seepage into surface
water and groundwater, (3.) having suitable access for ease of manure removal, and
(4.) proper location with respect to neighbours. Alberta Agriculture uses a six month

storage volume as a basis for calculating the size of a storage facility.

Ontario and Quebec have legislated design requirements for earthen manure
storage facilities based on the field saturated hydraulic conductivity value, k;,. The
Agricultural Code of Practice for Ontario requires that a 6-month storage capacity be
provided (Miller et al. 1985). No certification will be granted to an operation if this
criterion is not achieved. These guidelines are explained in Barrington and Broughton

(1988) and are summarized as follows;

e



In 1982, the Ontario Government established guidelines for earthen manure
storage facilities requiring a maximum & value of 10° m/s; a minimum
bedrock or aquifer depth of 1.0 m from the bottom of the reservoir; and a soil
texture finer than a sandy loam.

The Quebec Ministry of Environment required a soil k& value equivalent to that

of concrete structures (10® m/s). In 1983, municipal waste water ponds

guidelines permitted a maximum nitrogen seepage into the soil of 0.6 m?day’
for waste waters of 20 - 30 parts per million (ppm) N. Extrapolating for dairy

wastes these municipal guidelines suggest a k;, value of 107 m/s.

In Nova Scotia, a minimum of 7 months storage in a properly sealed storage
structure that is not susceptible to leaking, runoff, or overflowing (Nova Scotia
Department of Agriculture and Marketing, 1991) is required prior to operational
approval. The proper design of the storage facility can be obtained from agricultural
engineers at the department. The aim of these guidelines is to convert the more than

1.6 million tons of manure that is produced annually into fertilizer that can used in

good soil management practices.

In Newfoundland, a minimum of 6 months storage in an impervious lagoon
system is required for winter accumulation (Newfoundland Department of Rural,
Agricultural and Northern Development, and Consumer Affairs and Environmental
Branch, 1980). The aim of the Newfoundland document is to provide information to
existing and future operators in the areas of good agricultural practice and

environmental protection.

L



2.2 Methods and Instrumentation for Detection and Monitoring of

Contaminant Fronts:

2.2.1 Vadose Zone:

Monitoring in the vadose zone can be used as an early detection mechanism
for contaminants entering a groundwater aquifer. According to Fetter (1988), the
vadose zone can be defined as:

The zone between the land surface and the water table. It includes the
soil (root) zone, intermediate vadose zone, and capillary fringe. The
pore spaces contain water at less than atmospheric pressure, as well as
air and any other gases. Saturated bodies, such as perched
groundwater, may exist in the vadose zone.
In the past, the main emphasis in the majority of monitoring programs at waste
management sites has been on groundwater sampling in the free-water (saturated)
zone. Recently, the benefit of early contaminant detection in the vadose zone has
been realized. In the United States, federal regulators legislate vadose zone
monitoring [Subtitle C of the RCRA (Resource Conservation Recovery Act), section

264.278 of 40 CFR, Part 264] for hazardous waste land treatment sites (Wilson,

1990).

The vadose zone has been subdivided into three regions: soil zone,

=



intermediate zone, and the capillary fringe (Davis and de Wiest, 1966). The contact
between the soil zone and intermediate vadose zone is generally marked by a gradual
transition from weathered to unweathered geologic material (Everett et al., 1984).
This zone is generally under negative pressure, therefore water movement in this zone
is generally in the unsaturated state. Beneath the intermediate zone, the capillary
fringe merges with the underlying saturated material of the principal water bearing
formation. In general, the capillary fringe is thicker in finer-grained geologic

materials.

Many researchers such as Everett et al. (1984), Greenhouse and Pehme
(1991), Reinhard and Parke (1989), Wilson (1982), Wilson (1983), and Wilson (1990)
have investigated vadose zone monitoring, its instrumentation, and its usefulness as an
early detection mechanism from aquifer contamination. Wilson (1982) defines the
motivation behind monitoring in the vadose zone as to characterize the flux and
velocity of wastewater during transit to the water table. He defines three stages of
liquid transmission in the vadose zone: infiltration, percolation, and recharge. In
general, infiltration is the flow of water downward from the land surface and through
the upper soil layers. Percolation is a flow process in the vadose zone through
conducting channels (pores or fractures). Lastly, recharge occurs in an area with
downward components of hydraulic head gradient (ie. liquid moves into the

groundwater zone). The reader is referred to Wilson (1982) for a description of the
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field methods used for determining the rate of liquid transmission in the vadose zone.

Indirect (non-sampling) methods (See Appendix A for a summary of the
sampling techniques) are used to detect pollutants by measuring parameters that occur
above the background concentrations of the regional groundwater. This method does
not physically remove material from the test site. Direct sampling techniques for
detecting pollutant movement in the vadose zone are grouped into solids and solution
sampling methods (Wilson, 1983). These techniques differ from the non-sampling

methods in that actual samples are obtained for laboratory analysis.

2.2.2 Free - Water (Saturated) Zone:

Groundwater monitoring wells are used to detect a contaminant once it reaches
the groundwater, and to effectively direct remediation efforts. The science of
groundwater sampling has advanced greatly in recent years, not only in our
understanding of the techniques to be used, but in the development of materials and
equipment used in the sampling process (Fetter, 1988). There are many references to
sampling in the saturated zone, the methods used to locate contaminant plumes,
design and construction of monitoring wells, and the procedures used to clean up
contaminated aquifers [Domenico and Schwartz (1990); Driscoll (1986); Environment

Canada (1983); Everett et al. (1984); Fetter (1988); Freeze and Cherry (1979)]. The
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sampling of groundwater from the saturated zone of the subsurface can provide
information on the extent of aquifer contamination. Groundwater contamination is
more difficult to detect and remediate than surface-water pollution because it moves
more slowly and requires specialized monitoring to predict the path and rate of
contaminant movement. Therefore, sampling procedures can be moderately complex
and variable, depending on the individual hydrogeologic situation. Sampling wells are
commonly used to obtain "representative” groundwater samples. Sampling systems
that are capable of providing point samples of fluid from the zone of saturation
include: (1.) nests of conventional standpipe piezometers, (2.) various multilevel
devices installed in a single borehole, and (3.) a packer arrangement that can be
moved to various positions in an uncased borehole in rock or cohesive sediments
[Cherry, (1983) cited in Domenico and Schwartz, (1990)]. A summary of the

techniques used in retrieving groundwater samples is illustrated in Appendix A.
2.3 Leakage Control and Liner Construction Techniques:
2.3.1 Sealing Mechanisms in Soils:
The mechanisms of soil sealing by manure can be classified into three distinct

groups: physical, biological, and chemical (Barrington and Broughton, 1988). The

most predominant sealing mechanism is the physical plugging of the soil pores by
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organic particles at the soils surface [Barrington et al. (1987a,b); Barrington and
Madramootoo (1989); Rowsell et al. (1985)]. Biological and chemical mechanisms
are significant at temperatures exceeding 15°C and tend to be secondary in effect
compared to physical plugging [Barrington et al. (1987a); Barrington and
Madramootoo (1989)]. Moreover, the physical seal occurred in an organic mat
accumulating over the soil-manure interface based upon column tests (Barrington et
al. 1987b). The degree of sealing is, however, inconclusive. Some installations seal
proportionally better than others and the seal formation takes considerable time,
during which a significant amount of seepage could impair groundwater quality

(DeTar, 1979).

In general, the sealing of soils by manure occurs primarily as a physical
process governed by the size of particulate matter clogging the soil voids (Barrington
et al. 1987a). One researcher indicated that secondary sealing may be caused by
secretions from anaerobic microorganisms, [Hills, (1976) cited in Rowsell et al.
(1985)]. However, the physical sealing is enough to attain acceptable infiltration
rates. Once a seal is formed it is essential to protect it from any harmful
perturbations, such as; drying and crackihg, degassing by organic breakdown,
freezing and thawing cycles, and fluctuations in the water table (Ciravolo et al. 1979).
These disturbances degrade the seal, thus reducing its performance. It has been

determined that the soil saturated hydraulic conductivity (k;) is not the critical soil
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earthen storage facilities [Barrington and Madramootoo (1989); Culley and Phillips
(1989)]. Rather, they define soil texture, water table regime, and chemical

transformations within the soil as the major contributing factors.

2.3.2 Soil-Bentonite Liners:

Soil-bentonite liners have frequently been used as hydraulic barriers for waste
or waste-water impoundments. The first step to effectively design a soil-bentonite
liner is to select a soil and a bentonite and then perform permeability tests to find the
optimum bentonite content to achieve the desired degree of imperviousness (Chapuis,
1990a). Chapuis also suggests that once the correct ratio of soil to bentonite is
chosen then a slightly higher bentonite content be used because less homogeneous

mixing conditions are attainable in the field.

