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Aqueous & Non-Aqueous Phase Tracer Migration Through Differing Soil Textures.
Anthony Johnson B.Sc. (Hons), M.Sc. & Ph.D.

Abstract

The National Grid Transco Company sponsored this project in order to promote the understanding of
NAPL migration through b-horizon soils and retarding effects upon non aqueous species migration.
Soil structure and texture was also studied wusing conservative (Bromide) and non-
conservative(Phosphate) tracers. Experimental data was produced using a laboratory Y metre scale

automated lysimeter designed and constructed at Plymouth.

The tracers were compared before oil injection, to calibrate differences in soil texture, and afier oil
injection to detect any changes in the flow patterns caused by the oil injection. It was found that the
Crediton, Sollom and Conway soils respectively offered least resistance to the tracers with the non-
conservative tracer behaving much more unpredictably than the conservative tracer. After oil injection
it could be seen that the oil had heavily retarded the ability of the tracers to migrate from the injection
site. This retardation was identified as analogous to perturbations of the soil structure. Statistical
analysis of the data showed that the experiments were all internally self consistent and visible patterns
could be seen in the corrected data caused by inclusion of oil in the injection site. Methods of dispersal
Jor the oil and tracer are suggested in the concluding chapter with references to the work of previous

authors.

Development of a hazard assessment framework was facilitated by the simulation of soil structures using
a pedo transfer function developed at the National Soils Resource Institute. To allow the modelling of
soils the Pore-Cor software had an annealed simplex algorithm integrated into the data inversion engine
to allow the simulation of 3-D soil structures using 2-D data from pedo transfer functions or
experimentally derived water retention curves. An extensive sensitivity analysis upon the model
highlighted limitations, due to the data set the current pedo transfer function is based upon. It was
suggested that inclusion of choices of different pedo transfer functions could be used to overcome this
problem. A suitable framework was derived for the identification of priority soils using a validated

computer model.
Experimental data was compared to the simulated data in order to try and develop an understanding of

practical upscaling of the data. The use of the “Scaleway” method is discussed in the concluding

Chapter.
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1 Introduction

1.1 Aims
The aims of this project were as follows:
¢ To enhance the fundamental understanding of the flow of pollutants through soil at
scales from 0.2 pm to 0.5m
¢ To obtain specific information about pollutant flow of interest to the National Grid
Transco
* To establish a predictive capability for the extent of migration of insulating oil
leaked from the joint bays of high tension underground cables
e To assess the effect of leaked oil on aqueous transport in soil

¢ To further develop the Pore-Cor void structure model for these and other purposes.

1.2 Background

Part IIA of the Environmental Protection Act 1990 requires environmental regulators to
assess the risk of contaminants leaching from soils into groundwater, in order to determine
their impact on controlled waters and other receptors (DETR, 1999). The legislation
assumes a link between soil and groundwater chemistry, in which rainwater leaches
contaminant from soil into the saturated zone. The ability to make reliable predictions of
the multiphase flow of hydrocarbon fluids in natural underground reservoirs has long been
the subject of intense research and development activity in the oil industry. More recently,
as a result of the widespread use of oil, petroleum and other industrial organic chemicals,
contamination of groundwater reservoirs has drawn the attention of hydrologists to the
analysis of such flow problems. Their interest is motivated by the need to evaluate the risk
to groundwater quality following a subsurface spill, (Butts and Jensen 1996). To ensure
the continued supply of potable groundwater, scientists and engineers must strive to
understand the processes that lead to groundwater contamination and develop methods to

remediate existing problems, (Baskaran ef al., 1994).

Flow of water and the transport of water-borme solutes through porous materials has
already been the subject of considerable study. Due to environmental considerations these
processes have become increasingly significant in porous media, and an enormous range of
experimental and theoretical studies have been conducted at every scale from microscopic
to field and reservoir. Much work conducted at the microscopic level has aimed to
characterise the fundamental mechanisms, by which movements within porous solids take

place, often using molecular dynamics (Adler and Brenner 1984), (Bemadiner 1998),
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(Sorbie and Clifford, 1991) and (Thompson and Troian, 1997). Laboratory and field
studies have aimed to characterise these mechanisms at length scales ranging from less

than one metre to the field scale (Biggar and Nielsen, 1976) & (Bronswijk, Hamminga, and
Oostindie 1995).

However the sources of contamination are often immiscible liquids (a liquid that can not be
mixed with water) located beneath the ground surface. They are commonly referred to as
NAPL, non-aqueous phase liquids. The solubilities of these often toxic compounds are
low, but non-zero. Once in the soil they may provide a long-term supply of contamination
to local groundwater and infiltrating rainfall, (Baskaran et al., 1994). Those less dense
than water, referred to as light NAPL or LNAPL, tend to accumulate at the surface of the

water table.

Researchers funded by the petroleum industry have already performed much work on the
flow characteristics of NAPL in sandstone. Much less is known about the flow of
hydrocarbons, as pollutants, within soil. Consequently much research in this area is still
required, for example being able to define the spatial variability and extent of a
contaminated area, thus producing better predictive capabilities. These predictive
capabilities are required to assist in the pollutant migration risk assessment, and

implementation of remediation techniques.

1.3 Objectives

The over arching question posed by this project was “Can pore scale modeling of soil be
validated against experiments at core and 0.5m scale, and be used to produce results of
national importance?”. To answer this question it was necessary to derive information
from several sources including experimental and modeled data sources. This was achieved
by development of the areas identified in Figure 1.1. Figure 1.1 is a dependency diagram
of the project objectives. The overall experimental objective was to be able to achieve
reliable determinations of leachates from the soil blocks. This required the automation of a
0.5m lysimeter to achieve a higher resolution than was being achieved in comparable
experiments by other workers. The need to extract large intact soil blocks also necessitated

the development of a soil extraction protocol using heavy machinery and containment

materials.







Chapter 4 is a description of the design and construction of an automated lysimeter used in
the 3-D oil and tracer migration experiments. The experimental procedure involved the
development of new experimental apparatus, and development of experimental protocols.
Concurrently with the NAPL experiment, an experiment was carried out to assess the

impact of the NAPL introduction on the transport path through each soil block.

Chapter 5 shows the results of the data produced by the analysis of the samples carried out
in Chapter 4. Data was plotted on a specialist software package for display in a 3-D
environment. This discussion involves three dimensional projections of the final NAPL
distributions in the differing soil textures, and comparisons of tracer breakthrough patterns

when applied to soils of differing textures.

Chapter 6 is a description of the new development in the Pore-Cor three dimensional void
network model, The most significant modification is the use of a Boltzmann-annealed
simplex to explore parameter space. The void structures which fit various water retention
curves are then compared, and their properties used to establish a hazard assessment level,

and a ranking of hazard in the event of oil leaks.

Chapter 7, the overview, is a discussion and comparison between the experimental and
modelled soil data. It discusses whether any useful conclusions can be drawn from the
experiments, and whether the software will be of use to field engineers dealing with NAPL

migration. Suggestions for future work are also included in this chapter.

1.5 Applicability of the Project

The National Grid Transco plc (NGT) owns and operates the high-voltage electricity
transmission system in England and Wales. This system consists of both overhead power
lines and underground power cables for the transmission of electricity at 275kV and
400kV. The 650km of underground cables in England and Wales mainly use a paper-oil
insultation system. Layers of paper surround the copper conductor and are impregnated
with ‘cable oil’, a term used for the mixture of dodecylbenzenes (DDB) and mineral oil,
commonly termed either as DDB or cable oil. Cable oil is also contained within the central
oil duct. Figure 1.2 shows a cross-section of a 275kV cable. Damage to the sheathing
around the cable and/or failure at the joints could cause a leakage of the cable oil into the
surrounding soil. Such damage requires excavation to make repairs and removal of the soil
containing the oil. The latter can be costly, particularly if the cable has to be taken out of

service.













both linear and branched alkylbenzene chains in the C,o to C,; range, giving it the overall
properties of a Cy; LAB. Linear alkylbenzene has been in use by the NGT since 1990 and
has a homologue distribution as shown in Table 1.1. It is composed of approximately 90%

linear alkylbenzene and 10% branched alkylbenzene.

Alkylbenzene % Linear % Branched % Total
Chain Length Alkylbenzene | Alkylbenzene | Alkylbenzene
<Cio 0.4 0.5 0.9
Cuo 9.0 2.6 11.6
Cn 320 25 34.5
Cu 24.7 1.3 26.0
Cu 24.6 0.9 25.5
Cus 0.9 0.4 1.3
>Cia <0.1 0.2 0.2
Total 91.6 84 100.0

Table 1.1 Pirelli PG6000D cable oil alkylbenzene homologue distribution

Dodecylbenzene, the C,; homologue, has five possible phenyl isomers because the
benzene ring may be attached to any of the carbons between C; and C;. The 1-phenyl
isomers are not formed (Swisher, Kaeble, and Liu 1961), due to the instability of the

intermediate carbonium ion.

A chemical characterisation of DDB cable oil revealed the presence of only hydrogen and

carbon, with an average atomic H/C ratio of 2.6 (Rowland, 1996).

A GC-MS (Gas Chromatography — Mass Spectrometry) analysis revealed 18 major
components. The mass spectrum of each component was obtained and compared with the
best-fit US National Bureau of Standards library spectra. The procedure was used to
classify the 18 components into four groups, the decyl-(Cig), undecyl-(Cy), dodecyl-(C,2)
and tridecyl-(C,3) benzenes. The 1-phenyl isomer was absent, as predicted by (Swisher,
Kaeble, and Liu 1961). The resultant GC-MS of DDB cable oil can be seen in Figure 1.5.

The environmental distribution of high molecular weight organic compounds such as

LAB’s is substantially affected by their physical and chemical properties. The physical



and chemical properties of the cable oil PG6000D supplied by Pirelli are shown in Table

1.2, with properties of water for comparison.

Property PG6000D linear alkybenzene | Water

Appearance Clear liquid, no suspended | Clear liquid
matter

Density at 20°C (kgl™) 0.86 0.9978

Boiling Point (°C) ' 278 - 315 100

Kinematic Viscosity 8.1 1.01

(Pas™ at 20°C)

Flashpoint (°C) 150 -

Aqueous Solubility Not miscible, 0.01mgl” -
0.041 mgl'

Vapour Pressure (25 °C) 49x 10* Y'mm Hg 23.76 mm Hg

Henry’s Law Constant 7.1 x 102 torr = mol™ -

Soil Partition Coefficient, Ko 22x 10°W -

Log Octanol : 572-5.750 -

Water Partition Coefficient, Ko

Table 1.2 Comparison of the physical and chemical properties of PG6000D Linear Alkybenzene and
water. Source: All PG6000D linear alkybenzene data from Shell Health, Safety & environment data
sheets with the exception of: (1) (Gledhill, Saeger, and Trehy 1961). *1 Boiling range taken from
European union risk assessment report, Benzene C10-13 Alkyl derivatives EINECS-No:267-051-0.









=P+ pgz
Equation 1.2
z is the distance measured vertically upward from an arbitrarily chosen datum level, P the
hydrostatic pressure, p the fluid density, and g the acceleration due to gravity. g is
measured by a pipe called the piezometer and is indicated as the ‘piezometric head’
¢ (dimension of length):
p=p/pg=(Plpg)+z
Equation 1.3

¢ is the sum of the ‘elevation head’ z and the ‘pressure head’ P/pg. For a compressible

r dP
po(P) g

where P, is the hydrostatic pressure at the datum level. The difference in g is equal to the

fluid the pressure head is defined by:

Equation 1.4

pressure change in the fluid flowing through the porous sample. If g is constant

everywhere, then the liquid does not flow.

V = (80 / 84)n is the ‘filter’ or Darcy velocity where n is the unit normal vector of the

surface area 64 through which there is a volume flow at the rate Q.

The porous medium is imagined to be subdivided into a network of small blocks, and
Darcy’s law is applied to each block. The size of each block must be small enough to
approximate V, g, k, pand u with constant values within each block; but the size of each
block must also be large enough for Darcy’s law in its macroscopic form to apply in the
block. These conditions appear to be satisfied to an acceptable degree in most practical

situations, (Dullien, 1992).

In groundwater hydrology and soil mechanics, the only fluid of interest is water and,

therefore, the so-called ‘hydraulic conductivity’ ky defined as:
k, =kpg!u

Equation 1.5

Darcy’s law can then be written as:

V=-k,V¢
Equation 1.6
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The friction factor (fp) as defined by equation 1.7, can be used to express the resistance of

beds of particles (or fibres) to flow:
f, =D, Vp!pvL

Equation 1.7
as a function of the ‘superficial’ or ‘particle’ Reynolds number Re,:

Re, =D, vp/u
Equation 1.8

Here Hp- is some effective average particle or fibre diameter, p is the fluid density, and L

is the length of the bed in the macroscopic flow direction. Phenomenological models have
proved to be particularly useful in the case of packs of fairly uniform and isometric
particles or fibres. They relate the transport coefficients of the porous media to grain and

packing structure.

