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Abstract

The electrical resistivity tomography (ERT) and the relationship between electrical
resistivity and temperature are widely used in applicatoict aghe detection ofhe
subsurface temperature anorasland the conversion of temperature effected
subsurface geoelectrical properttesa reference temperature. In the present study,
the conversiomf the inverted ERT sections a reference temperatuseinvestigated.

We studythe case of the influencef the diurnal and seasonal temperature oscillations
on the ground to the subsurfasmrth resistivities We adopt aconversion

( A cectiord )method for the surface temperature effettich is relied on a) the
calculation of the subsurface temperaturefifgroand b) on applying empirical
electrical resistivittemperature conversion modelto correct the inverted
resistivities To study the phenomenon and to validate the correction approach we
perfor med extensive synthetictadnatnat eededst s
geoelectrical models whichare assumed ot have either homogeneous or
inhomogeneous thermal propertif§sh e synt heti ¢ Acontaminated
were inverted using standard processing tools ted resultswere subjected to
temperature aoection i.e. conversion to a reference temperature ubi@gscheme
developed in this work. The synthetic data tes@lculated using typical
Mediterranean temperatuoscillationsand typical thermabroperties suggeshat the
diurnal oscillation effec the resistivities significantly (i.e. >3% change) up to a depth
of 0.3m below the groundghile the seasonal (annual) oscillation is significant up to a
depth of approximately 10m. Note that these depths vary with different climate
conditions and thermgbroperties. In the ERT measurement context the inversion
results produced by ERT dasats collected with intezlectrode sapcingf 7m or

less need to be considered for seasonal temperature effect dowfse this is
necessary for the study of tigeodectrical property variation§.e. timelapse ERT
studies) Respectively data produced by arrays with spacing less than 1m need to
considered for the correction of the diurnal temperature effectder to correcthe
seasonal oscillating resistivity hipons we should utilize correction temperature
profile which takes into account both the annual and the diurnal oscillation events.
The correction approach we adopted assumes thermally homogeneous Itnedia
performed well in all tested cases since itduwed improved results eveor

thermally inhomogeneowsynthetic models.
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1. Introduction

Temperaturg as anintrinsic property that describe partially the internal
energyof matter coexistsin equilibrium withthe otherphysicalpropertiesChange in
temperature will lead to changes in the otpbysicalproperties angarticularly in
electrical resistivitywhich isalso anntrinsic property

Geophysical techniquéike electrical resistivity tomography (ERTinage
the subsurfacelectrica resistivity at depths thatire effected by temperature changes
eitherdue tothee ar t h 6 Prodessavedue toatmospheriqproceses and as a
result the produced subsurface geoelectrical structureinfluenced by the
temperature effect

The temperature effect imposed to tekectrical resistivity of théormations
can be gher enlighteningor the interpretation procesasit happensin cases of
geothermal fieldspr can bemisleadingin casegelatedto geoelectrical monitoring of
various processegxtensive research has been condueiadngto the definition of
the relationship between the electrical resistivity dhdtemperature(Allison et al.
1954 Keller and Frischknecht966,Sheets & Hendrick®d995,Rhoades et all999,
Besson et aR008 Corwin & Lesch 2005Hayley et al. 2007 Ma et al.2011) These
works provided conversion functionshat correlatethe temperatureand the electrical
conductivity andthus allowedthe characterization or theemoval of temperature
effect from heproducedelectrical resistivity of theubsurfacdéormations

A wide range of applicationsangingfrom geothermal fielddo permafrost
terrains and near sutsurface investigsions, use temperature electrical resistivity
conversion functiosito supporthe interpretation process.

From an energy point of view, deep and shallow geothermal systems are used
widely in order to substitute the energy obtained from other costly and nen eco
friendly energy sources. For this purposxperimental approaches have been
conducted targeting the transition and tracing of hedh resistivity methods
(Firmbach et al. 2013 Also, there are advancedtechniques that use the electrical
resistivity methodsn order to monitor the e mp er at ugimrlévs entbalpya n g e
geothermal systems Hermans et al. 20149s well asin high enthalpygeothermal
systemsKummerow & Raab 2015a, 2015b)
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From an environmental point ofiew, long period earth atmospheric
temperature changes are imprintedp@mmafrost areathat act as a globasensitive
thermometer Lewis & Dethier (2013)and You et al. (2013)useal geophysical
techniquesand temperature resistivity correlatios to track the presencend he
evolution of permafrostthrough timeand investigate thephenomenon of global
warming ancclimate change

From a geotechnical aspetandslidesis a phenomenon that hassastrous
consequences on the technical constructimd also threatens humanfé. Many
researcherare studying landslidethat take placeloseto the surface, ina thermal
layer where temperatures shift over due to diurnal and seasonpératurecycles
reflecting the surface temperatumescillations (Krautblatter & Hauck (2007)
Chambers 200%ance et al. 201 &/errill, 2018)

In the samenear sibaurface thermal layer where thesurfacetemperature
oscillation forms the resistivity profilesthe water content asell as the moisture
content havebeen investigatedor both geotechnical reason®runet et al. 201Q
Chambers et al. 201&unn et al. 201Bandagricultural purpose@vlichot et al. 2003
Corwin & Lesch, 2005Brillante et al. 2015)Cases ofaltaffected soilHayley et al.
2009) as well as leaks in waste landfill covefGenelle et al. 2012has been
implemented including the removal of temperature effect.

Focusingin the surfacetemperature effectetthermallayer, from theliterature
review there aretwo basic nethodsin literaturefor the conversionof the surface
temperature effectedubsurface resistivitie® a reference temperaturéhese two
methods are, direct method within situ subsurfaceneasurements of the suiokace
temperature profildy inserting temperature sensors into the groi@ehnelle et al.,
2012)andan indirectmethod(Brunet et al.2010 Chambers et al2014 Gunn et al.,
2015 Merritt et al. 2018)hat calculateghe subsurface temperature profiteirectly
by taking into account only the surface temperature reccBatbh. methodause the
subsurface temperature profile combined with a convensiodel of ftemperature
and electical resistivity to correct the temperature effedtresistivities of the
invertedERT model Hayley et al., 201Qpropose a different correction algorithm that
apply a At emper the measredpmaremt eesigtivitydata ®f ERD
with the useof the temperature profileand by applying forward geoelectrical
modelling(Hayley et al 2010)
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In the presenthesis the indirectmethodfor the acquisition of theemperature
profile and thecorrectionof the temperature effected ERWsas studid. The study is
based orthe literaturereview as well a®n forward and inverse modelor a typical
rangeof rock formation properties Also, a surfacetemperature correction algorithm
was developedbr thetemperature effectedversion results of the ERT methothe
correction algorithm was designed fibre entire range dthe temperature effected
depths of &homogeneous foration where no mass movement or phase change take

place,andwasevaluatecbn homogeneous amthomogeneoutorwardmodels

The methodologyollowed for thisapproachasthe followingsteps

1. Literature review of théemperature and @ttrical resistiviy conversionmodels
Evaluation of these models and selection of the one that best fit the needs of this
study.Review on the analyticalolutiors of the diffusion differentialequation.

2. Algorithmic developmentthat imports thesurface temperature effectnto the
forwardelectrical resistivitynodels.

3. Evaluation of theERT efficiency to detect thesurfacetemperature effean time
and depthbased oithetemperature effected forward models

4. Algorithmic developmentfor the correction of thesurfacetemperatire effect
ERTs.

5. Applicationof the correction methoon a set of forward models.

Thesisstructure

The basic principle®f this thesisare presentedn chapter2. Firsty, the
surface and subsurface environmeifitere the temperatureffect take placedue to
surface temperature variatigns presentedSecondly, the heat transfer mechanism
that provide the temperature profile afearsubsurfaceand isused for the effect and
the correction ofthe models is desribed Thirdly, the conversion models of
temperature and electrical resistivihat arepresentedn literature, are presented and
commentedFindly, theelectrical resistivity tomograph¥RT) methodfor which the
temperatureorrection algorithm wasreatedjs presented

In chapter3, the methodologyor the correction of temperature effected ERTs
is describedTo start with,the heat and electrical properties that deterrtiieainder

correction formationare discussed Afterwards, the acquisition of thesurface
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temperature propertiendthe calculation of the subsurface temperature profdes
described Then, the use of the calculated temperature profileombined withan
electrical resistivity- temperatre conversion modelfor the correction ofthe
temperature effects preented Finally the logistics for the correctipapplied on a
graphical user interface created for the correctbrsurface temperature effected
ERTs are presented

In chapter4 the methodologyollowed for the validation of the correction
approach withthe use offorward and inverse homogenous and inhomogeneous
models is provided The results of the validation procease shownin chapte 5.
Initially, thetemperature ancesistivity range in space and time fmme typical rock
formations is establishedThenthe calculatedresistivity rangesthat setthe range of
the applicablearrays andeslutions for the ERT methodwhich can be correctedare
presentedThen the correction methasd validatedup to the diurnal anthe annual
perturbation depthaising forward and inverse model$-inally in chapter 6 the

conclusions aresummarizedn chapterO.
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2. Basic principles

In this chapter
the temperaturechangeson the surface of the e#h, due to a
Mediterranean climateand its impact tothe subsurface are described
For this purpose,the transition of kat into the soiland its relationship
with the electrical resistivityare featured Also, the methodology of the
electrical resistivitytomography(ERT)is explainedasit will be used for
the application of theemperaturecorrectionand the conversioof the
temperature effected electrical resistivity tomographiesa reference
temperatur§25A C f or ) hi s study
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2.1 Surface and subsurface environment

Starting from thesurfacetemperatureconditiors of earth the temperature is
osci |l | at i ngorbdalmovement aadavartehdie to atmospheric processes
like wind and cloud cover, as well as other factors like altitudegitude and
vegetation canopy. In order to model the temperature profile inside the subsurface, the
surface temperature oscillat history of an annual cycles neededA simplified
method, for theexpression ofhe complex temperature variations that can be recorded
over an annualcycle, is implemented with the use tife mean annuasurface
temperatur@and the amplitudes of themperatur@scillationsduring the annual cycle
(Hillel 2004). Equation(2-1) represers the simplified form where only themean

seasonal amplitude usedgsfsagagafdsa
Yo Y Y zOBT zo . (2-1)

Where

"Yoft is the temperature at the selected time of the gredhe surface

t is the selected time of the year

Y is the meammnnualttemperature

Y is themeanamplitude ofseasonajannual)temperature oscillation
1 is the annual radial frequency

. is the phase change of annual temperature oscillation

The temperatureffect caused by theurfacetemperature osciltaon, takes
place at the neaubsurfacdayer, where thesolid pars of the formations can be
eithersolid rock or soil A classificationof soil subsurface layersccording taHillel
(2004) starts with the regolith, which is the part thie earttd sulsurface that is
overlying theconsolidatedbedrock and consists of a set of parallel horizons called
O,A,B,C. The graph inFigure 2-1 shows a conceptual epresentation of these
horizons.The main constituents that can be found in these layertha solid phase
(including organic matter), liquid phase like water solutions and gaseous phase like

atmospheric air.
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Surface mulch
0 horizon 01 | Undecomposed litter
e (plant
residues) 02 | Partly decomposed debris
. T A1 | Zone of humus accumulation
A Horizon :
A horizon
(zone of A2 | Zone of strongest leaching
eluviation)
A3 | Transitional to B horizon
Solum
(true N .
. soil) B1 | Transitional to A horizon
B Horizon )
Regolith B horizon
(weathered (zone of B2 | Zone of maximum illuviation
material) illuviation)
B3 | Transitional to C horizon
C Horizon ;
C horizon
(parent C | Unconsolidated rock
material)
L ¥
t
Bedrock R layer R | Consolidated rock
- (bedrock)

Figure2-1 Soil Horizons(figure from Hillel (2004)Figures 1.1, 1.2, p. 9)

fiO0 horizon consists of organic residuegile A0 is the horizon where
minerals and organic matter coexist and the main biological activity od€wsand
AAO horizons are considered to the topsoil layerThe boundaryf top soilwith AiBo
horizon where thesubsoil starts, is found at depttisseto 04 m for pedologists
Bayowa & Olayiwola (2015¢ategorizd topsoil based onorrosivity and competence
related to vertical electrical resistivity measurements within an area dfr6’4 and
correlatel top soil thickness with a range of 0.2 andn2 depth.In this study the top
soil thickness is determined bye perturbation depth ofhe diurnal surface
temperature oscillatiothatreaches depthdose t00.3 m.

