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ABSTRACT

The aim of this thesis is to evaluate if the gemitat method electrical resistivity can
be used as a tool to analyse gas movements inanengissions from heterogeneous
soils such as landfills. Electrical resistivityasnaterial parameter that describes the
isolative capacity of the ground; consequentlyrgdaamount of water in the soil
pores conveys low resistivity values in the soildelo Analogously, a large amount
of gas present in the soil pores is assumed tq riigh resistivity values. Increasing
soil moisture during the investigation period addys could be indicated at some of
the measurement plots as a decreace in the resialuation in resistivity, as well as
decreasing Cliflux in accordance with litterature. Larger raireats was detected in
five of six measurement plots as negative peekssistivity in the surface soll

layers, where after an immediate pronounced peakcared. This was interpreted as
gas advection; initially gas is forced downwards ideeper soil layers during the rain
event, where after the gas is forced upwatds wihenvater is infiltrated into deeper
soil layers. Simoultaneously with these resistiyigaks, maximum CHluxes were
measured at three of six measurement plots, suggestelease of CHrom the
landfill soil through gas advection after rain etgemhe overall picture of the gas
movements at the landfill was that the extentiogas assimilations increased and
decreased following the diurnal variation in seinperature; simoultaneously with
soil temperature, maximum peaks in resistivity ddug¢ seen, perhaps linked to high
gas pressure according to the ideal gas law. Eattesistivity seems to be helpful
in analysing the spatially and temporally varyinigGluxes from landfills, but more
research and an adjustment of the methodologyadetkto stress the results.

SUMMARY

The anaerobic production and emissions of, @bim landfills is an
environmental problem that is hard to predict aritigate, since the soil structure and
waste composition of landfills are highly heterogems. Soil gas moves through
molecular diffusion driven by concentration gradsemr through advection
determined by pressure gradients. According tecalitee, the gas generally moves in
horizontal directions in landfills, since the soilnsist of packed layers with a higher
horizontal than vertical permeability.

The aim of this study is to evaluate if the geoptalanethod electrical resistivity
can be used in combination with measurements ddceigas emissions, in order to
obtain better knowledge of gas behaviour in lahdblls as well as their relation to
the highly spatial and temporal variability of gasissions from landfills.

The principle of electrical resistivity measurenseistto let an electric current
pass through the soil between two electrodes. énaslditional electrodes, the
potential of the ground is measured. From the nmredspotential, the strength of the
current and the spacing between the electrodespb@rent resistivity can be
calculated, assuming that the soil is homogenewbgli is seldom the case in
reality). Through data inversion, models of thd ace created, with distribution of
true resistivity values in different layers andamef the ground.

The material property resistivity is, unlike reaisce, independent on dimensions
of the soil volume that the current flows throughe resistivity values of the ground
are related to material, but also to the amoumtaiér or air in the soil pores. With a
lot of water present in the soil, the resistivigcbmes low and in analogy with this,
the resistivity is expected to rise when the soilgs consist of a lot of gas. The



central assumption used here is that when lookifanges in resistivity over time,
the main changes depends on the relative amowgasobr water in the soil pores.

The current study was made in the frames of a relsgaoject lead by Tyréns
AB, NSR Atervinning and Lund University. The studgation was a 20x18m area
upon the landfill Filborna in Helsingborg. Electaicesistivity was systematically
measured with the ABEM Lund Imaging System, an matiic system that provided
resistivity models every second hour during Jungt&aber 2008. Climatic variables
were logged every minute with a Campbell C1000 tagger, and soil moisture was
measured occasionally in twelve TDR-probes witlD&RT00-instrument. Static
chamber measurements of £lixes from the surface were measured at six fixed
measurement plots during two of the field weel&14" of July and 18-22" of
August) and analysed in a gas chromatograph witadetector.

The resistivity data was imported in Matlab, anel tbsistivity in three different
soil layers below each static chamber measurenetnivas interpolated and plotted
on a time-axis. Soil temperature had an effectesistivity through affecting the
conductivity of the soil, which is described with ampirical relationship found in the
literature. This temperature effect was modelledi®ing the soil temperature from
the weather station, and withdrawn from the meaktesistivity variations.

The resulting graphs showed that the changes istikéty at all measurement
plots more or less followed the diurnal variatiamsoil temperature. This was
proposed as an effect of gas pressure followingeamiperature according to the ideal
gas law. Another observation was that the resigtoecreased during three larger
rain events, where after the resistivity often nmseonsiderable peaks in resistivity.
At some of the plots, maximum GHuxes occurred simultaneously with the
resistivity peaks, while the flux data at othertplavere insufficient to stress this
relationship. However, from what could be seers b@haviour was consistent at all
plots except one, and it was interpreted as atreghs advection from the soill;
when the water infiltrated to deeper soil layetsrathe rain event, it is possible that
the gas present in the soil pores was forced umnamnd resulted in larger fluxes.

The effect of continuously increasing soil moistdteging the week was also
indicated in some of the graphs, since the restigtsteadily decreased during the
week at this plots. Also the GHux tended to decrease during the week at twihef
plots (with the advection fluxes excluded), an eteé result since water in the upper
soil layers blocks the gas from being diffusindgite atmosphere.

At some of the measurement plots, several of thefltikes were negative. This
probably means that GHbxidation in the upper soil layers occured hesea aesult of
oxygen present in the soil pores. Landfill gas ¢xissn addition to Clfof
approximately 50% Cg) but this constituent was not analysed. To imprbng
method, it would be preferable to analyse not ¢inéyCH, but also the C&flux,
among other reasons to obtain a more accuratesamalythe CH oxidation. More
replicates of gas flux measurements are necessatyess the results and conclusions
from this study.

Although the field method could be improved, theaasion of this study is that
it can be valuable to use electrical resistivitydoalysing gas behaviour and their
relation to surface emissions at landfills. Thastegty data must be interpreted with
care, since technical effects and uncertainty ease problems when looking at the
data on a small scale. The resistivity measurememwisualize gas presence and
movements in the soil. In combination with flux rmeeements, it has lead to the
suggestion that relatively large gas emissiongileety to occur at different locations
around the landfill as a consequence of advectaw &fter larger rain events. In



addition, diffusion flux occurs and is coupled ol snoisture and soil temperature.
The average fluxes are higher in the vincinity a$ @ssimilations in the soil.
Hopefully, studies of this kind can improve the wiedge of the reason for the
spatially and temporally varying fluxes from lanidfi

PREFACE
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Tyréns AB, NSR Atervinning and Lund University. Timain objective of the
research project was to investigate if it is pdssib detect gas assimilations in
landfills with electrical resistivity.
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1. INTRODUCTION

1.1 BACKGROUND

Landfills fulfil the function of being the final g®sit of wastes that cannot be used
for any beneficial purpose. Many landfills in Swedeve been used for decades, and
have continuously been increased with new depdsiken they have earned out their
purpose, landfills pass to a phase during whicivagireservations of environment
are still necessary. Such preservations couldample be to cover them with clay
or plastics to reduce gas emissions. When the ems$om landfills become small
enough not to significantly impact the environmehg active custody of them can be
terminated. Some of these landfills have been emvemmd are now overlain by
forests, settlements etc. (Christensen 1998).

Waste hierarchys a basic concept used in waste technology, ietgto the ideal
values of and management of refuse. Directions fiteenEuropean Union from 1999
suggest a waste hierarchy that is also recommermedSEPA; the Swedish
environmental protection agency (NaturvardsverKetThe significance of the EU
waste hierarchy is to prioritize waste managemesthods according to:

I. Prevention or minimization of waste
II. Re-utilization
lll. Recycling
IV. Safe custody of waste

The deposit of waste into landfills ends up undember IV on the hierarchy
above, and is conceivable only when there can bduntber use of the refuse
(Naturvardsverket 1). The fourth prioritized altatime, Safe custody of wastes in
other versions of the waste hierarchy (and in prertdivided into the higher
prioritized Combustion and energy usaged the least conceivable alternative of
Deposition(Christensen 1998).

The overall goal for deposition as a waste managemmethod is to reduce the
amounts of waste deposited in landfills as muchassible. Waste that still has to be
deposited will in the future probably be concemtdato fewer landfills with higher
standard. The EU directives from 1999 have alrdadyto an improved standard of
many European landfills, including Swedish, dumagent years. Predictions say that
50% of the 500 active landfills in Sweden todayl Wwé shut down in the near future.
(Naturvardsverket 2).

The waste that ends up in landfills can have badustrial- and municipal origin.
The meaning of the terrmunicipal wastes that it consists of, or is similar in its
composition to, household waste (Europeiska Unisnga 2001). Today, organic
material is prohibited in landfills, but SEPA, arlde county administration in
individual cases, are allowed to make directionsualexceptions from this paragraph
(Miljédepartementet 2001). It should also be keptmind that some landfills could
contain organic materials from earlier periods,imymhich the regulations were not
as hard as today. Grocery remainders may alsoenobimpletely absent in municipal
waste.

One of several environmental problems with lanslfi concerning the gas
emissions to the atmosphere. Landfill gas is predutom the biodegradation of
organic material in the waste. When oxygen is aédl, the main component of the
gas produced is GO(CO2), while CH (methane) is produced under anaerobic



conditions. CH can also be oxidised to Gefore it escapes the landfill. The
percentage share between£@d CH in landfill gas at equilibrium is usually around
55% CH, and 45% C@ although these figures can vary between sitesdtition,

also trace quantities of NH,S, gaseous hydrocarbons and other compounds are
present in landfill gas (Crawford & Smith 1985). present day, it is hard to estimate
how large the proportion of released £id the atmosphere is compared to the total
amount produced in landfills, but figures from Svséd government's energy
authority STEM 2005 suggests that 21-63% of the idduced in Swedish landfills
(with a large variation between sites) reachesathesphere. Studies from USA have
resulted in a corresponding value of 20-50% (Sassoekt al.2005).

Both CQ and CH are strong greenhouse gases, but it is the €hissions that
are worrying; CH has a global warming potential of 25 £€quivalents over a time
period of 100 years (IPCC, Fosttral. 2007). On a global scale it is a well known
fact that emissions of anthropogenic £id about twice as large as natural CH
emissions, and that landfills is an important amplogenic CH source among for
example rice paddies, biomass burning and fermentat guts of domestic animals
(Chapinet al. 2002).

