Aristotle University of Thessaloniki LCOF

.
O 7a 0
7 (@) N

School of Geology l/f,. Q%} %I

- r Y .*'Iln"

Department of Geophysics e -~.xf-“.'f’/
~AuTeS

Study of the effect of temperature changes to the
Inversion results of electrical resistivity

tomography data.

Electrical resistivity profile rel

Winter. Time ID : 123123

0 —

il

Depth [m]
&

=y
o

p reference 82 [ohm*m]
T reference = 25 [°C]

-15 - '
90 100 110 120 130
Electrical resistivity [ohm*m]

Polydoropoulos D. Konstantinos

Master Thesis

Postgraduate Program of the School of Geology in
"Applied and Environmental Geology"
Specialization: Applied Geophysics

April 2019






POLYDOROPOULOS KONSTANTINOS
GEOLOGIST

Study of the effect of temperature changes to the
Inversion results of electrical resistivity

tomography data.

Submitted to the School of Geology of Aristotle University of Thessaloniki within the
postgraduate program “Applied and Environmental Geology” in specialization

“Applied Geophysics”

Advisory Committee

Professor Panagiotis Tsourlos (Supervisor)
Associate Professor George Vargemezis (Advisory Committee member)

Professor Gregory Tsokas (Advisory Committee member)

© Polydoropoulos D. Konstantinos
All right reserved.
Study of the effect of temperature changes to the inversion results of electrical

resistivity tomography data.






Contents

ADSTIACT ...ttt et nreas 7
TIEPTATIWT ¢t 8
ACKNOWIEAGEMENTS ... 11
1. INEFOAUCTION ...t 13
2. BaSiC PriNCIPIES .....cvveiveeie et 17
2.1  Surface and subsurface environmMeNt...........ccccevereneienenesieseseeeens 18
2.2  Energy, temperature and heat transfer...........ccccccoeeviivecieiieece e, 20
2.3 Conversion models of electric resistivity and temperature ................ 26
2.4  Diurnal and seasonal effected resistivity horizons..............ccccoeeuvennen. 30
2.5 Electrical resistivity methods and the ERT .........ccccooveviiveiecccienen, 31
3. Methodology for the ERT temperature correction............ccccceevvevvenenne. 36
3.1 Determination of formation’s thermal properties.........c.cccccvvrivvrennnen. 37
3.2 Expression of surface temperature oscillation ................ccccoeeevinenen. 38
3.3 Subsurface temperature calculation and temperature correction. ...... 40
3.4 Temperature correction and correction 10giStiCS..........cccccvvvvivrrenne. 42
4. Validation of the correction approach...........cccoceveiiiiininiicce 47
4.1 Forward and inverse surface temperature effected models................ 48
4.2  Expression of surface temperature boundary condition.................... 48
4.3 Numerical simulation and analytical solution of heat transition........ 51
4.4  Homogeneous formations temperature effect import..............cccco..... 56
4.5 Inhomogeneous formations temperature effect import...................... 59
4.6  Evaluation of the correction approach ...........cccceeeveninenenininceenn, 62
5. Validation of the reSUILS .........ccviieiieee e 64
5.1 Physical properties range and profiles. .........cccccvviiiinnininiien, 65
5.2 Correction implementation and ERT resolution .............ccccccvvvvvennnn 73
5.3 Annual surface temperature effect ..........cccceviiiiiiiccic 77
5.4 Diurnal temperature effect ..........cccooveiiiiiii i 81
5.5  Thermal diffusivity CONtrast...........ccceevieiiieiiiciie e 86
5.6  Electrical resistivity CONrast..........ccceeveeiiiiiiiiiie e 90
6. CONCIUSIONS ...ttt ettt nre s 92
7. BIDHOGrapny ....coeeiee s 97
Appendix: Units of physical properties used in this work..............ccccceeveneen 101






Abstract

The electrical resistivity tomography (ERT) and the relationship between electrical
resistivity and temperature are widely used in applications such as the detection of the
subsurface temperature anomalies and the conversion of temperature effected
subsurface geoelectrical properties to a reference temperature. In the present study,
the conversion of the inverted ERT sections to a reference temperature is investigated.
We study the case of the influence of the diurnal and seasonal temperature oscillations
on the ground to the subsurface earth resistivities. We adopt a conversion
(“correction”) method for the surface temperature effect which is relied on a) the
calculation of the subsurface temperature profile and b) on applying empirical
electrical resistivity-temperature conversion models to correct the inverted
resistivities. To study the phenomenon and to validate the correction approach we
performed extensive synthetic data tests using temperature “contaminated”
geoelectrical models which are assumed to have either homogeneous or
inhomogeneous thermal properties. The synthetic “contaminated” geoelectrical data
were inverted using standard processing tools and the results were subjected to
temperature correction i.e. conversion to a reference temperature using the scheme
developed in this work. The synthetic data tests calculated using typical
Mediterranean temperature oscillations and typical thermal properties suggest that the
diurnal oscillation effects the resistivities significantly (i.e. >3% change) up to a depth
of 0.3m below the ground while the seasonal (annual) oscillation is significant up to a
depth of approximately 10m. Note that these depths vary with different climate
conditions and thermal properties. In the ERT measurement context the inversion
results produced by ERT data-sets collected with inter-electrode sapcing of 7m or
less, need to be considered for seasonal temperature effect if of course this is
necessary for the study of the geoelectrical property variations (i.e. time-lapse ERT
studies). Respectively data produced by arrays with spacing less than 1m need to
considered for the correction of the diurnal temperature effect. In order to correct the
seasonal oscillating resistivity horizons, 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 media. It
performed well in all tested cases since it produced improved results even for

thermally inhomogeneous synthetic models.