Many other different modelling approaches for the treatment of single-phase flow have
been tried, which may be broadly categorised into two types of approach. In the first
approach the flow inside conduits is analysed, in the other, the flow around solid objects
immersed in the fluid is considered. For low and intermediate porosities the conduit flow
approach is more appropriate, whereas for very high porosities only the second approach is

suitable,

Within the conduit flow approach it is useful to distinguish capillaric and statistical
models. The simplest kind of capillary model consists of a bundle of straight cylindrical
capillaries of uniform cross-section. Empirical capillary models have resulted in excellent
correlations. Channel flow has been treated mostly in the approximation that neglects all

but one velocity component, resulting in Hagen-Poiseuille type flow equations.

1.8 Water Retention Models

The relation between the soil water content and the water suction is a fundamental part of
the characterisation of the hydraulic properties of a soil, commonly known as water
retention. This water retention function is primarily dependent upon the texture or particle-
size distribution of the soil and the structure or arrangement of the particles, (Cameron and

Klute 1977).

All empirical water retention models use the Laplace equation to relate the capillary

pressure p to the pore radius #; of the i th pore as shown in equation Equation 1.9:
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Equation 1.9

Here y is the interfacial tension between water and air, 8 is the contact angle where the
water meniscus touches the solid surface and P is pressure. Various approximations are
implicit in the use of this equation. The contact angle and interfacial tension are assumed
to have constant values (taken to be 0 degrees and 0.075 Nm’' respectively), i.e. ;=8 and
% = yforall i. All pores must be cylindrical as this geometry has a single, invariant contact
angle 8. Although much work has been published on the capillary pressure in other shapes
of pores (Ma, Mason, and Morrow, 1996), (Tsakiroglou and Payatakes, 1990), in a natural
sample it is difficult to measure three-dimensional shape distributions (Cousin, Levitz, and
Bruand, 1996). The voids are therefore explicitly or implicitly represented as cylinders,
and the percolation and saturated hydraulic conductivity characteristics of each simulated

void represent the actual characteristics of a real void of a possibly different shape and size
(Garboczi, 1991).

The cylindrical void radius distribution () is defined as:

de
ﬁr)—;

Equation 1.10

where @ is the volumetric water content. Use of this equation implies that all pores are
fully accessible and that they independently experience the external applied pressure .
Such behaviour would be observed in a structure that contains aligned capillary tubes,
Figure 1.7, in which all the tubes are open to the surface or surfaces at which pressure is

applied. In these circumstances, p; = y for all i.
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Equation 1.13
where rmax is the maximum pore diameter, and & is the water content at which the
capillary pressure is infinitely small and the soil's hydraulic conductivity is zero. In

practice, however, & is treated as an empirical fitting parameter, with arguable physical
significance. The quantity 6 is the water content at saturation, and because it is measured

experimentally it is not treated as a fitting parameter. The mean g and standard deviation

o are the first and second moments of the pore size distribution function.

The model is based on the assumption that the pore-size distribution of a soil is lognormal
because many particle-size distributions in soils are approximately lognormal. The
assumption is not supported by experimental evidence, but the model has been found to fit

several sets of water retention data.

An expression relating effective saturation S, to capillary pressure has been derived for this

pore radius distribution function:

_UIinfly, v ). v, )} -0’
S, =3 erfc T ] ,

Equation 1.14

where y,is the pressure at the mode of the distribution f{y), which corresponds to
the point of inflection on the water retention curve. g is the ‘bubbling pressure’ at which

air intrusion begins. The effective saturation S, is defined as:

_(6-6)
= 6.-0)

Equation 1.15

Functions other than the lognormal water retention fitting function have also been widely

used. Van Genuchten, 1980 proposed the function:

i
1+ (-ay)"

Equation 1.16

where @, m, n are fitting parameters.
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A model proposed by Brooks and Corey (BewersdorfY et al., 1983), relates the effective

saturation to a power function of y :

Equation 1.17
where y/, and A are fitting parameters. The Brooks and Corey expression has been found to
be equivalent to a general fractal water retention model, (Bird, Perrier, and Rieu 2000).
However, this model uses a pore-size distribution based on the first derivative of the water
retention curve (Nicholl et al., 1994), and therefore it implicitly includes the structure
approximations exemplified by Figure 1.7. Common to all of the functions described
above is that they have at most one point of inflexion and can therefore only apply to uni-

modal pore size distributions.

1.8.1 Network Models

Since the publications of (Fatt, 1956), there have been many extensions of the network
modelling approach. While Fatt used volumeless junctions in the networks, most models
now use pore-space descriptions that include junctions characterized by an effective radius,
where the junction is referred to as a pore body or a “site" of the lattice. The pore bodies
are meant to correspond to the larger void spaces found in natural porous media. The
narrow openings that connect adjacent pore bodies are modelled by the capillary tubes of

the network model, which are called pore throats or “bonds" of the lattice.

Pore bodies are usually represented by spheres whose size distribution is representative of
pore bodies found in the particular porous medium of interest, while the pore throats are
usually represented by cylinders or more general conical shapes with an analogous size
distribution that is characteristic of the narrow openings that connect the pore bodies.
Connectedness is usually characterized by coordination number, which corresponds to the

number of bonds that meet at a site.

In the intervening years between Fatt's original publication and this work, a large number
of publications have appeared related to network modelling and pore-scale displacement
processes. Most of these have appeared in the chemical engineering, petroleum
engineering, and physics literature. These include fundamental work in computational
methods; theoretical developments, usually involving aspects of percolation theory; and

experimental studies, often involving etched-plate micromodels. An excellent reference
17









The absence of any arcs in the +z direction is equivalent to applying a non-uniform
pressure gradient which causes a pressure decrease across any arc in the -z direction. This
is the chief advantage of this type of calculation over those based on resistor networks
(Daian and Saliba, 1991). To calculate the arc capacities, the fluid is assumed to be
incompressible and flowing in a laminar, non-turbulent fashion. Such flow assumes a
parabolic profile of velocity with fluid flowing through a tube taking up a parabolic
velocity profile, with maximum flow rate down the centre of the tube. Integration over this
profile yields the Poiseuille equation (Equation 1.19), if the flow at the walls is assumed to
be zero.
avy _ mr,' OP,,
[-I)mbe o Btd pe
Equation 1.19

(dV/dt)upe is the volume flow rate, 7., the radius of the tube and 8Py, /I 15 the pressure
gradient along the tube. Poiseuillian flow has been shown to occur for oil displacement in
capillaries down to 4-pum in diameter (Templeton, 1954). If Poiseuillian flow is assumed
to occur across the whole cell in the -z direction, i.e. from the top to the bottom face of the

cell, then

dv n 4 oP
—_ — __Q r. cell
[ dt )ceﬂ;_z 8].1 ( tube;z )cell l

ceil

Equation 1.20
Q is an averaging operator over the whole unit cell operating on the fourth power of the

individual radii 4., of all tubes lying parallel to the z axis.

Pore-Cor calculates the flow capacity, and hence hydraulic conductivity (an important but
difficult feature to model), of the unit cell by using an algorithm written by Dinic (Dinic,
1970). The algorithm calculates the maximum flow capacity of the whole void network
using the knowledge of the flow capacity of each pore-throat-pore connection or 'arc'. The
mathematical way in which it does this is explained by (Ahuja et al, 1997). Flow is
supplied from a 'super-source' to all throats at the top of the unit cell, and occurs in the -z

direction, and the +x and ty directions.
Q is defined such that Equation 1.18 is satisfied, and generates a term which is related to

the effective Poiseuillian capacity of the cell for flow in the -z direction. Since at this stage

of the calculation, all the tube lengths .., are identical and Lype; = leen /f, where g is the
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number of tubes in the z direction in the unit cell (in this case 10), we can include these

lengths in the averaging function, so that

(d_V) oo Tt 5P
dt cell,—z 8# ﬂlmbe;; cell
T o T | P
8# lmbe;z cell ﬂ

By considering tubes in the + x and + y directions as well, and comparing with the Darcy

Equation 1,21

equation, Equation 1.9, it follows that

ud {"mbﬁ} L eoi
k = 2 Q| tube ce,
Sﬂ lmbe cell Atell

Equation 1,22

Parameterised Navier-Stokes equations are used to correct for the square cross-section of
the pore (Matthews et al, 1993), a liquid permeability may be calculated (Schlicting,
1979). The wide range of void sizes in the soil samples generated arc flow capacities over
a range of 12 orders of magnitude, and to handle this, the Dinic algonithm was converted

from its original integer arithmetic to real arithmetic.

The fit to a particular water retention characteristic does not produce a unique structure.
This is partly due to the small size and simplicity of the unit cell. It also arises from the
fact that the amount of information contained within a water retention curve alone is
insufficient to produce unique solutions (Crawford, Matsui, and Young 1995), (Bird and
Dexter 1997). As a result of the non-uniqueness of the unit cell structure, the predicted
flow capacity is also not unique. It is therefore necessary to validate the model by a

sensitivity analysis, as described in Chapter 6.

1.8.3.1 Void Space Modelling

A percolation algorithm, which assumes intrusion is controlled by the Washburn/Laplace
throat diameters, is used to model air intrusion displacing water. Throat lengths are equal
to the distance between pore edges, determined by pore size and pore row spacing. Pore
row spacing is adjusted, after the pores and throats have been positioned, to model the
experimental porosity. Throat length has little effect on simulated intruston, and therefore
the porosity can be modelled independently of air intrusion. Throat size distribution is

log/linear, that is equally spaced over a logarithmic scale (Figure 1.11).
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Pore-Cor allows the calculation of the tortuosity of simulated porous media, This is
achieved by simulating 50 weighted random walks, from top to bottom, through the unit
cell. A simulated particle is assumed to enter the unit cell at a random location on the top
surface. At each pore a random throat is selected, with the choice being weighted by a
factor of /1, where r is throat radius and 1 is throat length. Pore-Cor returns the median

value of all the random walks as well as the inter-quartile range.
1.8.4 Other Modelling Approaches

1.8.4.1 Fractal Models

"Fractal Geometry plays two roles. It is the geometry of deterministic chaos and it can also
describe the geometry of mountains, clouds and galaxies." Benoit Mandelbrot 1975,

The term "fractal" (from the Latin fractus, meaning an irregular surface) was coined by
Benoit Mandelbrot in 1975.

Fractals are non-regular geometric shapes that have the same degree of non-regularity on
all scales. The fractal approach to modelling void space in porous media has enjoyed
considerable success in recent years (Rappoldt, 1990), (Bird, Bartoli, and Dexter 1996) and
(Perrier, Bird, and Rieu 1999).The fractal approach has some favour due to “relatively
small numbers of parameters that can define a random fractal porous medium of great
complexity and rich structure” Sukop et al., 2001.(Sukop, Perfect, et al. 2001) Figure 1.14
a, b & c are illustrations of the type of structure encountered using different fractal

algorithms. Figure 1.14 a) is the classic Sierpinski carpet generated to the 4" iteration.

Increased complexity can be achieved by algorithms which modify the distribution of the

pores and solid fractions of the materials.
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Pedo-transfer functions may be used to predict properties, e.g., water content at a particular
matric potential (e.g., Pidgeon, 1972; van den Berg et al., 1997) or available water capacity
(e.g. Batjes, 1996). Other pedo transfer functions have been developed to predict the
parameters of equations, such as those of (Brooks and Corey, 1964) and (van Genuchten,
1980), which describe the water-release curve, e.g. (Rawls, Brakensiek, and Saxton 1993).
The latter type of pedo-transfer function is more suitable for modelling purposes as they

describe the whole of the water release curve.

There are two main types of pedo-transfer function (PTF), ‘‘class’’ and ‘‘continuous’’. A
class PTF is used to predict the hydraulic properties of a textural class, for example, silty
clay loam, or sandy clay. Wosten, Finke, and Jansen (1995) describe class PTFs as ‘‘cheap
and easy to use’’ because only the textural class has to be determined. However, they have
limitations ‘‘because the approach only provides one average hydraulic characteristic for
each texture class’’, even though there may be a considerable range of characteristics

within a single textural class.

A continuous PTF is used to predict the soil hydraulic characteristics from other, more
readily available data. Wosten, Finke, and Jansen (1995) make the key point that the
indirect methods (i.e., PTFs) cannot exist without the direct methods (i.e., field
sampling/lab measurements) because only direct measurements create the database from
which indirect methods are derived. This is a strong argument for the development of more
physically based, rather than empirical, methods to derive soil hydraulic properties on a

large scale. However, these are still at an early stage of development.