IPCC (UN:s Intergovernmental panel on climate cledrapnclude in their Fourth
Assessment Report from 2007 that the anthropogamissions of greenhouse gases
(CO,;, CHs, N2O and halocarbons) cause the global warming. Tineosgheric
concentration of Cllhas increased with 30% during the last 25 yeang durrent
atmospheric concentration of GHes approximately 1.8ppb, compared to the pre-
industrial values of around 0.7ppb in between AD@1800. This corresponds to a
radiative forcing (RF) of +0.48Wt) which is the second largest RF of all greenhouse
gases (C@have a RF of +1.66WH). Radiative forcing is a parameter that describes
how the energy balance of the earth-atmospheremys affected by changes in
atmospheric concentrations of gases (or by othetofa that affects the climate;
albedo etc.). A positive RF implies that the eneofjthe earth-atmosphere system
will increase and cause a warming (IPCC Fostexl. 2007).

Consequently, there are two major advantages ppimng and collecting landfill
gas; the environmental benefit of reducing the amwwf CH, emissions to the
atmosphere is one of them. Another interest ofehadivities is economical and
social; landfill gas can be refined into biogas,ichhis used as fuel in vehicles and
energy to heat up buildings. Combustion of biogasflandfills has the advantages
of being a renewable energy source, unlike for gtarnombustion of fossil fuels, at
the same time as it prevents &Hhissions from landfills (Harbison 2008).

When gas production and gas emissions through amlsnodelled in order to
estimate greenhouse gas emissions from a natucdystem, the soil is often
considered as a homogeneous medium, through whiehgas migrates upwards
through the soil (Fangt al1999). Several studies have shown that the ncajatrols
of the magnitude of the gas emissions are temperagail moisture, soil porosity and
organic matter content (Faegal. 1999).

The emissions of landfill gas on the other handash@hly variable spatial and
temporal patterns. Even though the processes iadadtvgas transport inside landfills
are known, large uncertainties regarding the agpadédern of gas movements still
remains, which is especially convenient in landfjdis models. The uncertainties
originate in the structural heterogeneity of latsifidifferences in waste composition
and compaction bring a large variety in porositpisture and hydraulic conductivity
across a landfill that is difficult to model withbaxhaustive excavations (Lamborn
2007).
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Geophysics is a valuable technique for visualisstigictures below the earth
surface, and the electrical resistivity method basn used frequently for detecting
water migration in landfills. Indications of a pdsbty also to detect gas inside
landfills were recently presented, and during 28A8nvestigation project took place
at a landfill to inquire into this matter. It istin this project, lead by Tyréns AB and
NSR Atervinning among other participators, that therent degree project was
performed.

With the indications of a possibility to detect déii gas with electrical
resistivity, the idea of using geophysics as a alisiool for understanding gas
behaviour in landfill soils and it's relation toethvarying surface emissions was
developed.

A lot of important research is ongoing to underdttire reaction of natural and
anthropogenic environments to present conditiomisyell as a changing climate.
Process-based knowledge improves climate modedlitige future and makes
preventative measures more efficient. In this pertpe, it makes sense to try new
methods for understanding gas behaviour in lasdilg. with the electrical
resistivity method used here. Hopefully the rescéis provide some clues or
inspiration to a better understanding of the higldyiable spatial and temporal
variations in gas emissions from landfills, whiohthe future can lead to a reduced
amount of greenhouse gases to the atmosphere.

1.2 AIM & OBJECTIVES

The aim of this project is to evaluate if the eleal resistivity method can be
used to obtain better knowledge of subsurface ghawour and Clklemissions from
landfills.

Can the gas transport inside the landfill be vigeal by resistivity
measurements and described theoretically?

Is there a relationship between weather data, glaaviour in the soil and CH
emissions from the surface?

11



2 THEORY
2.1 ELECTRICAL RESISTIVITY
2.1.1 General principle of electrical resistivity neasurements

Electrical resistivity is a geophysical method faetermining electrical
characteristics of the ground. In principle, theasweements are done by letting an
electric current pass through the ground betweenetectrodes, see figure 2.1. In two

additional electrodes, the electric potential o€ thround is measured, and the
resistance of the ground can be calculated with '©aw:

r=Y 2.1)
where R ) is the resistance, U (V) is the voltage and | igAhe current.

current /

battery mefer P

X~
D
) h \aih of electric current _ —~ ;

Figure 2.1.Principle sketch of resistivity measurement arrangat.
Current is sent between two current electrodes, thedootential is
measured in two potential electrodes. (Robinsonasu@ 1988 in Dahlin

1993:12)

The term resistivity refers to a parameter thatdess the isolative capacity of
different materials. Resistivity is a material pedy that is, unlike resistance,
independent of the geometry of the object. Theedkffice and relationship between
resistivity and resistance is best described byelation below:
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R=r X% (2.2)

which defines the resistivity(\Wm) of the material, wherB(W) is the resistance
for the current through a path of lengtitm) and cross sectional ar&ém?) (Parasnis
1986).

If the earth is assumed to be homogeneous, andeatti@l current is sent into
the ground from a single current electrode, theeturwill flow radially from the
source electrode into the ground. This is true utite conditions that a possible sink
electrode for the electrical current is at a ladistance from the current source
electrode. If the current flows radially into theognd, the cross sectional area of the
current path is sphericald =23 p>r?. If expression (2.2) is combined with Ohm’s
law, the potential®) at distances from the current electrode becomes:

Wl
Ir 2:por?

(2.3)

That means, that if the currenis known, the resistivity can be calculated in all
points of the ground where the potentldl can be measured. In real electrical
resistivity measurements, the potential differenf® between two potential
electrodes is measured instead of the potebtiat one single electrode. The reason
for this is practical and has to do with measuramechniques. The potential
electrodes are placed in the electric field in lestov the source and sink electrodes
(see figure 2.1). The potential measured at eatheopotential electrodes C and D is
the sum of the contributing potential influenceboth current electrodes A and B:

DU =U.-Up=Uca+Ug)- Upy +Ug) (2.4)

Integration of equation (2.3), and substituting timto equation (2.4) leads to the
following relationship:

r. = 2>p>DU (2.5)

This is the basic expression for computing theatedapparent resistivity values
ra. This equation is clearly dependent on the spacetgéden the electrodékearey
& Brooks 1991).

There are a number of methods with different achges to choose between when
selecting the electrode arrangement and configurafior electrical resistivity
measurements. Larger electrode spacing resultgleeper ground penetration of the
electric current, but it also means that the rasmiuof the data decreases with depth
(Dahlin 1993).

In the pole-dipole configuration, one of the cutrelectrodes is placed at a large
distance from the other three electrodes. The spdmtween the potential electrodes
is also very small compared to the distance tactbgest current electrode, see figure
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2.2. The advantages of this configuration is adogrdo literature that it reduces
noise, provides good resolution of horizontal sies and is sensitive to surface
inhomogenities (Sharma 1997).

Pya Py na

POLE-DIPOLE

Figure 2.2 Pole-dipole configuration. P1 and P2 are potential
electrodes, and C1 and C2 are current electrodési(@a 1997:213).

2.1.2 The resistivity model

In practice, the electric resistivity arrangemewongsists of several electrodes
placed along a so-called resistivity line. A conguutontrolled system can then switch
between which four electrodes that should be actaed provide systematic
measurements of apparent resistivity with differeleictrode spacing and horizontal
location along the line (Dahlin 1993).

When measurements of apparent resistivity are mejleatedly in a systematic
way, a pseudosection i.e. a summary diagram shotm@pparent resistivity values
of different points in the ground is obtained. Fg2.3 shows how data points are
plotted in a pseudosection; each measurement \&la@ex-coordinate representing
the center between the potential electrodes. Nwethex-axis of the pseudosection
represents the real measurement line, whileythgis does not represent real depth
below ground. The y-axis scale represents thereldetspacing (Dahlin 1993).

Station 32
| ' 1
C P P C
1 3a 1 320 T2 2. 2 Laptop
Station 18 Resistivity Computer
T g ] Meter
Station 1 =
1 T
C7 Py PaC g
1 1 Fz2 Gy Electrode Numhber
Data 1 2 3 4 5 &6 7 & 9% 10 11 12 13 14 15 1ld 17 18 19 2p
Level 1 218 | 8 [ | L1 | |1 | L1 l L 1 1
n=1 1+
n=2 T . =
n=3 gt s
n=a 13+ -
n=5 1+ -
I'I=E 55'

Sequence of measurements to build uvp a psevdosection
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Apparent resistivity does not represent the reaBtgce the measured apparent
resistivity assumes that the ground is homogenelouseality, the ground is often
heterogeneous which means that varying materiats amects in the ground
contribute in different ways to the measured vabfighe apparent resistivity. To
transform the pseudosection of apparent resistivitjues into a soil model with
layers and bodies of true resistivity, a computecpssing method called inversion is
used (Dahlin 1993).

The pseudosection is usually presented as a linéaerpolated contour map,
with a color scale representing the differencegpparent resistivity. A computed
start model of the ground is set up. The prograem tbalculates a corresponding
pseudosection that the computed model with itseckfit layers and bodies of true
resistivity would give rise to. During the data @msion, the pseudosection of the
computed model of the ground is compared with teasured pseudosection, and the
computed ground model is adjusted until both psseckions agree with each other.
When this is achieved, the computed ground modil kesistivity values of different
subsurface layers and bodies is assumed to repribgereality and can be used for
interpretation (Dahlin 1993, Loke 2003).

It is important to realise that different geolodio#odels can give rise to the same
pseudosection that fits the measured data. Therditierent techniques for the data
inversion, and the best-suited method depends ersite conditions. While some
inversion techniques smooths out the boundariesvesst points of different
resistivity (least-squares optimisation methodjeos keep sharp limits between them
(blocky optimisation method). When interpreting thedel, it is important to keep in
mind that some regions can appear to have toodrigbw resistivity values because
of the data inversion (Loke 2003).

The resistivity values of the ground model are Ugydaced into cells with fixed
sizes and position. The contour maps that are rddarom the inversion program are
smoothed out from the inverted data grid, in otdesbtain a more realistic picture of
the ground. (Jolly et al 2007).

