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Abstract: A critical appraisal of the flow of contaminant solute in a municipal solid waste fill has
been undertaken. A review of the background theories and collaborating field studies of soil, whose
models have been fundamental in investigating the mechanics of the solute flux through municipal
solid waste fills, was also carried out. The solute water flow is generally categorised as non-uniform
comprising relatively fast and slow solutes, relative to the average linear flux through the waste.
Whereas, the classic conversion - dispersion equation appears not to be tenable for landfill solute flux
observations, stochastic models using log-normal probability density function (pdf) and the Lagrangian
model seem as reliable predictive models, regardless of experimental scale. Futurist research may
involve the development of a supplementary model for intra-particle flux, thus enabling the application
of pragmatic multiple permeability models for the bulk solute transport in a waste fill.
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INTRODUCTION

The landfill of waste probably has existed since the advent of human race. As mankind live on the land
and waste is produced from man’s activities, it makes sense for the waste to be dumped into the immediate
environment of man. Sadly, waste management in the poor countries of the world is not quite different from
the ancient times as the majority of the waste is still being placed into refuse dumps unabated without any
caution or control. In the West, engineered landfill of municipal solid waste (MSW) remains the most
economical way of disposing of the waste produced by mankind. In recent years, however, the magnitude of
the streams of waste sent to landfills sites has drastically reduced, owing to increasing awareness of the
probable negative impact of the emplaced waste on the environment. It is well acknowledged that the flux of
the contaminant solutes and its flowing water (from rainfall) from emplaced solid waste, often called “leachate”
could migrate to the immediate subsurface including the aquifer, if not completely contained (ENTRUST, 2009;
Holgate, 2002; DEFRA, 2008).

Accordingly, the main concern of landfill operators is the control of leachate generated within the refuse
fills. In general, leachate is generated when water percolates through partially saturated refuse and extracts
solute contaminant into the liquid phase through physical, chemical and microbial processes (Oni and Richards,
2004). In view of this, there have been many reported investigations on the generation of leachate within the
waste mass of sited landfills (Farquhar and Rovers, 1973; Powrie and Beaven, 1999; Oni, 2000). Owing to
the complex nature of waste and inadequate field data, the majority of the leachate simulations have always
been formulated using the macro-aspects of completed landfills (Powrie and Beaven, 1999; Bleiker et al., 1995;
Langer et al., 2005). As waste is heterogeneous in texture and in emplaced configuration, the prediction of
leachate volumes in landfill has not been exact with current models (Oni and Richards, 2004; El-Fadel et al.,

1997; Rosqvist and Bendz, 1999) owing to non-uniformity of flow in the waste fill. In recent years, however,
specific investigations on a physical process - “preferential flow”, which is believed to be the principal physical
cause of the non-uniform flow in waste fills, have been undertaken by various investigators (Uguccioni and
Zeiss, 1997; Bendz et al., Rosqvist and Destouni, 2000; Beaven and Hudson, 2003; Beaven et al., 2005;
Rosqvist et al., 2005). In many of these cases, general studies on the solute transport in the water flux through
the waste have been undertaken. This is not surprising as the solutes leached from various contaminant waste
constituents constitute the potential contaminant/pollutant in the leachate flux emigrating from the landfill to
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the immediate environment. Although not all the solute (dissolved substance) in waste fills are a contaminant,
the bulk flux of the solutes is contaminated, hence the appropriate adjective term “contaminant” used in this
paper. 

Critical Review:

Background: Fundamental Theories and Models – Derivatives from Soil:

The modelling of solute flux in MSW fills has been commonly undertaken using the existing soil models.
Although soil and waste are different in texture and nature, both have the physical characteristic of a porous
media and this probably explains why fundamental solute flow models for soil have been able to reasonably
simulate the solute flux in waste fills. In the context of a comprehensive review of solute flux in MSW
landfills, as in this paper, a fundamental review of the soil mechanics and the investigations undertaken on the
preferential flow of solute (including the flow water) in soil formations is requisite to understanding the basic
flow mechanisms in emplaced waste formations.