Water release curves are also affected by soil structure, and often by mineralogy. The
strong weathering and leaching processes in large areas of the tropics cause loss of Ca, Mg,
Na and K, and accumulation of Fe and Al. The processes tend to create particular
mineralogies and soil structure, which are less common in temperate tegions. The
weathering processes have been going on for long periods of time, uninterrupted by ice
ages. In temperate regions, glacial action over large areas in the Quaternary period will
have contributed to the larger amounts of silty soils. As mineralogy is not normally taken
into account in PTFs, a third possible type of PTF is suggested: a ‘‘soil class’’ PTF. This
could be derived for a major soil class on the basis that within a major soil class or group,
the range of structure, mineralogy and texture might be expected to be narrower than for
soils as a whole. This may be an over simplification in the case of soils that show marked

changes in texture with depth, particularly cambisols.
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Most of the pedo-transfer functions to predict Brooks and Corey (BC) or van Genuchten
(vG) parameters have been developed using extensive databases for the soils of temperate
regions. Van den Berg et al. (1997) noted that the often empirical relationships to predict
available water capacity derived for the soils of temperate regions ‘‘appeared to be
inadequate for Ferralsols and related soils, which are dominated by low activity clays”’.
They derived a PTF specifically for Ferralsols and related soils. Only this PTF, and those
of Tomasella and Hodnett, (1998) and Tomasella e al., (2000) for Brazilian soils, have
been derived exclusively using data for tropical soils. Regardless of the methodology used
to develop it, any pedo-transfer function is likely to give less accurate or possibly even
very poor predictions if used outside the range of soils from whose data they were derived.
The pedo-transfer function of Rawls, Brakensiek, and Logsdon (1982) is valid for soils
with a clay content of 5-60% and a sand content of 5-70%, but some kaolinitic tropical
soils, particularly Ferralsols, can have clay contents of 70-90%. This might suggest, from a
temperate soils viewpoint, that they are ‘‘heavy’’ clays, with a low permeability and a
moderate to high available water capacity. However, most have a low bulk density (0.9 —
1.2 g/cmj), are highly permeable because of their microaggregated structure, and have a

low available water capacity.

For high clay content Amazonian oxisols, the very low available water capacity was
confirmed by field soil moisture observations by (Hodnett et al., 1995) who warned that
PTFs derived for the soils of temperate regions should be applied with great caution to
these tropical soils. (Tomasella et al., 2000) showed that a PTF derived using solely
Brazilian soil data and tested on an independent data set of Brazilian soils, gave markedly
better predictions than PTFs derived using temperate soils data. Performance was

evaluated using the approach described by (Tietje, 1996).

Within the test data set, some of the data were outside the range of textural validity of the
‘‘temperate soil’’ PTFs tested, but the new PTF outperformed the former, even when tested
within the range of validity of the data. The evaluation of a PTF using data that fall outside
its range of validity may seem inappropriate. However, models have been developed which
require soil water-release data worldwide, but in the near absence of PTFs developed for
tropical soils, there is little alternative but to apply established temperate soil PTFs,
regardless of their validity or suitability. It is important, therefore, to evaluate how well the
PTFs will perform when applied outside the range of the data that were used to derive

them. The silt content of the soils in the Brazilian data set used by (Tomasella et al., 2000)
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were very low, when compared to that of temperate soils, and it was noted that the
prediction errors for the temperate PTFs decreased with increasing silt content, while those
of the ‘‘tropical”> PTF increased. The better predictions of the Brazilian soil PTF even
within the range of textural validity of the temperate PTFs also suggest that there may be

differences between temperate and tropical soils caused by factors other than texture.

This thesis utilised a pedo-transfer function (PTF) developed at the National Soils
Resources Institute (NSRI), UK (Mayr and Jarvis, 1999). The PTF is based on a least

squares regression analysis of a very large data set of English and Welsh soils.
- =1i/b
0= 0,(4/a) 6<0,

Equation 1.27
_ Uth(l - Gl/ol)
aX(0,/60,)"" 020,

Equation 1.28

0 represents soil water content, Y soil water pressure head, ds soil water content at
saturation and a, b are fitting parameters. The soils represented by this PTF are those of
relevance to NGC as the power distribution hardware found in this country transects the

soils that are used to derive this equation.

1.10 Migration at the Pore Scale

The research undertaken in this project is partly concerned with relative permeability (i.e.

how does permeability / conductivity in one fluid vary in the presence of another fluid).

Dullien (1992) has investigated the multiphase flow of immiscible fluids in porous media.
A large proportion of this work has been concerned with the traditional three-phase
movement, with all experimental results cited referring to changes in permeability with
water saturation. This is shown diagrammatically in Figure 1.19. Figure 1.17 illustrates
the different flow patterns encountered by different sequential introduction of immiscible
fluids into the same flow cell. Flow regimes of immiscible fluids illustrated are
a) Two zone flow where there is strong segregation between the 2 fluids as they are
introduced at different angles.
b) Fluid II introduced at 3 points form surface films around the structures, with the
first fluid passing around. Fluid II is flowing in only sectors where surface films

are closest together, where fluid I has lower disruptive capability.
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It is also worthwhile to calculate the dimensionless Reynolds number R, the ratio between

inertial and viscous forces in a channel by using Equation 1.30,

Equation 1.30

where V is the calculation of the flow velocity and d is the diameter of the channel (or
capillary). For this study, R was calculated to be of the order of 10, which represents
creeping flow. These two calculations are assumed to represent the flow movement, and
this will be tested during the investigation. However, it must be noted that the scale of the
experiments conducted throughout this study are at least three orders of magnitude greater
than pore scale, which these calculations represent. There are also major differences
between the simulated flows in two dimensions, and the actual flow in the complex three-

dimensional networks of natural samples.

1.11 Upscaling Methods and Approaches

Figure 1.24 illustrates the modelling and experimental domains encountered in porous
media. On the horizontal axis are the general approaches categorized as the use of purely
mathematical equations towards the left of the diagram, with purely experimental methods
towards the right of the diagram. The vertical axis shows the scale of system size, ranging
from the molecular level ~ 10 nm to reservoir scale ~ 10 km. Below the continuum limit it
is essential to consider the explicit void structures within the porous medium in order to
explain the behaviour of fluids within the substance. Above the continuum limit,
parameters which assume an effectively homogenous structure may be used, such as
permeability, and these parameters may be calculated by theories based on a continuum
assumption, such as effective medium theory. The waviness of the continuum limit

represents the uncertainty of its exact position.
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Three main types of preferential flow have been identified (Miyazaki, 1993). The first is
bypass flow, which may develop in a heterogeneous substrate, such as cracked or stony
soil, if highly permeable macropores extend to the soil surface or the water pressure within
them is positive, (Beven and Germann, 1982). (Flury et al, 1994) pointed out that
structured soils represented a greater risk to groundwater than homogeneous soils in
transporting soluble pollutants, because of the bypassing of the majority of the soil matrix,
and they concluded that preferential flow should be considered the rule rather than the

exception.

The second type of preferential flow is fingering flow, which is the progress of unstable
wetting fronts through a porous substrate. Fingering has been shown to develop in sandy
soils in less hydrophobic areas, and is possibly correlated to particle size (Dekker and
Ritsema, 1994) and (Ritsema and Dekker, 1994). Raats, (1973) showed how fingering
may develop if the velocity of a wetting front increases with depth, and demonstrated with
the use of a Green and Ampt model, several scenarios in which this might take place.
Subsequently Hendrickx, Dekker, and Boersma (1993) used these criteria to demonstrate
how fingering developing from a water repellent surface layer may result in six to thirteen
times as much solute being transported to groundwater compared with transport from a
wettable surface. Baker and Hillel, (1990) showed that fingering might arise at the
interface between two layers of homogeneous sand when the bottom layer is coarser than
the top layer. Kung, (1990), identified a third form of preferential flow, funnel flow, which

takes place along inclined textural discontinuities.

It has also been demonstrated that preferential flow may occur even when there is no
discernible structural cause for such behaviour. In a dye tracing experiment on field plots
(Ghodrati and Jury, 1990), encountered considerable preferential flow, but were unable to
identify the source other than to suggest that areas conducting greater flow were more

likely to have higher permeabilities than surrounding, dryer areas.

Some form of preferential flow may also develop in samples which are much more
homogeneous than those used in this study - i.e. samples with particles or features of only a
single primary size. Even in this type of sample, heterogeneities can be introduced to the
void phase by the packing process. It has been suggested that water in such samples flows
in rivulets or small streams (Porter, 1968a). These rivulets may randomly meet and
coalesce to form larger rivulets, or alternatively large rivulets may divide. Experiments

conducted on random packing of uniform spheres, Raschig rings, Intalox saddles and Pall
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rings appear to support this theory (Porter, 1968a). Porter, Barnet, and Templeman (1968),
demonstrate a possible method for predicting the number of rivulets at a given depth. This
has also been interpreted to imply that increasing sample depth may be accompanied by a
decrease in the total number of rivulets, and an increase in the volume of water being

transmitted by individual rivulets (Dexter, 1995).

1.13 Non-Aqueous Phase Liquid Flow in Natural Systems

Six main constituents affect NAPL migration in the subsurface; (i) the volume of NAPL
released, (ii) the area of infiltration, (iii) the time duration of release, (iv) the properties of
the NAPL, (v) the properties of the media, and (vi) the subsurface flow conditions, (Mercer
and Cohen, 1990).

The principles of multiphase flow in natural systems have long been known to petroleum
engineers, and involve the flow of water and other immiscible liquids. Schwille (1967)
demonstrated that non-aqueous phase liquids (NAPL) such as organic solvents and other
petroleum-based products could be divided into two categories depending on their density
relative to water. Immiscible liquids, both those less dense than water (LNAPL), including
cable oil, and more dense than water (DNAPL) are heavier than water and infiltrate into

the ground at a rate dependent on the type of soil and the NAPL characteristics.

Whether the NAPL reaches the water table or not depends upon the spilled volume and the
retention capacity of the soil. If the retention capacity is exceeded in the unsaturated zone,
the fate of the NAPL becomes largely dependent on its density. A light immiscible liquid
will tend to form a thin pool (lens) on the surface of the water table. Equation 1.27 shows
a schematic representation of LNAPL infiltration. Upon reaching a layer which it cannot
penetrate, lateral spreading will occur, following not necessarily the direction of
groundwater flow but the local topography of the layer, (Thomson et al., 1992). As the
water table fluctuates in response to local pumping or seasonal recharge and discharge, the

lens of LNAPL can become smeared over a larger region, (Templeton, 1954).
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Genuchten, 1995) built on this work to develop models for the relationship between water

saturation and the capillary pressure at the air-water interface.

Some numerical model studies of NAPL flow within soils do exist. Three dimensional,
three-phase flow models have been developed by (Faust et al. 1989) and by (Letniowski,
1989). Both of these models assume a passive air phase, implying that the air phase is
infinitely mobile. (Faust, Guswa, and Mercer 1989) applied their model to DNAPL from

chemical landfills near New York.

One of the first series of experiments was carried out at the Swiss Federal Institute of
Technology in Zurich in the late 1970°s and early 1980’s. In these two dimensional, three
phase flow experiments, fluid pressures and saturations were measured simultaneously
using embedded ceramic probes connected to pressure transducers and gamma-ray
attention, respectively, (Schiegg, 1990). More recently, (Parker et al. 1991) performed
saturation-capillary pressure experiments for air-water, air-oil and oil-water two phase
systems in a sandy porous medium to validate the use of scaled multiphase versions of the

Brooks-Corey and van Genuchten retention functions.

(Osborne and Sykes, 1986) have been some of the few who attempted to model a field
contamination scenario. However the model under-predicted the NAPL migration, a
failure which was attributed to the uncertainties in the input data. Nevertheless, their
efforts illustrate the utility of mathematical models in focusing future site investigations

and evaluating the effectiveness of various remediation proposals.

Many studies have concluded that preferential water and solute movement in undisturbed
field soils is caused primarily by extreme variability in the sizes, shapes, connectivity and
distributions of soil pores, and by fingering, wetting front instability, or funnelled flow at
soil layer or horizon boundaries (Baker and Hillel 1990) & (Kung 1980). Because of this,
(Bouma and Wosten,1979) have suggested that accurate representations of preferential
flow behaviour can only be obtained from intact soil cores and blocks that contain major
soil horizons or their boundaries. (Beven and Germann, 1982) suggested that
representative elementary volumes (REV) that encompass macropore variability may
approach or exceed lm’, whereas lem’ volumes may suffice to represent micropore

variability.
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trapping in the saturated region. It was found that the proposed model overestimated the

degree of oil drainage, vertical penetration, and lateral spreading that was observed.