To obtain a 3D-model of the ground, several 2Dstasty profiles are measured
and combined (Dahlin 1993).

2.1.3 Resistivity data interpretation

There is a relationship between resistivity andlggioal material, so ground
measurements of resistivity can be used to detesnfon example, if a soil consists of
sand, clay or other materials. However, there dherofactors that influence the
resistivity; high porosity or cracks increases ig@ative capacity of the ground, i.e.
the resistivity increases. On the other hand, éisestivity decreases with an increasing
extent of fluids in the pores of the soil. Also tlesistivity of the fluid in the soil pores
(mainly determined by salinity), and the mineramgmsition and the structure of
mineral grains affect the resistivity of the groufi®hhlin 1993). Archie’s law is an
empirical formula that takes the influence on rgiy of the soil porosity and
gas/water fraction in the pores into account:

r=axr, "’ xfe (2.6)
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where f is the porosityf is the fraction of pores containing water andis the
resistivity of the pore-watera, b and c are empirical constants (Keary & Brooks
1991). The values of the constants are dependesuibtype (LaBrecque et al. 1996).

Soil temperature has an effect on resistivity, sitiee conductivity of a material
increases with increasing temperature. The temyperatfect can be described by:

r
yf, =—0"r 2.7
"ol+a(t-t,) 7

wherer, is the resistivity measured at a reference tenyperd, and a is the

temperature coefficient of resistivity which hasaue of 0.025 per degree (Keller et
al. 1966).

Sometimes it can be difficult to interpret a soibael based upon the resistivity
distribution alone. Time-lapse monitoring of elewt resistivity is a method that
focuses on the changes in resistivity over timihenathan identifying materials in the
ground based on their electrical properties (Jetlgl. 2007).

2.1.4 Landfill research with electrical resistivity

Within landfill application, electrical resistivityneasurements are particularly
suitable for detecting impurities and leachate,abse of the large decrease in
resistivity these features conveys. This is legiblghe literature (e.g. Bouyet al
2007, Jollyet al. 2007 and Marcowet al. 2007 in Proceedings Sardinia 2007,
Eleventh International Waste Management and Lan@ymposiumn However,
geoelectrical methods can also be useful for ofh@poses The idea of using
resistivity for detecting subsurface gas or estargds emissions is a relatively new
application area (Rosqvist al, 2007).

In 2007, Georgakiet al. used the electrical resistivity imaging technigue
combination with the static chamber technique oGraek landfill, in order to
evaluate the possibility of better predictions ¢1,Gand CQ emissions. With electric
resistivity imaging, they classified the differdayers of the waste according to their
organic content, and they also identified the depttl thickness of the buried waste
layers and the presence of leachate. Based onléb&i@ resistivity images, they
placed chambers on different locations of the ldraifid compared the measured gas
fluxes with the assumed waste composition and streainderneath. They conclude
that the combination of electric resistivity ana@tst gas chambers is advantageous
over static gas chambers alone in estimating Iindés emissions, and their
predictions of high-emitting areas based on thectede resistivity images were
sometimes concordant with the results. They claat tthe limitations of their
methodology lied in the fact that they were unableletermine the age of the waste
(i.e. gas producing capacity) with the electriastgty images. Another problem was
that when surface leachate or precipitation blockesl gas emissions, the static
chamber fluxes could not be correlated with thetale resistivity images (Georgaki
et al.2007).

A field investigation at the bioreactor landfill IIBorna outside Helsingborg,
Sweden was carried out during 2007. The aim wassw® electrical resistivity to
follow water migration during and after leachateimeulation. The results showed
scattered pattern of low resistivity zones reprgsgrthe water flow in the beginning
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of the irrigation. Eventually, these developed tonare homogeneous zone of low
resistivity towards the end of the investigatiomige. An unexpected result was the
irregular zones of increased resistivity at varitasations during the experimental
period, which were interpreted as possible gas rag@ations inside the landfill
(Rosqvistet al. 2007).

The idea of identifying high resistivity zones amdfill gas accumulations was
also presented by Moreat al. in 2004. Their investigation site was located at a
French bioreactor, where relative changes in iiegistvere studied during a leachate
recirculation event. In one area of the resistiytygfile, the electrical resistivity first
decreased, after which it increased before retgrbinthe value it had before the
recirculation event. Another point showed the ojeosehaviour with an initial rise
of resistivity followed by a decrease, before teéum to the reference value. The
interpretation of this pattern was that a simultarseflow of liquid and gas in the
concerned porous areas could cause the observiadiosas in resistivity (Moreaet

al. 2004).

2.2 LANDFILL GAS TRANSPORT

2.2.1 Landfill gas

The main constitutes of landfill gas is seen irufgy2.4. The first stage of the
decomposition of organic waste in a landfill iscd®c, since air pockets contained in
the refuse supplies oxygen that allows this pracése CQ production continues
until the oxygen trapped in the air pockets inshtelandfill becomes limiting. £and
N, originate from air; when the landfill is infiltradl with water, the water
occasionally replaces the air trapped in the refuskthe air is emitted together with

the produced C®

| |
Aerobic I Araerabic S Anoerahic
steady state

cantent (24}

qns

Figure 2.4 The landfill gas production goes through differphases before
equilibrium between gas fractions is reached (Cadi& Smith 1985:74).
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When the landfill eventually shifts into isaerobic phasef gas production, the
emission of @ and N declines to nearly zero. Instead the ;Gifoduction starts off
and increases as the methanogenic bacteria ebtabémselves in the landfill, and
within 1-2 years after the deposition is theaerobic steady stateeached, i.e. the
ratio of CQ and CH respectively is constant. Trace amounts gaNd HS are also
ambient in landfill gas during the anaerobic phages example of the principle of
anaerobic decomposition of organic matter is whesti@ acid is broken down to GH
and CQ (Crawford & Smith 1985):

CHCOOH CH;+CGO

Factors controlling the production of landfill gaslude the waste composition
and the age of the refuse. The more organic matesent, the more gas can be
produced. After the deposition of the waste it falseme time before microbial
organisms reach their optimal efficiency. Furthereya large fraction of the available
carbon has already been decomposed when the wassteebn buried for a long time.
The maximum production rate of landfill gas therefoccurs at a time point, where
the strain of methanogenic bacteria is establisbed,organic material is still not
limiting (Crawford & Smith 1985).

Physical conditions, mainly temperature and moestualso affect the gas
production. High temperatures and high soil moestwontent enhances gas
production, as it constitutes a more favourableirenment for the microbial
organisms (Crawford & Smith 1985).

If oxygen is available in the upper layers of tiod sf a CH, producing landfill,
CH, oxidising bacteria can establish there. Theseahiafl organisms gain energy by
the oxidation of Ch and the result of the reactions is that,G#itransformed into
CO, (Maurice 1998).

2.2.2 General about gas transport in landfills

There are general theories in the literature albdmw gas is transported in
landfills. When gas has been produced inside afilgnidl starts to move due to
different physical imbalances. Subsurface accunwaif gas causes the gas pressure
to rise, which results in pressure differencesuphmut the landfill. The gas migrates
from high pressure to low pressure zones undesdtiiesurface through advection, a
process sometimes referred to as pressure flomw@ord & Smith 1985). When the
gas pressure inside a landfill increases, theegadstto migrate upwards and outwards
to areas of lower pressure (O’Leary & Walsh 2002).

Gas in landfills also moves trough diffusion, a qass that derives from gas
concentration imbalances between different parth@flandfill. The gas moves from
areas of high- to areas of low gas concentratioard & Smith 1985).

In general, gas migrates through thath of least resistance.e. the areas of
highest permeability (O’Leary & Walsh 2002). Thempeability of a soil is related to
factors like soil texture, water holding capacihdagorosity. Generally, dry soils with
large porosity have a higher permeability than mdise-grained soils. Cracks and
channels in the ground also provide important pagsnvfor gaseous movement
(Chapinet al. 2002). Since the construction of landfills is albfpmade up of packed
layers, the gas generally moves in horizontal times according to Kjeldsen &
Fischer (1995).
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2.2.3 Soil conditions

All soils consist of mineral particles (geologiaal organic), water and gas. The
relative ratios of these constitutes can be desdrity the following relationship:

f=a+g=1-1> (2.8)
r

m

wheref is the total soil porositya is the volumetric air content of the pores and
is the volumetric water content of the pores. Thk blensityry, is the total density of
the dry soil, whiler,represents the density of the mineral soil padi¢@hapin 2002,
Tang 2003).

Several authors (e.g. Hashemi et al. 2002, Liangl @008) have used the ideal
gas law to describe the state of gases in thepsods. If the gas is assumed to be a
perfect gas, the relationship between the volMnthe temperatur@é and the patrtial
pressurgy; for a gas substangés:

P, R/ = n, xR XT (2.9)

wheren; is the number of moles arRE8.3143JmotK ™ is the gas constant. If a
gas consists of a mixture of substances, the gaspressure and number of moles are
a sum of the different substances (Campbell 1998).

2.2.3 Soil gas diffusion

Diffusion is a molecular transport process detegdirby the concentration
gradient and a probability coefficient. The transpd gas through diffusion in free
air can be described by Fick’s law:

J=-D, ij—CZ: (2.10)

where D, (m?/s) is the diffusion coefficient in airfC/fz(kgm3m) is the
diffusion gradient, and is the diffusion flux (kgrifs'). The negative sign indicates
that the flux is opposite to the concentration ggatl(Campbell 1998).

The diffusion coefficient @,0) for CH; in air of temperaturély= 273.2K and
pressureP;=101.3kPa has a constant value of 0.1%4sr(Billings et al 2000). Since
temperature and pressure determine the mobilithefyas molecules, the value of the
diffusion coefficient in air is related to thesectiars. The dependence Df, on air
temperature and air pressure is described by (2808):

X — (2.11)

For diffusion of gas in soils, the path length loé gas in the soil pores and the soill
moisture affects the diffusion by acting as obstsclThe value of the diffusion
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coefficient in soils is therefore an estimated tiat of the diffusion coefficient of the
air:

D, =1 D, (2.12)

wheret is the tortuosity factor which takes the air fillporositya and the ratio of
the actual path length in the soil to the free patigth in air into account (Visscher et.
Al 2003, Jassal 2005).