Chapuis (1990a) proposed a method for predicting the hydraulic conductivity
of a soil-bentonite mix based on several parameters: bentonite content, degree of
saturation, grain-size distribution, porosity, and compaction Proctor curve. From this
methodology the performance of in situ soil-bentonite liners can be predicted based on
the variabilities of the bentonite and soil properties. See Appendix A for further

discussion on soil-bentonite liners.
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2.3.3 Geosynthetip Clay Liners as Low Permeability Barriers:

To address the problem of leakage from waste-containment facilities in a cost
effective manner, one of the first materials ever used as liners or coverings was
compacted clay. With the advent of geomembranes and soil-bentonite mixtures new
designs were fabricated this way. Furthermore, promising systems can now be
designed using a geosynthetic clay liner (GCL) - a geosynthetic/bentonite composite.
GCL’s can be an integral part of multiple barrier systems and may even replace low,
hydraulic conductivity, compacted soil liners (Estornell and Daniel, 1992). See

Appendix A for a summary of the available geosynthetic clay liners.

GCL'’s are liners manufactured with bentonite clay sandwiched between two
geotextiles or adhered to a geomembrane. The bentonite clay can be bonded to the
geotextile with a dissolvable adhesive or it can fixed in place using a needle-punched
non-woven geotextile. The limiting factor in a GCL’s performance is the bentonite
layer. This clay experiemces a high degree of swelling when it is exposed to liquids
and is very flexible whem fully hydrated. Another characteristic of a GCL is its
ability to self seal around minor irregularities or punctures. Some manufacturers
proclaim that GCL’s offer the nearest solution to a zero-leakage liner incorporating

the sealing properties of bentonite and the strength of geosynthetics (Jagielski, 1992).
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CHAPTER 3

SITE CHARACTERIZATION AND INSTRUMENTATION

3.1 Introduction:

The study site is located close to St. John’s on the Avalon Peninsula of
Newfoundland at coordinates 47° 31’ North latitude and 52° 47° West longitude (see
Figure 3.1). The larger study area, the Agriculture Canada Research Station,
comprises a portion of the Waterford River Basin. The basin can be divided into five
major categories: (1.) forested or natural areas, (2.) agricultural areas, (3.) urban or
sub-urban areas, (4.) recreational areas, (5.) other areas such as ponds, bogs, barrens,
river channels, gravel pits etc. (Robinson and Gibb, 1985). The study site is located
in an agricultural zone adjacent to the Waterford River. A complete characterization
of the site determined from existing reports, geotechnical investigations, groundwater

monitoring, and aquifer hydraulics follows.

The Research Station was selected based upon the following criteria:
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Figure 3.1 Location map of study site.
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+ representative of Newfoundland soil and climatic conditions,

t three to four metres of overburden with a hydraulic conductivity of =

107 cm/s (critical ks value used in Onrario and Quebec regulations),

+ proximity to St. John’s, since a major dairy producing sector of

Newfoundland is located on the Avalon Peninsula,

t serviceability and accessability of the site, and

t long term availability and ownership.

The site met, or exceeded, in certain instances the criteria set forth in the site
selection process. The research station, with an area of 825,000 m? (= 83 hectares)

is bounded by the Waterford River to the north and one of its tributaries to the south.

The research station includes both the federal and provincial agriculture
branches. This provided rapid response to any technical or logistic problems
encountered. A field plot, 7 B, located at the northeast corner of the station, with an
area of 16188 m? (= 1.6 hectares), was dedicated for the two year project duration

(see Figure 3.2).
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Necessary permits were secured from the former St. John’s Metropolitan
Board (city of St. John’s now) and the Newfoundland Department of Environment and
Lands. These approvals for operation depended upon a continuous sampling program
of the nearby rivers to identify any possible change in water quality caused by the

project.

There are two continuing experiments on the Research Station site, namely,
(1.) a spreading experiment which will attempt to isolate the effects of spreading
liquid manure over cultivated fields, and (2.) long term storage of liquid dairy manure
in four shallow, low capacity, storage tanks. The second experiment commenced in

November 1992.

3.2 Local Setting:

3.2.1 Surficial Geology:

The surficial geology and geomorphology of the Avalon Peninsula have been

described in detail by Batterson (1984), Henderson (1972), Heringa (1981), and King

(1991). The following excerpt will pertain specifically to the experimental site

geomorphology and soils contained therein.
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The study area is covered by a thin (1-3 m), discontinuous, glacial veneer of
till and/or vegetation. The till primarily fills small bedrock valleys or depressions and
usually mimics bedrock topography. The glacial deposits in the area are classified as
terraced tills which consist of a series of step-like terraces with scarp faces and sub-
horizontal surfaces cut in till. Batterson (1984) documents the best exposure along
the Waterford River valley although terraced tills constitute a very small portion of
the surficial geology of the St.John’s area. Thin glacial and glaciofluvial deposits
occur along the Waterford River extending from Donovan’s to St. John’s harbour.
Flood plain deposits of fluvial silts, gravel, and sands are localized along river banks

and streams in the area.

The study area soils comprise two major orders; podzols and gleysolics.
Podzolic soils cover 75% of the greater Waterford River Basin (Batterson, 1984).
These soils are well to imperfectly drained soils that develop under coniferous and
mixed forest vegetation and heath in cold to temperate climates (Heringa, 1981).

They are acidic and characterized by an Ah horizon below the organic surface layers
(L-H). These layers are generally leached, light-coloured horizons (Ae) of varying
thickness. The soils have Podzolic B horizons consisting of organic matter combined
in varying degrees with iron and aluminum. A complete characterization of the soils
is given in Appendix C. For more information on soil classification and definition of

terms the reader is referred to The Canadian System of Soil Classification (1978).
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3.2.2 Bedrock Geology:

The bedrock geology of the St. John’s area has been reviewed extensively by
Bruckner (1979) and King (1984, 1986, 1990). The subsequent description of the

bedrock geology summarizes King (1990).

The site is located in the Fermuse Formation of the St. John’s Group which is
approximately 1400 m thick in the southern Avalon Peninsula and thins to 300 m
towards St. John’s in the north. The formation is comprised of three main lithofacies
consisting mainly of interbedded sandstones and shales with sedimentary depositional
features visible. All of the lithofacies conformably overlie one another. Tectonic

faulting and folding complicate the structure on a local scale.

3.2.3 Physiography:

The physiography of the Avalon Peninsula has been discussed in detail by

Batterson (1984), Bruckner (1979), Henderson (1972), Heringa (1981), Robinson

(1986), and Robinson and Gibb (1985). The following is an excerpt of these

combined works that pertains to the study site.
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The Federal Research Station with an area of 0.83 km? is contained in the
Waterford River Basin (approximate area 61 km?) located on the eastern boundary of
the city of Mount Pearl. Rising from Bremigens Pond at an elevation of
approximately 168 m above sea level, the main channel of the Waterford River flows
north-easterly over a distance of about 14.2 km to discharge into salt water in St.
John’s Harbour (Robinson and Gibb, 1985). The main tributary, South Brook is
bordered by farmland and has its source about 2 km south of Bremigens Pond. The

principal watershed and land use features are listed in Table 3.1.

Surface drainage from the study site flows towards the Waterford River.
There is little significant relief over the area (maximum elevation 123.3 m) with
gently rolling hills sloping towards the east. Agricultural activity bounds the site on
the east, west and south with residential housing towards the north. The general
groundwater flow direction for the study area is towards St. John’s harbour in the

east.

The climate of the Avalon Peninsula is dominated by the arctic waters of
the Labrador current and to a lesser extent by continental North America. This
current produces cooler summers and milder winters typified by frequent thawing
periods. The local topography with its many bays and inlets influences the generation

of local weather patterns. Evaporation and general cooling effects are caused by the
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Watershed characteristics and land use of the Waterford River Basin. [Modified

Table 3.1

after Robinson and Gibb (1985), and Robinson (1986)]

Total Drainage Area
Mean Width

Axial Length

Basin Perimeter
Maximum Relief
Channel Slope

Length (Waterford River)
Length (South Brook)
Length (Tributaries)

Drainage Density

Forestry

Agriculture

Urban and Suburban
Recreation

Other (Ponds, Bogs, Barren River
Channels, Gravel Pits, etc.)

61 km?’
4 km
14 km
40 km
259 m
36 m/km
14 km
10 km
34 km
1.0 km/km?
27.7 km?
3.88 km?
12.4 km?
0.81 km?
6.53 km?
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prevailing westerly and southwesterly winds in the region. Frequent cloud cover and
fog greatly reduces the amount of direct sunshine on the peninsula. The mean annual
temperature is 5.0 °c, the average yearly precipitation is 1595 mm, the average yearly
number of frost-free days is 130, and the estimated average annual evaporation is 381

mim.