Mepiinym

O niextpikég Topoypagies (ERT) ko oyx€on peta&d e nAeKTPIKnG avTioTaong Kot
G OePLOKPOGIOg YPNOLOTOIOVVTIOL EVPEWMS GE EPAPUOYEC OTMG O EVIOMIGUOG TMV
OepLOKPOCIOV OVOUOAM®OV TOL VTOPEOpov Kol 1 avay®myn TOV OepUOKPOCIOKA
EMNPEACUEVOV NAEKTPIKDV WO10TATOV TOL VITESAPOVS G€ pia BepLoKpacio ovapopPac.
2V mopodoa PEAETY, EPELVATOL T OVOLYMYN TOV OTOTEAECUATOV TNG OVTIGTPOPNG
dedoUEVOV NAEKTPIKNG Topoypapiag oe po Oeppokpocio avagopds. MeietyOnke n
TEPIMTOON 1TNG EMOPOONG TNG MUEPNOWG KOU TNG EMOYIKNG UETAPOANG NG
Oepuoxpaciog ™G EMPAVEING TOL €XAPOVS OTIS MAEKTPIKEG OVTIOTAGES TMV
oynuaticpdv  tov  vreddeovs. Emiong vioBetOnke o pébodog avaywyng
(516pBwoMC) TOV OMOTEAECUAT®V TG OVTIGTPOPNS TV NAEKTPIKAOV TOUOYPUPLDV,
oV £YOVV EMMPEACTEL amd TV emavelnkn petaforn g Bepuokpacioc, n onoia
Boaciletar: o) oTov LWOAOYIGHO TOL OePUOKPACIAKOD TPOPIA TOV VIESAPEI®V
OYNUOTICUAV Kol ) 6TV €QOPUOYN EUTEIPIKMV GYEGEDV OVOYWOYNG TNG NAEKTPIKNG
avtiotaong kot ¢ Oeppokpacioc. o v a&loAdynon Tov QOVOUEVOL Kol TNG
pebodoroyiag tng 010pOBwong, mpaypaTonomOnKay eKTETAUEVES OOKIUEG e GLVOETIKA
dedopéva, YPNOIUOTOIOVTOS OEpUOKPOCIOKE ETNPEACUEVO NAEKTPIKA HOVTEAQ TO
omoio. €yovv egite opoyevig eite avopoloyeveis Bepukés WO TeC. Tor cuvBeTikd
YEONAEKTPIKA OEOOUEVO, VTEGTNGOV OVTIGTPOPT YPNCUYLOTOIDOVTOS TLTOTOLUEVOL
epyodeia emelepyaciog kot Kotdmy vrofAndnkayv oe 10pHwon Beppokpaciog dSniadn
avay®yn ™S NAEKTPIKNG avtiotaong o€ Oeprokposcio avopopas ypPMOLULOTOIDVTOC
éva. AoyouKo mov avarntdydnke oe avt| v gpyoacio. Ot dokipég pe to. cuVOETIKA
dedopéva mov Bewpndnke Ot emnpedotnkoy omd o, TUTIKY  (LECOYELOKNG)
Oepurokpaciokn HeTafoAn Yoo péoa pe TVMIKEG BEPIKES 1O10TNTESG, POVEPDOVOLY OTL 1|
nuepnota petafoin exnpedlel woyvpd g avtiotdoel (m.y petafoin >3%) uéypt o
BaBog twv 0.3M amd TV EMPAVELD TOL EGAPOVS, EVAD 1 OVTIGTOLYN ETOYIKN (ETNO1M)
petafoln emdpd 1oyvpd péxpt mepimov ta 10m Pébog. Enperdveton 6Tt avTA T fAON
TOWIAAOVY avAAOYO, HE TIG OLPOPETIKEG KAUOTIKEG CLUVONKES Kol TIC TOWKIAES
Oeprikég 1010TTEG TOV GYNUOTICUOV TOL VTEOAPOVS. XTO TAOIGIO TOV HETPNOE®V
NAEKTPIKNG TOpOYpapiag M emidpacm Tng emoylokng HeTafoing g Bepurokpasciog Ha
TPENEL Vo, AAUPAVETOL VIOYN GE OMOTEAECLATO, OVTIGTPOPNG TTOV TPOEPYOVTOL A0
JTaEElG NAEKTPOdi®mV 6oV  ToL NAEKTPOSIOL ATEYOVY HETAED TOVG TOVAGYIGTO 7m 1|

MyoOtepo, OTIG TEPWTOGCES PEPator TOV  EVOIPEPOUACTE Yol TN UEAETN NG



Sl povikng petafoing g avtiotaong . Avtiotoyya, n oOpHwon NG NUEPNOLUG
Oepuoxpactakng petafoAng ypewaletor va Angbel vmoyn o  OgdouEvo  TOL
napdyovtor omd JaTAEEG NAEKTPOdiwV e amdotaon pkpdtepn and Im. T
dwpbwon TV emoywd  petofoAlopeveov  avilotdosmv  xpeldleTor  va
ypnopomrombovv Beppokpaciakd Tpoeid 610pbwaong mov Aapupdvovv vdyn TOGO TV
o 600 kot TV nuepnowo petaforn. H npocéyyion 610pbmwong mov viobetnonke
oV wapovoo epyacio mPoHmoBETel Bepikd OHOYEVELG GYNUATIOHOVS Kot £)el
IKOVOTIOMTIKY €000 € OAEG TIG OOKIUEG TOV EKTEAECOUE, KOODC mopryoye
BeAtiopéva amoteAEcHOTO OKOUN KOl OTIC TEPWMMTMCES GLVOETIKMOV HOVIEA®MV UE

peyaro Pabud Bepikng avooloyEVELag.
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1. Introduction

Temperature, as an intrinsic property that describes partially the internal
energy of matter, coexists in equilibrium with the other physical properties. Change in
temperature will lead to changes in the other physical properties and particularly in
electrical resistivity, which is also an intrinsic property.

Geophysical techniques like electrical resistivity tomography (ERT), image
the subsurface electrical resistivity at depths that are effected by temperature changes
either due to the earth’s interior processes or due to atmospheric processes, and as a
result, the produced subsurface geoelectrical structure is influenced by the
temperature effect.

The temperature effect imposed to the electrical resistivity of the formations,
can be either enlightening for the interpretation process, as it happens in cases of
geothermal fields, or can be misleading in cases related to geoelectrical monitoring of
various processes. Extensive research has been conducted aiming to the definition of
the relationship between the electrical resistivity and the temperature (Allison et al.
1954, Keller and Frischknecht 1966, Sheets & Hendrickx 1995, Rhoades et al. 1999,
Besson et al. 2008, Corwin & Lesch 2005, Hayley et al. 2007, Ma et al. 2011). These
works provided conversion functions that correlate the temperature and the electrical
conductivity and thus allowed the characterization or the removal of temperature
effect from the produced electrical resistivity of the subsurface formations.

A wide range of applications, ranging from geothermal fields to permafrost
terrains and near subsurface investigations, use temperature - electrical resistivity
conversion functions to support the 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 non eco-
friendly energy sources. For this purpose, experimental approaches have been
conducted targeting the transition and tracing of heat with resistivity methods
(Firmbach et al. 2013). Also, there are advanced techniques that use the electrical
resistivity methods in order to monitor the temperature’s changes in low enthalpy
geothermal systems (Hermans et al. 2014) as well as in high enthalpy geothermal
systems (Kummerow & Raab 20153, 2015b).
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From an environmental point of view, long period earth atmospheric
temperature changes are imprinted on permafrost areas that act as a global sensitive
thermometer. Lewis & Dethier (2013) and You et al. (2013) used geophysical
techniques and temperature - resistivity correlations to track the presence and the
evolution of permafrost through time and investigate the phenomenon of global
warming and climate change.

From a geotechnical aspect, landslides, is a phenomenon that has disastrous
consequences on the technical constructions and also threatens human life. Many
researchers are studying landslides that take place close to the surface, in a thermal
layer where temperatures shift over due to diurnal and seasonal temperature cycles
reflecting the surface temperature oscillations (Krautblatter & Hauck (2007),
Chambers 2009, Gance et al. 2016, Merrill, 2018).

In the same near subsurface thermal layer, where the surface temperature
oscillation forms the resistivity profiles, the water content as well as the moisture
content have been investigated for both geotechnical reasons (Brunet et al. 2010 ,
Chambers et al. 2014, Gunn et al. 2015) and agricultural purposes (Michot et al. 2003,
Corwin & Lesch, 2005, Brillante et al. 2015). Cases of salt-affected soil (Hayley et al.
2009) as well as leaks in waste landfill covers (Genelle et al. 2012) has been
implemented including the removal of temperature effect.

Focusing in the surface temperature effected thermal layer, from the literature
review there are two basic methods in literature for the conversion of the surface
temperature effected subsurface resistivities to a reference temperature. These two
methods are, a direct method with in situ subsurface measurements of the subsurface
temperature profile by inserting temperature sensors into the ground (Genelle et al.,
2012) and an indirect method (Brunet et al., 2010; Chambers et al. ,2014; Gunn et al.,
2015; Merritt et al. 2018) that calculates the subsurface temperature profile indirectly
by taking into account only the surface temperature reccords. Both methods use the
subsurface temperature profile combined with a conversion model of “temperature
and electrical resistivity” to correct the temperature effected resistivities of the
inverted ERT model. Hayley et al., 2010, propose a different correction algorithm that
apply a “temperature correction” to the measured apparent resistivity data of ERT
with the use of the temperature profile and by applying forward geoelectrical
modelling (Hayley et al 2010).
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In the present thesis, the indirect method for the acquisition of the temperature
profile and the correction of the temperature effected ERTs was studied. The study is
based on the literature review as well as on forward and inverse models for a typical
range of rock formation properties. Also, a surface temperature correction algorithm
was developed for the temperature effected inversion results of the ERT method. The
correction algorithm was designed for the entire range of the temperature effected
depths of a homogeneous formation, where no mass movement or phase change take

place, and was evaluated on homogeneous and inhomogeneous forward models.