Host-Madsen and Hogh Jensen, (1992) undertook a similar study, in which derived
pressure-saturation and relative permeability relationships were predicted using parametric
models. These were then compared to experimental data. Sand was packed into a
Plexiglas tank and filled with water to establish a horizontal water table. LNAPL was
added near the surface via a pump, simulating a point source at depth. They discovered
that the flow of oil is characterised by a rapid spreading down through the unsaturated zone
and a slower horizontal spreading within the capillary fringe. They also noted that the oil

displaced the water phase at high concentrations.

A study by Pantazidou and Sitar, (1993) looked at the migration of kerosene in a variable
saturated sand tank. The tank was fitted with porous disk pressure ports to provide
aqueous and non-aqueous phase pressure data. It was found that LNAPL migration ceased
after encountering the capillary fringe; the majority of LNAPL was located in a pancake-
shaped lens pooled on the tension-saturation region. Water table fluctuations were found
to spread the NAPL over a larger area with some LNAPL being trapped below the water
surface.

Van Geel and Sykes (1994) investigated liquid pressure and saturation distribution during
LNAPL migration through homogeneous, variably saturated sand. They found an increase
in water pressure prior to the arrival of the advancing LNAPL front, which did not

correspond with an increase in water saturation.

Ancther study investigated the oil infiltration from 15mm diameter point sources, into
boxes (25cm x 25cm x 24cm) filled with sand or glass beads, (Simmons et al., 1992). It
was found that transmission oil and mineral oil infiltrated differently; the transmission oil
infiltrated uniformly into the glass beads, whereas mineral oil displayed channelling
behaviour. Similar results were found for the sand although the channelling was more
horizontally pronounced with a dendritic pattern. Additionally, they noted that the oils

displaced substantial amounts of water from the plume.

Other studies have also been conducted on sand filled tanks. Many of these studies have
concentrated on solvent flushing (van Geel and Sykes, 1994), although some researchers

have investigated lens geometry (Schroth et al., 1995), and further studies have looked at
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remediation stratégies (Illangasekare,, Armibruster, and Yiates 1995), (van Geel and! Sykes
1997). A :general review iof ‘other :two-dimensional. NAPL: experiments; can, be found. in

Chevalier and Peterson; (1999).

49
















(iii) the pedo-transfer function can then be used, with caution, to fill in missing points in
water retention curves or to correct outliers, and then
(iv) other properties can be calculated from the parameters, notably saturated and

unsaturated hydraulic conductivity.

Such an approach has proved to be immensely useful. However, there are four underlying
problems. The first is that the parameterization is based on an arbitrary choice of
mathematical equation, typically one that produces a sigmoid water retention curve. Such
curves overlook subtle effects such as concentric or layered zones of different void sizes,
which tend to produce an angled stepped rather than sigmoidal shape. Other soils, such as
some volcanic soils, can generate a two-step water retention curve, which can also be
missed by an inflexible fitting function. The second problem is that the parameters
obtained relate to the mathematical equation, but do not often have a direct relationship to
any observable property of the soil structure. The third is that in some of the chosen
equations, the fitting parameters are not entirely orthogonal, so that more than one set of
parameters could fit the same curve. Finally, no three-dimensional network of voids is
generated, and correspondingly no account is taken of the shielding or shadowing of large
voids by the smaller connections through which they are accessed. The calculation of
other properties therefore relies on the implicit assumption that all voids within the soil are
fully accessible. The only void geometries that satisfy this accessibility requirement are a
bundle of straight, unconnected tubes connecting the water source and sink (the straight
capillaric approximation), or a bundle of such tubes that are tortuous (the tortuous
capillaric approximation), or a single tube of a radius which gives properties that are
approximate averages of those of the experimental sample (the effective hydraulic radius

approximation).

Previous work carried out by Peat et al. (2000), demonstrated how water retention curves
could be parameterized in a different way, using parameters that define the geometry of a
three-dimensional network. The network comprised an infinite array of connected unit
cells with periodic boundary conditions, each unit cell contained up to 1000 cubic pores
connected by up to 3000 cylindrical throats. The geometry of the unit cell was adjusted so
that the void network had the same porosity and water retention characteristics as the
experimental sample. The fitted geometric parameters, such as connectivity, could then be
used for objectives (i) and (iv) above — i.e. to reveal subtle trends for different soils, and to
predict other properties. Objectives (ii) and (iii) were deliberately eschewed; pedo-transfer

functions could be avoided and fit directly to raw data where such data is available, and the
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absence or wide scatter of water retention measurements are directly reflected in the error

limits of the derived parameters.

However, the parameterization in this approach is still arbitrary. The void network is a
gross over-simplification of an actual soil structure, and very few characteristics of it are
adjustable. Nevertheless this approach represents an important step closer to reality, for
four reasons:

(i) the shielding effects mentioned above are taken into account,

(i1} a picture of the void structure can be generated, and ‘toured’ in virtual-reality,

(ii1) the geometric parameters are actually or potentially verifiable by experiment, and

(iv) the resulting structure can be manipulated, either by introducing different fluids, or by

geometric transformations which represent perturbations such as compaction.

Peat et al., (2000) illustrated that for a specific soil sample the Pore-Cor network model
produces saturated and unsaturated hydraulic conductivities with a much more realistic
absolute value and trend than models that ignore shielding effects. A final stage should
then be a comparison of the simulated results with reality, but as yet suitable data does not
exist. Instead, the best available resuits are based on an approach by Mualem, (1976)
which implicitly ignores shielding effects, and which is therefore less realistic than our
own model. The Mualem approach is known to be inaccurate for the calculation of
saturated hydraulic conductivities, and is therefore usually used only for the calculation of
unsaturated hydraulic conductivities. Nevertheless a comparison was made between the

saturated hydraulic conductivities, as detailed in Chapter 6.

2.2.1 Development of a software package usable for the NGT

The NGT required an easy to use field-deployable environmental impact assessment
software package. Figure 2.4 represents a flow chart of predicted use and data generation

for the software package. The numbers refer to the description paragraph of each process.
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2.4 Development of Experimental Protocol Using Soil Core Experiments

Samples of Crediton series soil (Crediton series, DeBathe Cross, North Wyke, Devon, UK)
were compared in the laboratory. Cores of 50mm diameter were extracted intact using a
tractor mounted steel cylinder corer. Experiments in the 0.5m lysimeter could only be
carried out once, due to the difficulties of soil extraction, and contamination history of the
soil within the lysimeter. An experimental protocol for the elution experiments was

therefore developed using 50mm diameter cores.

The primary consideration was to ensure tracer movement through the soil column sample
body and not at the soil sample container interface. To achieve this, a barrier was placed
between the soil column and its housing. A multi-layered barrier was the most effective
type, (personal communication with Haygarth & Whalley; 2000). The soil column housing
was first cut lengthways in half. The exposed soil surface was then covered with a layer of
heated petroleum jelly. The petroleum jelly penetrates the surface pores along the column
length and provides a hydrophobic barrier. When the surface was completely sealed a thin
layer of sheet ‘cling film’ was overlain on the surface of the now solid petroleum jelly,
forming an impermeable seal. The casing was then replaced, as it was needed as a
structural support for the column. This process was then repeated for the other side of the
column ensuring all water flow takes place through the sample body. Cable ties were used
to hold the core assembly together, and to fix a nylon mesh (mesh size 0.25 mm) across the
base of the sample. The mesh prevented the sample falling out from the bottom of the
column but allowed the free flow of fluid. A 1cm layer of fine sand (>98% Si0;, Redhill
Sand) was added to the top of the soil column, to ensure tracer was distributed evenly

across the top of the column.

2.4.1 Sample Saturation

The sample was saturated, with a mixture of top-down and bottom-up saturation regimes.
The bottom 30 cm of the sample was soaked for 20 hours in a bucket of distilled water.
The sample was then removed and placed into a vertical stand clamp. The sample was
allowed to gravity drain, which caused the bottom of the sample to have a lower saturation
than the central or upper zones of the sample. A peristaltic pump was used to pump Milli-
Q water on to the sample surface. The flow rate was decided upon when the sample
reached a flux equilibrium, i.e. one drop in /one drop out. The combination that achieved
this was an Isomatic Fixo 8 roller peristaltic pump. The pump had an r.p.m of 40, with

1

Elkay peristaltic tubing (I.D. 0.020) producing a flow rate of 16.2 ml hour ~". Once
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3.2.2 Principles of Scintillation Counting

A scintillator is a substance which emits a weak light flash or scintillation, of a short
duration, when struck by an ionising particle. The intensity of the scintillation depends on
the energy of the particle dissipated in the scintillator. A photomultiplier tube - a device
that is sensitive to weak light signals and converts them into amplified electrical pulses - is
used to detect the scintillations. Figure 3.4 shows a schematic diagram of a scintillation

counter.

The scintillation shines on the photocathode of the tube and causes the emission of
photoelectrons. These electrons are accelerated by the potential applied between the
electrodes of the photomultiplier. The accelerated beam of electrons impinges on a
sequence of electrodes, or dynodes, at each of which secondary electron multiplication
occurs, producing successive amplification of the electron current. The overall
multiplication factor or gain M of the photomultiplier depends on the number of dynode
stages and on the applied potential. The electrical pulses from the anode of the
photomultiplier are fed to electronic circuits for amplification, pulse-amplitude

measurement, data analysis and recording.

Where radioactive samples are used, a scintillation cocktail is added to the radioactive
sample to convert the energy of the radioactive decay particle into visible light. This can
then be detected by the scintillation counter. The light is emitted from the liquid
scintillation vial in all directions and is ‘directed’ onto two photo-multiplier tubes that

convert the light into a measurable electrical pulse.
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3.3.1 Experimental Determination of Bromide

The chemistry used for the SFA manifold is based upon the stepwise conversion of
bromide to bromate, which when combined with rosaniline forms tetrabromorosaniline; a
method introduced by (Hunter & Goldspink, 1956). This method is not subject to
interferences from other common halides. Bromide is quantitatively oxidised to bromate

in a sodium orthophosphate buffer solution; Equation 3.1.
Br-+3ClI00 — BrO; +3CI

Equation 3.1 Orxidation of Bromide.

The oxidation is carried out in the presence of hypochlorite. In an acid alcoholic solution
bromate quantitatively yields six equivalents of bromine in an excess of bromide; Equation
3.2

BrOs;-+5Br-+6H* ——» 3B, +3H,0

Equation 3.2  Br reduction yielding six equivalents Br,
A red solution is formed by bromine substitution in rosaniline (C;0H;0CIN3) decolourised
by acid. Subtracting the absorbance at a reference wavelength 660 nm from the

absorbance at the analyte wavelength (570 nm) corrected for refractive index effects.

3.3.1.1 Reagents

All solutions were prepared in ultra-pure water (Milli-Q, Millipore Corporation) and all
reagents were of AnalaR (or equivalent) grade and were purchased from BDH, UK unless
indicated otherwise. Standards in the range of 10 — 50 mg L' were prepared by serial
dilution of a stock 1000 mg L™ solution of KBr (1.10469 g in 1 L of Milli-Q). FFD6 and
Brij 35 are nutrient free detergents supplied by Skalar UK.

The bromide reagent streams were:
1. hydrochloric acid (50 mL L™ and 3mL L™ Brij 35% (Skalar))
sodium dihydrogen-orthophosphate solution (200 g L' NaH,POy,)
sodium hydroxide solution (28 g L' NaOH & 3 mL L' FFD6 (Skalar))
hypochlorite solution (low in bromine < 10 ppm)
50% sodium formate solution (50 g 0.1 L")
propan-2-ol
sulphuric acid solution (3.5M) (195 mL L' H,S0.)
stock solution bromide molybdate (150 mg L™ KBr, ammonium molybdate 3g L
(NH4)6Mo070,4.4H;0).

e T A R
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9. Fuchsine solution (Fuchsine basic 30 mg 0.5 L™ C39H30CIN; & 28 mL H;S040.5 L
Y,
10. Sulphuric acid solution (7M, 389 mL L™ H,S0,)
The final colour reagent was produced fresh each day by mixing 100mL bromide
molybdatew’, 500 mL fuchsine solution® and 400 mL sulphuric acid'?”. The solution
should be stored in a dark bottle.

3.3.1.2 Manifold Design and Reagent Addition Procedure

Each sample was acidified with hydrochloric acid solution in order to produce Br anions.
This was then dialysed against a sodium orthophosphate solution. The dialyser utilised a
membrane of <2 um pore size as well as heating the acid/sample solution at 90 °C through
an in-line reaction chamber. The membrane permitted the diffusion of chloride and

bromide ions into the buffer stream.

Additional chloride ions were added by sodium hypochlorite addition, which aids the
oxidation of any metals present in a low valency state, ensuring all bromide is available for
the reaction. The excess chloride ions were then removed by the sodium formate solution.
The stream was passed through a reaction coil heated to 60 °C by a continuously circulated
water jacket. At this point a resample was taken and the excess sample transferred to the
waste outlet. Colour reagent (acidified rosaniline) was added and allowed to pass through
a short reaction coil before propan-2-ol (100%) and H,SO4 (7 M) were added in turn.