The modelling of the convection (advection), and dispersion processes is well established for soil
formations. The most significant feature of the hydrodynamic dispersion process through the porous system -
the preferential flow, is well documented and explained (Coppola et al., 2009; Gerke. 2006). Preferential Flow
can be defined as a flow which occurs when solutes and its ensuing water flux (solvent) move along some
pathways, while bypassing other volume fractions of the porous soil matrix therefore resulting in non-
equilibrium conditions in the hydraulic head and solute concentrations between regions of faster and slower
flow within the locality of the flow. Preferential flow in soils can be divided into four distinct types of flow
based on the mechanism of occurrence. First, there is preferential flow in real macropores (or non-capillary
pores). In this case, only the kinematic wave equation or the simple Hagen–Poiseuille equation can be applied.
The flow velocities are significantly higher than those in the bulk pores. Second, there exists preferential flow
in inter-aggregate pores, which is often called “interpedal” or structural pores. As the pores can be classified
as capillary pores, therefore, Richards' equation is applicable. The rate of the fluxes is higher than in intrapedal
pores existing with the soil, however less than the flow in real macropores. Owing to non-uniformity in the
permeability of adjacent soil layers, fingering occurs due to the instability on the wetting front resulting at the
interface of a less permeable layer above a more permeable one. The water velocities in this case are
comparable to those of the flow in capillary pores. Lastly, there is preferential flow occurring when the initial
soil water content is below a critical value, thereby causing spatial irregularities or temporal dynamics in soil
wettability (or water repellence). These fluxes are also similar to both the fingering and fluxes owing to
capillary pores.

Solute transport in soils was initially modelled with the traditional deterministic one dimensional convection
- dispersion equation (CDE), which uses the average linear velocity and constant dispersion coefficient to
describe average solute fluxes (Biggar and Nielsen, 1967; Freeze and Cherry, 1979). Owing to inefficiency of
this model at the field scale, two additional parameters to account for mobile and immobile soil water regions
and the transfer of solute between the regimes were established (Van Genuchten and Wierenga, 1976). This
model is often termed the two-component CDE to account for the partitioning of the solute into fast advective
component and the relatively slow component of the flux (Sposito et al., 1986). The fast component is
involved in advection, dispersion and linear sorption processes, which can be positive or negative with the
sorption processes in instantaneous equilibrium. The slow component exists outside (temporarily) of the mobile
regime and is only involved in sorption which can be instantaneous and linear or may be characterised by
reversible first-order kinetics. The rate of solute mass transfer between the mobile and immobile phases is
assumed to be a linear function of the instantaneous concentration difference (gradient) between the two phases.
A sensitivity analysis undertaken on the CDE shows the fractional transport volume being the most significant
physical parameter useful for solute flux in the model (Sposito et al., 1986).

The next postulation, the mobile-immobile model, is a form of double porosity model; however, actual
models have been formulated for the two different pore systems. Aside from the normal matrix pore, a fracture
pore-system exists within the soil fabric and is assumed to be very mobile with its saturated water flow
described by the Richard equation. In this model, solute transport is undertaken with the convection-dispersion
equation. Transfer of water and solutes between the two pore regions is undertaken with the first-order rate
equations and the mass transfer term for solute transport includes both convective and diffusive components
(Gerke and van Genuchten, 1993). 

Following the concept of double porosity, there have been advances of this fundamental concept with the
aim of better simulation of the solute transport in porous media. Preferential flow has been formulated using
multi-porosity, multi-modal, and dual/multi-permeability models. Dual permeability models in soils are
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contemporary and conceptualised as having both inter-aggregate and intra-aggregate flows. These models are
increasingly popular; however, existing models differ mainly in how they implement water flow in and between
the two pore regions, most importantly in terms of the degree of simplification and empiricism. The method
of determining the water flux in macropores or inter-aggregate pores range from using Poiseuille’s equation,
the Green and Ampt or Philip infiltration models, the kinematic wave equation, to the Richards equation
(Simunek et al., 2003).

Aside from the physical models, stochastic modelling has also been applied to the solute transport in soils.
Transfer models that do not directly describe the non-uniformity in solute transport as in deterministic models
but rather measure the distribution of solute travel times from the soil surface to any depth with time for
continuous input of solute water pulses were proposed (Jury, 1982). A stochastic convective CDE was initially
proposed but the main problem lies with the uncertainty and inaccuracy in experimental determination of the
lateral distribution of the vertical solute velocities (Butters and Jury, 1989). Probably the most common
technique used in stochastic modelling is the application of lognormal transfer function models (TFM) which
have been postulated more than two decades ago (Butters and Jury, 1989; Jury and Sposito, 1985; White et

al., 1986). A comparison of the simulation of solute transport using the stochastic CDE and lognormal
probability density function (pdf) shows the superiority of the lognormal function in simulating solute flux in
field (real) conditions (Butters and Jury, 1989). I

The remainder of this paper examines and reviews the various studies that have been undertaken on the
solute transport mechanisms in MSW fill using some of the above described physical mechanisms and models.
This will enable current and prospective researchers on the hydro-physico flows – especially solute in waste
to quickly grasp the scope of current work and seek ways to advance this interesting but important aspect of
leachate predictions and management in MSW landfills (Beven and Germann, 1982).