The intermediate places of solid congitis across the vertical axis of the
stratigraphic tomographys filled with air and water, wherehé¢ variation of the
amount of watewith the depth separate? zones, the vadosky and the saturated
zone(Figure2-2.) The vadose zone extends from the surfafcearthto the depth of
the regional groundwater tabilehere the saturated zone stars. Vadose zone also
includesthe transient zonavhere capillary forces occur. The thickness of the vadose
zone may be leghan 1 m or can extend to hundreds of meters or more, depending
on the deptlof the water table(Holden & Fierer, 2003)
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Soil surface
A 4
Rhizosphere
Vadose
zone
Capillary fringe
\/ Groundwater table Y
Saturated
zone
Y

Figure2-2 Subsurfaceones divided by thei water content
(figurefrom Holden & Fierer(2003 Figures 1, p. 217

2.2 Energy, temperature and heat transfer

In physics energywith Sl unit joulesdesignated &sjA , is a property othe
matter that can be transferred between objects, and convetdea variety of forms
like potential and kinetic energy. The internal enevfya systemis determined inter
alia by theinternalpotential andheinternalkinetic energy oitoms and molecules in
the microscopic scale, excluding thacroscopikinetic and the potential energy of
the system as a whole due to external force fields.

Theinternalkinetic energypossessed by atoms and molecigen the form of

translational, rotational, and vibrational motioffietemperatures a measure of the

20



averageranslational kinetic energy @toms and molecuan a systemThe change
of mercury volume inside a thermometer and the cleaofythe electric resistivity of
soil, are examples whedhange of internal energy beconmesasurald.

In thermodynamics, whicls the science of the flow of hedtkeat transfers
the process of energy transititom a high temperature object to a lower temperature
object There are thremodesof heat transferthe conductionthe convection and the

radiation

1 Conduction is the mode of energy transfer, where the intekiagtic energy,
possessed bgtoms andnoleculesis transferred to neighbour particles by means
of collisions between theandexchange of kinetic energy.

1 Convection is the mode of energy transfer, where #wergy is carried by
particles (fluids) inside an isolated system, so as the system achieves energy
equilibrium across its boundaries. Besides natural convection, focreakction
takes place in cases of heat pumps.

1 Radiation is the mode of energy transfevhere the energy with the form of
electromagnetic waves is emitted by bodies with temperatures higher tkgn O
absorbed by other bodiewhich as a resuliof the absorptionncreasesheir

temperature

Conducton is the only mechanism that is catesied in this workas the heat
transferat the study areaccurs pmmarily by conduction andnly secondary by
radiation and convectiorRpbertson 1988Martin 2004) Th er ma | di ffusivit
with SI unit m%s is the only heat wiable needed for this approadievertheles,
heatcapacityand thermal conductivitythat are commonly usegropertiesrelated to

thethermal diffusivity will bealsopresented below.

Heat Capacity

Heat capacity is a property thdescribes the ability of a material to store
energy in the form of internal energyithout phase chang@dding heat in a closed
system, resultmto the raise of the internal energy of the systauich is measured
by the change of its temperature. Hog sameamount ofheatenergy addethto two

closed systems with the sanmgtial temperature but different heat capacititee
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system with highr heat capacity (e.x. watewill present a smaller temperatwiase

than the system with lower heat capa¢é.x. minerals)

There are two derived quantities that spettigyheat capacity as antensive

(or intrinsic) property of a substancedéspitethe size of thsample). Thesare:

1 Molar heat capacity C (heat capacity per unit mol)
is the heat capagipermole of a pure substance. Molar heat capacity is often
designatecas CP, to denote heat capacity under constant pressure conditions,
as well asCV, to denote heat capacity under constant volume conditions. Unit

of molar heat capacity i3/(K * mol)

1 Specific heat capacity c(heat capacity per unit mass)
often simply called specific heat, is the heat capacity permasgsof a pure
substance. This is designataslcP (constant pressure conditions) aasicV
(constant volume conditions). Unit of gjifec heat capacity is)/(K * Kg) .

Heat Capacityas anextensive (or extrinsic) propertythat depends orithe

sizeof the samplgis called volumetric heat capacity.

1 Volumetric heat capacity VHC (heat capacity per unit volume)
is the heat required toaise the temperature of a volume unit byA C.
Volumetric heat capacity NC is equal to the product of specific heat capacity
cP and density ¢ Kg/m® of the unit volume sampl&ubscripty of densityis
usedto distinguish the densityy from theelectricalresistancg . Unit of VHC
is J/(K*md).

006 &OF” (2-2)

A soil consists ofolid, liquid and gas phasesd their propertie§Table2-1)
are used to set a bulk value of heat caga€ibr a homogeneous materjdike soil

that consists of a number of different compongthies total VHC can be calculated by
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the sum of products of eachHZ with its volume fraction f(de Vries 19753)

equation(2-3).

w06

"W (08

(2-3)

The subscriptfisd denotes solid phasdj | denotesliquid phase andhi g 0

denotegjasphase.
Density p Heat capacity C

Constituent (kg/m?3) (J/m3 K)
Quartz 2.66 x 103 2.0 x 10
Other minerals (average) 2.65x10° 2.0 x 10°
Organic matter 1.3 x 103 2.5 x10¢6
Water (liquid) 1.0 x 103 4.2 x 10°
Ice 0.92 x 103 1.9 x 10°
Air 1.25 1.25 x 103

Table2-1 Densities and volumetric headacities ofsoil constituents (at 10A C) and of Ice
(at0 A @ (table modified fronHillel (2004)table 12.1, p. 220)

Thermal conductivity

Thermalc o n d u c t refers tb theefficiericyof the matter to conduct heat

anddefines the amount of thénternalenergythat will be transferred i unit time,

through a unit distanaaf substance under a unit temperature differewatd Sl unit

watts per meteKelvin W/(K*m) . Similar me&hods toDe Vries, D. A. (1975a) and

Tian et al (2016)eterminesoil6 shermal conductivityas a bulk propertyderived

from the properties oiifferenttypes andohaseghat coexistin the formationwhile

other approachedike the curve fitting schemesbetween electrical and thmeal

conductivity have beenalso proposedWang et al. 2017ajTable 2-2 depictsthe

thermal condctivity of differentconstituents anghases.
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Constituent mcal/cm sec K (W/m K)
Quartz 21 8.8
Other minerals (average) 7 2.9
Organic matter 0.6 0.25
Water (liquid) 1.37 0.57
Ice 5.2 2.2
Air 0.06 0.025

Table2-2 Thermal Conductivityo f S o i | Constituents (at

(table fromHillel (2004) table 12.2, p. 222)

Thermal Diffusivity

Thermal diffusivity D,is the ratio of thermal conductivity, kand the heat
capacity per unit volume VHC. Thermal diffusivity determines the temperature
response of a soil to thermal perturbatiaipdartin, 2004) Sl unit of thermal

diffusivity is m?/s.

&
z

E a 2-4
20 6 ( # (24)

C..

Heat transfer

Four i eforheat condustion stege¢hat whenever a temperatuygeadient
existsin a medium instantaneously a heait flow is establishedln one dimension
form (soilés depth dimension m ) andfor ahomogeneouand isotropic material, the
heat flux densityi gbthat is the rate of heat transfer per unit avéth SI unit W/m?
and B expressed with ed2-5), where k is thermal conductivity and i§ the

temperature.

pral
m:
N
|

(2-5)

Aiming to the formation of an expression that will describe the temperature

variation inone homogeneouspatial dimensiomuring an annual cyclelue to heat
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transition caused by thesurface temperature oscillatisnthe diffusion equationis
usedeq.(2-6), whereii ¢ P ¢he hieag capacity per unit maaadi §0is mass density.

0 represents any external energy sources or sinks with SWinit® .

sogr az—r N5 e
¥ X T (‘) d ¥ (2'6)
In the absence of any sink or souafeheat ancassuming that thbulk heat
propertiesof the formationare constanthe combination of2-5) and(2-6) forms the
linear homogeneougarabolic partial differential equation, that solves the time

depended heat distribution in one spacial dimension

Py 1y
To ° 1& 20

The exacanalyticalsolution of equationf2-7) with

Initial condition # (z,0) =¢n,

Boundaryconditions Yo Y Y zOBT zo .
I Ed YO “Ya

where:

“Y ot is the temperature at the selected time of the year on the surface

t is the seleted time of the year

Y is the mean temperature of the year

Y is the mean amplitude skasonalemperature oscillation

1 is the annual radial frequency

. is the phase change afinual temperature oscillation

L is the maxnum depth

is forming toeq.(2-8) (Hillel 2004, Fu & Leventhal, RP11)

Yaho Y — OEIl Zzo a (2-8)
Where
z is the selected depfla O ) 0
Q is the damping depth of annual temperature oscillation

Damping depthQ describes the depth where the temperature is equal to the 1/e
(1/2.718=0.37) of theeasonadmplitude of surface temperatwscillation Sl unit of
25



damping depth isn. Calculation of damping depth uses thermal diffusivity and the

angular frequency of surface temperature oscillagigr(2-9).

¢z$
5

A (2-9)

Equation(2-8), preserd the solution result for ®irichlet boundary condition
that describgonly the seasonal temperature oscillation. Using the term harmonics, in
order todistinguishthe multiple simultaneous events (seasonal temperature oscillation
event diurnal temperature oscillati@vent etc.) that take place and shape the actual
surface temperature oscillaticeguation(2-8) canbe rewritten and used as the sum of
these harmonic@usuda & Achenbach 196Hlillel, 2004).

2.3 Conversion models of electric resistivity and temperature

Thermal migration in the upper layeo$ the subsurface of the earth due to
atmospheric temperatunariations is a timedependent physical phenomenon that
has an impaabnthe internal energy of subsurface materiAls a resultthe electrical
properties of underground formations are chagghrough time.

El ectrical resistivity or specific elec
is anintensiveproperty of matter that quantifighe ability ofa substance to set in
motion its electric chargesinder the application of an electric field. The Sl wofit
electrical resistity is the ohm*meterq * nm(commonly used ohfm). Inversel
electric resistivity ishes peci fi ¢ conductance oras®l ectric
unit Siemens/metes/m.

The influence of temperaturd Gn electrical resistivityohmm, both for a
liquid and fora solid mediumis well established H A t emper ature incre
an dectrical resistivity decreas€Wells 1990Besson et al. 2008As far as solutions
are concerned, small changes of temperature (no phase change)gebedtrolyteof
water, and affect the resistivitgn increase in temperature decreases the viscosity of
the electrolyte and as a result the electric resistivity decré@apazaxos 1996)

The basic principleof a conversion modebf temperatureand electrical
resistivity, is the conversion ofthe electrical resistivityfi 0 at a gi ven r ef
t emper ao nto@neivialué 1,0 measur ed at 0dasddermper at ul
a temperat ur e fedoancerdingdoi equatiof24@)t (Allison @t al.
1954)
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} -
. QY (2-10)

Ma, et al. (2011) evaluatedthe based onliquid fluid conversion mdels
existing in the literaturegomparingthe residuals between conversion fact@s'yY of
literature conversion models and the experimental conversion fag€dorgs of
Allison et al. (1954)and classified therhased on their mathematical expressiato
Ratio eq(2-12), Exponentialeq. (2-11), Polynomialeq. (2-13) and Power function
model (2-14), (Table 2-3), and suggest that practitioners should use either the
exponential modetorrected angresented byCorwin & Lesch (2005)r the ratio
model.

The ratio modehas been tested and used by many researchers for different
values of temperature coefficient of resistaidea | s o U5 e ld eatidth @ide)i
range of reference temperaturgller and Frischknecht (1968luggest as reference
t emper atandie 08 0.M8 etA.G2010) states that the ratio mouth
reference temperature 2B Ca n d U=0. 0191, resuisabodtrthest wort h
temperature effe¢h therange betweeB and47A C .

The exponential moddthe ®rrectedSheets & HendrickX1995) model by
Corwin & Lesch(2005) perforns the bestand is designed for reference temperature
at 25 A Candtemperature effesangebetween 3 and 4A C(Ma, et al. 2011)

Rhoades et al. (1999) model (Polynomial model), ab® designedfor
reference temperatu®5 oAlfandtemperature rangsetweenl5 and 35A C

Conversion
modelsf Equations
Application References Equations l\?umber
temperature
range
1) Exponential Corrected Sheets & |
model Hendrickx (1995) from| o T 8 (2-11)
3-47 A Corwin & Lesch ” @ T X P8 Mo
(2005)
” p
2) Ratio Model Keller and — ~ n
3-47 A Frischknecht1966) P 1YY (2-12)
1 TS p EpTdr ¢ J #
. — P TG mnortT’y QUL
3) Polynomial
model Rhoades et al. (1999) WO §EE  C U (2-13)
15-35 A TBIMTNMNMmUYL ¢U
4) Power " vy 8
function model Besson et al. (2008) . v (2-149)
5-20 A

Table2-3L i t e r aohvarsiom thadelaf electrical resistivity and temperature
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We used the proposed models to perform some testFiguse 2-3 shows the
performance ofiquid fluid basedmodelsfor a range or temperatwbetween 3 and
47 A Creference resistivitied00 ohmm and reference temperatug® A CRatio
modelis represented with values as 0.0191 and 0.025

Contamination
Reference Resistivity : 100 [Ohm*m]

50 Reference Temperature : 25 [°C]

——-Reference Resistivity 100 [Ohm*m]
—Reference Temperature 25 [°C]
—— Polynomial
—— Exponential

Ratio 3=0.0191
—Ratio  5=0.025

=
o
T

w
[=]
T

Temperature [°C]
N
o
T

10~

120 140 160 180 200 220 240 260
Resistivity [Ohm*m]

Figure2-3 Empirical ®nversion modelsf electrical resistivity and temperature,

appliedon 100 ohmm referenceelectricalr e si st i vity at 25 AC refe

It is clear that lhe removal of water content from a porous formation reduces
the heat capacity of the formation and as a result for the same heat addition, the
resistivity amplitudes from th25 oC reference resistivityalue should be increased
as representdualy theratio model withii=0.025 inFigure2-3.