Figure 3.10 is a diagram of the bromide manifold and reagent addition
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and rapidly resolved by replacing the tubing. The dialyser membrane, after a prolonged set
of determinations, affected the quality of baseline developed. This was due to a build up of
colloidal material on the membrane surface. The membrane was therefore replaced or

cleaned after every run.

3.3.2.2 Throughput

The robotic auto-sampler and online calibration, at regular intervals throughout the
analysis, provided the instrument with the ability to analyse bromide and phosphate
simultaneously, and auto-calculate and correct the results; providing a throughput of about
140 samples every 8 h. The duration of the analysis can be several hours and if many
samples are being analysed shadow effects, e.g. a build up of analyte in the system,
sorption or precipitation onto the walls of the manifold, may cause a drift in the baseline.
To overcome this a control was re-analysed every 10 samples to give a fixed point for

sample correction.

The complexity of the manifold meant that careful observation of the peristaltic pump
tubing had to be maintained and replaced when necessary. It was also observed that
precipitation increased over time in the reaction coil immediately after colour reagent was
added to the sample stream. This however was easily removed after each analysis by

flushing with 0.5 M sodium hydroxide solution.

3.3.2.3 Analysis of Soil Leachate Samples

A detailed discussion of the analysis and interpretation of the bromide results is given in
Chapter 5. However shown below in Figure 3.13 are the breakthrough curves for each of
the soil blocks analysed. The flux rate is calculated by multiplying the concentration of

bromide by the volume of the sample analysed.
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Traditional methods to determine total phosphorus (TP) and TDP involve sample heating
or autoclaving with peroxydisulphate alone or with acid peroxydisulphate (Ahmed et al.
1993). These methods may give incomplete recoveries for some samples, and the use of
nitric - sulphuric or nitric-sulphuric-perchloric acid mixtures may be required (Sharma and
Yortsos, 1987). However these methods although generally accepted as being analytically
reliable, involve extensive sample handling and lengthy digestion times of up to 2 hours,
making them tedious when large numbers of samples are to be analysed. The majority of
manual and automated methods of phosphate determination are based on the

spectrophotometric determination of phosphorus as phosphomolybdenum blue.

Many modifications of this method have been reported, usually involving use of reductants
such as tin(II) chloride, ascorbic acid, 1-amino-2-napththol-4-sulphonic acid, sodium
sulphite, hydrazine sulphate, or combinations thereof (Broberg, 1988); or different acid
strengths in attempts to improve selectivity and stability of the chromophore produced
(Armstrong, 1972). The most widely-used methods for batch and automated analyses are
based on the method of (Murphy, 1962) which utilise ascorbic acid reduction with a
potassium antimonyl tartrate catalyst. The method suffers little interference from silica,
which is, however, a common problem in many other phosphomolybdenum blue based
procedures. Ascorbic acid is preferred to tin(Il) chloride as the reducing agent in batch
analysis because the reaction is less salt and temperature sensitive and a more stable

chromophore is produced (Harwood, 1974).

3.3.3.1 Reagents

The phosphorus reagent streams were:
1. ammonium molybdate solution comprising 230 mg L' potassium antimony
tartrate, 6 g L' ammonium molybdate, 69.4 mL L' sulphuric acid and 2 mL L
FFD6 (Skalar).
2. The ascorbic acid solution contained 11 g L ascorbic acid, 60 mL L acetone and

2mL L FFDe6.

3.3.3.2 Manifold Design and Reagent Addition Procedure

Phosphate addition procedure involved the addition of ammonium molybdate and then

potassium antimony tartrate to the sample stream under acidified conditions; Equation 3.3.

POS + 12MoQ4+ + 27H* ——>» H;P04(Mo003),; + 12 H,0O

12-phosphomolybdic acid
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calibration of the instruments and automated data processing allowed the data to be

interpreted and processed quickly and with confidence.

Each of the problems as listed in Table 3.4 has been overcome. Sample storage was solved
by the use of high throughput analytical methods. The samples could be loaded directly
into the SFA carousel in preparation for analysis. Tracking needs were greatly reduced as

sample storage was dispensed with.

Problems Solution Found Comments
Sample Storage v No Long Term Storagev |
Sample Tracking v No Need as Not Stored
Reproducibility v Consistent Calibrations
Throughput v Satisfactory Throughput
Economics v Inexpensive Reagents
Disposal 4 No Harmful Chemicals

“The radiolabel used in the oil tracer, was at a low enough level to dispose of in general refuse, providing adequate documentation was
kepl.

Table 3.4 Problems Encountered and solutions found indicated by a tick in the central column.

All reagents were easily disposed of. The phosphate and bromide reagent streams were
disposed of through a drainage system into the main drain, The radio labelled soil and

scintillation samples were disposed of as regular refuse, providing regular records were
taken.

Coupling the automated sample collection with a series of automated analytical methods

allowed large amounts of data to be produced which is of the best quality available.
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4 Design, construction and automation of a precision 3-D lysimeter
(Johnson, Mathews, et al., 2003)

4.1 Objectives

Large scale lysimeter experiments can suffer from loss of resolution due to sample
homogenisation at the point of collection. The objective of this study was to construct an
apparatus which produced results at high spatial precisions and was capable of handling a

large number of samples generated by such an investigation.

4.2 Design of the automated lysimeter

A well established technique for characterising preferential water and solute movement is
the use of instrumented intact soil cores or blocks (Lewis, 1990), (Isensee, 1992) and
(Tindall, 1992). Inherent in the successful use of this method, however, are several
difficult and critically important steps, including the choice of block size, the use of
effective techniques for isolating, transporting and storing the block, and the
instrumentation of the block with appropriate, effective solution delivery, collection and

monitoring systems.

In this project an apparatus was constructed for measuring the effects of NAPL injection
and subsequent 2-dimensional flow of LNAPL through a half metre soil block. This
experiment was accompanied by an investigation of the effects of the LNAPL on the
conductivity of the soil to the aqueous tracers orthophosphate and bromide. These are non-
conservative and conservative tracers respectively. Many experiments were performed
using soil cores, concentrating on vertical flow without measuring lateral movement. The
half metre cube allowed a suitable amount of lateral migration to take place, while
remaining at the laboratory scale to control the environmental variables encountered. It
also avoided the danger of releasing NAPL in the field, which is normally hazardous for
health and safety reasons. The scale is of practical use for those wishing to upscale

properties for purposes such as waste management and pollution prediction.

Rainfall was delivered to the surface of the soil block using a rainfall simulator, and
sample collected at the base of the soil block using a precision-machined collection plate.
The rainfail provided the soil block with a steady supply of water to establish flow
channels within the block and to allow the investigation of L-NAPL behaviour under these
conditions as it dispersed through the soil block. Time domain reflectometry probes

(TDR) were used for non-destructive in-situ measurement of volumetric water content.

89












relative standard deviation of 8.8%. This compares favourably with the results achieved

by other researchers, Table 4.1. The introduction of a larger array of needles prevented the

edge regions from drying out.
Workers RSD % Uniformity Coefficient,
Y%
“Mathews and Matthews 8.8 93.04
(1999)
Bowman et al. (1994) n/a >98.00'
Dexter (1995) 19.0 -
Phillips et al. (1995) 11.6-22.4 -
Romkens et al. (1995) 8.5° -
Andreini & Steenhuis (1990) n/a 94.08 °
Table 4.1 Homogeneity of application of various rainfall simulators.

' No details given except that this figure Is for rainfall rates in the approximate range 5-25 mm hour™.

? Average of five figures carried out at five different rainfall rates.

? Average of four figures each of which is an average of the ‘before’ and ‘after’ values for an
experiment.

4.3.4 Automation of the lysimeter

Sample collection utilised 6 electric motors (M1 to M6) of varying type (220V DC and
24V AC, Parvalux, Brighton, U.K.), Figure 4.1 illustrating the motor locations. Heavy-
duty electric breaks were added to the tower lifting and lowering motors, as the weight of
the loaded sample trays would otherwise have caused slippage when the power was
released. The main lifting motors were 220 V D.C. and therefore power was converted
from 240 V mains A.C. using a series of rectifiers. Logic level operations to activate the
motors were isolated from the high voltage circuitry to allow computer control of the
equipment. Figure 4.4 is a schematic layout of all the interface circuitry. Motor
activation/deactivation and sensor signals were processed by a DIO24 TTL card (Digital
input / output card, National Instruments, UK) feeding signals to a specially wrnitten PC-
based LabVIEW™ software (National Instruments) virtual console. This console could be

run manually or set to automatic operation.
The palettes moved from being stored on the left of the apparatus to the sampling area

underneath the soil sample, and after a user defined time (usually 4 hours) the samples

were moved to the right storage tower.
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Other techniques for in situ measurements of volumetric water content include neutron
probe and gamma attenuation methods. These approaches are non-destructive, except for
the initial installation of tubes and comparatively fast. However, both methods involve
radiation that has a consequential environmental impact and was therefore considered
unsuitable for these experiments. Moreover, neutron probes require soil-specific

calibration, and ordinary field gamma probes are relatively imprecise (Roth ef al., 1990).

Time Domain Reflectometry (TDR) has become a popular and recognised method of
measuring the water content of soil. The use of TDR for measuring soil water content was
originally proposed by Davis and Chudobiak, (1975) and subsequently used in later studies
by Davis and Annan, (1977) and Topp, Davis, and Annan, (1980). The technique is based
on measuring the velocity of a pulse, which travels along an electromagnetic transmission
line as a guided wave. The pulse velocity is used to calculate the dielectric constant of
soil, which is dominated by the contribution from soil water. Free water has a dielectric
constant about 20 times greater than that of mineral matter, and so the effect of the mineral
matter on the pulse velocity is small, (Whalley, 1993). Cable oil has a dielectric constant
of 2 (Horvath, 2000). A comprehensive review of its development is given by (Gardner et
al., 1991).

The principle of TDR is that a high frequency electromagnetic pulse is fed into the soil
between two metal rods. Part of the pulse is reflected back up through the soil from the
bottom of the rods, and the time interval between the incident and reflected pulses is
measured, (Smith and Mullins, 1991). Topp, Davis, and Annan, (1980) determined a third
order polynomial relationship between dielectric constant, €, and volumetric water
content 8, for which they gave an error estimate of 0.013 for 0.

0=-53x102+292x10%, -5.5x 102 +4.3x 105>

Equation 4.1

The main advantage of this calibration equation is that it does not require the determination
of any additional soil parameters. The dielectric constants were calculated from the pulse
velocity assuming that the imaginary part of the dielectric constant was negligib]e. The
calibration suggested by (Topp et al, 1980) was widely accepted and thought to be
substantially independent of soil type (Whalley, 1993).

Pairs of TDR probes, in the form of 3 mm diameter stainless steel welding rods (Rightons,
Plymouth, Devon, U.K.) spaced 20 mm apart and connected to the Tektronix 1502C cable

tester, were inserted through holes drilled in the sample container at various depths
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texture on oil distribution in three half-metre cubes. The experiment also investigated the
affect the oil has on the transmissive properties of the soil block to Br and PO
(orthophosphate) tracers. Each of the experiments involved the analysis of a tracer pre-oil

injection, oil injection and post-oil tracer analysis.

Saturation of the sample took place prior to commencement of a transport experiment. The
sample was typically saturated over a period of three to four days using the rainfall
simulator. The TDR probes revealed when a consistent saturation level had been reached.
Rainfall was continuous throughout the duration of the experiment at a rate of

approximately 6.4 mm h',

It was thought unnecessary to completely saturate the sample from the bottom up, as none
of the soils were taken from areas where the water table aggressively filled the extraction
sites. Complete saturation of the sample may have lead to uncharacteristic movement in
the soil blocks and disruption of preferential flow pathways. Saturation was deemed to be
complete when water flowed from the base funnels. When the number of base funnels
flowing stabilised and the TDR probes were stable the experiment could commence.
During bromide application it was important that any disturbance to the flow regime was
kept to a minimum. This was complicated by the requirement that the individual needles
needed to be ‘primed’, pumping water through to remove trapped air. Priming of the
needles was carried out by injecting a small amount of water into any blocked needles,

using a hypodermic syringe.