Methods, Results, Analysis: Studies on Solute Transport in Waste Fills:

Although the relevant and contemporary studies are reviewed herein, more emphasis has been placed on
reported studies, which are specific on the quantification of the solute rather than generic observations of the
characteristic trend of the breakthrough curves (BTCs).

In comparison to soil, relatively small amount of work has been undertaken on the solute transport in
emplaced municipal MSW fills. Of significance are the investigations undertaken at the Department of Civil
and Environmental Engineering, Royal Institute of Technology, Stockholm, Sweden, University of Southampton,
UK, and the University of the Witwatersrand, Johannesburg, South Africa.

Among the earlier principal investigations were those undertaken at the University of Southampton, UK.
The studies involved basically the study and characterisation of gravitational vertical flow path of solute- water
through aged MSW waste in large scale cells using multi tracers (Beaven et al., 2005; Rosqvist et al., 2005;
Beaven and Hudson, 2002). The tracer, used as the solute input was introduced as continuous top pulses into
steady–state flow condition in the waste fill. Similar to soil, it was found out that the general shape of the
breakthrough curve (BTC) was found to be positively skewed; however, with a relatively prolonged tail. This
early peaks of the characteristic trend is indicative of a very fast solute transport in preferential flow paths and
the long tails indicative of slow water flux in less mobile domains. It was observed that striking jumps in
concentration occurred during the solute water input following initial period of no-flows in the saturated
condition, which indicates a possible secondary store, or two varying flow channels whose solute exchange
mechanism could be adsorption or diffusion (Beaven et al., 2005). Unlike in soil formations where Brilliant
Blue has been successfully used as tracer in soil formations, very insignificant portion of the Brilliant Blue
was recovered owing to staining of absorbable constituents in the waste fill. Following the delineation of the
BTC of waste, initial modelling of solute transport in waste was undertaken using models similar to the
mobile-immobile model, described above using the data from the large-scale test cell (Beaven and Hudson,
2003). In general, the simulation result using the double porosity model (Wright and Barker, 2001) showed
reasonable compatibility with measured data in the test cell.

Perhaps among the most reliable tests on solute transport in emplaced MSW fills are the tests undertaken
on a pilot scale experimental landfill (570m ), built at Filborna, Helsingborg, Sweden (Rosqvist and Bendz,3

1999; Rosqvist and Destouni, 2000; Rosqvist, 1999). The emplaced fill comprised fresh solid household waste
of a wet density of 560kg/m . The landfill was irrigated with a dripper system such that the drip points were3

evenly distributed over the surface at 25cm. The non-reactive tracer used was Lithium and its samples were
collected weekly from the continuous leachate flow in the drainage tank. To facilitate the results of this
experimental landfill and also for scale effect observations, a waste sample containing 3.5 m  of old, well-3

degraded MSW waste, from an adjacent landfill site was also tested in a large scale cell for the measurement
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of solute flux in MSW fills. The BTC, similar as above, shows similarity in the solute flux characteristic trend
for both the experimental landfill and the large scale cell tests. Three different models were used to interpret
the measured data from the two different scales of experiment, namely - advection–dispersion equation (ADE
model); the Mobile–IMmobile water (MIM-model) and the BIModal advection (BIM-model). The mechanisms
of the ADE model and MIM model are similar to the CDE and mobile-immobile models explained above.
However, the BIM model does not consider diffusion but assumes only mobile water and solute advection in
both preferential and slow flow regions. It then uses probabilistic Lagrangian modelling approach using a
bimodal probability density function (pdf) travel time of solutes to quantify the variability of solute advection
in the two regions. Although the modelling using the ADE model and MIM model could possibly simulate
the data for the test sample, it was found out to be inadequate for modelling the solute flux in the pilot
landfill. In contrast, the BIM model could reasonably simulate the measured solute transport measured in both
the landfill and large scale cells. The result shows that approximately 55-70% of water inflow moves though
5-16% of the inherent water in the sample waste fill while approximately 90% of the inflow moves though
approximately 47% of inherent water in the landfill. These results are very similar to that also obtained through
stochastic time travel pdf. Following this experiment, the lead researcher, Håkan Rosqvist, originally of Royal
Institute of Technology, Stockholm used the same Lagrangian modelling approach to successfully simulate and
interpret solute flow through 0.14 m  municipal waste fill, located at the University of the Witwatersrand,3

South Africa. It was found out that between 19% – 41% of the total water content were active in the transport 

of solute flow through preferential paths in the waste fill. 