Considering a non saturated formati@gsson et al. (2008uggestthat the
models based on solutions or soil solution extra@®atio, exponential and
polynomia) are reliable forthe correction when the volumetric soil water content
tendsto saturation, and prese power function modeldetermined by regression
analysis on experimental data from undisturbed soil &snpith various water and
clay content

This particularmodel was degnedonly for a range of temperatures between
5 and 20cC. For this modelthe reference temperature is alsiableasit is in the
ratio model Comparing theatio andthe power function model for &= 16 cC in a
temperatureeffect rangeof 5 to 2 oC, Figure 2-4 shows bettercorrelation when the

ratiomo d e | has v,ahichisa valuessuallyus@danghe literature
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Reference Resistivity : 100 [Ohm*m]
Reference Temperature : 16 [°C]
20 ~o,

N RN 5 — Reference Resistivity 100 [Ohm*m]
o N —— Reference Temperature 16 [°C]
215 ST — Power function
s | TR ---Ratio 5=0.025
s 0 T
N
10~ T
L e e,
L

Sr ! I ! \ ! ! \ I LT !

90 95 100 105 110 115 120 125 130 135 140 145

Effected refference resistivity of 10 [Ohm*m)]
20 - >y
— Reference Resistivity 100 [Ohm*m]

QG — Reference Temperature 16 [°C]
o 15F — Power function
5 ===Ratio 6=0.0191
g
10 T3
7 R
L e

5C ! \ ! ! ! ! L ! ! . |

90 95 100 105 110 115 120 125 130 135 140 145

Effected refference resistivity of 10 [Ohm*m]

Figure2-4 Power function conversh model (derived fromnsaturated sogamples)
in comparison with the two differemlues for théitemperature coefficient of

resistance of the ratio conversion model.

Concluding, n the case ofwater saturateformations it is preferable to use
the ®lution based conversion models that are 1) the exponential model and 2) the
ratio model with temperature coefficient of resistaie®.0191 For non saturated
porous formationghe non fluid based modelsither theBesson et al. 2008r the
Keller and Frischknecht1966 model (with temperature coefficient of resistance
U=0.025A C) peform well in the range of 285A C, skouldibeested for the rest
of the temperature range of an annual surface temperature cycle.

The temperaturgange ofa temperate zonéhat will be encountered on this
study is between2 . 3 an d alldvling 8he #s€ ofexponential or the ratio
conversionmodek only. Despite that theratio conversion modeprovides more
flexibility with the variablefactor i and the variable reference temperati¥e, the
exponential model will be used this work for temperature effect of the forward
modelsas well as,for the correction of the invepn results ofthe temperature
effectedelectrical resistivity tmography (ERT)This is because data used are mostly

synthetic so no requirement for a detailed temperature conversion model exists.
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2.4 Diurnal and seasonal effected resistivity horizons

Considering a homogeneous medium under a steady state temperatiemg grad
as presented iRigure2-5 A, with temperatures T1<T2he intermediate horizons can
be characterised by their temperature and their corresponding electrical resistivity
values. The same conceptual temperatun@ electrical resistivity horizons can be
appliedin the interior of ahomogeneougarth, due to théemperature difference
betweenthe centreand the surfac€Figure 2-5 B). The close to surfaceesistivity
horizons(Figure 2-5 C) arealsoinfluenced by the surface temperature oscillation and
this horizons can be divided ito seasond and diurndly oscillating resistivity
horizons that aretemperatureeffected by the correspnding surfae temperature
oscillation evets. Figure 2-6 showsthe resistivity horizonsfor a 24 hour period,
where the diurnal surface temperature oscillatiperturbate up to-1 m into the
subsurfaceandas a esultthe resistivity horizon$ollow this oscillation This work is
focused both on the diurné}l oscillating resistivity horizons as well am the

seasondy (also called annuB) oscillating resistivity horizons

Earth surface

T [°C]

>
Resistivity horizons

Temperature horizons

T2 [°C)

Figure2-5 Conceptuatepresentation of temperature and resistivity prefite a
homogenous medium acrosstip and bottom/centéemperature boundaries.

Diurnal oscillating resistivity horizons

| Surface resistivity horizon

Resistivity [ohm*m]

38 -3 [m] resistivity horizon

Figure2-6 Diurnally oscillating esistivityhorizons during a 24 hour period.
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2.5 Electrical r esistivity methods and the ERT

Among the geophysical methodthe electrical resistivity methods like
electrical resistivity profiling, sounding and imagimge used to map the spacial
distribution of electrical resistivityof subsurface formationsn typical depthsup to
250 m.In this study, the correctiorof the surface temperature effedthorizonswill
be applied to thelectrical resistivity tomograph¥RT).
According to Tsourlos (1995Fsigivity studies are based dhe vector form
of Oh mthat fot abhamnogeneoumediumofe | ect r i c al resistivity
the current de nhew rmapy cubmbs af charge pdss evgry seaond
through a unit area, normal to the direction of the charge fidwena potentialnV is

appliedby asinglecurrent electrodéFigure2-7).

p P L

sl B2 LT (2-15)
Where:
J = current density\/m?
Ess = electric field strength N/C
| = specific resistance (ofetric resistivity) Ohm-m
nV = gradient of a scalar potentdim
I = current flowthrough the grouné
r = distance from current electrode

Current
Source

Air

Earth

Current flow
direction

Equipotential
lines

Figure2-7 Current flow and equipotential lines theresult of a sgle current
electrodesource(from Tsourlos (1995Figure 2.2, p. 19)

The integration of the first order differential equat{@dl5) showsthat, for a
singlesourcepoint and forad i st anc eheBaurget heoml| ectri c poten
with derived Sl unit VoltsV , is:
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(2-16)

Mapping the undergroundlectric resistivityfy 0 involves the injection of
electric current and the measure of electric potential difference on selected points of
the surfaceFigure 2-8, shows the current flow lines and the equipotencial surfaces
created by the applicatioof electric current in point& (source)and B (sink), by
nailed electrodes on the grourféoints M and N representied electrodes that are
usedfor the measurement of potential difference between them. This arrangement of

electrodes is called an array.

Voltage source Current meter
1|
Electrode Voltage meter
Ground surface
o '/‘,'\\l' 4 d ] i 7N
\ \ X J f1\ X /- 1 \‘(,k B Y :
L 5 ,5/\}\,/,-:~>',.\\,</~‘| \ o
N ARG Y Y /N S {
D) XX T AL X X
’ ~ / ~ / \ A /\ 1 \
~ / X° N TR N e \ ~
! il \\ 7 N\ J \‘,/\ y i = \ %
/ \ X / e - Y4 \ \ . 2
4 NN\ s A \\,/ Ha \ Equipotential
) (R \\ // N . '\:,/' \ /) T =t Surface
L / 4 ! ->
P N v N E
- \\‘\/ N /\ X ~
P X
// — \ \
/ \ Current lines
-

Figure2-8 ERT method, grface potentiatlifferencemeasurements

(from Muchingami et al., 201, Figures4, p. 48.

The potentials at points M and N are gi\®n

: }20p p
w cz® _Q _Q (2-17)
) n Z"O p p
w czr T T (2-18)
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The pdential difference is represented with

. mz2'0  p P P p
0w w CZ—“ _Q _Q — (2-19)
Where
M w , G2 vz o
(@] p p P p (2-20)
fRO Iis the Resistance that

property, with SI unitN (also used ohm)T h e
equalize the

fi 0 of the material.

geometrical

me a s u rekedricat ressstivigy (spenific eesistaco)

Figure2-9, shows the geometry of théennerelectrodesarray(A,B,M,N), for

(2-21)

factor

and

3 different geometrical factors. Red dots represent the estimated position for each

calculatedelectrical resistivity In case of a homogeneoosedium every calculated

fi 0is expected to have the same value.

STATION 3
1

! 1
A 3a M 3a N 3a B
| l | !
T T T 1

STATION 2
) ! 1
A M N B
| 2a | 2a | 2a |
| I I I

STATION 1

—— :

) Line of electrodes

Automated multielectrode
Resistivity meter

Figure2-9 ERT measuremen{from Matias & Almeida, 201/Figures4, p. 120.
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In case ofa non homogeneousesistivity medium the measureelectrical

resistivity is called apparemdectrical resistivityf ap0

because t he

have information from the bulk geomgtwhere resistivity is not constant in space.

Apparent electrical resistivityis estimate with the assumption of half space

geometry.

The measured apparent electrical resistivity is a volawmsgaged value

affected by all the geologic formations throughich the induced electric current

flows. In order to calculate the distribution @fo from multiple measurements of

apparentelectrical resistivity fij o0 0 f a

electric resistivity tomography, an array of electrodes is set on the surface of the

non

homogeneous

ground and the measurements are interpretedtietinversion method.

The arrays that ameftenused for 2D imaging surveys are the (a) Wenner, (b)

Schlumberger (c) dipoldipole, (d) poledipole and (e) pokpole. Among the

characteristics of an array that should be considered are:

1 the sensitivity of the aaly tothevertical and horizontal changes in the

subsurface resistivity
the depth of investigation
the horizontal data coverage

the signal strength

= =_ =2 =

As a result ofusingdifferent electrode configuratisnthe geometrical factor

nGo of each

ing. Figuaey2-10j wesexs hha kapfiguration of some

common arraydn this studythe Dipolei Dipole array was used.

WENNER

A M N B
OJ=— ——_——=
A M N B
@ Iq— > 5l —>|¢—|>|4—>5I —bl

L

SCHLUMBERGER

B
«—

A M

N

>
Y=

N
| | a TWIN-PROBE
el b 1

DIPOLE-DIPOLE

A B a MaN
© ekl

®

POLE-DIPOLE

A M N B
@ b ded o2

©
I

a
—>

1234
4 1

SQUARE« A M N B
SQUARES ABNM
SQUAREY AMB N

3 2

Figure2-10 ERT electrode array typ€ésom Tsourlos (1995Figure2.8, p. 32.
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Modeling and Inversion

An inversion procedure is the standard processing tool applied to geoelectrical
data in order to "transform" the measured apparent resistivity data into a model of the
"true” subsurfaceelectrical resistivity. Inversion method is an optimization process
that iteratively changes the electrical resistivities of an initial model, in order to
minimize the error between the measured and the calculated values of apparent
electrical resistivity.The overallpurpose of thenversionalgorithm is to iteratively
find a 2D subsurface resistivity modékat will producecalculated data which are as
close as possible to the actual ones measured in the. A measure of the quality of the
produced model is the % misbhetween the actual and the calculated observations.

In this work theforward andinversion processing was performed using the
res2DmodFigure2-11 A) andred2Dinv(Figure2-11 B) software ackage l(oke et
al., 2003. Thered2Dinvprogram performs smoothness constrained inversion using
either L1 or L2 norm inversion schemes and is based on a finite element forward
solver. The software offers the ability to establish an seenodel through setting

the mesh system and inversion blacks

RESIOMOD ver.  Lnpevec\03_Yiapers C ERROR NComsL2 hbyers it 17717 60 Tref 25 mod. = Lo

(i

] RES2DINVx64 ver. 4.07.08 - E:\Users\poly k ixiako_geofisiki\05_Layered\03__2layers_same
File Edit Change Settings Display Topography Options _Print _Help
Carry out inversion
Calculate region of investigation index
Inversion methods and settings > Select robust inversion
Model discretization » Modify least-squares method
Voo seoativy oot A Choose logarithm of apparent resistivity
Type of method to solve least-squares equation
1.P. options »
Use reference model in inversion
Batch mode options »

Fast inversion of long survey lines or large data sets

Use fast Jacobian routines for dense data sets

Set time-lapse inversion settings

Select method to handle missing data points

Floating electrodes survey inversion method

Limit water extent for underwater electrodes survey

Set DOI parameters

Figure2-11 Forward and inverse electrical resistivsiyftware
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3. Methodology for the ERT temperature correction

In this chapter
the methodlogyfollowed forthe correctionof the ERT inversion resulfs
Is described. In the beginninghe subsurface formation propertiese
determined,and then the surface temperature oscillation everaie
classified What bllows is the calculation of substace temperature
profile, where based on the deptlid the inversion result@nd the
selectedfitemperaturei electrical resistivity conversion modelthe
electrical resistivities areonvertedio a reference temperaturginally,
the graphical user intéacethat was created fothe surfacetemperature
correctionof the surface temperature effected/ersion resultginverted

with DC2DPro or Res2DInv softwayds presented
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3.1 Determination of A&l O A GQtteimil@roperties

For the calculation of condtive heat transfethe heat propertiesf thermal
conductivityk with unit W/(K*m), heat capacity per unit mass (constant pressiie)
with unit J(K*kg), density}4 with unit Kg/m® or heat capacity per unit volume
(volumetric heat capacityyHC with unit J(K*m?®), are required.