Climatological data was obtained from the Agriculture Canada Federal
Research Station in Mount Pearl. A thirty-year precipitation summary for the station
is shown in Table 3.2. The study site is located within 120 m of the meteorological

station. Detailed climatological data is presented in Appendix B.

3.3 Installation and Instrumentation of Monitoring Network:

The groundwater instrumentation for the project consisted of 25 monitoring
wells with 12 located on the spreading zone, 4 between the spreading zone and

storage tanks, and 9 located around the storage tanks (See Appendix C for map).

3.3.1 Sampling Well Installation:

There were three distinct drilling phases which fulfilled the mandate of the

sampling well program.
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Table 3.2
1950-1990 climate normals St. John’s West CDA
Federal Research Station (47° 31’ N 52° 47 W/O, 114 m)
Courtesy Atmospheric Environment Services, Environment Canada.

Jan Feb Mar Apr Nay Jun
TEMPERATURE
DAILY MAXIMUM (°C) -0.6 -1.0 1.3 5.2 10.7 16.1
DAILY MINIMM (°C) -7.5 -8.3 -5.4 -1.6 2.1 6.4
DAILY MEAN (°C) -4.0 -4.6 -2.0 1.8 6.4 11.3
EXTREME MAXIMUM (°C) 14.4 14.0 16.1 22.0 26.1 28.9
DATE 976/18 984/05 962/31 986/23 972/30 976/17
EXTREME MINIMUM (°C) -3.3 -25.6 -3.5 -13.0 -7.2 -4.4
DATE 957/17 975/03 986/10 978/05 964/06 970702
DEGREE-DAYS
ABOVE 18 °C 0.0 0.0 0.0 0.0 0.0 2.0
BELOW 18 °C 685.3 639.5 620.7 486.1 359.4 202.5
ABOVE 5 °C 0.9 0.9 2.0 10.3 7.2 191.9
BELOW 0 °C 139.7 142.2 87.3 14.6 0.4 0.0
PRECIPITATION
RAINFALL (mm) 90.9 78.8 88.6 91.7 98.6 92.3
SNOWFALL (cm) 85.3 73.8 53.8 31.8 8.8 1.2
PRECIPITATION (mm) 179.4 154.9 146.3 124.5 107.0 93.5
EXTREME DAILY RAINFALL (mm) 68.6 58.2 56.9 109.6 2.4 7.9
DATE 954/07 970/28 961/22 986/11 985/24 973/17
EXTREME DAILY SNOWFALL (cm) 78.2 50.8 50.8 42.0 27.9 25.4
DATE 966/09 959/15 961721 978/14 968/14 975/10
EXTREME DAILY PRECIPITATION (mm) 78.2 72.0 3.7 109.6 2.4 7.9
DATE 966/09 986/15 961/21 986/11 985/24 973/17
MONTH-END SNOW COVER (cm) 27 33 17 2 0 0
DAYS WITH
MAXIMUM TEMPERATURE > 0 °C 13 1 19 27 3 30
MEASURABLE RAINFALL (mm) 8 6 9 1 13 13
MEASURABLE SNOWFALL (cm) 13 12 10 5 1 N/R
MEASURABLE PRECIPITATION 19 16 17 14 1% 13

SUNSHINE (Hrs) 6.7 87.9 107.1 117.5 162.1 181.5
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Table 3.2 (cont’d)

dul Aug Sep Oct Nov Dec Year

TEMPERATURE

DAILY MAXIMUM (°C) 20.5 19.7 15.7 10.8 6.4 1.7 8.9
DAILY MINIMUM (°C) 1.0 1.3 7.8 3.8 0.2 -4.5 1.3
DAILY MEAN (°C) 15.8 15.6 1.8 7.3 3.3 -1.4 5.1
EXTREME MAXIMUM (°C) 311 30.5 27.2 3.3 19.5 17.2

DATE 975/20 978/13 961/24 976/07 984/06 957/12

EXTREME MINIMUM (°C) -1.41 0.6 -1.7 -5.6 114 -20.6

DATE 952/04 968/21 965/20 974/23 951/26 970/18
DEGREE-DAYS

ABOVE 18 °C 16.8 4.7 1.3 0.0 0.0 0.0 35
BELOW 18 °C 86.5 90.0 187.7 331.1 4611 602.9 4733
ABOVE 5 °C 333.3 327.6 203.7 88.7 26.9 4.0 1262
BELOW 0 °C 0.0 0.0 0.0 0.2 10.0 77.8 472
PRECIPITATION

RAINFALL (mm) 77.8 113.8 117.0 149.2 133.4 107.5 1239.6
SNOWFALL (cm) 0.0 0.0 0.0 2.3 18.7 53.3 329.0
PRECIPITATION (mm) 77.8 113.8 117.0 149. 152.8 163.5 1579.5
EXTREME DAILY RAINFALL (mm) M. 90.9 77.0 100.3 76.2 78.7

DATE 958/20 971/05 990/25 953/06 981/26 966/20

EXTREME DAILY SNOWFALL (cm) 0.0 0.0 0.0 15.2 30.0 45.7

DATE 990/31 990/3 990/30 965/29 986/19 954/29

EXTREME DAILY PRECIPITATION (mm) 7.4 90.9 77.0 100.3 76.2 78.7

DATE 958/20 971/05 990/25 953/06 981/26 966/20

MONTH-END SNOW COVER (cm) 0 0 0 0 1 12
DAYS WITH

MAXIMUM TEMPERATURE > 0 °C 3 3 30 31 28 19 302
MEASURABLE RAINFALL (mm) 13 14 14 18 16 10 145
MEASURABLE SNOWFALL (cm) 0 0 0 N/R 3 10 55
MEASURABLE PRECIPITATION 13 14 14 18 18 18 188

SUNSHINE (Hrs) 224.8 191.8 143.0 104.7 72.3 60.1 1527.4



PHASE 1

Phase I commenced on July 8, 1991 and was completed on August 21, 1991.
A JKS-15 Winkie’ Drill, owned by Memorial University was used for this first
phase. This lightweight, portable, core drill was selected because of its adaptability

to either auger or diamond drilling depending upon the overburden conditions.

This drill was used to install four shallow overburden groundwater sampling
wells (W1 to W4) situated on the dedicated spreading area of the site. Initially the
drill was equipped with 76 mm (3 in) O.D. hardened steel augers with carbide cutting
teeth to advance the borehole. However, due to the instability of the overburden soil
formations the hole would not remain open and free of debris long enough to install
the sampling well. To overcome this problem the drill was fitted with a core barrel
and diamond bit that could advance a 57 mm (2.25 in) borehole. The advantage of
this configuration was that a 57 mm (2.25 in) temporary casing kept the hole free of
debris so the sampling well could be installed. This procedure proved far superior to
the auger method but drilling through the boulders was difficult because the core
barrel was repeatedly plugged by rock debris. As a result, the borehole became
progressively out of vertical alignment each time it was necessary to retrieve the
blocked core barrel. It was considered very impractical to continue drilling in this

manner since the number of useful sampling wells installed combined with the number
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of man hours for installation proved far too costly. This, in turn, led to the second

phase of drilling.

PHASE 11

Phase II of drilling commenced on January 13, 1992 and concluded on January
16, 1992. It was agreed that a commercially air-operated drill rig, a Geo-Drill MK-
15, would be used because of its mobility in snow and adverse winter weather
conditions and its lightweight footprint. This drill was used to construct sampling
wells W5 to W19. A 20 cm (8 in) diameter rotary drill bit advanced the boring to the
overburden-bedrock interface. A 20 cm (8 in) temporary casing was simultaneously
installed to keep the borehole open, then a 15 cm (6 in) downhole hammer was used
to advance the borehole into the bedrock to a depth of approximately 4 m. Each
borehole contained two sampling wells completed at two distinct elevations. One
sampling well was located at the bottom of the borehole (in the bedrock) while the

other was situated at the bedrock-overburden interface.

The sampling well assembly consisted of schedule 80 PVC pipe 25 mm (1 in)
in diameter with horizontal perforations over a 30 cm (12 in) length from one end. A
geotextile filter, Texel® 7611, that covered the perforated interval was secured with

nylon cable ties. The exposed end of the sampling well was capped with a PVC

L Beih ]



female adaptor and a male coupling assembly. Covering these PVC fittings was a 51
mm (2 in) steel conduit pipe secured by a 6 mm (0.25 in) hardened galvanized steel
bolt. This protective conduit served a dual purpose of preventing vandalism or
accidental pollution of the groundwater as well as allowing the pressure inside the
sampling well to continually equilibrate with the atmosphere. A typical shallow well

is shown in Figure 3.3.