There are different emphirical relationships fomn the literature, depending on
the soil properties where it is applied. Visscheale used the following relation in
their study of CH diffusion in repacked landfill soils (Visscher &1.2003):

[ = (2.13)

2.3 Soil gas advection

The advection transport process involves movemehtwhole air packages in
contrast to molecular transport. Gas flow due &spure differences can be estimated
with Darcy's law, which describes the flow velocifgn®m?s™) of a fluid over a
pressure gradient in a porous media:

Q-=- ij— (2.14)

K
m

wherek(m?) is the intrinsic permeability of the medietkgm*s™) is the viscosity
of the fluid and P/ fz(Nm#m) is the pressure gradient (Stepniewski 2002b&ar
1990). The intrinsic permeability is a constant given medium material or pore
structure (Moon et. Al 2008).

A number of authors have used Darcy’s law when riagléandfill gas advection
in soils (e.g. Barber et al 1990, Moon et al. 2088nchez et al 2006). Choi et al.
(2002) used the following version of Darcy’s lawevhmodeling gas advection in an
unsaturated soil:

Q= X11]1_ (2.15)

Sk
nra

where a is the volumetric air content, which origins in adjustment of the flow
velocity in equation (2.13) to the actual amounga$ in the medium. In other words,
a is used as a supplement variable to the intripsreneability /m7for describing the
pore structure of the media (Choi et al. 2002).
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3 EXPERIMENTAL METHODS & MATERIALS
3.1 SITE DESCRIPTION & MEASUREMENT PERIOD

An investigation area of 18x20m was chosen on &aqgfaa deposition cell at the
Filborna recycling facility, with a total depth tife waste body of around 40m. There
was no top cover on the cell, which is locatedtmnhighest altitudes of the recycling
facility. The construction of the site could be d#sed as a sloping hill of waste
material (see figure 3.1).

Figure 3.1.Photograph of the investigation site. The wooden poghe left of the
container marks the coordinate (0,0) of the in\gegtion area. The static chambers and
the resistivity lines can also be seen in the pectu

As expected on a landfill, the material of the walsbdy is heterogeneous, but
general information about the waste compositionifferent top layers is available.
Municipal and industrial waste has been depositethe cell from autumn 2005 until
summer 2007. This waste constitutes an approximael thick layer of mainly
plastics and tree material mixed with earth, angrabably still producing gas.

A layer of older waste, originating from the 193850s and moved to the cell
from an old landfill, overlies the modern refusénisT layer consists mainly of glass
and bone material mixed with earth, and is curyemdit producing gas because of the
age of the organic material in the waste. It issge that this layer instead acts as a
barrier for the gas from the layer below to realcé $0il surface, depending on its
permeability (which is assumed to be low). The kh&ss of the older waste layer
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varies between 0-0.5m, which means that the modaste reaches the soil surface at
irregular places around the investigation site.

The composition of the waste below 3m is unknowurt, ddso irrelevant to this
investigation since it focuses on the upper lapétde soil.

In addition to this general structure of the deposicell, there is also a body of
compost material running through the whole invegtan area around the coordinates
x=17m. The compost body consist of earth and woapschnd is relatively porous,
and the body gets thicker with depth below the swiface.

In the vicinity of x=17m, there is also a horizontal gas pipe runnimgugh the
investigation area at a depth of 1m. At approxinyakel7m andy=18m, there is a
gas well connected to this pipe (see figure 3.2WglIn connection to the well is a
porous sand layer.

Although the field measurements of the project aghale continued for several
months (2& of June -2 of September 2008), the period of interest fos thiesis
consisted of mainly one week in August (48" and partly one week in July"t4
11™M). During these two weeks, static chamber measureTaf CH, emissions from
the surface were performed. However, since rediigtilata is missing from the week
in July, the main focus is put on the period in Asig

3.2 ELECTRICAL RESISTIVITY SETUP

The ABEM Lund Imaging System was used for the tesig measurements,
which is a computer-controlled system for electrodday-switching, current
transmission and data acquisition. The instrumeatedngement consisted of nine
lines of electrodes, with a distance of 2m betweach pair of lines (see figure 3.1).
The electrode spacing was 1m; i.e. a total numlbe2loelectrodes per line. All
electrodes in each line were connected to a cahith (nternal cables for each
electrode), which in turn were connected to a dwiig unit (three ES464 switching
units were necessary for this arrangement). Théckimg units were automatically
controlled by a computer, which means that theesystould connect or disconnect
each of the nine lines to the measurement instrunfére measurement instrument
controlled which electrodes in the active line tivate used to send current through or
measure potential between.

The electrode configuration pol-dipol was used tbtam deeper ground
penetration, which means that the current was Isefwteen a distant electrode (here
ca 100m away from the measurement area) and atragledn the active resistivity
line, when a measurement was done. Since the mstruhas seven measurement
channels, it was possible to use different comimnat of seven electrodes (in the
active line) as potential electrodes during eachasuement, which makes the
measurements more time-effective.

The data was collected in files and sent to Lund mternet, and the
pseudosections were inverted with the program Res8{5eotemo Software SDN.
BHD). The inversion method used was the so-caltdalist inversion, which uses
equal weights of the measurement points when clogl the soil model, and reduces
the risk of artefacts in the data (Leroux, persamshmunication. For a more detailed
description of the resistivity experimental setuggefer to the project report).
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3.3 SURFACE CH, FLUX
3.3.1 Static gas chamber measurements

The principal idea of static gas chamber measur&miento measure how the
concentration of a specific gas rises inside a dsmplaced upon a gas-emitting
surface.

During each of the field weeks, static chamber mesments were carried out in
between one and three times a day at six fixedsplbhree of the six plots were
placed over relatively high resistivity zones (plétl, K2 and K3) and the other three
over lower resistivity zones (plots K4, K5 and Kség figure 3.2). The location of the
measurement plots was based on a horizontal ragjigprofile from a measurement
occasion from the previous week. The resistivitypmeaas used to get an overview
picture of where zones of higher and lower resistivalues occurred, and it had
already been seen that the resistivity values ladeen changing dramatically over
time. The same plots were kept during all chambeasurements. A specific area
with a lot of plastic material visible at the swdawas avoided, otherwise the
measurement plots were selected randomly withiredmes of high or low resistivity
seen in figure 3.2.

Figure 3.2.Resistivity profile of surface layer from Res3Dir8" bf August at 10AM.
The white circles marks the location of the statiamber measurement plots. The black
line represent the horizontal gas pipe, and theblarcle the vertical gas well.
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The heterogeneous structure of the landfill surfeesulted in the fact that the
cover material of the plots differed. The visiblaface material at plots K1 and K6
consisted mainly of wood chips, while the surfatelot K5 consisted of relatively
much sand and clay. At plots K2, K3 and K4 the caweaterial seemed to be humus
rich sandy soil.

Upside-down buckets with a volume of 12twere used as static chambers, and
septum sealed openings for air sampling were plasedhe top (see figure 3.3).
Every time the chambers where placed on the graieg,were sealed for air leakage
with wet clay, since there were no possibility ®ewther solutions for sealing the
chamber to the ground surface.

Once the chambers were placed on the ground atedsedh clay, a 20 ml gas
sample was collected with a syringe and savedl el glass vial. After 10 and 20
minutes respectively, the gas sampling was repeatetbmplete the measurement
series of one single flux measurement.

Figure 3.3.The static chambers were sealed for air leakagh wit clay,
and samples were taken through a septum sealedngpeSoil temperature
was measured with an all-round thermometer.

3.3.2 Lab analysis and flux calculations

The air samples were separated by gas chromatog(&, Shimadzu 17A) and
detected by flame ionization detection (FID). Injen/detection and column oven
tempertures were 140 °C and 70 °C, respectivelg. §dmples were introduced into
the GC column (Porapak Q) by syringe injectionaia ml sample loop. Helium was
used as carrier gas with a flow rate of 40 ml'fitm the GC column, CiHmolecules
are separated from other gas constituents, wheregfis pyrolysed in the hydrogen
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flame of the FID-detector. The resulting ions alet®&ones gives rise to a current, i.e.
a peak in voltage, which’s size is proportionalthe mixing ratio of the gas in the
sample. During the GC-analysis it is therefore seagy to use gas standards; that is
injection of gas with a known CHnixing ratio, to set up a relation between peaaar
and mixing ratio. Since the gas samples were keptass vials for several months in
between the fieldwork and the GC-analysis,&thndards were also kept in glass
vials together with the samples in order to estamand correct for the possible
leakage from the vials during this period of tinhe.addition were blank samples of
background air collected from the time point whba vials were closed in the lab.
During the flux calculations, they were used toreor for the ambient atmospheric
CHgpresent in the vials.

CH, fluxesF (mg CH, m?h™) were calculated on basis of the change in chamber
concentration over time (the slope) (ppm/min) udimg ideal gas law and taking the
basal ared\(m?) of the static chamber into account:

F = slopexPY M 60 (3.1)
RA A

whereV (m°) is the volume of the chambé\, (g mol?) is the molar mass of GH
and R is the gas constant. The air presspran the chambers was assumed to be
101.325 kPa, and the air temperatdreavas measured in the weather station (see
below).

Measurements for which t&-value (linear regression) of the slope was leas th
0.7 were considered erraneous and excluded fromegusts.

3.3.3 Uncertainty in the flux data

A general source of uncertainty in the static ghantber method is that the
chamber affects the environment inside it; wingicgpitation and solar radiation will
not have any effect on the soil during the peritidg the measurement samples are
taken. In more advanced chamber equipment, fangsae for recirculation of the air
inside the chamber. A way to resemble this withdimepler kind of equipment used
here is to use the syringe to pump and mix thénaine chamber a few times shortly
before each sample is taken.

Another interference is that the air pressure mglie chamber is altered every
time a sample of air is taken out of the chambgm(ell as when gas is diffusing from
the solil into the chamber). However, these chamng@sessure are so small that they
can be regarded as neglible in relation to otheasmement disturbances (when 20mi
of air is taken out of the chamber, this correspoiada change in ~0.17% of the total
volume of air in the chamber).