The methodology followed for this approach has the following steps:

1. Literature review of the temperature and electrical resistivity conversion models.
Evaluation of these models and selection of the one that best fit the needs of this
study. Review on the analytical solutions of the diffusion differential equation.

2. Algorithmic development that imports the surface temperature effect into the
forward electrical resistivity models.

3. Evaluation of the ERT efficiency to detect the surface temperature effect in time
and depth, based on the temperature effected forward models.

4. Algorithmic development for the correction of the surface temperature effect
ERTs.

5. Application of the correction method on a set of forward models.

Thesis structure

The basic principles of this thesis are presented in chapter 2. Firstly, the
surface and subsurface environment where the temperature effect take place due to
surface temperature variations, is presented. Secondly, the heat transfer mechanism
that provides the temperature profile of near subsurface and is used for the effect and
the correction of the models, is described. Thirdly, the conversion models of
temperature and electrical resistivity that are presented in literature, are presented and
commented. Finally, the electrical resistivity tomography (ERT) method for which the
temperature correction algorithm was created, is presented.

In chapter 3, the methodology for the correction of temperature effected ERTs
is described. To start with, the heat and electrical properties that determine the under

correction formation are discussed. Afterwards, the acquisition of the surface
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temperature properties and the calculation of the subsurface temperature profiles, are
described. Then, the use of the calculated temperature profile, combined with an
electrical resistivity - temperature conversion model, for the correction of the
temperature effect, is presented. Finally the logistics for the correction, applied on a
graphical user interface created for the correction of surface temperature effected
ERTSs, are presented.

In chapter 4 the methodology followed for the validation of the correction
approach with the use of forward and inverse homogenous and inhomogeneous
models, is provided. The results of the validation process are shown in chapter 5.
Initially, the temperature and resistivity range in space and time for some typical rock
formations, is established. Then the calculated resistivity ranges, that set the range of
the applicable arrays and resolutions for the ERT method which can be corrected, are
presented. Then the correction method is validated up to the diurnal and the annual
perturbation depths using forward and inverse models. Finally in chapter 6 the

conclusions are summarized in chapter 0.
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2. Basic principles

In this chapter,
the temperature changes on the surface of the earth, due to a
Mediterranean climate, and its impact to the subsurface, are described.
For this purpose, the transition of heat into the soil and its relationship
with the electrical resistivity, are featured. Also, the methodology of the
electrical resistivity tomography (ERT) is explained, as it will be used for
the application of the temperature correction and the conversion of the
temperature effected electrical resistivity tomographies to a reference

temperature (25 °C for this study).
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2.1 Surface and subsurface environment

Starting from the surface temperature conditions of earth, the temperature is
oscillating due to earth’s orbital movement and varies due to atmospheric processes
like wind and cloud cover, as well as other factors like altitude, longitude and
vegetation canopy. In order to model the temperature profile inside the subsurface, the
surface temperature oscillation history of an annual cycle is needed. A simplified
method, for the expression of the complex temperature variations that can be recorded
over an annual cycle, is implemented with the use of the mean annual surface
temperature and the amplitudes of the temperature oscillations during the annual cycle
(Hillel 2004). Equation (2-1) represents the simplified form where only the mean

seasonal amplitude is used. gsfsagagafdsa
T(0,t) = Ty + Tnsa * sin(wg * t + @) (2-1)

Where

T(t,0) is the temperature at the selected time of the year on the surface

t is the selected time of the year

T, is the mean annual temperature

Tsq 1S the mean amplitude of seasonal (annual) temperature oscillation
W is the annual radial frequency

Pq is the phase change of annual temperature oscillation

The temperature effect caused by the surface temperature oscillation, takes
place at the near-subsurface layer, where the solid parts of the formations can be
either solid rock or soil. A classification of soil subsurface layers, according to Hillel
(2004), starts with the regolith, which is the part of the earth’s subsurface that is
overlying the consolidated bedrock and consists of a set of parallel horizons called
O,AB,C. The graph in Figure 2-1 shows a conceptual representation of these
horizons. The main constituents that can be found in these layers are the 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)

Figure 2-1 Soil Horizons (figure from Hillel (2004) Figures 1.1, 1.2, p. 9).

“O” horizon consists of organic residues while “A” is the horizon where
minerals and organic matter coexist and the main biological activity occurs. “O” and
“A” horizons are considered to be the topsoil layer. The boundary of top soil with “B”
horizon, where the subsoil starts, is found at depths close to 0.4 m for pedologists.
Bayowa & Olayiwola (2015) categorized topsoil based on corrosivity and competence
related to vertical electrical resistivity measurements within an area of 0.4 km? , and
correlated top soil thickness with a range of 0.2 and 2 m depth. In this study the top
soil thickness is determined by the perturbation depth of the diurnal surface
temperature oscillation that reaches depths close to 0.3 m .

The intermediate places of solid constituents across the vertical axis of the
stratigraphic tomography, is filled with air and water, where the variation of the
amount of water with the depth, separates 2 zones, the vadose/dry and the saturated
zone (Figure 2-2.) The vadose zone extends from the surface of earth to the depth of
the regional groundwater table where the saturated zone stars. Vadose zone also
includes the transient zone, where capillary forces occur. The thickness of the vadose
zone may be less than 1 m or can extend to hundreds of meters or more, depending
on the depth of the water table (Holden & Fierer, 2003)
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Soil surface
A 4
Rhizosphere
Vadose
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Capillary fringe
\/ Groundwater table Y
Saturated
zone
Y

Figure 2-2 Subsurface zones divided by their water content
(figure from Holden & Fierer, (2003) Figures 1, p. 217).

2.2 Energy, temperature and heat transfer

=2

In physics, energy with Sl unit joules designated as “j~ , is a property of the
matter that can be transferred between objects, and converted into a variety of forms
like potential and kinetic energy. The internal energy of a system is determined inter
alia by the internal potential and the internal kinetic energy of atoms and molecules in
the microscopic scale, excluding the macroscopic kinetic and the potential energy of
the system as a whole due to external force fields.

The internal kinetic energy possessed by atoms and molecules is in the form of

translational, rotational, and vibrational motions. The temperature is a measure of the
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average translational kinetic energy of atoms and molecules in a system. The change
of mercury volume inside a thermometer and the changes of the electric resistivity of
soil, are examples where change of internal energy becomes measurable.

In thermodynamics, which is the science of the flow of heat, heat transfer is
the process of energy transition from a high temperature object to a lower temperature
object. There are three modes of heat transfer, the conduction, the convection and the

radiation.

e Conduction is the mode of energy transfer, where the internal kinetic energy,
possessed by atoms and molecules, is transferred to neighbour particles by means
of collisions between them and exchange of kinetic energy.

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

e Radiation is the mode of energy transfer, where the energy with the form of
electromagnetic waves is emitted by bodies with temperatures higher than 0 k ,
absorbed by other bodies, which as a result of the absorption increases their

temperature.