4 4.2 Water Flow Velocities

Water flow velocities were measured by collecting water samples every 4 hours from
underneath the collection grid, using the automated sample collection. Figure 4.9 shows a
sample tray underlying the lysimeter collection area. The samples were then analysed for

bromide and orthophosphate.
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4.4.4 Aqueous Tracer Analysis

A combined tracer was produced by dissolving 1.2 g of KBr (AnalaR grade, BDH, UK)
and 3.4 g K;HPO4 in 100 mL of water. This concentrated solution was applied to the
surface of the soil block using a 68 mm plastic drainage pipe pushed 3cm into the sample.
The migration of Br” and PO43' tracers was measured over the 0.5 metres vertical distance
of the soil block. In this investigation an air segmented flow analyser (Skalar SANP"*®
Skalar, Breda, Holland) was used to determine Br” and PO4> concentrations, as detailed in
section 3.3. Samples were collected in 25mm x 70mm disposable glass sample vials
(BDH, UK).

4.4.5 Lysimeter Testing and the Effects of Re-Packing On Soil Samples.

4.4.5.1 Experimental Preparation

Although all of the 0.5 m samples were extracted intact, it was considered appropriate to
check the extent of repacking. So a repacked 0.5 m cube sample was also studied. For the
repacking experiment a quantity of the Crediton series soil was transported back to the
laboratory. The dry soil was loaded into the container, and hand-compacted in layers with
a 10 cm’ hand pommel. Each layer was no more than 7 cm in depth. The preceding layer
was ‘keyed’ into the next by raking the surface of the compacted layer. Samples were then
loaded onto the specially constructed automated lysimeter. The samples were mounted
and saturated from the bottom up. Bottom up saturation was used in this experiment for
compatibility for field trials conducted at Cranfield by the NGT, which were using bottom
up saturation. This saturation would not effect later analysis as in this study a bulk
breakthrough was being collected and no recording of preferential flow paths using the
machined plate was undertaken. A conservative bromide tracer was introduced and the

leachate collected from the base of the soil block using a rotary autosampler.

4.4.5.2 Results

The breakthrough curves for Crediton intact and repacked soil are shown in Figure 4.11.
The intact Crediton sample was found to have an extremely asymmetric breakthrough
curve. The maximum concentration of 22 mg L™ bromide eluted at the base of the soil
bilock was reached at the 1000 minute mark for the intact Crediton sample. The sample
distance was traversed by the bulk of the bromide tracer within the 120-2500 minute time
period. The Crediton repacked sample took approximately twice this amount of time and
shows a more extended curve. The repacked sample reached a higher bromide
concentration of 24 mg L™ at 2100 minutes, with the bulk of the tracer passing through the
base of the sample between 1300 and 3000 minutes.
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The apparatus has given the capability to closely monitor and log rainfall rates, permeation

rates through the block, with flexible sampling intervals.

4.5 Summary

In relation to the objective stated at the start of this Chapter (section 4.1), the apparatus

constructed fulfilled all of the specifications required. The apparatus provided sample

collection facilities, water saturation monitoring, rainfall application and precision

distribution of leachates. This allowed close monitoring of leachates from the base of

the block and when combined with the techniques described in Chapter 3, would give

precise results of the tracer behaviour in soil blocks. The main points of progress are

outlined in the bullet points below:

Rainfall distribution was found to be dispensed evenly and unbiased using the
apparatus designed by (Mathews et al, 1997).

A suitable rainfall agent was found of consistent quality.

Sample automation was found to be an efficient method of gathering a large
volume of samples for later analysis at regular intervals.

The TDR probes were found to be a reliable method for measuring the volumetric
water content of the soils. This allowed the monitoring of sample saturation
throughout the experimental period.

A suitable timescale for the assessment of the migration of aqueous tracers through
the soil block was found with a reliable timescale for delays due to differences in
soil textures.

It was shown that it was necessary to use intact soil samples. Looking at the
experimental results shown in Figure 4.11, it was shown that disruption of the soil

sample by repacking, alters the breakthrough characteristics of the soil.
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5 Results of 2-Dimensional Tracer Analysis

5.1 Objectives

The experimental protocols and apparatus outlined in Chapter 4 were used to determine the
following hypotheses:

1) Soil texture determines the rate at which aqueous and non-aqueous tracers
penetrate a soil body. Conservative and non-conservative tracers were used to
ascertain the extent of the retardation caused by

i. Mineralogical properties (simply % clay content)
ii. Physical structure (% sand, silt and clay)

2) NAPL present in a soil matrix retards the migration of aqueous species through

that soil matrix.
In this study we were concerned with the effects of an LNAPL or more specifically
dodecylbenzene on the migration of tracers through the soil block. We therefore analysed
three different soil textures with a tracer study, firstly without oil in the tracer injection
zone and secondly with oil introduced into the injection zone 8 hours before tracer

injection.

5.2 Introduction

The experimental rationale was to use the Crediton series soil as a *known’ to calibrate the
experimental protocol and assess the results of the analytical techniques. This was
completed successfully and analysis of the extracted soil samples was continued. However
one of the final soil samples proved problematic. The Clifton series soil when saturated
became impermeable, with water collecting on the surface of the sample. This water
collected and took several hours to reduce in level. This sample could therefore not be
analysed using the protocol that was followed for the previous soil samples. Figure 5.1 isa
photograph taken during this experiment showing the ponding on the surface of the Clifton

soil.
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The least saturated zone was near the base of each soil block, due to gravity drainage, and
the most saturated zone was at 10 cm depth. Localised areas of ponding formed

intermittently on the surface of the blocks, but then dissipated.

5.4 Eluate Flow Distributions

Eluate distributions were recorded by weighing each vial as it was removed from the
sample tray, prior to analysis for aqueous phase tracers. Table 5.1 and Figure 5.8 show the
percentage number of funnels flowing for the flow rates shown in the lefi-hand column.
The values are for 1000 samples taken during the 40 hour time frame of the experiments.

The flow rates were measured in mL over a | hour period.

m/h Ciediton  Ciediton  Sollon{  Sollom Conway Conwny
Pre Oll Post Ol  Pue Ol Post Oil Pre Oll Poai Ol)
0 7280 74 | 48 | 37 4 83
<0.1 b~ 15 | 00 | 0O 01 08
011.03 | 09 22 | 01 0.2 0.1 1.1
0.31-05 1.7 16 1.1 20 0.1 1.2
031 .0.75 1.8 1.8 4.6 3.0 0.1 09
0.76 -1 1.6 1.1 3.6 3.0 0.3 0.6
1.1.1.25 2. |18 37 36 14 | 08
1.26 - 2.5 4.3 4.0 88 | 6.1 35 22
26 -5 43 6.0 13 | 154 | 22 | 31 |
51.10 101 58 176 | 195 ~ 28 | 63
10.1-20 00 | 00 | oo 00 ] 00 1 oo |
Table 5.1 Percentages of flowing funnels for each experiment,

The Crediton soil had 72.6 % of funnels with zero flow increasing to 74.2 % of funnels not
flowing after oil injection. For the Crediton Pre oil sample the largest flow range was in
the 5.1 — 10 mL/h. After oil injection the flow rates recorded dropped to distributions in
the 1.26-2.5 mL/h, 2.6-5 mL/h, and 5.1 — 10 mL/h ranges with values of 4.0, 6.0 and 5.8%

respectively.

The Sollom soil sample had 49% of funnels with no flow in the 0 mL/h range pre oil
injection whereas after oil injection 37% of funnels were in the 0 mL/h range. The Sollom
pre oil injection flow rates were most commonly in the 5.1-10 mL/h range, as were the post

oil injection flow rates.

The Conway soil had the least amount of funnels flowing with 90% of the funnels pre oil
injection not flowing. After oil injection this dropped to 83%. The most frequently
flowing funnels were found in the 1.26-2.5 mL/h whereas after oil injection the Conway

soil showed the highest 6.3% of flow rates in the 5.1-10 mL/h.
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be devised. The ¥ statistic is usually employed to judge the significance of events,
especially when those events relate to an expected Normal distribution, In this work we
have modified the X test to study physical rather than Boolean data. The modified )

statistic was calculated according to the relation:

2 (0| _02)2
p =g

Equation 5.1
where O, and O; are the observed results and £ = max(0,,0;). To normalise the data, the

flow rates were expressed as a percentage of the total flow from the base of the block for
each sample period. ¥ was then calculated to test two features of the experiment:

» The consistency of the unperturbed flow rates

» The similarity or difference of the flow rates after introduction of oil
Normalised data for the modified ¥* were derived from the data grids seen in Figure 5.11 to
Figure 5.16.

Since the data was physical, albeit normalised, rather than Boolean, the usual probability
calibration of the ¥ statistic is invalid. Instead, the modified data set was skewed in
several ways in order to understand how the )* would alter with perturbations to the flow
pattern. The modified x statistic was then calibrated against known statistical perturbation
to the data. The procedure for perturbing the data was as follows:

1. Typical data grids were selected.

ii. The data was transposed along the diagonal values from top left to bottom right
(green).

ii. A column of data was transferred in the X-direction (left to the right hand side) of
the data grid, and the rest of the data transposed one column in the x-direction left,
blue)

iv.  The data was also transposed in the Y-direction (yellow).

v. The flow values from the original data set were put into entirely random positions

(purple).

This produced banded distribution as shown on the chart in Figure 5.20 with the colours
corresponding to the transformations described above. The horizontal axis represents each
sample period comparison, so for x = 1, for example the comparison is made between
samples coliected at 4 hours to those made at 8 hours. The flow rates at the start of the
experiment all take a few hours to settle, except for the Conway pre oil injection which
shows unstable flow until the samples collected at hours 20 — 24 are compared when the

flow drops down below the x = 0.2 value. The reason for this is unclear as the samples
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were exposed to 48 hours of rainfall before commencing the experiments and as such
should have been as stable as could reasonably be achieved. The Sollom pre oil sample

also required 12 hours of further time before stability was achieved.

Figure 5.21, Figure 5.22 and Figure 5.23 illustrate the experimental consistencies and the
differences between the samples after oil injection, The blue lines represent the flow
patterns before oil is introduced into the soil block, the pink lines represent the flow
comparison after oil is introduced into the soil block and the yellow line represents samples
from the different experiment compared at the same time value. The ) value can be seen
to noticeably increase when attempting to compare sample grids from different
experiments in the same time frame. This reflects a change in the way that the water is

flowing through the soil.

Figure 5.21 shows that the flows within either the pre- and post- oil injection were stable
(¢ ~ 0.1 after initial equilibration). However, they are quite different between pre- and
post-flow (¢ ~ 0.6). So it can be seen that the addition of oil changed the flow channels,
and set up a new stable system of flow, with approximately the same overall rate and
distribution of funnels (Figure 5.8).

Figure 5.22 shows that the pre-oil-injected Sollom sample shows an erratic behaviour
initially (%’ > 0.4) but settles down after 8 hours to within the stabilised flow thresholds O
< 0.39). The ) for the pre- to post- oil comparison suggests that the oil has less of an
effect on preferential flow than in the Crediton ()¢ ~ 0.6) or Conway samples Of ~1.2)

samples. The Sollom post o1l experiment ¥ falls always well within the stable flow zone.
In the Conway experiments, all the flows are less stable. The flows within the pre- and

post-oil phases of the experiment have )}’ ~ 0.2 after initial equilibration and comparison of

pre- and post-oil flows gives ¥ ~1.2, rising to a maximum of 1.6.
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defined in Figure 5.25. Each layer represents a time period, in depth, with time increasing

with depth (a and b) and with the top down view (¢} time moves into the page.

In the Sollom sample, the initial speed of the first output could be due to mobile dissolved
phosphate reaching a preferential flow zone quickly. The Crediton sample behaviour may
be explained by the sandier soil having less interaction with the phosphate and therefore
the phosphate passes through the body of the soil quickly, whilst being retained in the

siltier Sollom soil matrix.

It can be observed from Figure 5.42 the Conway soil sample post oil injection, that the
phosphate flow channels are distributed in discrete zones around the soil block. The
Crediton and Sollom soil samples again reflect the behaviour that was observed in the
bromide analysis, i.e. the reduction in Phosphate leaching from the sample accompanied by

the alteration in preferential flow paths.
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a. Its effects on the migration of LNAPL through soil structures
b. The effect of soil texture on aqueous species migration through the soil
2. The effect of oil injection on the transport of aqueous species through a soil.
These objectives were achieved with the successful analysis of the samples using the
automated lysimeter (Chapter 4) and the automated analytical techniques studied in
Chapter 3. This provided a large body of data which could be analysed in a stand alone
method and also statistically analysed. In order to perform the statistical analyses of the
flow rates, tracers and oil migration it was necessary to develop three new methods of
analysis. This was due to the large and complex nature of the data generated during the
studies for example each aqueous sample provided three data points flow rate, bromide and
phosphate concentrations. This provided over 3000 data points for each experiments. The
statistical methods developed where
1. amodified ¥ analysis for flow rate comparison (Section 5.5.2)
2. A new method of breakthrough curve parameterisation (Section 5.6.2)
3. A new method for relationship analysis of oil distributions (Section 5.7.2)

Using these methods it was possible to summarise the findings as shown below.