Also, the soil can be disturbed in connection t® placement of the chamber on
the surface. This can usually be seen as a pegksotoncentration in the beginning
of the measurement series, corresponding to gah#évae been mechanically forced
from the soil to the air by the pressure of thencher.

The major source of error in the measurements okntinterest is probably the
usage of clay for sealing the chambers to the gfotihe presence of clay around the
measurement plots can among other things affeqpdtie of the diffusing gas into the
chambers. Since the clay cuts off the possibiliythe gas to diffuse from the soil
just around the chambers, the measured flux coaildither greater or smaller than it
would be if the environment were not interferedpeleding on the preferential
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pathways of the gas in the soil at the specifiafimn. This problem increased during
the field periods, since the remaining layer ofya@aound the plots became harder to
remove after each measurement, especially afteresants.

Finally, it is also possible that there has beeteaikage from the chambers during
some of the measurements, since the clay may walyalhave sealed the chambers to
the ground perfectly.

3.4 ENVIRONMENTAL VARIABLES
3.4.1 Soil temperature

Simultaneously with each static chamber measuremeveather station
independent soil temperature measurements were daote a simple all-round
thermometer in the vicinity of the chamber (seearfgy3.3).

3.4.2 Soil moisture

Twelve TDR-probes were installed in the ground,adguspaced over a larger
part of the investigation area (see figure 3.4).

The probes were 30cm long, which means that thesuned soil moisture
represent the average soil moisture in the uppem3tf the soil. The probes were via
cables connected to a multiplexer and a TDR10Gunstnt, which were controlled
manually from a computer. A waveform appeared assalt when a measurement
was made on a certain probe. The wavelength ofvénesform is dependent on the
electric permittivity of the soil, which in turn idependent on soil moisture. The
waveforms were later recalculated to relative estés of soil moisture
The soil moisture values are unfortunately probabther uncertain, mainly because
no soil samples were taken at the site to be useddiibration of the TDR-probes
(Leroux pers. comm). However, the measurementsstdteuseful for analysing the
relative changes of the soil moisture during thekvéMeasurements were carried out
about three times per day ((Leroux, Mansson petsmmaments).
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Figure 3.4.Resistivity profile of surface layer from Res3Dir8" bf August at 10AM.
The black stars mark the location of the TDR probes.

3.4.3 Weather station

A weather station with a Campbell C1000 data log@ampbell Manufactoring) was
installed at the investigation area. Air press@etia 278), wind speed and wind
direction (Wind Sonic, 1 m above the ground surfaae temperature (1 m above the
ground surface), soil temperature (5 cm into treugd) and precipitation (ARG10,
tipping bucket) were recorded every second, andageel to one-minute values. The
weather station logger sometimes underestimatedrttwint of precipitation, but it
should be reliable that all rain events were adtleacorded at the right time points
(Lindsjo personal comment).

The data set was later extrapolated to half-hoarhgrages using a running
average (precipitation summarized for every halifho
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4. DATA ANALYSIS METHODS

4.1 TIME-LAPS ANALYSIS OF RESISTIVITY DATA

The inverted resistivity data consisted of 640 domate values for each horizontal
resistivity profile (in total 17 layers). The coamdtes for the six upper layers were
imported and handled as matrices in Matlab. Eactangular cell in the original data
files corresponds to an area of 0.5m x 1m of the Sbe difference in resistivity
between neighbouring cells is often large. The dataes were linearly interpolated
in order to smooth out these rough borders betwleecells, and to improve a spatial
analysis. Each cell in the interpolated model gpoads to 0.1m x 0.1m area of the
soil.

Since the aim of this thesis is to look at soil bakaviour and gas transport, it is
important to focus on thehanges in resistivity over timén earlier research, it has
been shown clearly that water migration in landfig well detected as a decrease in
resistivity. It is therefore convenient to assurhattan increase in resistivity on the
other hand can be a result of the behaviour ofgdeein the landfill (Rosqvistt al
2007). Looking at the changes in resistivity rattfean the resistivity values alone
reduces the risk of interpreting high resistivitgterials in the ground as gas.

It was early noticed from a visual interpretatidghat areas of high resistivity
values oscillated, grew larger and smaller in a wiagt reminded of a periodic
behaviour. Any horizontal movements of gas, thabthtically is common in landfill,
could not be seen.

A complete set of resistivity data took around twaurs to measure. Two-hourly
data from 10AM on the 1Bof August to 22 PM on the #2of August was used in
the analysis.

Areas in the ground underneath the measuremerg KIbK6 were identified in
the resistivity matrices, and the average restgtivalues of each horizontal layer in
the areas were calculated and plotted on a time &aderneath measurement plots
K1, K2 and K3 an attempt to identify presumed gssirailations was made through
setting a mimimum value for the data cells in thetnm to be included in the plot area
(see figures 4.1 and 4.2). To look at the behaviayas assimilations underneath the
chambers, rather than a more limited random arees helieved to improve the
possibilities of finding relationships between sgak behavior and surface emissions.

The resistivity values underneath measurement disk5 and K6 were very
low over a large area with no steep changes istreity. For analysing the resistivity
changes underneath these plots, rectangular ave@sponding to 0.33 frof the soil
surrounding the chambers were selected (the basal @ the static chambers was
0.06nf). With the number of cells included in the eaclotphrea selected kept
constant over the week, thariations in resistivityover time is likely to reflect the
changes of the soil state during the week.
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yers 1, 2 and 3, the same akaia figure 4.1, but here thark red
resistivity valaes5C/m or larger. The rectangular yellowish area at
w 50 on the upperfiglire was defined as K1 The thin long area \

80 wasned as K3. K4, K5 and K6 were defined as rectaagaiteas
ympare with figur@)
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Already in Layer 4, the resolution has clearly @éased and it becomes difficult to
follow the chosen areas deeper into the groundfigeee 4.3. The soil layers below

Layer 3 were therefore left out of the analysis.

Figure 4.3.Resistivity map of layer 4. The low resolution @& tlata makes it
difficult to follow and analyze the gas behaviotlie selected areas at this depth.

Because of the relatively large time-step in theistesity data, the graphs of
resistivity changes over time were interpolatedhwguadratic splines in order to
obtain a clearer picture of the variations (searkgd.4). The decision was made with
the idea to try to separate the periodicity, trand stochastic parts of the graphs and
relate these to different factors that can affeetwater/gas phase of the soil.
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However, according to expression (2.7), the saiigerature has an effect on the
conductivity of the soil material that has nothiegdo with the relative amount of gas
or water in the soil pores. This effect was modelecording to expression (2.7) from
the soil temperature data measured at the weathigors (see figure 4.5). Values of
soil temperature and resistivity from 10AM on th&"1of August were used as
reference values and put into expression (2.7).

Figure 4.5.The red graph shows how the resistivity wouldXpeeted to
change over time, if it was only controlled by ¥iaeying soil temperature. The
black graph shows how the resistivity actually gdrin on area of the landfill.

In this way, graphs showinghe residual variation in resistivitycould be
produced, by subtracting the modeled temperattdieetifom the measured resistivity
values. The residual variation in resistivity iseliy to reflect only physical changes in
the relative amounts of gas or water in the soikppsince the technical temperature
effect on resistivity has been withdrawn from thagdns.

The soil temperature data from the weather statias measured in the upper 5cm
of the soil. For this reason, the temperature éeftet resistivity and the residual
variation in resistivity could only be calculatent the surface layer (0-0.112m) of the
soil. The soil temperature data measured simuligsigowith the static chamber
measurements showed that the soil temperaturedvaith a few degrees between the
different measurement plots. However, the weattaion data set of soil temperature
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was used for all measurement plots when calculating residual variation in
resistivity, since this was the only sufficientalaet available.

This methodological approach leads to the assumghiatthe main changes of
resistivity in the ground correspond to a changethe gas-water phase of the soil
pores. Since a week is a relatively short period of inigzdton, settlement of the
landfill and other possible causes of physical geann the ground can be neglected.

4.2 VARIATIONS IN SURFACE CH 4 FLUXES

The CH; flux data was analysed with a number of statibtest; the Kolmogorov-
Smirnov test for normality, the One-way ANOVA (Agals of Variance) test for
significant differences between mean values oftleasurement plots, and a post-hoc
One-way ANOVA Bonferroni test that, after genergh#ficance had been achieved,
was used to analyse which individual measuremats phat were significantly
different.

4.3 SOIL GAS DIFFUSION AND ADVECTION

The diffusion coefficient in free aif),, was estimated from the recorded soil
temperature and air pressure data, using expre$2i@f). The values ob, were
together with the values of the soil moisture meagun field put into expression
(2.11) and (2.12) above to obtain values for thediffusion coefficient. Since no soil
samples were made; the value for soil porosity)(Ba to be approximated for the
calculations. The modelled soil diffusion coeffitieshows therefore relative changes
over the week due to the variations in temperagnmessure and soil moisture.

In order to model soil diffusion and advection aiminpare these with measured
fluxes, measurement of soil concentration and presaould be necessary. Since no
such measurements were performed in the fieldexipeessions (2.9) and (2.14) will
mainly be useful for understanding how the envirental variables affect the
different transport processes, and theoreticallpteethese to the measured L£H
fluxes.
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5. RESULTS
5.1 VARIATION IN CH 4 FLUXES

The measured CHfluxes showed a large variation in all six plo#t, several
measurement plots, many of them were negative. iioog to the statistical tests, the
fluxes from plots K2 and K3 were significantly adifent from the rest of the plots-(
value 13.766p-value <0.03 for K2 ang-value <0.001 for K3). These were the two
plots where the highest GHluxes were measured, and they were with onlyva fe
exceptions always positive. Table 5.1 and 5.2 bedammarize the resulting fluxes
measured in July and August, respectively. In ganehe fluxes were at all plots
higher in July than in August.