Once in place, #00 silica sand was emplaced around the perforated end of the
PVC pipe to an average height of 45 cm (18 in) for the shallow sampling wells and
160 cm (63 in) in the deeper bedrock wells. The sand was sealed with a 45 cm (18
in) thick bentonite plug (Enviroplug® Medium) forming an annular seal above the
perforated interval. The remainder of the annulus was filled with drill cuttings to the
surface. The cuttings were mounded around the sampling well. After the sampling
wells were installed, each was developed to enhance the flow of the groundwater

aquifer and to minimize the turbidity of subsequent samples.

PHASE III

Phase III of the drilling program took place on June 2, 1992. The remainder

of the multi-borehole sampling wells W20 to W25 were installed using a Speedstar
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SS-15 air hammer drilling rig. These wells were necessary to ensure that the area for
the spreading experiment was adequately covered with sampling wells to intercept any
agricultural contaminants. Also there was a surficial depression that caused some
concern about the direction of the local flow regime that required additional

investigation. These wells were installed in a similar manner as those in Phase II.

In total, 25 sampling wells were installed during the three phases of drilling
(see Appendix C for complete details). Of those, 10 contained two groundwater
sampling wells and the other 5 had single groundwater sampling wells. In all, 14
wells were termed "shallow" (average depth 4.0 m) and 11 wells were termed "deep”
(average depth 7.0 m). One sampling well, located the furthest from the storage
experiment, was extended to a depth of 11.13 m to determine the quality of the
groundwater that flowed off the site towards the Waterford River. Piezometer P1,

installed on August 24, 1991 during the excavation of a soil profile test pit, was used

for water level information only.

3.3.2 Infiltration Well Installation:

On October 20, 1991 four shallow infiltration wells (IW1 to IW4) were
constructed on the spreading experiment area to determine the surface infiltration

within the upper 1.0 m of overburden. The infiltration wells were situated in a line
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that spanned the spreading area. No artificial screens were used in the installation of
these vadose zone monitoring devices. However, chemical gradients will capture any
contaminants. A post hole excavator was used to install the wells to an average depth

of 0.80 m.

The infiltration well assembly consisted of a 3.05 m (12 ft) length of schedule
80 PVC solid sewer pipe 100 mm (4 in) in diameter. A geotextile filter, Tyrafix®
270R, covering the open end was secured with nylon cable ties. The exposed end of
the infiltration well was capped with a PVC female adaptor and a male coupling

assembly.

Once in place, the remainder of the annulus was filled with drill cuttings to the
surface. The cuttings were mounded around the sampling well to endure any settling.
Since these wells were completed well above the water table in the vadose zone there
was no need to develop them. Specialized vadose zone sampling techniques will be

used in future to collect samples from these wells.

3.3.3 Interception Trench Installation:

To intercept the lateral movement of contaminants from the spreading zone

into the background zone, underground interception trenches were installed on
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October 18, 1991. These trenches consisted of three independent sections (Trench
#1, Trench #2, and Trench #3) which spanned the entire width of the study site (see
Table 3.3 for installation details). One continuous trench could have been installed
but three individual trenches were recommended to reduce the risk of the entire
collection system failing. This line of trenches indicated the northernmost limit of

manure spreading during successive applications.

The interception trench assembly consisted of a 3.05 m (12 ft) length of
schedule 80 PVC slotted sewer pipe 100 mm (4 in) in diameter for the trench
catchment. The outlets (intake and clean out) were constructed of a 3.05 m (12 ft)
length of schedule 80 PVC solid sewer pipe 100 mm (4 in) in diameter. A geotextile
filter, Tyrafix® 270R, covered the entire length of the trench catchment. The clean

out extended below trench grade to provide a reservoir for water collection.

The trenches were carefully backfilled by hand to an average height of 0.15 m
(6 in) before the backhoe completely filled the trench. This was to ensure that no
large boulders punctured the PVC pipe as the backhoe was infilling the trench. The
exposed ends of the trench were capped with a PVC female adaptor and a male
coupling assembly for easy sampling and maintenance accessibility. A profile of the

trenches is shown in Figure 3.4.
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Table 3.3
Interception trench installation details.

Trench # Intake Outlet Grade (%)' Average Average
Depth Depth Length Depth BGL
(m) (m) (m) (m)
1 0.33 0.85 1.75 30.5 0.61
2 0.85 1.20 1.17 30.5 1.04
3 1.33 1.53 0.77 26.5 2.9

* Minimum acceptable grade for the trenches is 0.1% (Bishop 1991, Pers. Comm.).

NOTE: BGL - Below Ground Level.
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3.3.4 Storage Tank Installation and Instrumentation:

Several different construction options were studied before the configuration of
the storage tanks was finalized. These options included: (1.) concrete pre-cast
circular forms, (2.) pressure treated lumber, (3) galvanized, corrugated steel pipe, (4)
solid containers (eg. fibreglass, plastic, metal), and (5) excavations in native soils
with no artificial containment structures. The concrete storage tanks and solid
containers were cost prohibitive and the pressure treated lumber had adverse
permeability characteristics as well as deleterious effects on water quality. The
earthen excavations did not conform to the circular walled shape that was more
suitable for numerical flow modelling underneath the structures. Finally, the
corrugated galvanized steel pipe was chosen to be the best option since a circular
design could be prefabricated, transported, and installed with relative ease. This

design also had the best endurance characteristics needed for long term storage.

The location for the storage tanks was finalized on October 11, 1991. The
tanks were located approximately 85 m down slope from the spreading area
experiment to prevent interference between either experiment. The location was also
far enough away from any future activity that had been forecasted on the station for
the duration of the project. The storage tanks, were equidistantly spaced at 10 m

intervals except the first unlined tank which was separated by 20 m from the rest
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along the same line. The intended excavation depth was 1.0 m. Differences in

construction among tanks reflect local variations and available materials.

The storage tanks were made of galvanized corrugated steel pipe with the
following dimensions, 3000 mm diameter x 2.5 m long x 2.8 mm thick. One
continuous, helically-corrugated, galvanized steel pipe 10 m in length was
manufactured and then cut into the required lengths. A continuous, lock-seam join,
seals the pipe to form a watertight closure. Four lifting lugs were installed on one

end of each of the sections to aid in positioning the tanks upon delivery.

The site for storage tank #1 was excavated on October 16, 1991 to a depth of
0.94 m below ground surface. It was observed that water flowed freely into the
excavation prior to placement of the corrugated section. The corrugated steel culvert
was lowered into place using a front end loader and backfilled using a backhoe. The

culvert rested on a grey hard-pan layer at an approximate depth of 1.0 m.

There was no special consideration given for the preparation of the bottom of
the first storage tank since this simulated a common agricultural scenario of an
excavated bare soil bottom. The soil at the bottom of the tank was levelled for the
purpose of determining measurement dimensions only. A rim of bentonite

(Enviroplug® Medium) was placed around the base of the storage tank to ensure no
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piping effects along the exterior walls of the tank occurred during filling or storage.

The site for storage tank #2 was excavated on October 16, 1991 to a depth of
1.14 m below ground surface. There was water flowing into the excavation but
significantly less than that for storage tank #1. It was considered that the excavation
for storage tank #1 may have lowered the water table. However, the influx of surface
water was attributed to earlier heavy precipitation events. The bottom of the
excavation was levelled prior to culvert placement. The corrugated steel culvert was
lowered into place and positioned approximately 0.45 m into the weathered hard-pan

layer.

The site for storage tank #3 was excavated on October 16, 1991 to a depth of
1.22 m below ground surface. The water flowing into this excavation was
comparable to storage tank #2. The corrugated steel culvert was lowered into place

and positioned approximately 0.45 m into the weathered hard-pan layer.

The site for storage tank #4 was excavated on October 16, 1991 to a depth of
1.07 m below ground surface. There was still minor seepage of water into the
excavation but this was considered minimal compared to the other excavations. The
corrugated steel culvert was lowered into place and it was set approximately 0.60 m

into the grey hard pan layer. A rim of coarse bentonite (Enviroplug® Medium) was
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placed around the base of the storage tank to ensure no piping effects along the

exterior of the tank wall occurred.

On October 20, 1991 a protective wooden fence was installed around each one
of the storage tanks. The nominal dimensions are 4.6 m (15 ft) x 4.6 m (15 ft) x
1.83 m (6 ft). An access door was installed in each secured with a padlock. During
the installation of the fences wooden safety decking for each of the storage tanks was
built. Each decking was equipped with sliding planks to ensure easy access to the
inside of the tank as well as added protection from possible accidents while working
on the tanks. Steel warning signs were erected on each of the security fences as a

final protection measure.