One of the current innovative researches into waste solute transport was undertaken at the Southampton
University, UK using a close loop test on an aged and degraded waste fill emplaced in a large scale cell [35].

2In these tests, multiple tracers, Lithium, Bromide, and deuterium (D O) were used as tracers in a recycling
steady flow established in the waste cell, within an ELAND consolidating frame. Whereas no solute transport
model is yet to be established for the BTC, the characteristic trend of the BTC shows that the technique is
quick and effective for solute transport tests as the final concentration does not need not be zero or near zero
thus eliminating error often incurred from tailing–off of in the convectional BTC. Furthermore, the test is also
less laborious compared to traditional tests as it does not require regular manual sampling or attendance, and
mass conservation of the bulk waste is better achieved. For the first time, intra-particle flow was implied for
flows through waste constituents. In addition, the effective porosity of the waste, which is important for
analysis in solute transport modelling, could be accurately determined from the resulting final (equilibrium)
concentration of the contaminant solute water.

A series of tests which include the essential features of previous tests, however, with more tracers were
undertaken in a large scale test cell at the University of Southampton. The first phase of the experiment
comprises vertical flow tests, while the next phase involved recycling of solute water in the cell [36]. The
vertical flow tests were undertaken with top tracer pulses input into an overlying pond on the waste fill, which
was termed the “oversaturation condition”. The close loop tests were undertaken following a short period of
no flow at the end of the first phase. The tracers used for the tests were Lithium, Bromide, Coomassie Brilliant
Blue and Sodium Chloride. In order to examine the effect of degree of waste saturation on solute transport,
additional vertical flow tests were undertaken following the close loop tests in an absolute saturation condition
using only Sodium Chloride as the tracer. Unlike the first phase, top “hat” pulses of tracer were introduced
on the bare surface of the waste fill (without any surface pond), which is at 100% saturation. The modelling
of the solute transport for vertical flows in both the saturation and oversaturation conditions were undertaken
using function models based on the pdf of the travel time of the solutes and equivalent non-parametric models
(Rosqvist and Bendz, 1999; White et al., 1986). The modelling using this method shows that approximately
98% of the volumetric water of the waste fill is active in the transport of solutes in the waste fill in the normal
saturation conditions. Further modelling of solute flux using the inflow pdf for these data indicates a slight
overestimation in the calculated fractional volume of the waste participating in the solute transport. It is
therefore suggested that a constant parameter such as the solute inflow may not be appropriate for modelling
a solute quantity that undergoes changes owing to processes such as adsorption or staining within the waste
matrix. Significant intra-flow in waste particles was also reaffirmed in these tests. As established in previous
studies, Brilliant Blue appears inappropriate as a conservative tracer in MSW fill owing to its significant
staining of waste particles.

Ordinarily, this review has shown that despite disparity in occurrence, texture, and formation - fundamental
flow mechanisms and models of soil appears to be applicable to municipal wastes. The behavioural difference
of the two different media has been shown in the characteristic trends of solute flow (BTC) - in terms of early
peaks and long tail and higher fractional solute flow for waste fills, in comparison to soil.  Although the solute
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flow patterns in large scale test-cells and pilot landfills are similar, some of the conventional models such as
the CDE and mobile-immobile, which may be applicable to large waste columns, may not adequately replicate
the observed solute flows in real landfills. Nevertheless, stochastic modelling appears to be able to simulate
the solute flux regardless of the scale of experimentation. From this review, it is apparent that the volume of
inherent water content of waste participating in the flow of contaminant solutes increases with the degree of
saturation. Currently, the flow mechanism through the permeable particles of the waste in not well understood
as waste is complex, comprising of varied texture of constituents. There is no doubt that incorporating an
average intrinsic permeability model into existing models is necessary, and will suffice for accurate
determination of solute transport.

Futuristic approach to studying and estimating solute transport in waste fills may involve recycling or close
loop tests and physical modelling using double or multiple permeability concepts for the bulk flow through
the waste fills. Deuterium could also be used as a tracer. 

Conclusion:

A review of the various studies undertaken on solute flux in waste fills has shown that the solute transport
is not uniform and is generally influenced by principles underlying the preferential flow in porous media.
Adaptation of fundamental concepts and models previously used for soil to waste has been found satisfactory
in describing the characteristic trend of solute water flux in waste fills. Formulation of a reliable model that
describes and separately quantifies the average intra-flow in waste particles is seen as the next step forward
to accurately quantifying the solute flux, thus enhancing leachate predictions in MWS landfills
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