Conduction is the only mechanism that is considered in this work, as the heat
transfer at the study area occurs primarily by conduction and only secondary by
radiation and convection (Robertson 1988, Martin 2004). Thermal diffusivity “D”
with SI unit m%s is the only heat variable needed for this approach. Nevertheless,
heat capacity and thermal conductivity, that are commonly used properties related to

the thermal diffusivity, will be also presented below.

Heat Capacity

Heat capacity is a property that describes the ability of a material to store
energy in the form of internal energy, without phase change. Adding heat in a closed
system, results into the raise of the internal energy of the system, which is measured
by the change of its temperature. For the same amount of heat energy added into two

closed systems with the same initial temperature but different heat capacities, the
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system with higher heat capacity (e.x. water) will present a smaller temperature raise

than the system with lower heat capacity (e.x. minerals).

There are two derived quantities that specify the heat capacity as an intensive

(or intrinsic) property of a substance (despite the size of the sample). These are:

e Molar heat capacity C (heat capacity per unit mol)
is the heat capacity per mole of a pure substance. Molar heat capacity is often
designated as CP, to denote heat capacity under constant pressure conditions,
as well as CV, to denote heat capacity under constant volume conditions. Unit

of molar heat capacity is J/(K * mol)

e Specific heat capacity ¢ (heat capacity per unit mass)
often simply called specific heat, is the heat capacity per unit mass of a pure
substance. This is designated as cP (constant pressure conditions) and as cV
(constant volume conditions). Unit of specific heat capacity is J/(K * Kg) .

Heat Capacity, as an extensive (or extrinsic) property that depends on the

size of the sample, is called volumetric heat capacity.

e Volumetric heat capacity VHC (heat capacity per unit volume)
is the heat required to raise the temperature of a volume unit by 1°C.
Volumetric heat capacity VHC is equal to the product of specific heat capacity
cP and density py Kg/m® of the unit volume sample. Subscript 4 of density is
used to distinguish the density pq from the electrical resistance p. Unit of VHC
is J/(K*m?) .

VHC = cP x py (2-2)

A soil consists of solid, liquid and gas phases and their properties ( Table 2-1)
are used to set a bulk value of heat capacity. For a homogeneous material, like soil

that consists of a number of different components, the total VHC can be calculated by
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the sum of products of each VHC with its volume fraction f (de Vries 1975a),

equation (2-3).

VHCpopay = Z(fs “VHC, + f,+VHC, + f, «VHC,)

(2-3)

The subscript “s” denotes solid phase, “1” denotes liquid phase and “g”

denotes gas phase.

Density p Heat capacity C

Constituent (kg/m?3) (J/m3 K)
Quartz 2.66 x 10° 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 10° 4.2 x 108
Ice 0.92 x 103 1.9 x 108
Air 1.25 1.25 x 103

Table 2-1 Densities and volumetric heat capacities of soil constituents (at 10 °C ) and of Ice
(at 0 °C) (table modified from Hillel (2004) table 12.1, p. 220).

Thermal conductivity

Thermal conductivity “k” refers to the efficiency of the matter to conduct heat
and defines the amount of the internal energy that will be transferred in a unit time,
through a unit distance of substance under a unit temperature difference, with SI unit
watts per meter Kelvin W/(K*m) . Similar methods to De Vries, D. A. (1975a) and
Tian et al (2016) determine soil’s thermal conductivity as a bulk property derived
from the properties of different types and phases that coexist in the formation, while
other approaches, like the curve fitting schemes between electrical and thermal
conductivity, have been also proposed (Wang et al. 2017a). Table 2-2 depicts the
thermal conductivity of different constituents and phases.
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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

Table 2-2 Thermal Conductivity of Soil Constituents (at 10°C) and of Ice (at 0°C)
(table from Hillel (2004), table 12.2, p. 222).

Thermal Diffusivity

Thermal diffusivity D, is the ratio of thermal conductivity k, and the heat
capacity per unit volume VHC. Thermal diffusivity determines the temperature
response of a soil to thermal perturbations (Martin, 2004). SI unit of thermal
diffusivity is m%/s .

k k
D: = —
pa *cP  VHC

(2-4)

Heat transfer

Fourier’s law for heat conduction states that whenever a temperature gradient
exists in a medium, instantaneously a heat J flow is established. In one dimension
form (soil’s depth dimension z m ) and for a homogeneous and isotropic material, the
heat flux density “qn” that is the rate of heat transfer per unit area with Sl unit W/m?
and is expressed with eq. (2-5), where k is thermal conductivity and T is the

temperature.

qn = —k*— (2-5)

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

variation in one homogeneous spatial dimension during an annual cycle, due to heat
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transition caused by the surface temperature oscillations, the diffusion equation is
used eg. (2-6), where “cP” is the heat capacity per unit mass and “pg” is mass density.

Q represents any external energy sources or sinks with SI unit W/m®..

oT aqh
cP(2) xpa(2) x5 = -7~ +0Q(z1) (2-6)

In the absence of any sink or source of heat and assuming that the bulk heat
properties of the formation are constant, the combination of (2-5) and (2-6) forms the
linear homogeneous parabolic partial differential equation, that solves the time

depended heat distribution in one spacial dimension.

or_ . 0T
a2 @)
The exact analytical solution of equation (2-7) with
Initial condition T (z,0) =Tnh
Boundary conditions T (0,t) = Ty, + Typaq * Sin(w, *x t + @)
lim; ;0T (L, t) =Tm
where:
T(t,0) is the temperature at the selected time of the year on the surface
t is the selected time of the year
Ty, is the mean temperature of the year
Tinsa is the mean amplitude of seasonal temperature oscillation
Wq is the annual radial frequency
Pq is the phase change of annual temperature oscillation
L is the maximum depth
is forming to eq. (2-8) (Hillel 2004, Fu & Leventhal, 2011).
T,
T(z,t)=T, + % * [sin (a)a *t+ Qg — i)] (2-8)
(@) dq
Where
z is the selected depth (z > 0)
d, is the damping depth of annual temperature oscillation

Damping depth d, describes the depth where the temperature is equal to the 1/e
(1/2.718=0.37) of the seasonal amplitude of surface temperature oscillation. SI unit of
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damping depth is m. Calculation of damping depth uses thermal diffusivity and the

angular frequency of surface temperature oscillation eq. (2-9).

2x*D
w

(2-9)

Equation (2-8), presents the solution result for a Dirichlet boundary condition
that describes only the seasonal temperature oscillation. Using the term harmonics, in
order to distinguish the multiple simultaneous events (seasonal temperature oscillation
event, diurnal temperature oscillation event, etc.) that take place and shape the actual
surface temperature oscillation, equation (2-8) can be rewritten and used as the sum of
these harmonics (Kusuda & Achenbach 1965, Hillel, 2004).

2.3 Conversion models of electric resistivity and temperature

Thermal migration in the upper layers of the subsurface of the earth due to
atmospheric temperature variations, is a time-dependent physical phenomenon that
has an impact on the internal energy of subsurface materials. As a result, the electrical
properties of underground formations are changing through time.

Electrical resistivity or specific electrical resistance “p” also denoted as “rho”
is an intensive property of matter that quantifies the ability of a substance to set in
motion its electric charges, under the application of an electric field. The Sl unit of
electrical resistivity is the ohm*meter, Q*m (commonly used ohm-m). Inversed
electric resistivity is the specific conductance or electric conductivity “c” and has Sl
unit Siemens/meter S/m.