Instrumentation was necessary beneath the four storage tanks because there
was no other way to directly analyze the leachate. The liners installed will eventually
leak but at what rate and its impact on the groundwater quality surrounding the tanks

is unknown.

On November 8, 1991 the instrumentation in storage tanks #1 and #2 (ST1-1,
ST1-2; ST2-1, ST2-2) was installed to determine if any leakage may occur and its
subsequent chemistry. The first storage tank had no special liner installed and there

was no pretreatment of the bottom before the commencement of permeability testing
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or storage. The second storage tank contained the 5 wt. % bentonite-soil liner. A
hydraulic powered jack hammer was used to install the sampling wells to an average
depth of 0.45 m into the natural soil. The wells were positioned equidistant in the

centre of each tank.

The sampling well assembly for storage tank #1 consisted of a length of
schedule 80 PVC solid sewer pipe 100 mm (4 in) in diameter. A geotextile filter,
Tyrafix® 270R, covering the open end was secured with nylon cable ties. The
exposed end of the sampling well was capped with a PVC female adaptor and a male

coupling assembly.

Once in place, #00 silica sand was emplaced around the perforated end of the
PVC pipe to an average height of 51 mm (2 in). The sampling well was then sealed
with a 0.25 m (10 in) thick bentonite plug (Enviroplug® Medium) forming an annular
seal. The remainder of the annulus was filled with cuttings and compacted to prevent

any leakage through the liner around the sampling well.

The sampling well assembly for storage tank #2 consisted of a length of
schedule 80 PVC pipe 25 mm (1 in) in diameter. A geotextile filter, Tyrafix® 270R,
covering the open end was secured with nylon cable ties. The exposed end of the

sampling well was capped with a PVC female adaptor and a male coupling assembly.
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Once in place, #00 silica sand was emplaced around the perforated end of the
PVC pipe to an average height of 51 mm (2 in). The sampling well was then sealed
with a 0.25 m (10 in) thick bentonite plug (Enviroplug® Medium) forming an annular
seal. The remainder of the annulus was filled with cuttings and compacted to prevent

any leakage through the liner around the sampling well.

On July 24, 1992 the remaining instrumentation for storage tanks #2, #3 and
#4 was installed. A collection pan with a peaked cap was designed to be installed in
each of the liners to intercept any leakage. The collection pans were 500 mm (20 in)
x 500 mm (20 in) x 75 mm (3 in) and made from 16 gage stock galvanized sheet
metal at Memorial University Technical Services. Each collection pan had a storage
volume of 0.012 m3. A total of 10 were made with 2 installed in storage tank #2, 4
installed in storage tank #3, and 3 installed in storage tank #4. One was reserved for
laboratory testing. Crush stone was used to level the bottoms of the storage tanks and

to accommodate the collection pans.

Storage tank #2 had a 125 mm (5 in) thick layer of crush stone with 2
collection pans contained therein. Both collection pans were installed at the soil
surface beneath the crush stone. Two additional sampling wells each made of a
length of schedule 80 PVC pipe 25 mm (1 in) in diameter were installed 0.70 m (28

in) from the edge of the tank and equidistant from the previously installed sampling
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wells. The collection pans were installed in the crush stone directly beneath the open
end of the PVC pipe. The pans were then filled with crush stone and the bottom of
the tank levelled. The exposed ends of the sampling wells were capped with a PVC

female adaptor and a male coupling assembly.

Storage tank #3 had a 100 mm (4 in) thick layer of crush stone at the base of
the tank. Four collection pans were installed at the soil surface beneath the crush
stone equidistant from the sides of the tank. Four sampling wells consisting of a
length of schedule 80 PVC pipe 25 mm (1 in) in diameter were installed directly
above the collection pans. The pans were then filled with crush stone and the bottom
of the tank levelled. The exposed ends of the sampling wells were capped with a

PVC female adaptor and a male coupling assembly.

Storage tank #4 had a 200 mm (8 in) thick layer of crush stone which served
as a level base to install the Bentomat® GCL. Three collection pans were installed at
the base of the crush stone beneath three sampling wells located equidistant from the
sides of the storage tank. The sampling wells consisted of a length of schedule 80
PVC pipe 25 mm (1 in) in diameter. Once the sampling wells were in place the pans
were then filled with crush stone and the bottom of the tank levelled. The exposed
ends of the sampling wells were capped with a PVC female adaptor and a male

coupling assembly.
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34 Liner Installation Details:

On July 17, 1992, 5 and 10 wt % bentonite-soil mixtures were prepared at
Memorial University. The soil had been obtained previously from the site during the
excavation of the interception trench system. A rough screening of the soil through a
50 mm (2 in) mesh eliminated any larger boulders. Visible root systems were
removed by hand prior to soil mixing. The calculated soil volumes to obtain a 200
mm thick 5 wt% bentonite-soil liner and a 100 mm thick 10 wt % bentonite-soil liner
were mixed with an appropriate weight of bentonite (Enviroplug® #16). To facilitate
the mixing process a portable concrete mixer was used to thoroughly mix the soil and
bentonite in batches. The soil was wetted to the optimum moisture content prior to
mixing. This value was obtained from a series proctor tests. Care was taken to
ensure homogeneous mixing of the soil-bentonite mixtures while preventing changes

in moisture content.

The bentonite-soil liners and the Bentomat® GCL were installed on July 21,
1992. The 10 wt % liner, with a nominal thickness of 240 mm, was installed in
storage tank #2 over the previously prepared soil bottom. The 5 wt % liner, with a
nominal thickness of 120 mm, was installed in storage tank #3 over the previously
prepared soil bottom. Minimal compaction was achieved by foot and raking of the

mixtures. No special care was taken to prevent downward flow around the
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instrumentation. The Bentomat® GCL was installed in storage tank #4. It was
custom fitted around the instrumentation and additional bentonite pellets were added
to prevent any vertical flow through the liner. A rim of bentonite pellets was placed
at the contact of the liner and the storage tank wall. A 10 cm (4 in) layer of crush
stone on top of the liner provided the necessary confining pressure. On July 23, 1992
storage tanks #2, #3, and #4 were filled with water pumped from a nearby river to

fully hydrate the liners.

3.5 Geotechnical Index Properties:

On September 24, 1991, a test pit was excavated adjacent to the storage tanks
to obtain a complete soil profile. Soil samples were obtained from each of the seven
soil horizons. Water contents, relative densities, and bulk densities estimated from
field samples were determined for each soil horizon. A geotechnical interim report
was submitted to the Newfoundland Department of Forestry and Agriculture on
October 15, 1991 (see Appendix C for details). Additional soil samples were
obtained from the excavations for the storage tanks. This soil was stored at Memorial
University and was used for the bentonite - soil liners and laboratory permeability

testing.

A summary of the index properties used to describe the various soil horizons
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is given in Table 3.4. The total soil profile extends to a depth of 2.1 m (7 ft) below
ground level. Seven distinct soil horizons were identified each with varying
thickness. The water contents differ among horizons, however the relative densities
are similar with an average of 2.63. An average bulk density estimate of 1.69 g/cm®
was made from field samples taken from the Bf horizon. Each soil horizon was

described using a Munsel chart for classification.

Grain size analysis is commonly used in the engineering classification of soils
and provides information on the sorting and the gradation of grain sizes (Bowles,
1986). Grain size analysis were performed at Memorial University according to
American Society for Testing Materials (ASTM) standards D 421 and D 422. A

representative distribution curve is presented in Figure 3.5.

The grain size distribution curves are similar for soil horizons Ah, Bf, and Bg.
Subtle differences occur in horizons Bg2, Bfg, Bg?, and Bc. However, the overall
pattern is consistent for typical glacial tills found in Newfoundland. The following
classes are representative of these tills: 20 % gravel, 70 % sand, < 10 % silt and

clay.

The coefficient of uniformity C, and the coefficient of concavity C. were

determined for applicable soil horizons. C, indicates the range of grain sizes and is
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Table 3.4
Summary of soil index properties.

_Is-

SOIL  DEPTH USCSOIL  MUNSEL # WATER  RELATIVE BULK

HORIZON (cm) CLASSIFICATION CONTENT DENSITY DENSITY
(%) (g/em’)
Ah 0-25 SP - SM 10 YR/3/6 34.41 2.46
Bf 25 - 45 SM 10 YR/5/8 25.97 2.61 0.989
Bg 45 - 70 SW 10 YR/3/3 5.86 2.67
10 YR/4/6

Bg2 70 - 110 GW - GP 10 YR/3/2 4.14 2.72
Bfg 110-130 GW-GP 1.5 YR/3/4 4.24 2.63
Bg Bg) 130-135  SM-SC 7.5 YR/6/2 13.28
Bc 135-210 GW-GP  5Y/4/2 6.89 2.71
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defined as:

c - Do

u
D,
C. indicates the shape of the curve between Dy, and D,, grain sizes and is defined as:

C - ﬁ_
° DD

where D refers to the grain size of the soil particles and the numerical subscript
following it refers to the percent that is smaller than this size (Bowles, 1986). Soils

with values of C, > 6 are considered to be poorly sorted (Fetter, 1988).