The \alues ofthe heat poperties are usually calibratbdsed orthe conditions
of the study argabut for the purpose of this worlwe used typical property values
found in literatureThe values of thermalpropertiesandelectical resistivitythatare
represented inTable 3-1, are based onbibliographical reference§Abu-Hamdeh,
2003) (Hillel, 2004) (Wanget al.2017c) The heat values dhelast columnof Table
3-1, that represent a homogeneous clay model, were used forfothard
homogeneus modelshat will be shown in next chapters

Phases Clay
: Abu-Hamdell Wang [Homogeneou:
Tl 2025 2003 | 2017 | clay model
Solid Clay
Air Water [minerals|] (Values Clay Clay
average] range)
— — -
Grain size composition <0.07¢ 100%
mm
Saturation
% 59.9
Moisture content
Kg/Kg 0 [0.25
Elect’n.cal resistivity 33.32 30
: Ohmm
Thermal conductivity
K WI(m*K) 0.025| 0.57 29 1.88 1.88
Density :
‘416 Kgl(m)) 0.00124 1 2.65 12 | 1.4 1.3
Heat capacity per unit Mass
cP - 18 J/(kg*K) 1 4.2 0.75 |1.17(2.25 1.71
Heat capacity per unit Volume :
C : 16 JI(m*K) 0.00124 4.2 2 1.48] 3.54 2.223
Reference temperature’C 25

Table3-1 Physical propertiegsedfor the homogeneousrward modes.
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3.2 Expression of surface temperature oscillation

For thecalculationof the subsurface temperature prafttee acquisition othe
surface temperature osctilan history is needed In this work the actual act of
measuring thesurface temperature oscillation with a monitoripgpcesswas not
included butwhen temperature dais monitored it should bementionedhat there is
also a temperature lag between skin surfangperaturend temperatureeasurect
higher elevation from the surface of the surveyed formatiew.there is2 hours
temperaturéag at +2 m fromthe surfacen comparisorto thetemperature oscillation
atthe skin surfacéJin et al. 2014)

For the purpose of this stydthe history of the surface temperature was
acquired from the monitored datfithe Department oMeteorology andClimatology
of Aristotle University of Thessaloniki (A.U.Th.) at 40.37N, 22.55#d altitude 31
m.

For the calculation of the surface tengtere profile the mean seasonal
temperature amplitude and the actual diurnal temperature amplitude of the surveyed

dayare needed
Mean sasonaltemperature oscillation amplitude

For theacquisition of theseasonabscillation amplitudethe data of the dst
twelve monitoredmonthsof the surfacetemperature oscillatioare neededrable 3-2
present datalike these, but instead of the last 12 months, this table showsahe
temperatures for the period 1930200 provided by the A.U.Th. Meteorology
station These recordsvill be usedin order to impose the temperature effect to the
forward modeldn the following chaptersas well as tacorrectthe inversion results
The methodologypresented belowfor the calclation of the seasonal temperature
amplitude is the saméor the application of the correctiarsingtheactual 12 months
tenperaturerecordinggrior to the conduction dhe ERT survey

The variablegequiredfor the calculation othe mean seasonaénmperature

amplitudeare presented below.

Mean annual temperatufe,

Annual maximumntemperaturel amax

Mean diurnatemperatureamplitudeT 4,

Seasonavariation of mean diurnaemperaturemplitudeT yga

PwbdPE
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Temperatur@able A C
Mean Meanmaximum Meanminimum Diurnal Amplitude

A B =(A-B)/2
Jen. 6.0 9.6 2.3 3.7
Feb. 7.4 11.6 3.2 4.2
Mar. 10.1 14.4 5.7 4.4
May. 14.4 19.3 9.6 4.9
Apr. 19.4 24.6 14.2 5.2
Jun. 23.7 29.2 18.3 55
Jul. 26.2 Tamax=31.8 20.7 5.6
Aug. 26.0 315 20.5 55
Sep. 222 27.4 16.9 5.3
Oct. 17.1 21.7 12.5 4.6
Nov. 12.1 16.0 8.2 3.9
Dec. 7.7 11.3 4.1 3.6

Annual | T,=16.1 20.8 114 Tmaa =4.7

Table3-2 Auth meteorology statiomean temperatures 19B@2005.

The mearannwal temperaturel,, for this period isT,,=16.1cC. The t emper atur e
mean annual maximufymaxappears during July withiymax = 31.80C. According to

maxi mum and mi ni mum temperatures of ever.y
diurnal amplitudeTl 4o was calculged asT mga= 4.7 cC. Finally, the seasonal variation

of diurnal amplitudeT 4, (the half of the difference between maximum and minimum

diurnal amplitudes at last column d&ble 3-2) hasamplitudeequal toTg4a = 1 cC.

The mean seasonamplitudeT nsa can be estimatedith the equation(3-1).

Y Y YooY Y (3-1)

Actual diurnal temperature oscillation amplitude of the surveyed ERT

The actualdiurnal surfacetemperature amplitud€,q,, for which the ERT is
going to becorrectedjs acquired as the half of the difference between the minimum
and maxmum temperatures during the Bferiodbefore the surveyed ERAquation

((3-2).

0706 | 18 AXBO'Q6 | & "
"y : (3-2)
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3.3 Subsurface temperature calculation and temperature correction .

For the heat properties described in cha@dr (clay formation) and the

surface temperature condition described in chaftér(using asactual diurnal

amplitude 4.7 «C with oscillatingdeviation 1 o«C during the annual cycJeFigure

3-1 presend the surface temperature history and the sifase temperature profile of

the firstday andirst hour of the year.

Figure3-1 A, upper blue graptshows the temperatupgofile with time for a

period of one yearwhile B anc C uppeiblue grapts showsthe time scale in

logarithmic scaleFigure3-1 A and Bcorrespond to a winter dagme 1D:010101)
while C correspond to a summetrydduring July(time 1D:071008)

Downright red graphs dfigure3-1, shows the temperature profile with depth.

A and Bred lines, present the same subsurface temperature pdofilag the first

hour of the year @i is the result of previous six months surface tentperactivity

As a resultdue to the heat transition that gained during summer pesiodonths

before thewinter datethat subsurface temperature profile represents p&herbation

depth of the dirnal temperature effect is also labelled in this graph with depths of

about 0.3m, while the annual (seasonal) perturbation depth is labelled as the result of

the annuall

y oscil|

ati

ng

har moni ¢ Thef

same peurbation depths can be seerfFigure3-1 C, during a summer surface day.

Winter date

time [days]

— Surface Temperature dT/dt

time ID:010101

5 10 15 20 25 30
Temperature [°C]

A

__ Subsurtace Temperature dT/dz]|

Winter date

Depth [m]

10 15 20
Temperature [°C]

B

armonic

25

30

___ Subsurface Temperature dT/dz
time 1D:010101

log time [days]

Depth [m]

Summer date
5 10 15 20 25 30

— Surface Temperature dT/diogt

___ Subsurface Temperature dT/dz
time 1D:071008
e

5 10 15 20 25 30
Temperature [°C]

€

Figure3-1 Upper graphs show the surface temperature history, Wwbitem graphs
show he subsurface electrical resistivity profithsring the selected time

In order tocorrectthe temperature effead inversion resulighe s o i témpeyature

profile has to be calculated based aie surface temperature oscillatidmstory, the

40

t

he

t



thermal diffusivity of the formation the depths of the inversion resultthe
temperature at the highest depth of the ERT andrlethe time that the survey was
held For the calculation ofhe subsurfaceemperature profilethe equation(3-3) was
used(modified byHillel, 2004).

Yoo o Y Y zA  zOE] z0

(3-3)
Y zA  zOE] zo

Kjl-Q~O|.Q.

"Y&to is the temperature at tiselectedime of the year and depth
Q is theselecteddepth(z O 1)
t is theselectechour of the year (hourg
Y is the steady statetemperature at depth, zzaused by the temperature
difference of the surfacand theleep horizons
v 4 vz g

N s A o~

— is the coefficient of the steady state temperature gradient

ADOIOAT DPAOK GO ORAAGOCOBRA HAOKOOOA
0 AADIOKET O@AII PAOAOO®Am
Y is themeanseasonal oscillatioamplitude
y y A y
Y is the actual temperature amplitude of the surveyed day
y
1 is the annual r (3bb*24) frequency = 2*7
. is the phase change of annual temperatscélation
. oz ¢ ®?¢ ©®] ,a=mintemperature day of the yg@364)
1 is the diurnal #k24di al frequency = 2*%*°
. is the phase change of diurnal temperature oscillation
. oz" I¢ w21 b = min temper(@23ure hour
O is the thermal diffusivity of the homogeneous medium
Q is the damping depth of annual temperature oscillation = sq@A2*)

Q is the damping depth of diurnal temperatoseillation= sqrt (2*Of )

The correction othe surface temperature effect ERTsusesthe temperatures that
was calculatedfor the depths of the inversion resulend in conjunction with a
selectediel ectri chl e mper &ttt uivwamodettioe rcarresponding
electrical resistivityof each depths converted to a reference temperajeecified

by the conversion model
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3.4 Temperature correction and correction logistics

The necessary variables needed for the correction of an electscstivity

tomographyinversion resultsare inserted to the algorithm usiagmdlab graphical

user interface (Ql), which includes the correction algorithm that exports the

temperéure corrected inversion results fraime dc2Dpro orthe res2Dinv softvare

Figure3-2 preserns a concept map of the correction algorithm.

Input of variables

The GUI is divided into four panels, where a set dftfasic variables and some extra
options are imported from the user.

 The £' panel imports the ERT inversion results ahe exactdate, timethat
surveywascarried out
1 Panel number 2 holds the surface temperature varjdblethe calculation of the
nearsulsurface temperature profile
1 Panel number 3 holds the variabldsat describethe heat properties of a
homogeneous medium.
1 Panel number 4 has clees for the correction procesgt will be applied to the
inverted ERT data
Export
1 Temperature corrected inversion results.
QUI Panel 1: ERT inversion
ERT Grid | | ERT temperature
contaminated
Survey time resistivities
QUI Panel 2 ; —c—— (Surface temperature oscillation
QUI Panel 3 : Heat properties
ERT grid
analytical
temperature
profileb
QUI Panel 4 : Cl'emperature correction ER‘D

Figure3-2 Concept mapf the orrection algorithm.
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the inversion results produced either by DC2DPro or Res2Btiftware can be

Panel number 1

On TRC(Temperature Resistivitgonversiof panel number IFigure 3-3),

imported. The time ID (time that the survey took place) based on the Gregorian

calendarno leap yearshould be statedsthe last 6 digits of the file name with the

f or m oODH H §ivonth, day, hodr The values fothe month range are 012,

for theday range 081 and for the hour range are -023.

Import 01 : Survey time

The survey time will determine theelectedtemperature profile, among the

profiles of each hour of the year.

Import 02  : Inversion results
The algorithm uses the depths of thenver si on 6 s atabieof
depths. Based on these depths the temperature psdideg calculated.
0 TRC - = 7%
Temperature resistivity correction Manual
File Surface Heat .
Selector Temperature Properties Correction
File Browser Files loaded - &

Choose one or multiple files

DC2DPRO_Meteo_121811.DAT

Homo_100ochmm_DD_edd_al05m_Analytical_T_197_hour__ Exponential_Tref_25_MN1_SC_IR_010905.xyz

Homo_100chmm_DD_e48_a05m_Analytical_T_2241_hour__Exponential_Tref_25_N1_SC_IR_040409.xz

Homa_100chmm_DD_g48

albm_Analytical_T_4577_hour__Exponential_Tref_25_N1_SC_IR_070917.xz

Homo_100ohmm_DD_e48_al05m_Analytical_T_&898_hour__ Exponential_Tref_25_MN1_SC_IR_101410xz

Figure3-3 GUI panel numbet: Inversion éta import
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Panel number 2

Surface temperatuiescillation is imported in panel number 2, where a set of

variables describe the harmonics ttettemperatur@scillationconsists ofFigure
3-4).

Import 03 : Minimum annual temperature {fin)

Import 04 : Maximum annual temperature {)

Import 05 : Mean diurnal temperature amplituden(d).