The influence of temperature °C on electrical resistivity ohm-m, both for a
liquid and for a solid medium, is well established: “A temperature increase results in
an electrical resistivity decrease” (Wells 1990, Besson et al. 2008). As far as solutions
are concerned, small changes of temperature (no phase change), act on electrolytes of
water, and affect the resistivity. An increase in temperature decreases the viscosity of
the electrolyte and as a result the electric resistivity decreases (Papazaxos 1996).

The basic principle of a conversion model of temperature and electrical
resistivity, is the conversion of the electrical resistivity “prref” at a given reference
temperature “Tref”, INt0 @ new value “pty” measured at a temperature “Tn,”, based on
a temperature conversion factor “fy”, according to equation ( 2-10 ), (Allison et al.
1954).
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Lrm £ (1) (2-10)
pTref

Ma, et al. (2011) evaluated the based on liquid fluid conversion models
existing in the literature, comparing the residuals between conversion factors f (T) of
literature conversion models and the experimental conversion factors f (T) of
Allison et al. (1954), and classified them based on their mathematical expression into
Ratio eq.(2-12), Exponential eq. (2-11), Polynomial eq. (2-13) and Power function
model (2-14), (Table 2-3), and suggest that practitioners should use either the
exponential model corrected and presented by Corwin & Lesch (2005) or the ratio
model.

The ratio model has been tested and used by many researchers for different
values of temperature coefficient of resistance & (also used the “a” letter) and a wide
range of reference temperatures. Keller and Frischknecht (1966) suggest as reference
temperature 18 °C and & = 0.025 °C . Ma et al. (2010) states that the ratio model, with
reference temperature 25 °C and 6=0.0191, has trustworthy results about the
temperature effect in the range between 3 and 47 °C.

The exponential model (the corrected Sheets & Hendrickx (1995) model by
Corwin & Lesch (2005)) performs the best, and is designed for reference temperature
at 25 °C and temperature effect range between 3 and 47 °C (Ma, et al. 2011).

Rhoades et al. (1999) model (Polynomial model), was also designed for

reference temperature 25 °C only and temperature range between 15 and 35 °C.

Conversion
models / Equations
Application References Equations l\?umber
temperature
range
1) Exponential Corrected Sheets &
model Hendrickx (1995) from | Prm ~Tm/26.815 (2-11)
. —=0.44 1.4034 m
3-47 °C Corwin & Lesch D25 04470 + 14034 x e
(2005)
Ptm 1
2) Ratio Model Keller and — = ;
3-47 °C Frischknecht (1966) Pref 1+ S(Tm - Tref) (2-12)
8§ =0.0191 or 0.025 °C?
Prm
. —=1 —-0.020346 * (T;,, — 25)
3) Polynomial D25
model Rhoades et al. (1999) +0.0003822 * (T,, — 25)? (2-13)
15-35°C + 0.00000555 = (T, — 25)3
4) Power pr T 03
function model Besson et al. (2008) — = <71;_ef> (2-14)
5-20 °C Plreg 'm

Table 2-3 Literature’s conversion models of electrical resistivity and temperature.
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We used the proposed models to perform some test runs. Figure 2-3 shows the
performance of liquid fluid based models for a range or temperatures between 3 and
47 °C, reference resistivities 100 ohm-m and reference temperature 25 °C. Ratio
model is 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]

Figure 2-3 Empirical conversion models of electrical resistivity and temperature,

applied on 100 ohm-m reference electrical resistivity at 25 °C reference temperature.

It is clear that the 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 the 25 °C reference resistivity value should be increased,
as represented by the ratio model with 6=0.025 in Figure 2-3.

Considering a non saturated formation, Besson et al. (2008) suggest that the
models based on solutions or soil solution extracts (Ratio, exponential and
polynomial) are reliable for the correction, when the volumetric soil water content
tends to saturation, and presents a power function model, determined by regression
analysis on experimental data from undisturbed soil samples with various water and
clay content.

This particular model was designed only for a range of temperatures between
5 and 20 °C. For this model, the reference temperature is also variable as it is in the
ratio model. Comparing the ratio and the power function model for Tt = 16 °C in a
temperature effect range of 5 to 20 °C, Figure 2-4 shows better correlation when the

ratio model has value & = 0.025, which is a value usually used in the literature.
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Figure 2-4 Power function conversion model (derived from unsaturated soil samples)
in comparison with the two different values for the “temperature coefficient of

resistance” of the ratio conversion model.

Concluding, in the case of water saturated formations, it is preferable to use
the solution based conversion models that are 1) the exponential model and 2) the
ratio model with temperature coefficient of resistance 6=0.0191. For non saturated
porous formations the non fluid based models, either the Besson et al. 2008 or the
Keller and Frischknecht. 1966 model (with temperature coefficient of resistance
8=0.025 °C™) perform well in the range of 5-25 °C, and should be tested for the rest
of the temperature range of an annual surface temperature cycle.

The temperature range of a temperate zone that will be encountered on this
study is between 2.3 and 31.8 °C allowing the use of exponential or the ratio
conversion models only. Despite that the ratio conversion model provides more
flexibility with the variable factor 6 and the variable reference temperature T,.f, the
exponential model will be used in this work for temperature effect of the forward
models as well as, for the correction of the inversion results of the temperature
effected electrical resistivity tomography (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 temperature gradient
as presented in Figure 2-5 A, with temperatures T1<T2, the intermediate horizons can
be characterised by their temperature and their corresponding electrical resistivity
values. The same conceptual temperature and electrical resistivity horizons can be
applied in the interior of a homogeneous earth, due to the temperature difference
between the centre and the surface (Figure 2-5 B). The close to surface resistivity
horizons (Figure 2-5 C) are also influenced by the surface temperature oscillation and
this horizons can be divided into seasonally and diurnally oscillating resistivity
horizons, that are temperature effected by the corresponding surface temperature
oscillation events. Figure 2-6 shows the resistivity horizons for a 24 hour period,
where the diurnal surface temperature oscillation, perturbates up to -1 m into the
subsurface, and as a result the resistivity horizons follow this oscillation. This work is
focused both on the diurnally oscillating resistivity horizons as well as on the

seasonally (also called annually) oscillating resistivity horizons.

Earth surface

T [°C]

>
Resistivity horizons

Temperature horizons

T2 [°C)

Figure 2-5 Conceptual representation of temperature and resistivity profiles for a
homogenous medium across its top and bottom/center temperature boundaries.

Diurnal oscillating resistivity horizons

| Surface resistivity horizon

Resistivity [ohm*m]
a
£

38 -3 [m] resistivity horizon

Figure 2-6 Diurnally oscillating resistivity horizons, during a 24 hour period.
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2.5 Electrical resistivity methods and the ERT

Among the geophysical methods, the electrical resistivity methods like
electrical resistivity profiling, sounding and imaging are used to map the spacial
distribution of electrical resistivity of subsurface formations, in typical depths up to
250 m. In this study, the correction of the surface temperature effected horizons will
be applied to the electrical resistivity tomography (ERT).

According to Tsourlos (1995) resistivity studies are based on the vector form
of Ohm’s law, that, for a homogeneous medium of electrical resistivity “p”, quantifies
the current density “J” according to how many coulombs of charge pass every second
through a unit area, normal to the direction of the charge flow, when a potential VV is

applied by a single current electrode (Figure 2-7).

1.k w1
1—;* T (2-15)
Where:
J = current density A/m?
Ess = electric field strength N/C
p = specific resistance (or electric resistivity) Ohm-m
VV  =gradient of a scalar potential V/m
I = current flow through the ground A
r = distance from current electrode m
Current
Source
Air
Earth

Current flow
direction

Equipotential
lines

Figure 2-7 Current flow and equipotential lines as the result of a single current
electrode source (from Tsourlos (1995) Figure 2.2, p. 19).