Table 5.1.Summary of Chiflux results from July

July K1l K2 K3 K4 K5 K6
Max flux

(mg/m?/h) 5.89  1048.82 1550.14 5.63 55.33 15.09
Min flux

(mg/m?/h) 242 3500 16.13 4278 1.13 -4.77
Mean flux

(mg/m?/h) 1.71  390.27 683.13 -16.50 22.80 3.28
Median flux

(mg/m?/h) 0.76  302.94 776.40 -18.07 9.08 1.78

Table 5.2 Summary of Cliflux results from August

August K1 K2 K3 K4 K5 K6

Max flux

(mg/m?/h) 149  513.66 994.61 11.44 6.39 5.31
Min flux

(mg/m?/h) -2.88 1.45 -13.36 -50.76 -5.37 -7.75
Mean flux

(mg/m?/h) 130  258.08 385.00 -11.37  0.67 -0.50
Median flux

(mg/m?/h) -1.53  276.11 407.46 -8.67 0.84 -0.51

The fluxes showed signs of correlatation with semhperature, air temperature, air
pressure and soil moisture, but due to the undefiregure of the substrate directly
underlying the chambers it was not considered nmgdui to pursue a rigorous
statistical analysis. In addition, there was nacleorrelation between the resistivity
values in the ground below the measurement platgtansize of the Ckfluxes.
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5.2 CH; FLUXES AND VARIATIONS IN RESISTIVITY
5.2.1 Plot K1

The variations in resistivity of the three uppeydes (Layer 1 at 0.112m, Layer 2
at 0.354m and Layer 3 at 0.632m) in the groundwegimt K1 was, together with the
CH, fluxes, plotted against time in figure 5.1. Théuat resistivity values here ranged
between ~28-38m during the week; i.e. this was not an area ofi@darly high
resistivity. Figure 5.1 shows the variation in sgisity below plot K1. As can be seen,
the resistivity values and variations are very Emin the three upper layers of the
soil. However, it is difficult to see any patteraad to analyse what causes these
variations.

Figure 5.1 The variation of CElfluxes and resistivity in three soil layers
measured at plot K1.

Resistivity is affected by soil temperature accogdio expression (2.7) above, an
effect that has nothing to do with the relative amtoof gas or water in the soil pores.
When this temperature effect was modeled and waildr from the resistivity
variations, a clearer residual variation of resistiwas obtained, which is probably
mainly caused by environmental changes in the (spi&rt from measurement noise
etc.). Figure 5.2 below shows the £Huxes together with the residual resistivity
variations in Layer 1 of the soil.
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In figure 5.2, at least three major peaks in rasigtare seen. Simultaneously with
the largest peak at midday the™®f August, the only positive CHlux at plot K1
was measured. With this exception, all fluxes mes$at plot K1 were negative and

of the same order of magnitude.

Figure 5.2.Plot K1. The residual variation in resistivity ¢fet surface
soil layer, and the Ciifluxes from the surface.

When the residual variations in resistivity is pdok with soil temperature, it
becomes evident that there likely is an additiomelationship between soil
temperature and resistivity variations in the sailrelationship that contradicts the
temperature effect on measured resistivity accgrainexpression (2.7), see figures

5.3 and 5.4 below.
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Figure 5.3.Plot K1. The residual variation in resistivity ¢fet surface
soil layer, and the diurnal soil temperature vatitms.

Figure 5.3.The residual resistivity resistivity variation iiayer 1 and
soil temperature at plot K1.



5.2.2 Plot K2

Figure 5.5 below represents plots of the resistivériations in soil layers 1, 2 and
3together with CHl fluxes. Plot K2 is located above a zone of paldigu high
resistivity values, possibly a soil gas pocket, ckhranges from ~100-18@n in
Layer 1. As seen in figure 5.5, the resistivitygenerally higher in Layer 2 than in
Layer 1, but the variations in these layers folleach other well. However, in Layer 3
the variations look different, and sometimes evppasite to the upper soil (e.g. the
negative peaks in Layer 1 and 2 and the simultasigquositive peak in Layer 3
around midnight at the ¥of August).

Figure 5.4.Correlation between the soil temperature and #sdual

. variation in resistivity.
FIgL.  c. o e e Caee e

1 and soil temperature at plot K1.

e I el 2t e TR A

Figure 5.5.The variation of Chifluxes and resistivity in three soil layers
measured at plot K2.

In figure 5.5, it is vaguely possible to see thehtecal soil temperature effect on
the resistivity in Layer 1 and 2 as periodic bebavinversely proportional to the soil
temperature variations that have a maximum arourtitialy and minimum early in
the morning. Figure 5.6 below shows the residuahtian in resistivity together with
CH, fluxes, and comparing figure 5.5 and 5.6 stress tios approach helps to sort
out physical changes in the soil from other effects

In figure 5.6, three major resistivity peaks andcclearly decreasing trend of
resistivity during the week are seen. Figure 5Idweshows the precipitation and the
soil moisture measured during the week.
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Figure 5.6.Plot K2. The residual variation in resistivity ¢fet surface
soil layer, and the Ci fluxes from the surface.

Figure 5.7.Precipitation and soil moisture (probe C5) duridgetweek.
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Comparing figure 5.6 and 5.7, it is evident that@asing soil moisture during the
week is very likely to cause the decreasing trehdesistivity. There is also an
indication that the Cld fluxes decrease with increasing soil moisture. tAeD
interesting observation is that the two large reirents during the f9of August
result in simultaneous negative peaks in resigtivih both cases, the resistivity
shortly after rises to considerable positive peadsd the CH fluxes reaches
maximum values.

Comparing the residual variation in resistivity kvioil temperature shows not as
good agreement as in plot K1, but clearly some kihdelationship is probable, see
figure 5.8. The third pronounced resistivity peslprobably related to the peak in soll
temperature.

Figure 5.8.Plot K2. The residual variation in resistivity ¢fet surface
soil layer, with the diurnal variation in soil terapature.
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5.2.3 Plot K3

Despite the high CHfluxes measured at plot K3, the resistivity vaoas in the
ground below ranged in between ~36M8; values that are only slightly higher than
normal resistivity values expected for landfill weasnaterial. The variations look
similar in the three uppermost layers of the smk figure 5.9.

Figure 5.9 The variation of CHfluxes and resistivity in three soil layers
measured at plot K3.

The residual variation in resistivity of Layer 1s98en together with CHluxes in
figure 5.10 below. The resistivity variations show clear decreasing trend over the
week as in plot K2; however there is a slight iadien that the variations for some
reason are larger in the beginning of the weekotuahately none of the CHluxes
from the 2% of August were significant at this plot, so itdificult to pronounce a
decreasing trend of the fluxes with increasing swdlisture here. The one negative
flux at the end of the week is a remarkable exoepti

An interesting observation is that the three magon events in the beginning of
the week result in clear negative peaks in thedudiresistivity graph, analogous
with the observation at plot K2. After the rain et& the resistivity recovers to more
or less pronounced peaks (compare figures 5.1Gahd

Figure 5.11 below shows the resistivity variatidotigd with soil temperature.
The relationship between soil temperature and trei$ysis not as consistent as the
relationship found for plot K1.
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Figure 5.10.Plot K3. Residual variation in resistivity of therface soil
layer, and CH fluxes from the surface.

Figure 5.11.Plot K3. The residual variation in resistivity dfet surface
soil layer, and the diurnal variation in soil tempéure.
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5.2.4 Plot K4

Measurement plots K4, K5 and K6 were located upoaraa of the landfill with
generally very low resistivity values (see figur@ 4bove). In figure 5.12, it can be
seen that the resistivity values at plot K4 ar¢hm range of ~5\km in Layer 1 and
becomes slightly higher in Layer 2 and 3. The \tamies in resistivity are small, and
all three layers seem to follow each other in thgations. The fluxes are, with a few
exceptions, negative. Apart from a strongly negatutlier, there is an indication that
the CH, fluxes become less negative and even positivenduttie week, i.e. the
opposite trend compared to the trend of the pasitives in plot K2.

Figure 5.12.The variation of Chifluxes and resistivity in three soil
layers measured at plot K4.

In figure 5.13, the residual variation in resigivof Layer 1 is plotted with the
CH, fluxes measured at plot K4 during the week. Theunaé variations are clearer
than in figure 5.12 above; negative peaks corredipgnto major rain events are
visible, as well as posititive peaks. However, vaeiations are still generally smaller
than+x1Wm.

Figure 5.14 below shows that the residual variationresistivity follow the soil
temperature, not perfectly but quiet well.
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Figure 5.13.Plot K4. Residual variation in resistivity of therface soil
layer, and methane fluxes from the surface.

Figure 5.14.Plot K4. The residual variation in resistivity dfet surface
soil layer, together with the diurnal variation soil temperature.
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5.2.5 Plot K5

The resistivity variations in plot K5 look similao those in plot K4; both the
resistivity values and the size of the changesratbe same order of magnitude, see
figure 5.15. The resistivity increases with depgtolv the soil surface also in plot K5.
Unfortunately, only four flux measurements fromstigilot were significant (two of
them positive and two negative) which makes iticlifit to detect any trend over the
week.

Figure 5.15 The variation of Chifluxes and resistivity in three soill
layers measured at plot K5.

In figure 5.16, the residual variation in resigtis plotted with the Chifluxes. In
contrast to all other measurement plots, plot Kbwshno clear negative peaks in
resistivity in accordance with the rain eventshe beginning of the week. A very
vague decreasing trend of minimum values of resigtiduring the week can be
distinguished, possibly related to increasing swisture.

In figure 5.17, it can be seen that most of thgdampeaks in resistivity can be
related to the variation in soil temperature dutimg week.
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Figure 5.16.Plot K5. The residual variation in resistivity dfet surface
soil layer, and the Clifluxes from the surface.

Figure 5.17.Plot K5. The residual variation in resistivity dfet surface
soil layer, and the diurnal variation of soil tentpture.
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5.2.6 Plot K6

The behavior of the resistivity variations at pk# differs in some aspects from
what was seen at plot K4 and K5. The resistivitpiea still increase with depth, but
are higher in Layer 1 (~9-¥¥n) compared to plot K4 and K5. In plot K6, layers 1
and 2 follow each other while layer 3 behaves uifeerent way. The most clearly
visible difference is that there is an increasirendl in resistivity towards the end of
the week in layer 3, while the trend is decreasintayers 1 and 2, see figure 5.18.
The CH; fluxes vary between being positive and negatiwe doe all relatively small.

Figure 5.18.The variation of methane fluxes and resistivityhiree soil
layers measured at plot K6.

The residual variation in resistivity of Layer l1osts clear negative peaks in
accordance to the three rain events in the begjnointhe week, with following
positive peaks in resistivity, see figure 5.19.rrthhe middle of the week towards the
end, there is a vague decreasing trend probablgedaby increasing soil moisture.
There is no sign of any trend of the size of the, @tikes in figure 5.19.