Import06 :Seasonal variati offfw)of diurnal 6s a
Import 07 : Actwual diurnal s admplitude of s

Import 08  : Day of the year with the minimurermnperature ((364)
Import 09  : Hour of the day with minimurtemperaturg¢0-23)

Import 10 : Selected depth for temperature determination
Import 11 : Temperature at the selected depth
o TRC [= =]
Temperature resistivity correction Manual
File Temperature Heat g
Selector Variables Properties LI
Surface temperature Oscillation shift
Mean annual temperature 16.1 [°C] s Zg_r;gj)rature day s [days]
Maximum annual temperature EAR: el Minimun temperature hour 5 [hours]
Mean diurnial temperature amplitude 47 [°'C]

In depth temperature

Selected depth 15 [m]

Amplitude of mean seasonal o0
A : ; 1 [°cl
variation of diurnal amplitude

Actual diurnal amplitude

- er lpelatu e at that dept 6. [ C]
of surveyed day
Y

47

I Plot surface temperature profile |

Mean annual, diurnal temperature harmonics Contribution
30 40
25
) O 30
22 )
=i 2
o @ 20
215 2
£ £
(5} [4}]
= =

—h
o

Diurnal harmonics | 7
— — — Annual harmonic

-
o

0 100 200 300 400 0 100 200 300 400
Time [days] Time [days]

Figure3-4 GUI panelnumber2: Surface temperature data import
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Panel number 3

In order to describe the conductive heat prapiag in a homogeneous

medium, user can chooseither toinput the thermal diffusivity or the variables

usually used in bibliographyFigure 3-5). These variables aré&) the thermal

conductivity and the heat capacity per unit volufoenstant pressuredr 2) the

thermal conductivity, the heat capacity per unit mass and the density.

Import 12

Import 12.1
Import 12.2
Import 12.3
Import 12.4

: Thermal diffusivty

: Thermal conductivity

: Heat capacity per unit volume
: Heat capacity per unit mass

: Density

\J TRC
Temperature resistivity correction Manual
File Temperature Heat 3
Selector Variables Properties EEniEiy

(==

Heat properties

O Thermal diffusivity 0.8457
Thermal diffusivity
Thermal conductivity 1.88
O Volumetric heat capacity 2.223
Volumetric Heat Capacity
® Specific heat capacity 1710
1300

Dencity

1006 *[m2/s]

[W/({m*K]

10%6 * [J / (M3 * K) ]

[J/(kg"K)]

[kg/(m3)]

Plot soil temperature profile for selected time and depth

Use slider's arrows or plot values
Sumvay time=(days * 24)+hours

Ei E o
] | 1
Depth View 16 [m]

Plot values
[days] 0

[hours] 1

Soil Temperature Profile

Winter season
0fF

Depth [m]
(=}

5 10 15 20 25 30
Temperature [°C]

Annual damping depth = 291 [m]
Temperature amplitude = 368 [C]
Diurnal damping depth = 0.15 [m]
Temperature amplitude = 153 [°C]

Figure3-5 GUI panel number:3Heat propertiesnport
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Panel number 4

Panel number gFigure3-6) has choice$or the correction processuch as the

conversion model that will be used, and the export of visual and corrected inversion

results. User can chose between Zonversion modeland fill in the necessary

information.In cases where the temperature ranges are in agreement with the limits of

power function conversion model (Besson et al. 2008), this model can belrused.

case of low resolution ERT, the mean temperaof the inversion block can be used.

Import 13  : Conversion modedelection
Import 13.1 Rat i odnperate doefficient of resistarice
Import 13.2 Rati obs model reference
Import 13.3 Power 6s function model r
Import 14  : Inversionblock divisions forthe calculationof nv e r s i
block mean temperature.
4 TRC - [ [T
Temperature resistivity correction Manual
File Surface Heat .
Selector Temperature Properties Correction
Winter. Month: 1. Day: 9 Hour: 5 Resistivily
Conversion models Initial Resistivity Tomografy [ohm*m)]
® Exponential model 180
Reference temperature 25 [*C] 140
) Ratio model 120
Conversion factor & 0.0191 100
Reference temperature [°C] 5 10 1'5 ZID
() Power function model Surface [m] Resistivity
Reference temperature [°C] Corrected Resistivity Tomografy [ohm*m)]
160
Mean inversion block temperature 140
® Do not apply O Apply 120
Black divisions 100
5 10 15 20
View plots after each correction Surface [m]
O Only save corrected ERT @ View Meanlresistivity of depths
E -1 x?
Corrected ERT - folder = 'i ;
® Use source folder (O Select new folder §:4 : o I(I:-Iiij:lcEt:JERT
S5 . .
- 100 110 120 130 140 150 160
Do the job | 25 Resistivity [Ohm*m]

Figure3-6 GUI panel numbe4: Correction choices
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4. Validation of the correction a pproach

In  this
chapter the methodology followed for the acquisition of reference and
temperature effected inversion results with the use of forwardelling
for the validation of the correction processpresented.

The approach for the validation of the temperature correction
base&l on the creation of itemperature reference and fisurface
temperature effectéed forward models of homogeneous and
inhomogeneougyeometries/formationsThe accuracy of the inversion
results © detect the temperature effect aifd RMSerror between the
Areferencetemperatureinversion resultsand the temperature corrected
inversion resultg, presenthe validity of the correctiah approach
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4.1 Forward and inverse surface temperature effect ed models

In order to import the temperature effecto the reference temperature

forward modelsthe work flowfollowed the steps below:

1. Expression of surface temperature boundary condition.

2. For the above surface temperature boundary conditiand a homogenous
formation comparisonof the subsurfaceemperature profileprovided by the
numerical simulatiof heat transitiomndthe correspondin@nalytical solution

3. Use of the calculatedtemperatire profilesin conjunction with the exponential
conversion model to temperatwgéfect the reference resistivity values tbie
homogeneous forward models.

4. Numerical simulation of heatransition for inhomogeneous formatiormsd
acquisition of the tempenate profiles

5. Use of the calculatedtemperature profiles to temperatuedfect the

inhomogeneous forward models.

o

Inversion of the forward models.

4.2 Expression of surface temperature boundary condition

During an annual cycletwo major surface temperatucescillation events
occur, the seasonal and the diurpal3™ temperaturescillation event, with smaller
amplitude was added to the surface temperature condition, to include the effect caused
by the seasonal variation of di seasomsl 6s amp
In Figure4-1 left is plotted the seasonal oscillatienent with dashed linevhile with
continuousline, the diurnal oscillation with the variation @ amplitudeduring the
annual cycleis presentedThe total interference of these events @esented to the
right side ofFigure4-1 compared to the mean hourly temperatures from the hourly
monitoredtemperature data of the department of meteorology and climatology of
Aristotle University of ThessaloniKA.U.Th.) for the period 1952002

For the expression of the surface temperature boundary conditien
temperature data dffable 3-2 was used This table is represented again in the next

page in order to helpeaders follow thacquisition of the necessary variables.
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50

1001

Time [days]
o
o

N
o
o

250 -

Annual and diurnal temperature events

20 25

Temperature [°C]

—~-Annual events
— Diurnal event | | 350 F

Events interference and

50

1001

Time [days]
o
o

N
o
o

250 -

300

30 35 0 5 10

A.U.Th meteorology station data
0 —— . . .

— Surface temperature modeled

—— Auth Mean Temperatures; 1951 - 2002

20 25 30

Temperature [°C]

35

Figure4-1 Surface temperature oscillatidreft graph diurnal and annual temperature

oscillation harmonics. Riglgraph interferenceand canpaison with real data.

Temperature Tablé\ C
Mean Mean Maximum Mean Minimum Diurnal Amplitude

A B =(A-B)/2
Jen. 6.0 9.6 Tamin=2.3 3.7
Feb. 7.4 11.6 3.2 4.2
Mar. 10.1 14.4 5.7 4.4
May. 14.4 19.3 9.6 4.9
Apr. 194 24.6 14.2 5.2
Jun. 23.7 29.2 18.3 55
Jul. 26.2 Tamax=31.8 20.7 5.6
Aug. 26.0 31.5 20.5 5.5
Sep. 22.2 27.4 16.9 5.3
Oct. 17.1 21.7 12.5 4.6
Nov. 12.1 16.0 8.2 3.9
Dec. 7.7 11.3 4.1 3.6

Annual | T,=16.1 20.8 11.4 Tmda=4.7

Table 32 Mean temperaturesf period1930i 2005. Auth meteorology station data

The mean seasonal temperatisel,, = 16.1ACT h e

temperatureods

annual maximumappearsthe month July with Tamax = 31.8 A Cwhile the

temperatureodos

me ai= a2n. n3u aAlC naiprpienau s Tat
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If the meanannualtemperature J, was calculated as the half of the difference
between mean maximum and mean minimum temperature of the yeaflZnax-
Tamin/2, the result would be a mean annual value of 17A06instead of 16.1A C In
order toachievel6.1A @sthe meartemperaturgfirstly the deference of Jhax= 31.8
A Cand T, = 16.1 A Csetsthe initial temperature amplitudequal tol5.7 A G and as
a result, for T, = 16.1 A Cthe new annual range of temperature that will be used
Tamax = 31.8 AC and Tamn = 0.4 A C. According to maximum and minimum
temperatures of every mont h, t MR wdse mp
calculated asY =4.7AC. nieandiurnal amplitudewas subtracted from the
initial temperature amplitude. Finallthe seasonal variation of diurnal amplitudig,

(the half of the difference between maximum and minimum diurnal amplitudes at last
column of Table 3-2) with amplitude of T4. = 1 A Gvas alsosubtracted from the
initial amplitude

In order to set the actual diurnal oscillatidaring the annual cycleéhe mean
diurnal oscillation combined with a sinusoidahction o f lthatAh@s the same
period and the phaseth thediurnaloscillation was used

The function that used and stands for the surface temperature boundary

condition is presented with e@-1):

Yo Y Y zOBT zd e

A A (4-1)
Y Y zZOHBI z0 - ZOEl z0o -

Where :

"Y1 is the surface temperature at a specific hour of the year
Y is the annual mean temperature
Y zOBT zo o is theseasonabscillation

Y "Y zOEB1 zo « zOEJl z0 « istheactualdiurnaloscillation

and :
t is the selected hour of the year
Y is the mean annual temperature
Y is the mean seasonal amplitude

N y Ny y

Y is the meamiurnalamplitude
Y is theseasonal variation of diurnal amplitude
1 is the annual radial frequency = 2*
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. is the phase change of annual terapee oscillation

. W? ¢ 1] a = min temperature day of the year364)
1 isthedi ur nal radial frequency = 2*" /[ 24
. is the phase change of diurnal temperature oscillation

. &7 b = min temper @23 r e

The result ofequation(4-1) using the temperature data ©éble 2-3 with

hour

selected a = 8ays and arbitrary selectbe5 hours,is an oscillatiorwith mean value
Tm= 16 . hax=MCL,. 8T Ai2 .a4nd= TAC, p tourin Eiglre4i t h
right.

4.3 Numerical simulation and analytical solution  of heat transition

The surface boundamgonditionof equation(4-1) was numericdy simulated
with the Comsol multiphysicsoftware, that is a simulation program that solves the
differential equations of selected physidJsing heat transfer module, the numerical
simulation was held for five years, using only the conduction physics where no mass
movement or phase change take place. Top boundary was set tdinehtet
boundary conditiorftemperature boundary), whichrfthis casespecifies the surface
temperature oscillation with thejuation(4-1). Assuming thatn depth where surface
temperature influence and earth interior temperature influences are zero, the
temperature shuld be equal to the mean surface temperature, so bottom boundary
condition was also set to beldrichlet boundarywith the value of mean annual
temperaturdss;(L)=16.1 The other sides were set to be insulated.

A swept mesh with element ratio distrilmrt, was used to construct the mesh
(Figure4-2 A). The simulation was done for a time range of five yeaith one hour
time step and a relative tolerance equal to 0.0001. The results of the simulation with
At mean annual astngalipeermpaetruarteuwor e condi ti on

results of the analytical solutieeguation(3-3)0 |, where the® ansthene f or

nextyear. Simulation result for the*hour ofthe 3% year is shown irfFigure4-2 B,

while the temperature profile for this hour is presentdeigure4-2 C.
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Thermal diffusivity : 0.0030445 [mzlh]
Day of survey : 0 [d]. Hour of survey : 1
5 Temperature Profile
A169 or ‘ ‘ ‘ ]
16
=20} 1
14 _30
2 . -40f
; 12 é
e
= £ 50t
2 2 50 [
— fa)
2 10 -60
=
- 701
]
] 8
! -80 1
]
]
]
L—1 -90
T 6
\)\ /%/ 100 100 100 L= ul I ‘ uti ‘
z ey
.i. = 5 10 15
XY \/GED Temperature [°C]
A B C

Figure4-2 Numerical solution of heat transitidor a homogeneous medium with
common soil heat properties aadMediterraneanlimate surface boundary condition

The results of the numerical simulation and the analytical solutions are
presented in Figure 4-3. The temperature profileganalytical and numerical)
represent the homogenous clay formation with mid thermal diffusivity equal to 0.8 *

10° m?s during the first day of the year

Temperature Profile
Thermal diffusivity : 8.457e-07 [m?/s]
Time ID : 010101
Un - —~———
) -
4r ~
~
A S
AS
AY
\
1
_ B ]
1
E {
£ I
5 ol /
2 8 {
!
i
I
J
10 /
L
L]
i
i
i
12 {
{
Analytical solution i
= = =Numerical simulation !
-14 - 1
1 I 1 1 H
4 6 8 10 12 14 16
Temperature [°C]

Figure4-3 Comparisorbetween the numerical atlte analytical tenperature profils.
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The hourly differencéFigure4-4), between the numerical simulation and the

corresponding analytical solutiag. (3-3), showsl e s s

0.5m, and lessthah2AC mi sf i t

f pomtspoi nt s

than O.