The integration of the first order differential equation (2-15) shows that, for a
single source point and for a distance “r” from the source, the electric potential “V”
with derived Sl unit Volts V , is:
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pxI 1
V= * (2-16)

2T T

Mapping the underground electric resistivity “p” involves the injection of
electric current and the measure of electric potential difference on selected points of
the surface. Figure 2-8, shows the current flow lines and the equipotencial surfaces
created by the application of electric current in points A (source) and B (sink), by
nailed electrodes on the ground. Points M and N represent nailed electrodes that are
used for the measurement of potential difference between them. This arrangement of

electrodes is called an array.

Voltage source Current meter
1|
Electrode Voltage meter
A Ground surface
ANt | | = N
\ X/ /IN\T T P N 7 !
\ \ - X 4 |.a‘\ /’,’""; + N \k \ '/ Y /
A/ FHRSTTESEARNN N
N VAN 3 2N s /
P a9 [N~ =X XN TN S AN
/ s g | h
» Mg ] 7\ /ey o o -N
f~ - .- , \: 2 ~4 ¢
/ /7 N\ ! 7N\ ! \ ?
! \ \J( /“ e _> " g X Y \ \
vy A K v NN \ Equipotential
J_ .- \\ // N ) '\:,/' N / R S Surface
\, / ‘\ N v ! -
P F / \ . / N E
- \\‘\/ i/\ h ~N
; ;
// — \ 3
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Figure 2-8 ERT method, surface potential difference measurements

(from Muchingami et al., 2012, Figures 4, p. 48).

The potentials at points M and N are given by:

Vo p*xl 11 17
M~ 2«m lAM  BM. (2-17)
. p*xI 11 17
N= 2r AN T BN (2-18)
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The potential difference is represented with:

v Vez ¥ _pxl 1 1 1 1
==V = 3 | = ) = [~ (2-19)
Where

_ Vun 2xT _

PET 177 = P=R*C (2-20)

[ EA—]

AM BM AN BN
“R” is the Resistance that corresponds to the bulk geometry as an extensive

property, with Sl unit Q (also used ohm). The geometrical factor “G” is used to

equalize the measured resistance “R” and the electrical resistivity (specific resistance)

“p” of the material.
2xT
[ 237~ 577) ~ v ~ 5]

(2-21)

Figure 2-9, shows the geometry of the Wenner electrodes array (A,B,M,N), for
3 different geometrical factors. Red dots represent the estimated position for each
calculated electrical resistivity. In case of a homogeneous medium, every calculated

“p” is expected to have the same value.

STATION 3
1

] 1
A 3a M 3a N 3a B
| l | 1
I | 1 I

STATION 2 Automated multielectrode
r 1 \ Resistivity meter
A M N B AN
| 2a | 2a | 2a |
| | | I

STATION 1

e — d

) Line of electrodes

Figure 2-9 ERT measurements (from Matias & Almeida, 2017, Figures 4, p. 120).
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In case of a non homogeneous resistivity medium, the measured electrical
resistivity is called apparent electrical resistivity “papp” because the calculated values
have information from the bulk geometry where resistivity is not constant in space.
Apparent electrical resistivity is estimated with the assumption of half space
geometry.

The measured apparent electrical resistivity is a volume-averaged value
affected by all the geologic formations through which the induced electric current
flows. In order to calculate the distribution of “p” from multiple measurements of
apparent electrical resistivity “papp” of a non homogeneous medium and create the
electric resistivity tomography, an array of electrodes is set on the surface of the
ground and the measurements are interpreted with the inversion method.

The arrays that are often used for 2-D imaging surveys are the (a) Wenner, (b)
Schlumberger (c) dipole-dipole, (d) pole-dipole and (e) pole-pole. Among the
characteristics of an array that should be considered are:

e the sensitivity of the array to the vertical and horizontal changes in the
subsurface resistivity

e the depth of investigation

e the horizontal data coverage

e the signal strength

As a result of using different electrode configurations, the geometrical factor
“G” of each array is changing. Figure 2-10, presents the configuration of some

common arrays. In this study the Dipole — Dipole array was used.

A Mo N B 8 A M N
@ 2 2 o2 |  wENNER " :|: a :l: ®©_, POLE-POLE
A M N B
@ |4_ > 51 _.l._'.l._ > 5l _..| SCHLUMBERGER -
= — A M
L @ | L l.a.] TWIN-PROBE
| N 1 1 |
A B " M a N a
@ 2 I|l L > |, o] DIPOLE-DIPOLE — 1234
= 1 SquAREa AMNB

®

SQUAREPS ABNM

A M N B
@ " 2l o_. POLEDIPOLE 3 == CUANET = ENReEN

Figure 2-10 ERT electrode array types (from Tsourlos (1995) Figure 2.8, 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" subsurface electrical 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 overall purpose of the inversion algorithm is to iteratively
find a 2D subsurface resistivity model that will produce calculated 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 % misfit between the actual and the calculated observations.

In this work the forward and inversion processing was performed using the
res2Dmod (Figure 2-11 A) and red2Dinv (Figure 2-11 B) software package (Loke et
al., 2003). The red2Dinv program 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 inverse model through setting

the mesh system and inversion blocks.

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 _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

Figure 2-11 Forward and inverse electrical resistivity software.
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3. Methodology for the ERT temperature correction

In this chapter
the methodology followed for the correction of the ERT inversion results,
Is described. In the beginning, the subsurface formation properties are
determined, and then the surface temperature oscillation events are
classified. What follows is the calculation of subsurface temperature
profile, where based on the depths of the inversion results and the
selected “temperature — electrical resistivity” conversion model, the
electrical resistivities are converted to a reference temperature. Finally,
the graphical user interface that was created for the surface temperature
correction of the surface temperature effected inversion results (inverted

with DC2DPro or Res2DInv software), is presented.
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3.1 Determination of formation’s thermal properties.

For the calculation of conductive heat transfer, the heat properties of thermal

conductivity k with unit W/(K*m), heat capacity per unit mass (constant pressure) cP

with unit J/(K*kg), density pq with unit Kg/m*® or heat capacity per unit volume

(volumetric heat capacity) VHC with unit J/(K*m?), are required.

The values of the heat properties are usually calibrated based on the conditions

of the study area, but for the purpose of this work we used typical property values

found in literature. The values of thermal properties and electrical resistivity that are

represented in Table 3-1, are based on bibliographical references (Abu-Hamdeh,
2003), (Hillel, 2004) (Wang et al. 2017c). The heat values of the last column of Table
3-1, that represent a homogeneous clay model, were used for the forward

homogeneous models that will be shown in next chapters.

Phases Clay
. Abu-Hamdeh| Wang [Homogeneous
Al 2003 2017 | clay model
Solid Clay
Air Water |minerals (Values Clay Clay
average range)
Grain size composition <0.075 100%
mm
Saturation
59.9
%
Moisture content
0 |0.25
Kg/Kg
Electrical resistivity 3332 30
p: Ohm-m
Thermal conductivity
.02 . 2. . 1.
K: W/(m*K) 0.025 0.57 9 1.88 88
Density
.0012 1 2. . . 1.
04:10° Kg/(m’) 0.00125 65 1.2 | 14 3
Heat capacity per unit Mass

1 2 . . . 1.71

P :10° J/(kg*K) 4 0.75 1.17 | 2.25 7

Heat capacity per unit Volume

.0012 2 2 . . 2.22
C:10° J/(m**K) 0.00125( 4 1.48 | 3.54 3

Reference temperature °C 25

Table 3-1 Physical properties used for the homogeneous forward models.
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3.2 Expression of surface temperature oscillation

For the calculation of the subsurface temperature profile, the acquisition of the
surface temperature oscillation history is needed. In this work, the actual act of
measuring the surface temperature oscillation with a monitoring process was not
included, but when temperature data is monitored, it should be mentioned that there is
also a temperature lag between skin surface temperature and temperature measured at
higher elevation from the surface of the surveyed formation, e.g. there is 2 hours
temperature lag at +2 m from the surface in comparison to the temperature oscillation
at the skin surface (Jin et al. 2014).