5.8.1 Qil Migration
» Visual analysis of the Crediton and Conway soils reveals a lobate migration pattern

whereas the Sollom soil forms a lens.
e Statistical analysis of these samples using the new method confirms this pattern
assigning a variance of 0.40 to the Conway soil, 0.41 to the Crediton soil and the

Sollom soil has a variance of 0.14, indicating the least dispersed oil.

5.8.2 Flow Rates
¢ The Sollom soil consistently provided the lowest percentage of non flowing funnels

followed by Crediton and Conway respectively.

e The high clay and silt content of the Conway soil may have caused the observed
alterations in the flow pattern of the Conway soil, as can be seen in Figure 5.11 and
Figure 5.12. Most soils swell and shrink, and the shrinkage curve is one of their
physical characteristics. A number of researchers have observed complex changes
of pore space in shrink —swell soils with water content variation e.g.,
(Talsma,1985), (Assouline, Tavares, and Tessier, 1997), (Cousin, Levitz, and
Bruand 1996).

e The oil alters the water content of a soil, and that if the soil structure is sensitive to

water content, as in shrink swell soils, the addition of oil will cause significant
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5.8.3

584

differences to the soils pore-heave hydrological characteristics, even though the
saturation stays constant throughout the experiment,.

The %* analysis revealed that within the unperturbed experiments there was
generally stable flow. The Conway Pre oil injection was unstable for the first 20
hours but stabilised after this. All the flows fell well under the generated
calibration grids for randomised flows which demonstrated that there was

consistency within them.

Bromide Breakthrough
Figure 5.24 shows the maximum bulk bromide breakthrough occurred for each of

the samples with Sollom 2500 mg L"'/h at12 hours, Crediton 3500 mg L '/h at 12
hours and Conway 1500 mg L™'/h at 24 hours.

The bromide migration was clearly impaired by the addition of oil to the injection
site. The Conway soil reached its maximum breakthrough at 16 hours again with a
breakthrough flux of 1300 mg L/h, whilst the Sollom and Crediton fluxes were
greatly reduced with breakthroughs at 20 hours and 1550 mg L''/h and 1450 mg L°
'/h respectively.

The statistical analysis as shown in Figures 5.32 to 5.40 reveal several important
factors. The Crediton and Sollom soil samples peak times (i.e. the time taken for
bromide to reach its maximum breakthrough value) are greatly increased by the
addition of oil. The Conway sample peak time is greatly reduced by the addition of
oil, which may be due to lower concentrations of bromide reaching the base of the
soil block and causing the breakthrough curve to peak quickly but with much less
bromide content.

The breakthrough curve concentrations were reduced by oil for all the soils.

Phosphate Breakthrough
From Figure 5.41 shows the maximum bulk phosphate breakthrough occurred for

each of the samples with Sollom 290 mg L™'/h at 36 hours, Crediton 320 mg L'/h at
20 hours and Conway (post oil only) 165 mg L"'/h at 24 hours.

Oil addition impairs the phosphate progress also with Solloms breakthrough 110
mg L"'/h at 12 hours and Crediton’s 40 mg L"'/h at 32 hours.

The ratio of funnels flowing to those conducting phosphate is high in all
experiments and not perceptibly affected by the oil injection. This may be an
artefact of the limits of detection of the analytical method that can detect the

phosphate at the g L' as opposed to the mg L'. However the presence of the
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phosphate indicates a migration from the point source, as there was no detectable
phosphate prior to the experiment.

o The statistical analysis for phosphate (Figure 5.46 - Figure 5.51) reveals similar
trends to those seen in the bromide analysis. The peak heights are reduced in both
experiments with the most dramatic decrease in the phosphate retarding being
found in the Crediton post oil sample which only has 2 peaks over 6 mg L'/h

whereas over 90% of the peaks in the pre oil sample were above this range.

Appendix I contains the high resolution plots of all the data collected during the analysis of
the soil blocks. Appendix II contains full page figures of Figures 5.52 — 5.54. Further
discussions on the causes of oil as a migration inhibitor are explored in more detail in
Chapter 7.
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6 Modelling of soil data (Johnson, Roy, et al., 2003)

6.1 Objectives

The use of a pore-scale model can be used to obtain more information from soil water
retention curves than is currently obtained. Our first objective was to use our own pore
scale, Pore-Cor, to simulate water retention curves generated by a pedo transfer function.
This lead onto the second objective which was to interpret the results and to reveal the
additional information obtainable from soil water retention curves. The third objective was
to attempt to extend the model and apply it to real soil samples. The soil water retention

curve (SWRC) would then be used to assess the models performance on real samples.

In order to meet the above requirements it was necessary to extend the capabilities of the
Pore-Cor network model. Described in this Chapter is the development of an annealed
simplex method for the analysis of soil water retention curves. The new method was
subjected to a sensitivity analysis. To demonstrate its application, an environmental

impact assessment carried out by Bodurtha (Bodurtha et al., 2003) is also briefly described.

The improved algorithm allowed the modelling of:
e Hydraulic Conductivity (K)
e Transmissivity to pollutants

s Structure variation with texture
6.2 Data Sets

6.2.1 National Soils Resources Institute Pedo-Transfer Function

This study used a pedo-transfer function (PTF) as discussed in Chapter 1 (Equation 1.27 &
Equation 1.28) developed at the National Soils Resources Institute (NSRI), UK (Mayr and
Jarvis 1999). The PTF is based on a least squares regression analysis of a very large data
set of English and Welsh soils. In principle the PTF spans soil water contents at an infinite
range of pressures. However it is impossible to simulate a void network which covers an
infinite range of void sizes, and hence predicts an infinite range of water tension pressures.
The lower end of the size range was therefore truncated at a diameter equal to the wilting
point diameter for plants of 0.2 um. Voids smaller than this were assumed non-conducting,
an approximation that introduced small inaccuracies (Bryant, 1993). Also imposed was an
upper limit of 2500 um, which is around 5 times larger than the typical air-entry diameter
for gravity drainage.
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Depending on where the simplex starts, it runs the risk of converging to a non-global
minimum of the distance function f{s,upvp.wp). The existence of non-global minima is
particularly likely when experimental water retentions curves are used, because these
contain experimental scatter and because of ‘granulation’ of the Pore-Cor parameter space,

as explained below.

In an effort to circumvent this problem, (Press and Teukolsky, 1991) describe how the
simplex method can be combined with a so-called annealing schedule. They explain how
conventional minimization algorithms are analogous to rapid cooling; they go downhill as
far as they can go and this leads to a local, but not necessarily global minimum. Therefore

the simplex is given an energy determined by a Boltzmann probability distribution,

Prob(£) = exp(—%)

Equation 6.1

where £ is the Boltzmann constant. It reflects the fact that a system in thermal equilibrium
at temperature T has its energy probabilistically distributed among all different energy
states E. Even at low temperatures, there exists the possibility, albeit very small, of the
system’s being in a high energy state. As a result, there is a corresponding chance for the
system to escape out of a local energy minimum in favour of finding a better (lower)
minimum. Thus the system sometimes goes uphill (in terms of energy) as well as downhill,

but, crucially, the lower the temperature, the less likely is any major uphill movement.

For the simplex to move around the parameter space effectively, parameters must be
defined such that measurements or trials would have an approximately equal distribution
throughout the total range of the parameter. This is a necessary operation in chemometrics
as well, and in that field is known as 'variance stabilization'. We therefore have to
transform two of the variables into what we refer to as 'stabilized’ variables. Additionally,
the parameter space must not be granular — i.e. quantized in one or more of its dimensions.
The stabilized throat-skew is defined according to the following formula, where g = throat-

skew:
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those that have the correct properties. 1f the geometry is constrained to an extreme degree
with the straight capillaric approximation then only one structure results. This structure
can be readily calculated from the first derivative of the water retention curve. The
simplicity of this calculation makes the approximation dangerously popular, and it is also
implicit in the widely accepted equations for calculating hydraulic conductivity from water
retention (Mualem, 1976). The Pore-Cor void structure is itself highly constrained, but
much less so than the straight capillaric model. So a range of possible structures emerge,
and their validity, within their own approximation framework, must be tested by sensitivity

analysis.

However, two problems prevent the use of a standard sensitivity analysis, in which the
worsening of the fit is examined with respect to the change of every parameter in tumn
away from its optimum value. The first is that the modelling uses iterative and stochastic
methods rather than more standard mathematical equations. The second is that the simplex
18 working simultaneously in seven dimensions, and the isolated testing of one of them

gives little insight into the overall fitting procedure.

The two problems are circumvented in different ways. To cope with the iterative and
stochastic nature of the modelling procedure, we use 'stochastic generations'. The Pore-Cor
unit cells are generated with a pseudo-random number generator, such that the same
structure is always generated from the same parameters, and that slight changes in
geometric parameters give structures which are almost identical. For example, if the
connectivity was changed from 3.5 to 3.6, and the first structure had a group of large pores
near the top of the unit cell, then that same group of large pores would probably be
observable in the same place in the structure with connectivity 3.6. The two structures are
said to belong to the same 'stochastic generation'. However, there is also the facility to
change the seed of the random number generator, producing a different stochastic
generation or family of structures. The modelling results described below result from
between four and ten different stochastic generations for each water retention curve, and
the standard deviations represents the spread of the results between different stochastic

generations.

To cope with the multi-dimensional nature of the working of the simplex, two approaches
are taken. The first is that we track the movement of the simplex on to its best answer by
logging the changes of the four primary fitting parameters close to their optimum values,
as shown in Table 6.21. The second method is to scan away from the optimum result with
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From the modelled parameters it was possible to construct 3d structures giving a
simplified representation of the soil structure. Using these structures it was possible
to simulate processes such as oil intrusion, which agreed with the experimental

results of Chapter 5.

Objective 3  To attempt to extend the model and apply it to real soil samples.

We found that we could successfully model soil water retention curves derived from
real soil samples and produce structures and parameters in accordance with those
expected from the experimental data.

Using experimentally derived soil water retention data from the NSRI, three soils
were analysed. The results of the analysis were used in the development of a system
that can be used to assign a ranking to each soil which could be subsequently

integrated into a pre-existing hazard assessment framework.
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7 Summary, Discussion and Future Work
Soil is arguably one of the most complicated of all media to study. The work in this thesis

has covered an unusually wide range, from field work through laboratory work to intensive
computer programming and modelling. So an ambitious span of work has been carried out
on a very complicated media type. In this overview, we attempt to pull together the many

strands of the work to assess the overall conclusions, and the extent to which this doctorate

project has furthered the progress of soil research.

7.1 Hypotheses

The question that this project proposed (Section 1.3) “Can pore scale modelling of soil be
validated against experiments at core and 0.5m scale, and used to produce results of national
importance?”, We believe that on the basis of this study the answer to both parts of this

question is “Yes”.

For the modelling work we had to:

i. Introduce a Boltzmann-annealed simplex ‘brain’ to the Pore-Cor model.

ii. Design and implement a database to handle the large volume of parameters and
iterations necessary for use of the model.

To gather the necessary high-resolution data we had to:

i.  Develop, construct and operate a new automated lysimeter (Johnson et al., 2003).

ii. Develop experimental protocols that would gain the maximum benefit from the
automated functionality of the Skalar auto-analyser and the Beckman Scintillation
counter.

The theoretical and experimental advances allowed us to discover entirely new results.
With respect to the modelling we found that

i.  The Pore-Cor model produces sensible trends across the whole of the English and
Welsh soils, when based on NSRI pedo-transfer function (Johnson et al. 2003).

ii.  The model predicts the correct partial fingering flow of NAPL through these soils.

With respect to the experimental results, we found that:
i.  The addition of cable oil does not significantly alter the water flow patterns.

ii.  The bromide breakthrough curve peaks are suppressed by oil.

ili. The phosphate breakthroughs are much more random than bromide, and are also
suppressed.

Having summarised the achievements of the project, we will now discuss the conclusions,

and consider a more explicit approach to upscaling which could be used in future work.
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7.2 Experimental Methods

The initial experimentation comprised trials on the Crediton soil core and 0.5m soil block
which established a usable protocol for the analysis of the other soil samples. The analytical
techniques, although not new in themselves, had to be developed and tested for analysis
time, reagent consumption and equipment maintenance. The protocol and maintenance
regime established for the Skalar SFA enabled efficient analysis of large numbers of

samples produced during the 0.5 m core experiments.

The main experimental advance was to carry out high-resolution measurements on soil
blocks, which at 0.5 m are large enough to be representative, but just small enough for
experimental parameters such as rainfall to be controlled. To avoid the need to extract and
mount 0.5 m cores, which weigh around half a tonne, repacking of soil samples was
attempted. However, it has been shown in this work (Figure 4.11) that repacking severely
alters the flow characteristics of the soil sample. So a protocol was developed and carried

out to mount intact 0.5 m blocks of soil in the precision lysimeter.