In figure 5.20, the residual variation in residyviis plotted with the soill
temperature. While temperature peaks could exgame of the peaks in resistivity,
the pattern is not consistent here.
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Figure 5.19 Plot K6. The residual variation in resistivity thie surface
soil layer, and the Clifluxes from the surface.

Figure 5.20.Plot K6. The residual variation in resistivity dfet surface
soil layer, and the diurnal variation in soil tentpéure.



5.3 SOIL DIFFUSION COEFFICIENT

The result of the modeled soil diffusion coeffidiéom variations in temperature,
air pressure and soil moisture is seen in figupd below. There is an indication of a
decreasing trend of the diffusion coefficient todsarthe end of the week that is
probably mainly related to increasing soil moisture

Figure 5.21 Calculated variations in soil diffusion coeffinieover the
week.

Since no sampling of the soil porosity was madgure 5.21 shows only the
relative change of the diffusion coefficient ovletweek. With the assumption that
no dramatic changes in the ¢€kEoncentration gradient between the soil and the ai
occurs over the week, this graph indicates that difieision flux is expected to
decrease.
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5.4 INFILTRATING WATER, SOIL GAS AND FLUXES

K2 is the most legible of the measurement plotsgmeed above, in terms of
analysing physical explanations for the variationgesistivity and fluxes. The reason
for this is not certain, but high porosity of thalsat the compost wall, which results
in high amounts of soil gas may be a possible ewgtian for the especially high
sensitivity of the plot towards changes in the was#r phase of the pores; the residual
variation in resistivity indicates this, with itlsigh range in variability of +30Wm
(compared to +1-8\Wm in the other plots). Also the high resistivitylwes at this plot
indicate a large amount of gas in the soil (~100vV#% in Layer 1).

Regardless of the explanation for the high vargbdf resistivity at plot K2, it
was evident from figure 5.6 that the resistiviteased with increasing soil moisture
during the week; in accordance with what is expkcbeom theory, the only
exceptions were three larger peaks. Looking agdiigare 5.8, it seems reasonable to
relate the third resistivity peak during the’2af August to the soil temperature
maximum, while peak number two at the™6f August appears before the soil
temperature peak. Resistivity also rises slightbfobe the soil temperature peak
during the 19 of August (see figure 5.22 for a detailed pictoféhe first and second
resistivity peaks).

Figure 5.22.Residual variation in resistivity and soil tempenat peaks
during 19" and 28" of August.
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It therefore seems likely that the first two resisy peaks are related to not only
soil temperature, but also the rain events dutireglid’ of August, which are detected
as clear negative peaks just before positive peakter one and two.

Zooming in on the resistivity changes in layer2land 3 (compare with figure
5.5) during the 19th and 20th of August providesnare detailed picture of the
relative changes in the different soil layers, gere 5.23 below. The peaks are not
as pronounced as in the graph of residual varigtianresistivity, but the negative
peaks corresponding to the two rain events afevdible in layers 1 and 2 (compare
figures 5.23 and 5.24 below). Simultaneous with flvet rain event and the
corresponding negative peaks in layers 1 and 2camesee that the resistivity is still
high in layer 3. When the resistivity shortly afteses in layer 1 and 2, the opposite is
seen in layer 3 where the resistivity decreases.

This observation suggests a physical explanatienwater infiltrated in the upper
layers of the soil initially forces gas downwardsoi deeper soil layers where the gas
pressure rises. When the water continues to iatidtdeeper into the soil, the gas is
instead forced upwards to the upper soil layerss €kplanation is in agreement with
the measured CHfluxes; initially when the resistivity is risinghithe upper soll
layers, the fluxes are high. When the resistivify lilecreased to a minimum in the
upper layers, the measured flux is much lowerl{gsame order of magnitude as the
fluxes before the rain event, compare with figui@ &bove).

A similar pattern is seen during and after the sdc@in event; negative peaks
occur in layers 1 and 2 while a positive peak ensia layer 3 simultaneously with the
rain event. Shortly after the resistivity riseslayers 1 and 2, while the opposite
pattern is seen in layer 3, presumable due tarafiihg water. Unfortunately, no GH
fluxes were measured shortly after the rain evient,a large Chiflux was measured
while the second resistivity peak in the upper taywas still present (perhaps
maintained by the increasing soil temperature, ammvith figure 5.22). The reason
for the lower CH flux measured shortly after is not clear, but @ynbe related to a
simultaneous smaller rain event, compare figur23 &nd 5.24.
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Figure 5.23 Resistivity of layers 1, 2 and 3 during thd"#d 20" of
August, together with flux measurements.

Figure 5.24Rain events during the &nd 28" of August.
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6. DISCUSSION

6.1 THE TEMPERATURE INFLUENCE ON SOIL GAS AND FLUXE S

In all measurement plots presented above, soil éeatpre has proved more or
less to determine the pattern of the resistivitgnges of the upper soil layers. This is
especially evident at plots K1, K4 and K5.

It is clear that the soil temperature affects #mstivity measured in two different
ways; a technical way in which resistivity is profonal to the inverse of the
temperature (expression (2.7), a known fact thataissed by the faster mobility of
ions with increasing temperatures. The additionHece of the variations in
temperature seen in the residual resistivity grapbsve is very likely related to
physical changes of the gas in the soil pores.

If the ideal gas law (expression 2.9) can be agdieedescribe the gas present in
the solil pores, it can be proposed that the gasspre in the soil follows the same
diurnal pattern as the soil temperature (assumed tiine study volume is kept
constant, which is the case in all graphs above,that the transport of gas between
the volume and the surroundings is neglible congpaoethe amount of gas in the
study volume).

Increasing gas pressure in the soil pores is lik@lgause an increase in resistivity
of the soil, since gas itself is a poor carrieretdctricity and an increasing pore
pressure complicates the transport of charge withveater across the pores.

Increasing gas pressure in the soil causes a lprgssure gradient between the
soil and the atmosphere and favors fluxes by predtaw.

6.2 NEGATIVE CH4 FLUXES

The explanation for the negative ¢Huxes here is probably related to oxidation
of CH, in the upper soil layers. Different amounts of gae emitted at irregular
locations around the landfill, but once emitted wiad carries the gas along the soil
surface in the direction of the winds. When thatistchambers are placed upon the
soil, there is an ambient concentration of OH the air. However, if no CHis
emitted from the soil during the sampling and auianeous linear increase of €O
occurs, it is logical that we get a linear decnegstoncentration of CH4 in the air
samples, i.e. a negative ¢Hux.

It was initially assumed that the landfill gas histsite consisted of nearly equal
amounts of Chland CQ (see chapter 2.2.1 above). However, it is stalistic that
CH, is oxidized in the upper soil layers at certaieaararound the landfill, especially
during dry soil conditions and at measurement platere the fluxes are generally
small and oxidation has enough impact to changeefiufrom being positive to
negative.

Since the C@concentrations in the air samples were not andlysehe lab, the
interpretation of the gas emissions must be baseth® size of the CHfluxes. It is
assumed that Cjbxidation is neglible at the measurement plotsrevl@&H, fluxes are
generally very high (plots K2 and K3). At the remiag measurement plots, both
large positive and large negative fluxes are asduméndicate a high gas flow.
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6.3 BEHAVIOUR OF GAS FLUXES AT LANDFILLS

Diffusion in the air filled soil pores has beentsth as the main transport
mechanism in natural ecosystems under normal smiditons, when no major
changes in barometric pressure occur (Jassal 2008). The surface flux has often
been modelled as a function of soil moisture andperature, which relates to
microbial activity (Tang et al. 2003).

In landfills, the soil moisture content of the uppeil is one of the most important
factors controlling gas emissions, since high swisture content in soil pores can
more or less constrain gas from diffusing to thacsphere. Studies have shown that
the soil moisture also affects the £ékidation capacity of the upper soil layers. The
relationship found between increasing soil moistamd increasing CHemissions is
explained by the decrease of oxygen in the soiepavith increasing soil moisture
(Boeckx et al 1996).

Another study, in which the Filborna landfill waseoof the investigated sites, has
shown that the CH oxidation in landfills increases also with incre@s soil
temperature, due to microbial activity (Borjessanaé 2004). Besides the most
important environmental factors soil moisture and emperature, Clloxidation is
also controlled by soil texture, Glnd oxygen concentrations and nutrients (Scheutz
et al. 2004).

From earlier studies, we would therefore expectektionship between soll
temperature, soil moisture and g£lmissions. At the measurement plots where
negative fluxes (i.e. CHoxidation) occur, it is expected that the fluxesdmes less
negative or positive with increasing soil temperatand soil moisture, to a certain
limit. If the soil moisture becomes high enoughyill instead act as a barrier for gas
transport of both ClHand CQ to the atmosphere, and the Citixes are expected to
decrease (Boeckx et al 1996).

As discussed above, there are indications in tie fdam plot K2 that the largest
CH, fluxes occur due to advection rather than diffngimocesses. With these results
in mind, the pattern of the fluxes measured atspkt and K3 can be proposed as
concordant to what was seen in plot K2; the maxinflumes occur at midday during
the 19" and/or 28 of August, after the two rain events that caudesl haximum
fluxes in plot K2. In plot K1, this is the only ptge flux measured. Although the
flux data is very limited here, it can indicate tthhe positive flux occur due to
advection after rainfall, in an area of the lardfihere oxidation normally consumes
the CH, before it is emitted to the atmosphere.

Also the resistivity peaks at the ®@f August in plots K4 and K6 occur
immediately after the rainfall, but before the tergiure maximum. This means that
the pattern of the soil gas behavior accordindnéoresistivity data is concordant in all
measurement plots except plot K5 (although the flata is not sufficient at plots K4
and K6 to relate the resistivity peaks to increaSeld emissions).