For the purpose of this study, the history of the surface temperature was
acquired from the monitored data of the Department of Meteorology and Climatology
of Aristotle University of Thessaloniki (A.U.Th.) at 40.37N, 22.57E and altitude 31
m.

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

day are needed.
Mean seasonal temperature oscillation amplitude

For the acquisition of the seasonal oscillation amplitude, the data of the last
twelve monitored months of the surface temperature oscillation are needed. Table 3-2
presents data like these, but instead of the last 12 months, this table shows the mean
temperatures for the period 1930 — 2005 provided by the A.U.Th. Meteorology
station. These records will be used in order to impose the temperature effect to the
forward models in the following chapters, as well as to correct the inversion results.
The methodology presented below, for the calculation of the seasonal temperature
amplitude, is the same for the application of the correction using the actual 12 months
temperature recordings prior to the conduction of the ERT survey.

The variables required for the calculation of the mean seasonal temperature

amplitude are presented below.

Mean annual temperature T,

Annual maximum temperature Tamax

Mean diurnal temperature amplitude Tmga

Seasonal variation of mean diurnal temperature amplitude Tyga

el el
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Temperature Table °C

Mean Mean maximum Mean minimum 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. 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 Tga = 4.7

Table 3-2 Auth meteorology station mean temperatures 1930 — 2005.

The mean annual temperature Ty, for this period is T, = 16.1 °C. The temperature’s
mean annual maximum T,max appears during July with Tamax = 31.8 °C. According to
maximum and minimum temperatures of every month, the temperature’s mean
diurnal amplitude Tng, Was calculated as Trmga= 4.7 °C. Finally, the seasonal variation
of diurnal amplitude T4, (the half of the difference between maximum and minimum
diurnal amplitudes at last column of Table 3-2) has amplitude equal to Tyga = 1 °C.

The mean seasonal amplitude Tms, can be estimated with the equation (3-1).
Tmsa = Tamax — Tm — Tmda — Tvda (3-1)

Actual diurnal temperature oscillation amplitude of the surveyed ERT

The actual diurnal surface temperature amplitude T,ga for which the ERT is
going to be corrected, is acquired as the half of the difference between the minimum

and maximum temperatures during the 24 h period before the surveyed ERT equation

((3-2).

Diurnal max — Diurnal min

Taqga = 2 (3'2)
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3.3 Subsurface temperature calculation and temperature correction.

For the heat properties described in chapter 3.1 (clay formation) and the
surface temperature condition described in chapter 3.2 (using as actual diurnal
amplitude 4.7 °C with oscillating deviation 1 °C during the annual cycle), Figure
3-1 presents the surface temperature history and the subsurface temperature profile of
the first day and first hour of the year.

Figure 3-1 A, upper blue graph, shows the temperature profile with time for a
period of one year, while B anc C upper blue graphs shows the time scale in
logarithmic scale. Figure 3-1 A and B correspond to a winter date (time 1D:010101)
while C correspond to a summer day during July (time 1D:071008).

Downright red graphs of Figure 3-1, shows the temperature profile with depth.
A and B red lines, present the same subsurface temperature profile, during the first
hour of the year that is the result of previous six months surface temperature activity,
As a result, due to the heat transition that gained during summer period, 6 months
before the winter date that subsurface temperature profile represents. The perturbation
depth of the diurnal temperature effect is also labelled in this graph with depths of
about 0.3 m, while the annual (seasonal) perturbation depth is labelled as the result of
the annually oscillating harmonic of the temperature oscillation at earth’s surface. The

same perturbation depths can be seen in Figure 3-1 C, during a summer surface day.

Winter date Winter date Summer date
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Figure 3-1 Upper graphs show the surface temperature history, while bottom graphs
show the subsurface electrical resistivity profiles during the selected time.

In order to correct the temperature effected inversion results, the soil’s temperature

profile has to be calculated based on the surface temperature oscillation history, the
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thermal diffusivity of the formation, the depths of the inversion results, the
temperature at the highest depth of the ERT and the and the time that the survey was
held. For the calculation of the subsurface temperature profile, the equation (3-3) was
used (modified by Hillel, 2004).

_(L) z
T(z,t) = Tggy + Typsq x€ ‘4o’ % sin (a)a *t+ @, — —)

~(Z) ia (3-3)
+ Taqq * € ‘da’ * sin (a)d*t+god— d_)
da
T(z,t) is the temperature at the selected time of the year and depth
z is the selected depth (z >0 m)
t is the selected hour of the year (t hours)

T,s, IS the steady state temperature at depth z, caused by the temperature
difference of the surface and the deep horizons

Tss2(z) = T+ 0%z
T, is the mean annual surface temperature
6 is the coefficient of the steady state temperature gradient
_ bottom temperature T, (L) — mean surface temperature T,
L
L = depth of bottom temperature (L> 0 m)

Thsq IS the mean seasonal oscillation amplitude
Tmsa = Tamax — Tm — Tmaa — Tvaa

T,ae 1S the actual temperature amplitude of the surveyed day
Diurnal max — Diurnal min

Tada = 2
Wq is the annual radial frequency = 2*n / (365*24)
Pq is the phase change of annual temperature oscillation

Qo= (B*m)/2 - (a=*24*w,),a=mintemperature day of the year (0-364)
Wgq is the diurnal radial frequency = 2*n / 24
Pa is the phase change of diurnal temperature oscillation

0qa= Bx*xm)/2—(b*wy), b = min temperature hour of “a” (0-23)
D is the thermal diffusivity of the homogeneous medium
d, is the damping depth of annual temperature oscillation = sqrt (2* D/w,)

dg is the damping depth of diurnal temperature oscillation = sqrt (2* D/w,)

The correction of the surface temperature effected ERTs uses the temperatures that
was calculated for the depths of the inversion results, and in conjunction with a
selected “electrical resistivity — temperature” conversion model, the corresponding
electrical resistivity of each depth is converted to a reference temperature, specified

by the conversion model.
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3.4 Temperature correction and correction logistics

The necessary variables needed for the correction of an electrical resistivity

tomography inversion results, are inserted to the algorithm using a matlab graphical

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

temperature corrected inversion results from the dc2Dpro or the res2Dinv software.

Figure 3-2 presents a concept map of the correction algorithm.

Input of variables

The GUI is divided into four panels, where a set of 14 basic variables and some extra
options are imported from the user.

The 1% panel imports the ERT inversion results and the exact date, time that
survey was carried out.

Panel number 2 holds the surface temperature variables, for the calculation of the
near subsurface temperature profile.

Panel number 3 holds the variables that describe the heat properties of a
homogeneous medium.

Panel number 4 has choices for the correction process that will be applied to the
inverted ERT data.

Export

Temperature corrected inversion results.