5

O -
X: 05589
Y:0.2

Depth [m]
>
T

Hourly intervals of annual temperature difference

X:0.2395
Y:-0.5

Analytical - Numerical solution

=

-20
-0.6

-0.4

0 0.2
Temperature [°C]

0.4

0.6

AC misfi

deeper

Figure4-4 Hourly differencebetween the numerical dithe analytical temperature
profile during an annual period

Based on the exponential conversion model arfdrmation withelectrical

resistivity 100 ohmm at reference temperature of 256G the impact of the 0.3\ C

error at the first 0.5m of soil profile will lead to a resistivity errox 0.8 Ohmm

caused by the summe24CGhmm éomtheeceffexttcaused by and
wi nterods (Tabledd)er at ur e
Temeerature Exponent_ial_c_onversion ndel. I;i?fseifgxgg
C Resistivity ohmm ohmm
Reference 25 100
31.8-0.5 86.778 -0.792
Maximum 31.8 87.57 0
31.8+0.5 88.377 + 0.807
2.4-0.5 175.44 -2.42
Minimum 2.4 173.02 0
24+05 170.65 +2.37

Table4-1 Impact of0.5A @ifference to annual max and min resistivity values
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For a homogeneous mediyman overview of the temperature variations per
hour in relation to deptfor an annual cyclgs presented digure4-5 andFigure4-6.

Thermal diffusivity : 8.457e-07 [m”2/s] Temperature
[°C]
QT “‘.‘m“ TR
w 30
25
_ 20
£
<
Q.
(9]
kel 15
10
5
0 50 100 150 200 250 300 350
time [days]
Figure4-5 Annual overview of temperature profiles
Annual cycle temperature range
Thermal diffusivity : 8.457e-07 [m?/s]
Temperature profiles time step 50 [h]
T T
0 | - —
5 -
E
<
Q.
j}
[=)]
A0F .
15 I | I 1 | I
0 5 10 15 20 25 30 35
(Temperature [°C])

Figure4-6 Annual overview of temperature profilesery 50 hours.
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In case of homogeneous earth interior where the temperature in deeper
sections is constant and different from the mean annual surface temperature
Tss{L)I T, it seems thathe linear correlationof the suface and the bottom
temperaturesused in the analytical solutiprworks fine in comparisorlJ cthe
numerical simulated results.

Figure 4-7 presentstiree temperature profilesf a homogeneous formation
The profile of the numerical simulation was provided byb@ year simulation with
bottom temperature boundary condition to58eC. The analytical solution with also
Tssz(L) =50 cC, presend good correlation witlthe numericalsolutionfor the first day
of the 50" year In the same figurandfor comparison reasons is also presertted
analytical solutionwith bottom temperature equal to the mean annual surface
temperature &;(L) =16.1cC.

Temperature Profile
Thermal diffusivity : 8.457e-07 [mzls]

Time ID : 010101

Depth [m]

45 H Analytical solution  Bottom temperature = Surface annual mean temperature

— Analytical solution  Bottom temperature = 50 [°C]

= = =Numerical simulation Bottom temperature = 50 [°C]
I T I I

I I | | |
0 5 10 15 20 25 30 35 40 45 50
Temperature [°C]

-50

Figure4-7 Temperaturerofilesof homogeneous mediuwmith differenttemperatures
in depth of 50 m.

All the models of this study where created with the assumption that the bottom
boundary condition tetemperature equal to the mean annual surface temperature
and asa result br the equatiori3-3) the valued=0.
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4.4 Homogeneous formations temperature effect import

The methodologyeeded to import thiemperature effect into a homogeneous
mediumis presentedisingthe exampléellow. The temperature profile édfigure4-8
left, was calculatedonsidering alay homogeneous medium, with heat properéiss
describedn chapter3.1, and setting aew referenceresistivity of 100 ohmm at rest
conditionsof 25AC f or t h e. Thewadlues ofmededtrical resistiviffFigure
4-8) right, which are effected by the temperature profilecalculated based on the
exponential modg[2-11)

Resistivity profile
Temprature profile. Ref. Temperature : 25 [°C]
Winter. 8 days plus 5 hours. Ref. Resistivity :100 [ohm*m]

. B —®—— B ——8 — —8 — 8 — 8 — 8 — 89— — 8— — -2— — asessesese |

E-3f E-3f
= <
a a
[0 D
[a ] Qt
-5 51
6 6r - - -Ref. Resistivities at 25 ['C] | ]
— Temp. Effected Resistivities
— Analytical solution * Depths of forward's elements
2 4 6 8 10 12 14 16 18 90 100 110 120 130 140 150 160 170
Temperature [°C] Resistivity [ohm*m]

Figure4-8 Left, calculated temperature profile. Right, reference and temperature
effected resistivity profilefor a referencenedium of100 ohmm at .25 AC

The forward modelling of the electrical resistivitywas conduad using the
res2Dmod softwareThis software offers a set of 16 different values of electrical
resistivity, up to 4@lements fodifferent depths and unlimited horizontal elements in
order todescribethe forward modelln order tousean electrical restivity forward
model with good resolution and also avoid reflections, the vertical elements of the
forward model was set wittanges, stepsand valueas(-0.1-0.1:1), (-1:-1:-17),-20,

-30, -50, -70 m . The black dots inright graphof Figure 4-8 presentthese depths
only until the depth of7 m.
Due tothe limitation of 16values forthe electrical resistivitydescription an

algorithm was createth divide the resistivity spectrum of themperature profilénto
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16 classes of electrical resistiviglues in order to fitin the software specifications
(Figure 4-9). The calculatedeffected resistivitie®f eachdepth,were separated into

classego create the forwardhodel (Figure 4-10) in orderto be imported intadhe

res2Dmodsoftware
Temperature effected resistivities
Forward's model classes
2500 T T T T T T T T
@ _
C L |
5 2000
[«
@ 1500 [ .
S
5 1000 N
€ s00f |
w
0 ! i I o I | | /1, ! | ([T
120 125 130 135 140 145 150 155 160
Resistivity values [Ohm*m] / Classes

Figure4-9 Resistivity spectrunof temperature effected modelwidedinto
classes for thereation of the temperature effected forward model

Calculated Forward

3 S
8 o

@

=3
o
3

Resistivity [ohm*m]
=
S

)
8
Resistivity [ohm*m]

125 ¢
I 0
120

Figure4-10 Left, Temperature effectethlculatednodel
Right, forward modehfter divided into classes for the forward model

.10 5
-15 “o Surface [m]
Depth [m] -20

-15 ~
Depth [m] -20

The reference and tempturee effected forward model, weproducedwith
Aires 2d mioased onsadfpatBipale &ray of 48 electrodes and 0.5
meters spacingd noiseof 3% was added to the forwarhversion of the forward
us i n,guithtthke eelediion efsstaridlardc data
constraints (L2 norm)andthe first layer thickens to be 0.12% which increass in

t he

model s was done
depth with a ratio of 1.1Figure 4-11 showsthe reference homogeneous forward
mode] the pseudosection anthe inversion resultsFigure 4-12 shows the forward,
the pseudosection and the inversion resultgeaiperatte effected homogeneous
model Both inversion results will be used foetevaluation bthe correction.
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Reference homogeneous model at rest of 25 [C°]
Forward — Pseudosection - Inversion Noise 3%

Resistivity model
12.0

10.0

calculated Apparent Resistivity Pseudosection

Depth _iteration 3 RS error = 2.8 3

500

Unit electrode spacing 9.500 m.

Figure4-11 Forward pseudosectioandinversionof reference homogeneous madel

Temperature effected homogeneous model — 9 January 5:00 am
Forward — Pseudosection - Inversion Noise 3%

121 122 124 127 128 133 136 148 145 146 148 149 151 152 159 166
- - - C RN B R=R - W W

Resistivity nodel
10.0 12.0

Hono_108ohnn_0D_8_05n_A197_Exp_Tref_25C_N3
5.z

12.0 16.0
0.208 == —

3.35
a.83
n.27

.96
Heasured Apparent Resistivity Pseudosection

Depth Iteration 3 RMS error -
0.0

Inverse Hodel Resistivity Section
(N T (N (S ) (- -

17 122 128 13 ] w7 158 162
Resistivity in ohm.n

Unit electrode spacing 9.580 .

Figure4-12 Forward, pseudosection and inversion of terafureeffected
homogeneous model.
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4.5 Inhomogeneous formations temperature effect import

The methodused for the temperaturesffect of inhomogeneous model
complex models i s t he s ame as t he hwitmdthg e ne o u s
difference tlat the tempetare profilesused derived from the numerical simulation
of heat transitioncalculated with Comsol multiphysics softwafagure 4-13 (left)
shows the geometry of the reference electrical resistivity model tstthree
different sois with electrical resistivities at respnditions of 25A C . At the righ
Figure 4-13, for the same geometry and the corresponding thermal diffusivities, the
numericalresultsof the subsufacetemperature variatiaduring the first day of the
year, are presentedThe valuesused for this model arshownis Table 4-2 (also

appears withight blue colourin Table5-1).

p2 = 20 [ohm*m] D2 = 0.96 * 10 [m?/s]
— .
\ \ LN l
p1 =10 [ohm*m] - D1 =0.54* 10 * [m¥s]

p3 = 30 [ohm*m] D3 =1.04 * 10 5 [m2/s]

Figure4-13 Left, reference resistivity model at 28. Right, numericalsimulated
temperaturalistributionusedto temperature effect the referenesistivitymodel

China CLAY Sandy Fine SAND

sat (1) CLAY (2) (3)

Water content % 46.2 19.51 24.6
Thermal conductivity
) . 1.52 2.45 2.75
Heat properties kD. Vg/(m _t[()

from 1Y Fensty 1.1 1.757 1.61
Clarke (2010) Heat capacity per unit Mass 2 362 1.459 1632

cP : 16 J/(kg*K)
Thermal diffusivity

D1-0.54 D2=0.96 | D3-1.04

D:10° m’/s
Electrical Electrical resistivity
resistivity at 25A C | 118 } 229 } 339
values used } : qghmm

Table4-2 Material properties used for tikemplexmodel
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Figure4-14 (left), shows the 2D geometry of the reference resistivayward
model In the middle the temperaturprofile from the numericadimulationis shown
Right graph ofFigure4-14 presents the temperature effecteslistivities, as they have
changed due ttheinfluence of the temgraturevariation

Tempe e effected

Forward Resistivity Resistivity ‘emperature dT/dz : numerical solution Resistivity
at Reference temperature : 25 [°C] [l

Tempe:
hm*m]) o Numerical Temperature Profile rc o drho/dz : Exponential fehm*m]

M 02 = 20 [ohm*m]

-1
D2 =0.96 * 10° [m?/s] 14

p1= 10 [ohm*m] 30 D1=0.54*10° .
£ £
a 25 = 25
© ©
Q-3 (= K
3= 30 [ohm*m]
20 20
4
15 15
5 r K
5 10 15 20 5 10 15 20 5 10 15 20

Surface [m] Surface [m] Surface [m]

Figure4-14 Left, reference resistivity model. Middisimulatedtemperature
distribution. Righttemperature effected moda} the temperature distribution

Figure 4-15, preserd the final stage othe inhomogeneous effeathere the
temperature effected resistivities (left), are divided into 16 classes (nfigdie) in
order to fitinto the res2dmod limitatio of 16 electrical resistivityaluesand crete

the 2D effectedelectrical resistivityforwardmodel (right).

Temp: effected istiviti T e effected istiviti Forward - effected resistivities Resistivity
dT/dz : numerical solution Resisiiviy Forward model classes into classes for Res2DMod [onmrm]

0 drho/dz : Exponential [ohm*m] 2000 Red lines min and max initial values [ﬁMS with no classed resistivities : 0.16284

-1 -1

30

- 1000

20

* m nn H -H_h

0
5 10 15 20 10 15 20 25 30 35 40 5 10 15 20

Surface [m] Resistivity values [Ohm*m] / Classes Surface [m]

@
=}
S

N
N

Depth [m]
Depth [m]

b

Measurments count
b

o
=]
S

IS
IS

&

Figure4-15 Left, calculated resistivity model. Middle, division of ist&vity
spectrum to 16 classes. Right, the forward modedlus

Figure 4-16 presens the forward model, the pseudosection and the inversion
results for the inhomogeneous medianhreference temperature of 25, Figure4-17
presens the same graphs for the temperature effected rdodely thefirst day of the
year. Again, both inversion results of reference and temperature effected medels

be usedaterfor the evaluation of the correction.
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Reference layered model at rest of 25 [C?]
Forward — Pseudosection - Inversion Noise 3%

Resistivity madel
12.0

0.0

Measured Apparent Resistivity Pseudosection

Depth Iteration 3 ANS error -
)

Unit electrade spacing 0.500 u.