7.3 Experimental Results

Table 7.1 is a summary of the experimental results produced by analysis of the soil blocks
using the automated lysimeter. The experimental analysis of the soil blocks was necessary
to analyse the validity of the predictions of the Pore-Cor computer model. To try and draw

the strands of the project together we must attempt to understand the experimental results.

The experimental results clearly show the suppression of bromide and phosphate tracers by
introduction of oil into the tracer injection site. This caused a lag in the breakthrough curves
observed at the base of the soil block (Figure 5.24 & Figure 5.41). From the 3-D plots
(Figure 5.26 & Figure 5.42) it could be seen that the previous high flow capacity channels
were disrupted by the oil flow, although the actual elution rates of the funnels remained
unaffected (Figure 5.8). This suggests that the oil was preventing the tracer dispersing to its
previously preferred route through the sample block. This therefore leaves us with two
postulates:
i.  Ifthe oil is suppressing the expected pulse, then this pulse must interact with the oil
as a buffer. However, the reservoir characteristics of the oil are clearly not the same
as those for e.g. soil with phosphate — the shape of the breakthrough curves come out

flat rather than peak with a long tail expected by high reservoir capacity.
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ii.  So another postulate is that the oil is restricting the number of channels through
which the bromide or phosphate is flowing, and that these are acting as constant-flux
type of transport of the dissolved species.

If we take into account the flow sequences shown in Figure 1.19 we may propose a method
of oil migration which precludes bromide from the flow paths in the soil matrix. If we
consider Figure 1.19 a and b we would hypothesise that the oil would migrate through the
soil body in this fashion.

We can conclude from analysis of the 3-D plots and statistical analysis of the tracers
(Section 5.5.2) that visible trends are revealed relating to the retardation of tracer migration
by the oil in the soil. Figure 7.1 is a schematic representation of the different processes
which we believe occurred after oil injection into the soil block, ands the retarding
mechanisms involved in delaying the tracers. The blue arrows indicate the preferential path
taken by water passing through the soil. Figure 7.1 a, shows a flow channel and a single
pore as indicated exposed to the channel. As water migrates past the opening to this channel
the water from the pore will be drawn through. This drawdown effect is a common hydro-
geological phenomenon around oil wells and bore holes. Following from this the small
scale draw down effects in a capillary tube (analogous to our preferential flow path) can be
assumed. As shown in Figure 7.1 b, bromide was introduced into the soil sample and if
trapped in such a pore as Figure 7.1 b, then the Br will be allowed to migrate from the pore
body and be drawn into the preferential flow path and eluted from the base of the soil block
rapidly. Evidence for this can be seen in Chapter 5; Figures 5.38-5.40 show that in the pre

oil injection samples, the bromide is found in discrete locations.

After oil injection the soil peak heights are greatly reduced, and the mechanism for this can
be explained in figure 7.1 C. As the NAPL was injected it then migrated through the soil
body (Figures 5.24-5.26). The experiments conducted during this study allowed 8 hours
between oil injection and secondary tracer injection so any bromide trying to access the
preferential pores containing NAPL would find there progress inhibited. As NAPL passed
through the soil body dispersing it would leave a residual trace of oil. This effect has been
observed by workers such as Dullen, 1992 where oil blobs can be trapped in water wet oil
reservoir. These oil blobs if trapped at key areas would inhibit the transport of bromide
pores and prevent the elution of bromide from the base of the soil block. Mercer and Cohen,
(1990) also noted the residual NAPL becoming trapped in the soil body by gravity migration
of the NAPL. After Figure 7.1 d we would revert to a situation as shown in figure 1.17 b, a
modified version of which is repeated, for convenience, in Figure 7.2 Zones of fluid
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- . . d occurred towards. extending 25cm
+« when comparing experiments. | 2" most .
- Sandy 5 . : . the edge of the . i into the soil.
Crediton . The.modified x* when comparing | hydraulic ] The oil caused.the retardation ,
Leam , ’ . | . collection plate NPT block: With
the pre- and post- oil experiments | conductive. ) ) of the bromide and increased , ,
with 59% pre oil — lobes branching

from the main

intrusion site
for

approximately

:Scm laterally.
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- . . I The Sollom soil sample was the The Sollom soil
An initial period of instability in the o \ : el
2" curve 2900 mgL" /h @ 12 | 300mgL” /h @ 36 hours was the least
pre oil sample existed for 8 hours, . 81% pre - 71% g @ & @ 0
N 5 1¥ and most . hours permeable to
but stabilised afterwards. The x post oil, of the
Clay . permeable . the oil with a
Sollom value when comparing the 2 collection plate had
Loam . . through the . lense forming
samples indicated a change in flow | bod water passing | :
so1l body . 1500mgL" /h@20h 120mgL”/h@ 12h at
patterns analogous to unstable flow through it. me @ ours me @ ours
. approximately
conditions.
10 cm depth.
The Conway
soil formed a
single lobe
_ 3% and least | 31% pre oil —21% penetrating
The Conway pre ¢il injected sample . ]
. hydraulic post oil of the vertically for 15
initially was unstable for 12 hours, . The Conway sample was the
. ) conductivit funnels were . cm before
Conway Silty Clay but settled afterwards. Comparing . slowest 1500 mg L™ /h @ 24 )
. y of water utilised to collect moving
the two samples pre- and post-0il . hours
] ) through the water from this laterally 5-
the highest ¥° value was found. )
so1] body sample. 10cm and then
a further
migration of 5
cm vertically.
Table 7.1 Summary of the results of the experiments conducted on the Soil blocks.
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7.4 Modelling Methodology & Application

The results in Chapter 6 suggest that the new method of characterizing the void structures of
soils seems potentially very powerful. The simulated structures show the expected
behaviour of real samples, and for example reveal that void sizes do change across the soil
texture diagram, but connectivities vary little. This can be used to predict the transmissivity

of soils to different contaminants.

7.4.1 Software Advancements

Prior to the installation of the Boltzmann-annealed simplex ‘brain’, the use of Pore-Cor to
model the void structure of soil was an extremely laborious and time consuming process.
The incorporation of the simplex required very great effort, but has now allowed the time-
efficent production of very large number of stochastic realizations of structures, and
consequently a robust sensitivity anlysis (Figure 6.8). It is now therefore possible to predict
the relative hydraulic conductivity and other useful pore level properties of a soil. The
simulations can be derived either from an experimental water retention curve, or from a
pedo-transfer function, or indeed from the UNSODA database of US soils which were not
investigated in this work. The model is therefore highly versatile in its use of data. The
parameters derived from the model are stored in a sophisticated database developed within
this project (Section 2.2.1). This database allows simple retrieval of complex data sets for
later review. This increases the usability of the software by also allowing separate archives

of modelled datasets, for sensitivity analysis and review.

7.4.2 Upscaling Discussion
In this work, we have compared the results of a pore-scale model with 0.5m scale lysimeter

tests. We have therefore implicitly upscaled the pore-scale for comparison purposes. In
reference to the question of upscaling our model results to core samples, it must be noted
that the field of upscaling is constantly studied and revaluated in the fields of catchment and
porous media studies. Here we have attempted to quantify the results of the ‘real’ soil
blocks analysed in the laboratory using the new method developed to statistically analyse the
oil distributions (Section 5.7.2). The method developed could be modified to analyse the
microscale Pore-Cor model. However this is way beyond the scope of the current studies
and will be appearing in a publication following this thesis. We therefore discuss the
upscalability of our results and distribution comparisons within the context of current

scientific thought and understanding.
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distribution of the tracers under these conditions? The primary consideration in the

upscaling of a porous medium is the homogeneity of the soil, Nielsen et al (1973).

Vogel & Roth (2003) describe a system known as “The Scaleway” which is based on
explicit consideration of spatial structure. The model proposed by Vogel is a contrasting
theory to other models which rely on perturbation theories based on macroscopic
homogeneity and the existence of a finite correlation length with the ability to predict flow
at a specific site at a specific scale. The scaleway can be demonstrated most effectively
using discrete hierarchical units for which the structural units can be clearly distinguished.
The process is based on the fact that microscopic details average out at the macroscopic
scale and hence, only the macroscopic structure is relevant. Vogel states that this method
will apply to linear diffusion (Hammel & Roth, 1998), but it may not be true for others. A
process this rule may not hold for is the displacement of water in a soil structure with air.

Here structural features at the microscopic scale may control the macroscopic behaviour.

Figure 7.4 an arbitrary scale is chosen which is to be described by the material properties.
At a particular scale a particular structure, where the different structural units are labelled by
a certain texture. The structure is directly observable by appropriate instruments irrespective
of the scale of observation. It is further assumed that detected structural units are associated
with specific material properties that govern flow and transport. Consequently the textures
of the different structural units are associated with a set of material properties. A simple
relationship of this type would be the soil water characteristic and the hydraulic conductivity
function. The appropriate process model, would comprise Stokes equations at the pore-
scale, or the Richards’ equation at the continuum scale. Then, the effective properties at a
given observation scale can be calculated. These effective properties may represent the
material properties of a structural unit at the next larger scale. Vogel also reports not only
the effective production of parameters at the scale of observation but at the next larger scale.
Additionally the complete phenomenology without invoking effective processes is available
at the scale of observation provided the underlying process model is correct. The predictive
effective behaviour can therefore be predicted due to the continuous structure of the relevant

material properties being available.
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variance in the oil distribution, with the more lens like Sollom distribution giving a much
lower variance. Direct comparison with the Pore-Cor pore scale model is not yet feasible.
However the Scaleway framework identifies a good possible system of upscaling the pore
level data to a larger cm scale. The major limitation of the Pore-Cor model remains the
inflexibility of its pore structure, trapped in a Cartesian grid. However although the model is
a still simplistic geometrically, it represents a major improvement on the traditional capillary
bundle model. Based on only a water retention curve, it can re-create the partial fingering

behaviour of NAPL in soil on a scale of centimetres.

7.5 Future Work

Improvements in the experimental apparatus could be made by the introduction of real time
data logging and analysis of leachates, leading to removal of sample storage issues
completely. Simple flow injection analysers could be attached to the apparatus to
automatically analyse leachates for tracers. Other factors such as sample saturation, pH and
temperature and waste channel flow rates could all be automatically logged. This would

create a closed system in which all inputs and outputs could be analysed and accounted for.

The integration of additional pedo-transfer functions for different countries would extend the
use of the software, which is currently restricted to English and Welish soils and the
American UNSODA dataset. A major issue highlighted by this project is the lack of water
retention data of good quality. Such data form the foundation of pedo-transfer functions,
which need to be reliable. Water retention measurements should also be usable as raw data.
At present, many data points are widely scattered, and do not agree with the known porosity
of the soil. So the modelling of pedo-transfer data, and especially of raw data, is severely

hampered.

Meanwhile advances have already been made in the model. (Bodurtha et al, 2001) have
studied anisotropic structures, and Laudone et al. are working on the “skeletal elements”
(representative particles) between the pores. These could also be used in conjunction with

the upscaling method discussed in Section 7.4.2.

The model is also finding use for a wide range of materials, including catalyst substrates,
sandstone oil-reservoir sandstone, paper coatings and sintered castings. These new
applications are benefiting from the incorporation of the simplex, developed in this project

because of the demands of modelling soil.
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I. Appendix 1
Figure L1, Figure 1.2, Figure 1.3, Figure 1.4, Figure 1.5 & Figure 1.6 are the flow from each

of the funnels during all of the experiments for all of the experimental soil samples analysed

pre and post oil injection.

Figure 1.7, Figure 1.8, Figure 1.9 and Figure 1.12 are high-resolution plots of bromide
breakthroughs from each separate funnel flux over all experiments. The best examples of
standard bromide behaviour can be seen in Crediton funnels 1-10 and Sollom 1-20. They
are characterised by a typical conservative tracer curve, with a high peak followed by a
diminishing tail. It is observable from the Conway soils that very few funnels conducted
bromide suggesting a very high preferential flow network. This when compared to Sollom

& Crediton that has greater quantities of funnels conducting the bromide.

Figure 1.13, Figure 1.14, Figure 1.15, Figure 1.16 and Figure [.17 is a high-resolution plot of
each of the funnels phosphate flux throughout the experiment. The high-resolution analysis
allows individual sections of the lysimeter grid to be analysed for behaviour. The overall
phosphate patterns are quite erratic, unlike the bromide that provided a smoother more

predictable curve.

The Conway had very few funnels conducting phosphate, until the 36" hour. This is a
uniform distribution throughout all funnels. A good illustration of the retardation of the
phosphate is shown in the Crediton series. A marked number of funnels have reduced there
conduction of phosphate. The Sollom soil appears to be least affected by the injection of the

oil.
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