A summary of these distribution parameters is found in Table 3.5. The Ah
and Bf soil horizons have C, values < 6 and C_ values > 1. The Bg soil horizon
has a C, value > 6 and a C_ value < 1. All these horizons have more than 50 % of
the coarse fraction smaller than No. 4 sieve and little or no fines. A soil
classification, based upon the Unified Soil Classification Scheme, would be as

follows: a poorly graded, gravelly sand, with little or no fine fraction.
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Numerical grain size distribution parameters.

Table 3.5

Soil Dy, Dy, Dy, C, C.
Horizon

Ah 0.42 1.00 1.13 2.69 2.11
Bf 0.20 0.73 1.15 5.75 2.32
Bg 0.21 0.95 5.80 27.62 0.74




CHAPTER 4

SITE HYDROGEOLOGY

4.1 Introduction:

As previously discussed, the bedrock in the study area is comprised of the St.
John’s Group, a shallowing upward marine sequence of shales and interbedded
sandstones. This 300 - 700 m thick unit constitutes a continuous, conformable
sequence of grey to black cleaved shales and grey to buff sandstones with gradational
contacts (King, 1990). The bedrock is overlain by terraced tills which consist of a
series of step-like terraces with scarp faces and sub-horizontal surfaces cut in till. In
general, the primary permeability of these two formations is low (Gale et al. 1984).
The bedrock is well cemented and the glacial till typically overconsolidated, thus the
porosity of each is reduced (Robinson and Gibb, 1985). Due to low matrix
permeability, approaching those of metamorphic and granitic rocks, fractures are the
primary conduits for groundwater movement, at least in the near surface (Gale et al.

1984).
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A hydrostratigraphic unit, as used here, is a formation or a group of
formations in which there are similar hydrogeologic characteristics from which
groundwater potential approximations can be made. Gale et al., (1984) define eight
different bedrock hydrostratigraphic units, with the study area contained in Unit D.
This unit includes rocks of the St. John’s Group and is defined by wells with
moderate yield (20 - 40 L/min). Gale et al., (1984) also define two surficial
hydrostratigraphic units; (1.) S1 - consisting primarily of ground moraines with a
yield of 0.0001 - 0.1 L/min, and (2.) S2 - consisting of outwash plain deposits with a
yield of 5.7 - 182 L/min. In all cases unit S1 is underlain by unit S2 and the latter is

reported overlying the bedrock for the entire study area (Robinson and Gibb, 1985).

4.2 Water Table and Bedrock Topography:

On October 10, 1991, a ground elevation survey was completed on the study
site with a grid spacing of 25 m. A detailed topographic map was prepared from this
survey (see Figure 4.1). This map was used as a guide to predict the shape of the
water table since it was assumed that the water table was closely related to
topography. This detailed map enabled closer inspection of water table fluctuations

over the controlled experimental site. A bedrock topographic map was constructed
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from bedrock elevations obtained from the borehole logs for the sampling wells (see

Figure 4.2).

Once the sampling wells were installed and allowed to stabilize, the water
table elevations were obtained and water table contour maps constructed. These maps
were possible because of constant monitoring of the static water levels from the
sampling wells (Complete water level data is presented in Appendix D). Water table

contour maps for various dates in 1992 are shown in Figure 4.3 - Figure 4.6.

The predominant direction of groundwater flow is in a north to northeasterly
direction. This conforms with the local topography and in turn the bedrock
topography. The previous assumption that the water table was closely related to
topography seems to be valid. The general flow pattern is similar for periods of

winter recharge and summer recession.

There is also an easterly flow component originating from a topographic high
located on the spreading area site. Figure 4.2 shows a topographic high located in
that area. Figure 4.3 shows a similar pattern. The water table configuration obtained
on July 7, 1992, is suppressed due to the deeper water table as a result of low
precipitation during the month. Figure 4.4, taken on October 10, 1992, shows a

similar water table contour configuration.
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Vertical hydraulic gradients influence the equipotential lines of groundwater
flow maps. In an unconfined aquifer, recharge areas are usually located by
topographic highs where the water table is relatively deep. Discharge areas are
located in topographic lows where the water table is often at the surface or is
represented by surface water. In a recharge area the vertical gradient is downwards
while in discharge areas the gradient is upwards. This information can be obtained by

taking water level readings at various depths below a specific point.

Table 4.1 summarizes the gradients obtained from nested sampling wells
during July, 1992 and December, 1992. These two periods were chosen to represent
"dry" and "wet" seasons respectively. The sampling well nests, piezometric nest A -
piezometric nest I (PN-A, PN-I) cover the entire study site. During a dry season,
PN-A, PN-B, PN-G, and PN-I show a decreasing hydraulic potential with depth, thus
a downward gradient. Conversely, PN-C, PN-D, PN-E, PN-F, and PN-H show an
increasing hydraulic potential with depth, consequently an upward gradient. During a
typical wet "season" PN-A, PN-B, PN-G, and PN-I show a decreasing hydraulic
potential with depth while PN-C, PN-D, and PN-E show an increasing hydraulic
potential with depth. PN-F and PN-H show no gradient for that time period. From
the established flow patterns PN-A, PN-B, PN-G, and PN-I are located in a recharge
area with the corresponding discharge area near PN-C, PN-D, PN-E, and PN-F.

This conforms to the topography of the site with the recharge area towards the hill
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Table 4.1

Vertical hydraulic gradients in nested sampling wells.

* Dry "Season”

WELL# DATE DEPTH TO SWL GRADIENT

INTAKE ELEVATION

(m) (m)

# 5 (A) 7/27/92 5.49 100.94 -0.0759
# 6 3.91 101.06
# 7 (B) 7/27/92 5.49 96.78 -0.2953
# 8 3.56 97.35
# 9 (O 7/27/92 5.74 95.51 0.0224
# 10 3.51 95.46
#11 (D) 7/27/92 3.30 93.75 0.0119
#12 2.46 93.74
# 14 (E) 7/27/92 3.81 94.04 0.0164
# 15 5.03 94.06
# 16 (F) 7/27/92 5.36 94.13 0.0038
# 17 2.72 94.12
# 20 (G) 7/27/92 3.50 99.11 -0.4706
# 21 6.05 97.91
# 22 (H) 7/27/92 3.66 97.07 0.0235
# 23 5.79 97.12
#24 (D 7/27/92 4.11 96.98 -0.0155
# 25 6.05 96.95

NOTE: (-) downward flow, (+) upward flow.
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Table 4.1 (cont’d)

* Wer "Season”

WELL# DATE DEPTH TO SWL GRADIENT

INTAKE ELEVATION

(m) (m)

# 5 (A) 12/11/92 5.49 100.33 -0.6709
# 6 3.91 101.39
# 7 (B) 12/11/92 5.49 97.00 -0.2539
# 8 3.56 97.49
# 9 (O) 12/11/92 5.74 95.59 0.0359
# 10 3.51 95.51
#11 (D) 12/11/92 3.30 93.83 0.0238
#12 2.46 93.81
# 14 (E) 12/11/92 3.81 94.10 0.0164
# 15 5.03 94.12
# 16 (F) 12/11/92 5.36 94.17 0.0000
# 17 T 94.17
# 20 (G) 12/11/92 3.50 99.36 -0.4078
# 21 6.05 98.32
#22 (H) 12/11/92 3.66 97.35 0.00000
# 23 5.79 97.35
#24 (D 12/11/92 4.11 97.53 -0.1804
# 25 6.05 97.18

NOTE: (-) downward flow, (+) upward flow.



south of the site and the discharge located at the base of the hill to the north.

The anomalous gradient obtained for PN-H suggests a groundwater discharge
in that area. This does not conform to local topography. A similar pattern is seen in
Figure 4.6 where a groundwater mound is present directly beneath Nest H. Nest I is
in a topographic low and it is reasonable to conclude that this would be a discharge
area. However, this is not the case since there are downward flow gradients beneath
the sampling well nest and there is no supportive evidence to suggest a groundwater
mound in that area from Figures 4.3 - 4.6. This could possibly be due to a hydraulic

short-circuit between the two piezometers.