Figure4-16 Forward, pseudosection and inversiomesérencecomplexmodel

Temperature effected layered model - 15t hour of the year
Forward — Pseudosection - Inversion Noise 3%

1312628 29 29 30 30 31 36 3673 W W
- LR RN R N =] --

Resistivity madel
12

Layered_Rer_DD_ens_a05_Mun_T_Layered_3_xronia_17521_Exp_Trer_25
LU .00 5.0 2.0 16.0 20.0
0.208

Measured Apparent Resistivity Pseudosection

Depth  Iteration 3 A error -28%

Figure4-17 Forward, pseudosection and inversion of
temperature effectecbomplexmodel
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4.6 Evaluation of the correc tion approach

The examplebelow showshe evaluation of the correctiomethodwith the
correction of aforward homogeneous model 800 Ohmm at rest conditionsf 25
A @nd target depth &, whichwastemperature effecteihvertedand correctedThe
resuts are shownwith the form oftomograghy as well as the linedorm, which
preserg the mean electrical resistivity for each depth.Figure 4-18 could be
considered athe evaluationpanelof the correctionas itconsists of a set of figures
that qualify the accuracy of the inversion method aneéantifiest he correcti on
validity.

In Figure 4-18 at the upper lefgraph temperature effected forward model
with no noise impded, is shown In this forwardmodel,a noise of 3 % was imported
and inverted The inversion results can be seen at the middlegtafth Lower left
graphshows the corrected inversion results.

Refference and corrected inverions

Temperature effected Forward Range 0 rms error : 5.6 [ohm*m], 5.6 %
Winter. Time ID : 010905 [ohm*m] /'
P
—_q 160
S
= 140 At
S
a -3 120
®
S| 100
5 2
5 10 15 20 =
Surface [m] ]
Inversion of temperature Range %_3 L
effected Forward + 3% noise [ohm*m] o
'“— — v -
=1 A W » - 160 A
= 140 -
S
8 -3 120
@
S| 100
5 : | | 5l
5 10 15 20 . .
Surface [m] 100 120 140 160
Correction of the inversion Range Depth's mean resistivity [ohm*m]
Reference resistivity : 30 [Ohm*m] [ohm™m] —— T.Ref. Resistivities : Forward at Ref. 25 [°C]
—_q B 160 —T.Ref. Resistivities : Inversion at Ref. 25 [°C]
£ 140 — T.Eff. Resistivities : Forward time ID : 010905
£ 3 * T.Eff. Resistivities : Forward nodes
Fa 120 — T.Eff. Resistivities : Inversion time ID : 010905
o 100 ° T.Eff. Resistivities : Inversion nodes
5 T.Cor. Resistivities : Inversion to 25 [°C]
5 10 15 20
Surface [m]

Figure4-18 Evaluation panebf the correctionLeft, forward inverted and corrected
ERTs. Right,resistivity profilesof ERTs withthe mean resistivitiesf each depth.

At the right side ofFigure 4-18, the linear graphshows the mean electrical
resistivity of each depttior both theforward and inverse models. The red line shows
the reference forward model and the black line shows the inversion of the reference
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model with 3% noise added. The blue line shows shwefacetemperature effected
forward model and the magenta line preséin temperatureeffected inverse model
for the selected time ID. The green line shows the corrected inversion results of the
temperature effected model

The rms error (unit and percentagehich is presentecat the evaluation
panel,is calculated between the inversion results of the referemael and the
inversion results of theemperaturecorrectedmodel| using equationg4-2) and (4-3)

where n ighenumber of data.

B 1 QQQi Dt¢@®NI | QMO QQ

bl gl . EBza (4
g | QUDM@ME T I QRO QQ
L0l p T | Q001 BE 00, (4-3)

€
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5. Validation of the results

Using the above
methodology, a set of forward modelasused to evaluate thefficiency
of the ERT, to detect the temperature effect as well as to evaluate the
efficiency of the correctioralgorithm. Firstly, the range of common
valuesof electrical resistivityand thermal diffusivityveretested in order
to settletherange of thamposed temperata effect.Then the resolution
of the ERTmethodwastested, in order texaminghe accuracyof dipole
- dipole array to detect the temperature effaasing different array
spacing.Dividing the temperature effect intiurnal effectand annual
(seasonal)effect specified by theperturbation depth of eachcycle
homogeneoutemperature effectefibrward modelsof selected days and
hours ofthe year were used t@valuate the correction methoBinally
inhomogeneoutemperature effected forwamiodelswith high contrast
of electrical or heat properties were used toexaminethe inversion

accuracyand the correction results.
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5.1 Physical properties range and profiles .

In order to examine the range tife temperature effected resistivitjethe

exponential corversion modelwas used to calculate the temperature effected

resistivity valuedor a 25 oC referenceelectrical resistivity range of-0000 ohram

and a temperature effa@nge of O 50 cC. Thetemperature perturbation depths were

calculated assuming tigal thermal diffusivityvalues (i.e.tpical rock formationgsof
the range betweeh12- 2.12 * 10° m?s. Finally, the percent change dheelectrical

resistivitywith increasingdepthandtemperatureycle wasestablishean the basis of

the adoptedemperature profiles.

Temperature effected resistivities range

The exponential conversianode| which wasusedfor thetemperature effect
and the correcton of the forward modelsof this study shows thatthe rate of
resistivity change increases at lowemperaturesk-igure 5-1 presens the behaviour
of this modelin the range of different temperatures and resistiviliée white line
representsthe x axis where the values are theef er ence (gfersthest i vi ti
reference temperaturg.f=25 oC of y axis Thecolouredbackground (z axis), shows

t he r e s hLesa$ they wduld appearjihey weremeasureduinderthe different

temperatures of y axis.

Temperature
Effected
Exponential model Resistivities
&5 Reference Temperature : 25 [°C] [ohm*m]
O 40
(O]
530
L
© 20
5
2 10
0

Reference resistivities [Ohm*m]

Figure5-1 Temperature effected resistivity range (z a&sh result of thapplication

of theexponential conversionmodeln r ef erence r((®axs)sti vities
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Figure 5-2 shows the same information, with the difference thaaxis
represerdt h e v ar jpeddr theosameanige of temperatures between 50 and 0
A CThewhite linerepresentsagainthe reference resistivitiesf x axisat 25 oC , and
it is clearthat the most significanthange of electrical resistivity isdue to the

decrase oftemperatures, lower that 26.

Temperature
Effected

Exponential model Resistivities
Reference Temperature : 25 [°C] [ohm*m]

=]

qa—'-) E 1500 r | 0[*C] surface ‘ 1500

Q *

= £

G

g 1000 1000

w2

T

S ‘% 500 f 500

& @ t 50 [°C] surface

0 i 1 1 1 1 ]
0 200 400 600 800 1000

Reference Resistivities [Ohm*m]

Figure5-2 Temperature effected resistivity range (z and y axis) as a result of the
application of the exponential conversion model, on reference resistivitiesfo€25

Thermal diffusivity and temperature profile range

In order to evaluate the impact of different thermal diffusivittesthe
resistivity profiles the range of2 thermal diffusivities an@® electrical resistivities
structuringfour differentforward modelling structuresvereevaluated. Gnsidering a
homogeneous soihigher values of thermal diffusivity wilincreasethe perturbation
depth of temperature effe¢damdhan & Clarke (201@roducech table with thdneat
properties of various soil typed/e modfied this table by adding columndescribing
fithermal Diffusivity O (Table5-1)). The | owest value of ther mal
SAND ( shmpje(black backgroundolourin tabld with value 0.12 * 16 m%s
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andt he hi ghest value is for As@npke(prangel i ght | vy

backgrounctoloun with value2.12 * 10° m?/s.

Water Bulk . Specific Heat Thermal Thermal
. . Dry Density . o o

Soil Type Content Density Ka/m? Capacity Conductivity Diffusivity

% Kg/m?® ¢ JI(kg*K) W/(m*K) 10 m?s

Fine SAND (dry) 0]

Course SAND (dry) 0 1800 1800 800 0.25 0.17
Medium SAND (dry) 0 1700 1700 800 0.27 0.20
China CLAY (D)(dry) 0 1390 1390 800 0.25 0.22
Sandy CLAY 26.5 1890 1494 1696 1.61 0.64
Homogeneous clay model 1300 1710 1.88 0.4

Soft grey fine sandy CLAY
Grey limestone (very hard) 0.1 2690 2687 803 2.54 1.18
V ft fi d
ery soft greyfine sandy 46.2 1711 1170 2362 3.51 1.27
CLAY
Medium SAND (sat) 20.2 2080 | 1730 1483 3.34 1.30
Stiff grey brown sandy gravelly| 9 2352 2158 1104 39 134
CLAY
Stiff dark gey sandy gravelly 9.6 2369 | 2161 1125 3.28 1.35
CLAY
Soft dark grey sandy gravely| g o 1912 1488 1764 3.57 1.36
CLAY
Course SAND (sat.) 20.2 2080 1730 1483 3.72 1.45
Soft grey fine sandy CLAY 54.6 1650 1067 2646 4.2 1.49
Stiff dark grey sandy gravely | ) ) 4 2299 | 2088 1141 3.69 1.55
CLAY
Made ground S"ty gravely 13.9 2182 1916 1270 5.03 2.07
san

Table5-1 Thermalpropertiesof various formationgafterHamdhan & Clarkg010.

The lowest and highestlues of thermal diffusivity ere used tealculatethe
range of temperatusehat can be observeat eachdepth during an annual cycle
Figure5-3 A, preserd the temperaturprofile rangefor each depthfor the sampleof
AFi ne S A Nblxack (ing)rwiththélowest value of thermal diffusivityAlso the
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temperaturg@rofile range for thesampeof A Gr ey sl ightly silty

the highest value of thermal diffusivitg plotted(orange line of Figure-8 A), for
which the perturbation depth is great#vith teal cdored line,thethermal diffusivity

of the homogeneous clay mogtiathave beemsed for the homogeneous models so
far, isalsoplotted

Annual temperature range
0 . .
Low diffusivity
. 5 —— Thermal diffusivity 0.12 10°% [m?s]
E,
£ 10 Homogeneous clay model A
§ Thermal diffusivity 0.84 10 [m?/s)
15 High diffusivity
—— Thermal diffusivity 2.12 10 [m%/s]
-20 - : ‘ : : : :
0 5 10 15 20 25 30
Temperature [°C]
Annual electrical resistivity range
0*“:‘\ ,,;;:'—" ----=::-_‘_. e wmmmmEZTEEESS -
R // . o “'~‘. P ",-'
\‘ \-\“‘f f// \\ .\ "’— ”"
— Vol ~
£ 5| b kS '.' ,’
= 1 Y
E= ‘\ |7 * : B B
% | } F/ . : :’
[ A
o 10+ \}‘* From reference of 30 [ohm*m] and 25 [*C] B : /' From reference of 100 [ohm*m] and 25 [°C]
. x
‘\“ fffff Low thermal diffusivity H E H = = = Low thermal diffusivity
he s High thermal diffusivity HE = = = High thermal diffusivity
15 Y | | | nly | | |
40 60 80 100 120 140 160 180
Resistivity [Ohm*m]

Figure5-3 A, Annualsubsurface temperaturangefor 3 typical diffusivity valuesB,
Annual sibsurfaceesistivity rangdor referenceesistivity 3 and 100 Ohrm at
2 5 ,iA €njunction with2 typical thermaldiffusivity values.

Electrical resistivity profile range

Combining thetwo temperature profiles (produced by tlevest andthe
highest diffusivity Figure 5-3 A) with two cases of25 dC reference electrical
resistiviies (30 and 10Ghm-m), four homogeneous models can be credte&igure
5-3 B (left), the thin dash&dot lines represent the electrat resistivity profiles of a
30 ohmm homogeneous medium for the cases of low thermal diffusivity (black
coloun and high thermal diffusivity (orangmlour).

In Figure5-3 B right, the bold dashed linesrepresenthe electrical resistivity
profiles fa a medium of 1000hm-m for the two thermaldiffusivity cases, one with
low thermal diffusivity (blackcolour) andone withhigh themal diffusivity (orange
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colour). In Figure5-3 B, it can be observed that teéectricalresistivity amplitudes
caused by the low temperatures of winfer 12 ohmm), are greater than the
electrical resistivity amplitudes caused e thigh temperatures of summer 122
ohmm).

The percerdge @ the change of electrical resistivityith respect to the 16
oC mean annual resistivity valufgr each depth othe lowest(black coloun and the
highest(orangecoloun thermal diffusivity of Table 5-1, aredepictedin Figure 5-4.
The depthsof the resistivity horizonsthat the change of resistivity amplitude
becoms smaller than %, 3% and 5%, of the referenceresistivityat1 6 . 1 A C, ar e
presented with the horizomténes in the same figurandalsoin the figurés table
Dashed linepresent theesistivity amplitudes caused by ttransition of heagaired
atthe hottest day of the yeawhile continuoudines present theresistivity amplitudes
caused by théranstion of heatloss during the coldest dagof the yearWi nt er 6 s
lower temperatures resuft higher resistivity amplitudegoncluding, or this range
of thermal diffusivitiesand a Mediterranean climatehe 3% resistivity change

horizon cannobe foundat depths greater thaf.6 m.