The reason that plot K5 differs in it's behavioorfr the rest of the plots is not
clear, but it can be suggested that the cover matar the plot has an impact. On the
surface, plot K5 consisted of a lot of clay. Higlegence of clay could explain why so
few flux measurements were successful here compardte other plots. Water also
infiltrates slower through clay than through morrqus materials; this could be an
explanation to the fact that the measured resigtati plot K5 shows no response to
rain events and seems only controlled by the sailperature.
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There is a possible reason to the generally hightres of resistivity and CH
fluxes at plots K2 and K3 are likely. There is & gape and a gas well running in
between these plots, around which a compost wall inigh porosity runs according
to the description of the waste composition. Batihlgas accumulations due to high
porosity favors gas transport and leads to highsoneal resistivity values.

If the maximum fluxes corresponding to presumedeation transport after rain
events is excluded, general trends in the fluxesr die weeks can be vaguely
indicated. At plots K2 and K3 there are decreasiegds of the size of the fluxes,
which is in agreement with the decreasing trendhefdiffusion coefficient. At plot
K4, a tendency of increasing fluxes, going from atag towards positive, can be
seen. It can be proposed that this is a resuhefiricreasing soil moisture during the
week, which brings less oxide in the soil pores.aAsnsequence of decreasing,CH
oxidation, the measured GHux becomes larger during the week. In plots K5,
and K6, the number of measured fluxes is so lowitha difficult to see any trends.
In addition, the variability in size of the fluxase so small in these plots, that possible
measurement errors described in chapter 3.2.3 @am & significant influence on the
results.

The on average higher fluxes measured in July cosdp@ August could possibly
be explained by the higher average soil temperaturig the measurement period in
July (18.7C) compared to in August (160). The total sum of precipitation during
the week in July was 30.4mm, compared to 12.2miugust, which in theory also
favor a larger gas transport in July.

6.4 UNCERTAINTIES IN THE ANALYSIS OF THE RESISTIVIT Y DATA

As already indicated in chapters 2.1.1 and 2.1®@bthere are many reasons for
handling resistivity data with care, especiallytla¢ detailed scale necessary for this
application. The pol-dipol electrode configuratiand the robust inversion method
used for all soil models in this experiment shopldvide as good conditions as
possible for obtaining reliable results.

A technical problem with the data is that during thversion process, different
soil models can give rise to the same pseudoseddionsince the same method and
parameters are used in all inversions from thestgation, it can be assumed that the
changes in resistivity over time correspond to oeanges in the ground.

The decision of interpolating the resistivity dédasmooth out the in some cases
steep borders between the coordinate values imtitel should not cause any biases,
since a linear interpolation does not create artp dldat does not exist. Instead it
improved, in my opinion, the data analysis, sirtcenhanced the probability to fetch
the variations in the ground right below the staiamber measurement plots.

As a result of the linear interpolation, it wascaggossible to identify the “borders”
of the “gas pockets” below measurement plots K1,af2 K3 through selecting a
minimum value of the data cells in the matrix toibeluded in the analysis. It is of
course a source of uncertainty to, in some mearangomly, limit the data in this
way. However, it was done with the assumption thagher resistivity values
correspond to higher gas content in the soil pdfeen though physical changes exist
and have an influence also in the surrounding soilyas assumed that this was
neglible in relation to the presumed main changaswould occur in the center of the
“gas pockets”.
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A central problem with time-laps analysis of cha@é resistivity over time is
related to the time-step of the resistivity measweets in relation to the real changes
in the ground; it’s in fact possible to miss outfast changes that occurs in the solil in
between two resistivity measurements (here two $)odtn attempt to diminish this
problem was to interpolate the measurement dataquédratic spline functions. The
choice of quadratc spline interpolation was basadvisual observations, which
indicated periodic increase and decrease in regystvalues. Applying quadratic
spline functions helped to smooth out the variaiand assume how the resistivity is
likely to change in between the measurement oceasidhe result was good and
definitively helpful in terms of providing a quadiive picture of the changes in the
ground, but the interpolation does not fit the da¢afectly at all points (see figure
4.4).

Because of the nature of the resistivity data aislin terms of time-step, the
need of interpolation and the uncertainty that briags, it was important not to keep
to much focus on details in the changes of resigtiMt's possible that small
variations are results of instrumental noise.

The largest difficulty in the analysis was to béically aware that some of the
resistivity changes could be inversion artifactsteéad of real changes in the soil.
Inversion artifacts usually appear in neighbourtlaga cells, when the resistivity for
some real reason changes dramatically in one Tlé#. neighbouring cells is during
the inversion process given an opposite value tmfeensate” for the large change
measured in one cell. It is hard to distinguisi obanges from artifacts, a matter that
is currently discussed at resistivity conferencBsih{in personal communication,
Workshop on Geophysical measurements at landfifs).example of a probable
effect of inversion is seen in figure 6.5, where tiesistivity variation in one cell
looks like the reflection of the other cell.

Figure 6.5 A probable inversion artifact in one of the modells; the
resistivity changes appear as reflections of eatieio

The problem with inversion artifacts complicate® tHiscussion about water
infiltration above, where resistivity changes offelient layers are compared to each
other. It is possible that the different behaviblayer 3 compared to layers 1 and 2 in
figure 5.23 is a result of inversion artifacts. Hoxer, since the interpretation that the
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resistivity variation here is caused by water trdiion is in good agreement with both
precipitation and flux data, the discussion shaubd be dismissed. In my opinion,
there are matters, besides the argument thatpitysically likely that the variations
could be real, that speak against inversion attfa&or example, there are no
contradictions between the resistivity variationdayers 1 and 2; inversion artifacts
could as well appear here, as between layers ZaAdditionally, there are several
examples in the same graph where really large tamsin layer 3 are not reflected in
layer 2 (e.qg. large positive resistivity peak igda3 on early 2 of August, see figure
5.5 above).

6.5 UNCERTAINTY OF THE RESULTS

The general problems with the static chamber metreggharding the impact of the
closed chambers on the environment, is probablyekr during rainfall since the
chambers then block the precipitation to reachsthie Rain events, according to the
current results, seem to play an important rolevéoying CH, fluxes.

It is difficult to evaluate how large uncertaintyetmechanical disturbances during
the measurement bring. Possibly could some of tkasored fluxes, which were
excluded because the increasing concentration wainear, have been failed as a
consequence of mechanically forced gas from thedsoing the placement of the
chambers on the soil surface. However, the @ltkes presented in the results above
were all linear with satisfying Rvalues, which means that this kind of mechanical
disturbance probably plays a minor role in the ltssu

As stated in chapter 3.2.3, it is possible thatdlag sealing of the chambers to the
ground creates errors in the flux data. Whereasntkasured fluxes are larger or
smaller than the natural fluxes for this reasoprabably impossible to estimate. The
best solution of this problem is of course to ustds equipment.

There is also an uncertainty related to the amalgéithe gas samples in the gas
chromatograph, as well as approximations used whkmlating the gas fluxes.

Due to all these sources of uncertainty in the siz¢he fluxes, it should be
avoided to analyse the fluxes in detail. Howevee, é¢rrors should not be too large for
a relative analysis as the one presented hereeifrbes in the flux data are probably
not larger than errors in the soil moisture andcipigation data. It is important to
stress that the uncertainty in the data affectst miothe results presented in chapter 5
guantitatively. These should thus be treated asrgértrends and indications of
processes, rather than verified relationships. drilg statistically significant result is
that the fluxes at measurement plots K2 and K3diffrom the fluxes measured at all
other plots.

58



6.6 FUTURE IMPROVEMENTS OF THE METHODOLOGY

The idea of using electrical resistivity measuretsemogether with flux
measurements appears to be useful to understameia@ior of gas in heterogeneous
soils. However, a number of adjustments of the ootogy could probably improve
the results and perhaps lead to more general ahdpeestatistical relationships.

The number of unvisibal fluxes measured with stetiambers during this project
turned out to be relatively low, despite the fdwttaround 140 measurements were
done during two weeks. Simultaneously with theistettamber measurement in July,
the resistivity data was unfortunately missing, aegieral of the flux measurements
had to be excluded because the change in condentrais not linear. If a similar
project would be performed in the future, it woblel benefited by a higher number of
flux measurements. Better equipment (e.g. framethermeasurement plots for the
static chambers) would probably yield more sigaificfluxes and fewer disturbances
on the soil. Additionally, it's preferable that bo€O, and CH is analysed in the gas
chromatograph, since GHbxidation seems to have played an important rokome
of the measurement plots here.

Soil moisture is probably one of the most importaontrollers of soil gas
movements and emissions at landfills. Continuousisueements of soil moisture
would therefore improve the analysis noticeablem@ang of soil porosity (and
possibly soil gas concentration) at different lomaé and soil depths around the
landfill would also provide a more detailed anadysi

With appropriate handling and interpolation of thesistivity data, it has been
shown that it can provide sufficient informatiorr fan analysis of this kind, even
though the information must be used with care. Trge time-step of two hours
between the measurements was not a problem instbdy. Possibly, a smaller
investigation area with less resistivity lines aabbctrodes in the experimental
arrangement could be used, if any future study donfcus on gas transport and
emissions in particular. This approach would redtive time required for each
measurement and provide a data set with smaller-s$it®ps, which in turn could lead
to a perhaps more detailed analysis.
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7. CONCLUSIONS

It is possible to obtain knowledge about soil ga&hdvior and emissions at
landfills through a combination of the geophysiecakthod electrical resistivity,
surface flux measurements and environmental logging

The results have shown that resistivity data cauwalize how the soil gas is
affected by soil temperature, rain events and gérdranges in soil moisture. This
visualization has contributed to an interpretatioh advection versus diffusion
transport of gas from the soil to the atmospherhickv is possibly one of the
explanations to the temporally varying gas fluxesadfills.

At this particular site, the main pattern of gasalyics in the ground relates to
diurnal variations in soil temperature, which affethe gas pressure in the soil pores
and seems to increase and decrease the extensiie gfas assimilations. Water
infiltration creates pressure imbalances in sgieta, which probably force the gas
upwards to the atmosphere.

There are indications in the results that the ditin transport of gas decreases in
agreement with the modeled diffusion coefficiertieTTH, oxidation in the upper soil
layers shows a tendency to decrease with increasihgioisture. The results also
suggest that advection transport of gas occurs iatense rain events. A longer time-
series and more flux measurement replicates amseary to find statistically
significant results.

The study suggests that the in general largestfldides occur in the vicinity of
gas assimilations in the ground, which are indiddtg particularly high resistivity
values.
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