The location of five geologic cross-sections is given in Figure 4.7. These
sections provide detailed subsurface information on bedrock and water table
elevations. The water table elevations for two dates, January 26, 1992 and July 27,
1992, are included for comparison. Figure 4.8 details the five geologic cross-
sections. In cross-section A-A, the bedrock slopes away from the first storage tank
towards the north which is confirmed by the bedrock topographic map in Figure 4.2.
Cross-section B-B shows no relative slope beneath the four storage tanks. The water
table is located in the bedrock along this cross section. Cross-section C-C, depicts
the sloping bedrock beneath the background zone between the spreading area and the

storage tanks. Cross-section E-E, shows minor topographic changes in the bedrock
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beneath the spreading area experiment.

4.3 Well Hydraulics:

4.3.1 Introduction:

As noted previously, there was insufficient depth of water above the bedrock
to install effective sampling wells in the overburden. Therefore, the only in situ
method of determining the overburden permeability was by the Guelph Permeameter
method. Laboratory permeability testing on disturbed soil samples was also used for
permeability estimates. To determine the permeability of the bedrock aquifer, falling
head permeability tests were performed on the sampling well network. Pumping tests
were not a practical alternative because of the physical limitations of conventional
pumps and anticipated flows. A natural gradient tracer test, which is currently in
progress down gradient of storage tank #1, will be used to determine the permeability

of the material beneath this storage tank.

The purpose of hydraulic testing was to determine the degree of difficulty with
which a contaminant could be transported in the groundwater system. This
information was necessary for the physical interpretation of the groundwater quality

data. To evaluate the effects of agricultural waste management practices, an
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understanding of the transport capabilities was essential. The limited sampling
program offered here can not completely accomplish this objective. However, it is an

important step to furthering our knowledge on agrochemical contaminant transport.

4.3.2 In-Situ Permeability Testing:

4.3.2.1 Introduction:

Grain size analysis can be used to estimate soil permeability in sandy soils, but
direct permeability measurements are generally more accurate (Bowles, 1986).
Aquifer pump tests could not be performed on the sampling wells due to low well
yield and pump restrictions. To obtain permeability information, falling head
permeability tests were performed. The method of Hvorslev (1951) was utilized (see
Freeze and Cherry (1979) for a summary of this method). The method induces a

water column in the borehole and logs the water level recovery to its initial level.

The test consisted of adding an extension to the desired well to be tested prior
to the test start. The initial static water level was recorded. This well was then filled
to a preset level with water (the slug). The initial time t=0 was recorded. The time
intervals at which readings were recorded depended upon the rate of descent of the

water column into the aquifer. After the level returned to pre-test conditions, or no
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change between successive readings was recorded, the test concluded. Mass
conservation and Darcy’s Law for hydraulic conductivity states that the ratio of the
rate of change in water level to the water level itself should be constant. A graphical
representation of the rate of change in water level versus the water level readings

should yield a straight line slope.

4.3.2.2 Discussion of Results:

The Hvorslev slug test method was used to determine the hydraulic
conductivity of the shallow bedrock in which the wells were constructed. For a well
point-filter at an impervious boundary, with the length of the sampling well more than

4 times the radius of the well screen (2ZmL/D > 4) then the following equation

applies:
2mlL 2mL
d* - In[ == + |1+(==
k = : b \J D " mﬁ
8 -L-(-1) h,
where

k = the hydraulic conductivity (k, = k,, assumed),
d = the radius of the sampling well,
m = transformation ratio, m = 1,

L = the length of the well screen including sand pack,
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D = the radius of the well screen, usually taken as the borehole radius,

h, = piezometric head for time t = t,,

h, = piezometric head for time t = t,,
t, = time interval for h;, and

t, = time interval for h,.

Several assumptions made are as follows:

(1.) infinite depth and directional anisotropy (k, = k,),

(2.) hydraulic losses in pipe and well point are negligible,

(3.) no air or gas in pipe or well point,

(4.) no sedimentation or leakage may occur, and

(5.) no disturbance, swelling, segregation or consolidation of test material may

develop.

To determine the basic time lag, a plot of the velocity [change in hydraulic
head for a corresponding change in time,(dh/dt)] versus the hydraulic head was
constructed. The slope of this line is equal to the basic time lag. The graphs of the
velocity (dh/dt) versus the hydraulic head and the recovery data are listed in
Appendix E. The hydraulic conductivity values for the sampling wells tested are

given in Table 4.2.
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Table 4.2
Hydraulic conductivity values of shallow bedrock as determined by slug tests.

Well # Date Hydraulic Conductivity
(cm/s)
W2 May, 20, 1992 4.26 x 10*
W3 May 20, 1992 9.53 x 10°
W5 May 20, 1992 1.31 x 10°
W6 (Ave.) May 29, 1992 4.54 x 10*
w13 May 14, 1992 1.02 x 107
w14 May 14, 1992 9.87 x 10°
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These values, although of comparable magnitude may be slightly high due to
the use of an air hammer rotary drilling rig. This method of drilling disturbs a larger
diameter than the nominal drill bit size. Drilling fluids create high hydraulic
gradients that cause internal borehole erosion inducing natural soils to wash out

(Chapuis, 1989).

The hydraulic conductivities calculated for the overburden and the upper six
metres of bedrock are of the same order of magnitude, 10° cm/s. The first falling
head permeability test performed on W6 produced a hydraulic conductivity of 1.88 x
10? cm/s. This value is unusually high compared to the other two test values for the
same borehole. This conductivity is suspect because it is believed that equilibrium
conditions in the borehole were not achieved during the test. Thus, the velocity data
obtained is not characteristic of the overburden materials and is not included in the

average for W6.

4.3.3 Guelph Permeameter Tests:

4.3.3.1 Introduction:

The field saturated hydraulic conductivity (k) of soils is an important

parameter governing soil infiltration rates and is often used in hydrologic modelling.
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One method frequently used is the Guelph permeameter (GP) method. This constant-
head well technique was developed to measure in situ saturated hydraulic
conductivity, sorptivity, and the conductivity-pressure head relationship. The

subsequent technique used follows that of Reynolds and Elrick (1986).

The GP method is used to determine the hydraulic conductivity of soils in the
upper 10 m of overburden - this being limited by the practical operation of the
Mariotte Bottle. The GP Method is well suited for soils with an average k value
between 10* and 10° cm/s. Reynolds and Elrick (1986) cited the following
advantages using the GP method: (1.) inexpensive, simple and easy to use by one
person, (2.) the method requires less time per measurement (between 10 minutes to 2
hours depending on soil type) and small volumes of water (0.25 to 1.0 L depending

upon soil type), and (3.) no specialized training is required for the operator.

The objective for using the GP method was to determine the field saturated

hydraulic conductivity (k) in the upper 0.45 m of the overburden.

4.3.3.2 Discussion of Results:

The GP method was used to determine three important parameters that govern

liquid transmission in the vadose zone, namely, field-saturated hydraulic conductivity
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(kq,), matrix flux potential (¢,), sorptivity (S), and the porous medium constant ().
The permeameter Model #2 was used for low-conductivity porous media with the

following dimensions given in Table 4.3.

The least squares approach is a more labour intensive but accurate method for
determining the above relationships. The following equations are used in this

approach:

LEAST SQUARES APPROACH:

) ’2.; H? ‘il: C,Q, (C':‘z + H?) - ‘2'; H.C,Q, ‘ilj H, (Cg‘z + H?)
g 211{‘); H,’?; (C;‘z +H,2)2—[‘2:: H,(C’:‘z +H,’)12)
where

Ke, = field-saturated hydraulic conductivity,

H = the constant head level in the borehole,

n = the number of H-levels per test,

C = proportionality constant for the H/a relationship,

Q = steady flow rate,

a = radius of the borehole.
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Table 4.3
Approximate dimensions of the Guelph Permeameter Model #2. (Modified after
Reynolds and Elrick, 1986)

Inside Wall GP
Diameter Thickness Length
(cm) (cm) (cm)
Air-inlet tube 0.32 0.32 185
Reservoir tube N/A N/A N/A
Outlet tube 1.91 0.32 175
Side tube 0.32 0.16 175
Permeameter Tip:
Perforations 0.32 cm diameter
Length 2.0-6.0cm
Syringe volume 200 cm’®

N/A - Not applicable.
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C 2 ] » C 2
& ., th) - E H,C,Q E H, ( ‘:i
i=1

+ H2)2
2 i ‘

C 2 r
Co( ;‘ *’le)g; H, (

where

P

where

AO

where

2 2 » n 2 2

: c c
2m{[Y H 2 +HH1 - H,’E(-%+H,’))

i=1 2 i=1 i=1

= matrix flux potential.