Percent resistivity change with depth.
T T T T
o i
5 % change
Y xs—— .
1 % change e
i Annual cycle
4 L B
- Low diffusivity
B+ '/' —
5 % change P Less than % Average
""""""""" Z G Depth [m]
sk ,l resistivity change Depth B
B P
= [3%change{ / 5% 1.7 4.5
B q0F 3% 23 6.0 .
e 1% 3.5 9.1
1zr Low Thermal diffusivity : 0.1171e-06 [m%/s] 7
—— Annual maximum raising resistivity amplitudes
1417 o change - - - Annual maximum reducing resitivity amplitudes -
-16 - . . .. 2 7
High Thermal diffusivity : 2.1169e-06 [m“/s]
8k —— Annual maximum raising resistivity amplitudes 4
- Annual maximum reducing resitivity amplitudes
20 I 1 I I I I I I
-5 0 5 10 15 20 25 30 35 40 45
Resistivity chainge [%]

Figure5-4 Annual sibsurface resistivitpercent changeith depth.
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Figure 5-5, focus on the firstl m depthfrom the surfacerad presert the
same perceage of resistivity changewith respect to the 16 cC mean annual
resistivity valuefor the two cases of thermdiffusivity duringthe annuatycle The
two thermal conductivities start with the same temperature effect omsutfi@ce
resistivities, whileat larger depthsthe high thermal conductivity mediucauses
greater perceage of change to the electrical resistivity amplitudes than the low
diffusivity medium. The amplitudes of edtrical resistivityvariations caused by
wi nt er 0 stransigog d@realsodigher than the resistivityariationscaused by

summer 0s trangtiart gai n

Percent resistivity change with depth.
0.1 T T T T

0.1

0.2

0.3

-0.4

Depth [m]

-0.5

-0.6 -
Low Thermal diffusivity : 0.1171e-06 [mz.ls]

—— Annual maximum raising resistivity amplitudes -
- - - Annual maximum reducing resitivity amplitudes

0.7

0.8
High Thermal diffusivity : 2.1169e-06 [mzl‘s]

0.9 —— Annual maximum raising resistivity amplitudes

= = = Annual maximum reducing resitivity amplitudes

1 1 1
5 10 15 20 25 30 35 40 45
Resistivity chainge [%]

Figure5-5 Annual sibsurface restivity percent change up t@ m depth

In Figure 55 the percenage ofchange of the mean annual reference resistivity
at the first-1 mis alsoshown In Figures5-6 and 57 the percendgechange ofthe
diurnalmeanresistivity ofeach depthluring a diurnal cyclef winter and summefor
the first-1 m from the surfacés shown Figure 5-6 preents the maximum depths of
the 5 %, 3% and 1% resistivity change horizahging the coldestliurnal cycleof
the winter.Figure 5-7 preents the same resistivity change horizons for the hottest
diurnal cycle of the summer.

Concluding, loth in summer anah winter, the depth of 3 % diurnal resistivity
change horizonfor the range of thermal diffusivities dfable 5-1, is foundto be-
0.33m and lessAlso, the change of perturbation depths between winter and summer
diurnal cycles is less than 0.6%
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Figure5-6 Diurnal subsurface resistivity peent chage, during winteseason
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Summer diurnal cycle percent resistivity change with depth.

]
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3 % change
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Low diffusivity

Less than % Depth [m] Average
e
resistivity change ptnim Depth
5% 0.05 0.13
3% 0.08 0.20
1% 0.14 0.37

Low Thermal diffusivity : 0.1171e-06 [mzls]

— Diurnal maximum resitivity amplitudes. Winter surface season
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Figure5-7 Diurnal subsurface resistivity percent change, during summer season.

Figure 5-8 presentghe combined timéapseresstivity profiles of the first 1

Figure5-9 preensthe 24 hour restivity time-lapseup to 10 m depth.
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Figure5-8 Hourly resistivity profiles during a diurnal cyglap to 1 m
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Figure5-9 Hourly resisivity profiles during a diurnal cycle, up to 10 m.

From the aspect aksistivity-contourlines where the z axiss the depth axis

in Figure5-10, starting from Om and continuingwith -0.1 m depth step up tal5 m,

Figure 5-10 shows for a 24 lour period, the very low frequencies(seasonally

oscillating) electrical resistivity horizor(¢hat areclose to steady state conditjpact

as chordsvherethediurnaltemperatur@scillation cycle effect onlythe ' meter.

Diurnal oscillating resistiviy horizons

— Surface resistivity horizon

Resistivity [ohm*m]
E
s

-3 [m] resistivity horizon

20

Figure5-10 Diurnally oscillating resistivity horizonfor 0 to 3m deptiof a
homogeneous medium
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5.2 Correction implementation and ERT resolution

In order tostudy the ensitivity of the ERT method to temperature changes
and in order to studynd correctthe temperature effeatve generated synthetic
models. Initiallya homogenous modelas usedvith the electric and heatalues of
chapter2.1, preenting a clay mediurwith reference electrical conductiyi80 ohm
m at temperature of 2&C andthermal diffusivity equal to 0.84 * 10m?s. In Figure
5-11 the teal colour shows the percenige change of electrical resistivity with depth
for this clay mediumin contrast tdhe thermal diffusivity range discussed befdter
this modeland during an annualurfacetemperaturecycle that consist of the annual
oscillation, the diurnal oscillatioand t he seasonal varjati on
the resistivityhorizon of5% changes found atdepthsclose to surfacehan-4.5 m.

The 3% changeresistivity horizonis found at depthsloserthan-6.1 m andthe 26

changeesistivity horizons found at depthsloserthan-9.3m.

Percent resistivity change with depth.

2
-4 5 % change

3 % change

-8
1 % change

Low Thermal diffusivity : 0.1171e-06 [mzls]

— Annual maximum raising resistivity amplitudes
- - - Annual maximum reducing resitivity amplitudes

Depth [m]

Thermal diffusivity :0:84e-06 [mzls]

Annual maximum raising resistivity amplitudes
Annual maximum reducing resitivity amplitudes

High Thermal diffusivity : 2.1169e-06 [mzls] =

—— Annual maximum raising resistivity amplitudes
- - - Annual maximum reducing resitivity amplitudes —

| | | | I | | |
-5 0 5 10 15 20 25 30 35 40 45
Resistivity chainge [%]

Figure5-11 Annual sibsurface resistivitpercent changior a soil with medium
rangethermal diffusivity

Figure5-12, depictsthe correctionfor aforward survey conducted during the
9" day of Januarycoldest surface temperature of the yeasing a DipoleDipole
array with 48 electrodes and 1.5 m spacimpe blue colored linepreents the
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temperature effected forward model, wwn¢he electrical resistivity profile hdmeen
influenced by thetemperaturevariations The forward modelsuggeststhat the

resistivity horizons of 5 %, 3 % and 1 %amnge are found between 3 anch4lepth.

Refference and corrected inverions
Temperature effected Forward Range o rms error : 1.5 [ohm*m], 5.0 %
Winter. Time ID : 010905 fohm*m] "{
—_ 50 2+
E 5 5 % |Resistivit
=l 40 ,/ I‘ 3 % |change
5_10 4 F 1 % |horizons
[0
[m] 30
-15 &)
10 20 30 40 50 60 70 E
Surface [m] £ 8 '
Inversion of temperature Range g
effected Forward + 3% noise fohm*m] o 10
— 50
E 5 -12
< 40
210
[
o 30 -14
-15
10 20 30 40 50 60 70 16 = . . . .
Surface [m] 25 30 35 40 45 50
Correction of the inversion Range Depth's mean resistivity [ohm*m]
Reference resistivity : 30 [Ohm*m] [ohm*m] — T.Ref. Resistivities : Forward at Ref. 25 [°C]
— 50 —T.Ref. Resistivities : Inversion at Ref. 25 [°C]
E 5 — T.Eff. Resistivities : Forward time ID : 010905
< 40 * T.Eff. Resistivities : Forward nodes
o-10 —T.Eff. Resistivities : Inversion time ID : 010905
] 30 » T.Eff. Resistivities : Inversion nodes
-15 T.Cor. Resistivities : Inversion to 25 [°C]
10 20 30 40 50 60 70
Surface [m]

Figure5-12 Correction of theriversion results for the case od@&electrode array
with 1.5 m spacing

The inversion resultsf the forwardmodelarepresentedvith magenta colored
line at the graph ofFigure 5-12. The green line of theasne figurepresents the
corrected inversion results of the temperature effected forward model. The red line is
thef or war d r ef er e and the biaokdireplesntstthe iv/érsior « the
reference model. The rms erri calculated between the inversion results of the
reference model (black line) aride corrected inversion resulté the temperature
effected forward moddbreen line).

Figure 5-12 provides an overview of theannual perturbation deptbf the
surface temperatureffect, whichcan be recorded by the ERT methdebr the
particular survey date and modéke perturbation depth of the surface temperature
effectcan badentifiedby the ERTmethodat depths ugo 4 ard 5 m.

When lower resolution ERT data sets are used (with 24 electrodes, 5m
spacingXhe inversion resulteend tounderestimate the temperature effect as shown in
Figure 5-13 (left). Accordingly, for even larger spatgs (i.e.spacing equal to 10 )m
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the resolution is so low that the temperature effectoisdetected byhe inversion

results, and as a result teenperatureorrection is inapplicabl@igure5-13, right).

Resistivity profiles
Winter. Time ID : 010905

24 electrodes array, spacing 10 [m]

24 electrodes array, spacing 5 [m]
standard constraints invertion result

standard constraints invertion result
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Figure5-13 Correction of thenversion result$or the case of 84 electrode array
with 5 and 1én spacing

Additionally, two further tests were conducted with smaller electrode
spacingsFocusing on the first5 m from the surfaceith the resolution offered by
two differentdipole dipolearraysets onewith 24 electrodesind1l minter electrode
spacingand theotherwith 48 electrodesind0.5 mspacing the temperature effecs i
well recorded by the invergiaresultsfor both array setsThebetter resolution offered
by the array with 48 electrodgwovides greater sensitivitpf the inversion proceds
the temperature effectAs a result for the samecalculatel temperature profilethe
correction providesower rmserror for the temperature corrected inversion results of
the high resolution arrayrigure5-14 preent theinversion andhe correction results
of those arrays with rmsrers 6.3% for the 24 electrodeetsand 4.86 for the 48

electrode seatespectively
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Figure5-14 Correction of theriversion results for the case of a 24 electrode
array, 1m spacing (left) and 48 electrodes, 0.5m spacing (right)
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Figure5-15 Correction of thenversion resultfor the homogeneous
model (48 electrode array with.05 melectrodespacing.

Focusing at depths affected the diurnal surface temperature oscillatian
approximately 0.3m the inversion process will detect the resistivity changes at the

diurnal oscillating resistivity horizongnly when extremely small electrode spacing
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(< 0.1 m)is used for the acquisition of ERT measurements. The correction of these
profilesis being processedithr an rms error close to 4.6 % as it can be seéigure
5-15for the case of 48 electrode array with 0.05m spacing.

In this section,the efficiencyof the correctiormethodrelative to the dept
dimension showedthat for inter electrode spacing smaller than 7,[the ERT
method is highly sensitive to the surface temperature dfiattcan be correctedh
the following, the efficiency of ERT to detect and correct time dependedthanges
of temperature effeduring anannual cycle, focusingeparately oithe seasonaand
the diurnaloscillating resistivity horizonand their corresponding perturbation depths
will be examined
5.3 Annual surface temperature effect

Thetemperature effeand thecorresponding perturbation depthused byhe
surface temperature oscillatidaringanannualcycle can be considered as the annual
(seasonalgffect. Using thevalues ofchapter2.1 for the homogeneouslay medium
at reference temperature 25 Cthe inversion results obne temperature effected
forward model for each season of the yeawas corrected for the temperature
variations The electric resistivittomographies haveeen carriecdout based on a
Dipolei Dipole arrayschemewith 48 electrodes and 1rb spacing

Figure 5-16 preent fourtemperatureprofiles of the dates:9 January during
the lowest surface temperatsref the year,10 July during the highest sade
temperatureof the year and two more dagtwsethe equinoxedFigure5-17 preents
the correspondingesistivity profiles forthesedates.These profiles were used to
producethe temperature effectefdrward models analso totest the efficiency of the
array to detecthe temperatureeffect as well as to evaluate the efficiency of the
correction algorithm

Figure 5-18, Figure 5-19, Figure 5-20 and Figure 5-21 show the inversion
and the correction results for each ma@spectivelyAs a result of thesmodels, the
inversions can detect theeasnal effect up to depths related to éhpercentage
resistivity changeof 3%. The Rms errois that are calculated between the reference
andthe corrected inversion resultse close to 5.2%lhe inversion resultsf these
arrays are insensitive tohe diurral temperature oscillains due to thereduced
resolving ability of themeasurementst the depths (i.e. around 0.3m) effected by the
diurnaltemperature changes
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Figure5-16 Temperature profilefr thefour tested dateduring an annual cycle
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Figure5-17 Temperature effecte@sistivity profilesfor the four tested dates
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Figure5-19 Correction of the inversion results for the data collectekpat.
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