S = 2(a6)d_

= sorptivity,
= the change in liquid content in the soil adjacent to the well from the

initial value (©,) to the field-saturated value (6y,).

k

a=_ﬁ
°-

= constant dependent on porous medium properties that describes the

slope of In k vs ¥.

The values of the field-saturated hydraulic conductivity (kg), the matrix flux

potential (¢,), sorptivity (S), and the porous medium constant («) are given in Table

4.4. Field data for the Guelph permeameter method can be found in Appendix E.
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Table 4.4

Field-saturated hydraulic conductivity (k.), matrix flux potential (¢,), sorptivity
(S), and the porous medium constant (a) for the overburden as determined by
the Guelph Permeameter method.

Well # k,, (ms™) b, (Mm?s?h) S (ms™) a (m?)
GP-1 1.19 x 10°¢ 1.23 x 107 N/A N/A
GP-2 3.5 x 10 -4.1x 10% N/A N/A
GP-3 5.2 x 107 6.9 x 108 1.4 x 10* 7.6
GP-4 1.5 x 10° -5.3x 107 N/A N/A
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Heterogeneities in porous media can give unrealistic calculations of k,, ¢,, S,
and . When a significant heterogeneity, such as a large macropore or a layer
boundary, is encountered between two H-levels, the calculations based on those H-
levels may yield a negative k,, or ¢, value - both values should be discarded
(Reynolds and Elrick, 1986). The H-levels must be altered to ensure that they do not
fall between the H-levels that produce the negative results. As seen in Table 4.4 both
GP-2 and GP-4 produce negative ¢, values, therefore these, along with the k, values
must be discarded. Based upon the remaining values for GP-1 and GP-3 the k;, and
¢n values are within one order of magnitude. However, without additional data no

estimates for S and o can be given.

4.3.4 Small Cell Permeameter Test:

4.3.4.1 Introduction:

Laboratory permeability tests can measure point values for hydraulic

conductivity. The device used is called a permeameter. If samples are repacked into

the permeameter chamber then the values for hydraulic conductivity will only be

approximate for the undisturbed parent material. Recompacted hydraulic

conductivities depend upon the density to which the sample is compacted.
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The laboratory testing program used both constant-head and falling-head
permeameters to determine the saturated hydraulic conductivity of the site soil (see
Figure 4.9 for schematic diagrams). In a constant-head test, a soil sample is enclosed
between two porous plates in a cylindrical tube, and a constant-head differential is
established across the cross section of the sample. In a falling-head permeability test,
the head, as measured in a tube of given cross sectional area is allowed to fall a given
height within a given time. To accurately record the constant-head and falling-head
measurements, a strip chart recorder with a digital readout was implemented. The
procedures used for the tests followed ASTM (American Society for Testing

Materials) Guidelines D2434-68.

4.3.4.2 Discussion of Results:

The equation used to interpret the constant-head permeability is:

where

k = constant head hydraulic conductivity in (cm/s),

Q = volume of water discharging in time t (cm/s),
L = length of the soil sample (cm),

A = cross-sectional area of the sample (cm?), and
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Figure 4.9 (a) Constant-head permeameter; (b) falling-head permeameter [(After
Todd, (1959) cited in Freeze and Cherry (1979)]
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H = hydraulic head (cm).

Similarly, the equation for the falling-head permeability measurements is:

h
k - aL In (—2)
At R

where

k = constant head hydraulic conductivity in (cm/s),

o
I

cross-sectional area of the burette (cm?),

L = length of the soil sample (cm),

A = cross sectional area of the soil sample (cm?),
t = time duration of the test (s),

h, = hydraulic head at start of test (cm), and

h, hydraulic head at end of test (cm).

The hydraulic conductivity values obtained from both the constant-head and
falling-head permeability test are summarized in Table 4.5 along with the
accompanying grain size distributions. The value for each coefficient of permeability
is an average based on three trials. As shown in the table, the coefficient of
permeability generally decreases with increasing sample density. The tests confirmed
this conclusion with the finer grained samples being significantly less permeable.

Specimen #6 demonstrated the highest density and the lowest permeability.
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Table 4.5

Hydraulic conductivity values of disturbed soil samples as determined by small cell permeameter tests.

SPECIMEN # 1 2 3 4 S 6

DESCRIPTION COMPACT LOOSE MEDIUM COMPACT #10 SIEVE # SIEVE

DRY DENSITY 1.70 1.52 1.62 1.75 1.60 2.01

(g/cm’)

FALLING-HEAD 10.7 16.4 16.2 3.41 0.793 0.098

PERMEABILITY

(10° cav's)

CONSTANT - HEAD N/M 22.7 14.0 5.7 1.43 0.176

PERMEABILITY

(10° cnvs)

VOID RATIO 0.559 0.743 0.636 0.514 0.656 0.318
SIEVE ANALYSIS:

DIAMETER OF SIEVE MESH (mm)

10 0.08

20 0.11 0.08 0.09 0.11

30 0.10

50 1.04 0.70 1.05 0.65 0.30 0.70

100 12.5 12.5 12.5 12.5 2.00 4.75




A representative plot of velocity versus head and the accompanying data sets for all

the tests are given in Appendix E.

There are numerous reasons why neither of these small cell permeameter
methods yield very reliable values for a soil’s coefficient of permeability. First, a
soil sample is never in the same field state during testing and the exact density can
never be reproduced in the lab. Thus, its internal structure is destroyed by sampling
and laboratory preparation. The boundary conditions can only be approximated and
under such circumstances the permeability measured may differ from field
measurements. The degree of saturation was not measured (specimens were left
overnight to saturate under atmospheric pressure). Consequently, trapped air within
the permeameter may reduce the cross-sectional area of flow, resulting in lowered

measurements of conductivity (Fetter, 1988).

The hydraulic conductivity values obtained from the small cell permeameter
were used to estimate the rate of pollutant movement through the overburden at the
study site. These estimates were incorporated into the designs of the liners for the

storage tanks.
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4.3.5 Experimental Permeability Drum Tests:

4.3.5.1 Introduction:

As seen in previous sections, on site permeability tests and small cell
permeameter tests determined hydraulic conductivity values for the site soils.
Another method of permeability testing was the construction of a scale model to
simulate overburden site conditions. Figure 4.10 shows a schematic of this
experimental drum. This aluminum drum was mounted on a steel frame and twenty
piezometers were installed at 5 cm spacings from the base of the tank. These
piezometers extended into the tank approximately 20 cm so the hydraulic head at that
depth could be measured. The base of the drum was connected to a constant head
tank. To facilitate testing, two pressure transducers were attached to the sides of the
drum. In turn each was attached to a digital readout and a strip chart recorder to

measure water level fluctuations.

Two 25 mm (1 in) schedule 80 PVC wells in the drum simulated the
monitoring well network in the field. Well (W1) had an overall length of 0.72 m and
well (W2) 0.48 m. Both wells had a screened interval of 100 mm (4 in) which was
covered with a low permeability fabric, Tyrafix® 270. The base of the drum had a 50

mm (2 in) filter layer of sand and the soil surface had a 25 mm (1 in) sand covering
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Figure 4.10 Schematic diagram of the experimental permeability tank.
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to prevent moisture loss from the underlying soil .

On May 26, 1992 the soil mass in the experimental drum was constructed.
The soil was obtained from the study site previously that fall and stored for the
winter. The soil was initially screened to 38 mm (1.5 in) in size and wetted to
optimum compaction prior to filling the drum. The soil mass was constructed in 100
mm (4 in) layers with each layer weighed to determine its density. Each layer was
compacted using a 10 kg hammer to achieve optimum compaction for the entire drum.
Each of the piezometer extensions were installed within successive layers. The wells
W1 and W2 were installed and attached to the exterior of the drum via quick
disconnect couplings. The density of each soil layer was calculated during
construction of the soil mass. However, compaction of successive layers resulted in
overcompaction of the lower layers resulting in uneven compaction throughout the
drum. Therefore, only an approximate density based on the overall drum height of

105 cm (41 in) and a total mass of 905 kg yielded a value of 1.95 g/cm’.

The drum was saturated for two weeks prior to any testing. During that time
the piezometers were monitored and developed if necessary to remove any trapped air
inside the soil mass. After water levels in the drum stabilized, falling and rising head
permeability tests were conducted at various states of saturation. The corresponding

piezometric response was recorded and later used for permeability calculations.
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On July 17, 1992 the soil was removed from the drum and allowed to partially
dry prior to refilling. The homogeneous mix of soil was placed back in the drum but
not compacted. Wells W1 and W2 were reinstalled and hooked up to the pressure
transducers. The drum was allowed to saturate for two weeks prior to any testing. A
similar series of permeability tests were performe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>