QUI Panel 1: ERT inversion

ERT Grid | | ERT temperature
contaminated
Survey time resistivities
QUI Panel 2 : — (Surface temperature oscillation
QUI Panel 3 : Heat properties
ERT grid
analytical
temperature
profileb
QUI Panel 4 : Cl'emperature correction ER‘D

Figure 3-2 Concept map of the correction algorithm.
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Panel number 1

On TRC (Temperature Resistivity Conversion) panel number 1 (Figure 3-3),
the inversion results produced either by DC2DPro or Res2DInv software can be
imported. The time ID (time that the survey took place) based on the Gregorian
calendar, no leap year, should be stated as the last 6 digits of the file name with the
form of “MMDDHH” [month, day, hour]. The values for the month range are 01-12,
for the day range 01-31 and for the hour range are 00 - 23.

Import01  : Survey time
The survey time will determine the selected temperature profile, among the
profiles of each hour of the year.

Import 02  : Inversion results
The algorithm uses the depths of the inversion’s grid and creates a table of
depths. Based on these depths the temperature profile is being calculated.

0 TRC - = 7%
Temperature resistivity correction Manual
File Surface Heat
Correction
Selector Temperature Properties
File Browser )
Files loaded : 5

Choose one or multiple files

DC20DPRO_Meteo_121811.0AT
Homo_100ochmm_DD_edd_al05m_Analytical_T_197_hour__ Exponential_Tref_25_MN1_SC_IR_010905.xyz

Homa_100ehmm_DD_e48_a05m_Analytical_T_2241_hour_Expenential_Tref_25_N1_SC_IR_040409.xz
Homo_100chmm_DD_e48_a05m_Analytical_T_4577_hour__Exponential_Tref_25_N1_SC_IR_070917.xz

Homao_1 UDohmm_DD_ed-B:aUSm_Analgdi cal_T_G898_hour__Exponential_Tref_25 N1_SC_IR_101410:0z

Figure 3-3 GUI panel number 1: Inversion data import.
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Panel number 2

Surface temperature oscillation is imported in panel number 2, where a set of
variables describe the harmonics that the temperature oscillation consists of (Figure

3-4).
Import 03  : Minimum annual temperature (Tamin)
Import 04 : Maximum annual temperature (Tamax)
Import 05  : Mean diurnal temperature amplitude (Tmga)-
Import 06  : Seasonal variation of diurnal’s amplitude (Tyqa)
Import 07 : Actual diurnal’s amplitude of surveyed day (Taga)
Import 08  : Day of the year with the minimum temperature (0-364)
Import 09  : Hour of the day with minimum temperature (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 ;
Selector Variables Properties LI
Surface temperature Oscillation shift
Mean annual temperature 16.1 [°C] s :g_r;gj)rature day s [days]
MabE) Sasal o et 318 el Minimun temperature hour 5 [hours]
Mean diurnial temperature amplitude 47 [°'C]
Amplitude of mean seasonal 1 [Cl In depth temperature
variation of diurnal amplitude Selected depth 15 [m]
Actual diurnal amplitude a7 rC] Temperature at that depth 16.1 [°C]
of surveyed day :
I Plot surface temperature profile |
- Mean annual, diurnal temperature harmonics % Contribution
25
o) o 30
22 )
=] =]
T S 20
215 2
£ =
] ()
[ [

—h
o

10 Diurnal harmonics | 1
— — — Annual harmonic
5 0
0 100 200 300 400 0 100 200 300 400
Time [days] Time [days]

Figure 3-4 GUI panel number 2: Surface temperature data import.
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Panel number 3

In order to describe the conductive heat propagation in a homogeneous

medium, user can choose either to input the thermal diffusivity or the variables

usually used in bibliography (Figure 3-5). These variables are 1) the thermal

conductivity and the heat capacity per unit volume (constant pressure) or 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 diffusivity

: Thermal conductivity

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

: Density

4] TRC [= o[
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

Plot soil temperature profile for selected time
Use slider's arrows or plot values
Survay time=(days * 24)+hours

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

1006 *[m2/s]

[W/({m*K]

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

[J/(kg"K)]

[kg/(m3)]

and depth
Plot values
[days] 0

[hours] 1

Soil Temperature Profile

Winter season
0fF

\\.

4

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]

Figure 3-5 GUI panel number 3: Heat properties import.
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Panel number 4

Panel number 4 (Figure 3-6) has choices for the correction process, such as the

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

results. User can choose between 3 conversion models and 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 be used. In

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

: Ratio’s model temperature coefficient of resistance &

Import13  : Conversion model selection

Import 13.1

Import 13.2 : Ratio’s model reference temperature

Import 13.3 : Power’s function model reference temperature
Import 14

. Inversion block divisions for the calculation of inversion’s

block mean temperature.

4] TRC -[a[x]
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 15 20
) 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 Mean resistivity of depths
g1
Corrected ERT - folder = '3 ;
= —~ [T Initial ERT
0] e i) I
® Use source folder () Select new folder g4 '; — _ _ Comectad ERT
S5 . .
- 100 110 120 130 140 150 160
L=l |28 Resistivity [Ohm*m]

Figure 3-6 GUI panel number 4: Correction choices.
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4. Validation of the correction approach

In  this
chapter, the methodology followed for the acquisition of reference and
temperature effected inversion results with the use of forward modelling
for the validation of the correction process, is presented.

The approach for the validation of the temperature correction, is
based on the creation of “temperature reference” and ‘surface
temperature effected” forward models of homogeneous and
inhomogeneous geometries/formations. The accuracy of the inversion
results to detect the temperature effect and the RMS error between the
“reference temperature inversion results and the temperature corrected
inversion results ”, present the validity of the correction’s approach.
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4.1 Forward and inverse surface temperature effected models

In order to import the temperature effect into the reference temperature

forward models, the work flow followed the steps below:

1. Expression of surface temperature boundary condition.

2. For the above surface temperature boundary condition and a homogenous
formation, comparison of the subsurface temperature profiles provided by the
numerical simulation of heat transition and the corresponding analytical solution.

3. Use of the calculated temperature profiles in conjunction with the exponential
conversion model to temperature-effect the reference resistivity values of the
homogeneous forward models.

4. Numerical simulation of heat transition for inhomogeneous formations and
acquisition of the temperature profiles.

5. Use of the calculated temperature profiles to temperature-effect the
inhomogeneous forward models.

6. Inversion of the forward models.

4.2 Expression of surface temperature boundary condition

During an annual cycle, two major surface temperature oscillation events
occur, the seasonal and the diurnal. A 3™ temperature oscillation event, with smaller
amplitude was added to the surface temperature condition, to include the effect caused
by the seasonal variation of diurnal’s amplitude between summer and winter seasons.
In Figure 4-1 left is plotted the seasonal oscillation event with dashed line, while with
continuous line, the diurnal oscillation with the variation of its amplitude during the
annual cycle, is presented. The total interference of these events are presented to the
right side of Figure 4-1 compared to the mean hourly temperatures from the hourly
monitored temperature data of the department of meteorology and climatology of
Avristotle University of Thessaloniki (A.U.Th.) for the period 1951-2002.

For the expression of the surface temperature boundary condition, the
temperature data of Table 3-2 was used. This table is represented again in the next

page, in order to help readers follow the acquisition of the necessary variables.
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Figure 4-1 Surface temperature oscillation. Left graph, diurnal and annual temperature

oscillation harmonics. Right graph, interference and comparison with real data.

Temperature Table °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. 26.0 315 205 55
Sep. 22.2 27.4 16.9 5.3
Oct. 17.1 21.7 12.5 4.6
Nov. 121 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 3-2 Mean temperatures of period 1930 — 2005. Auth meteorology station data.

The mean seasonal temperature is Tp,

16.1 °C. The temperature’s mean

annual maximum appears the month July with Tynax = 31.8 °C while the

temperature’s mean annual minimum Tayin = 2.3 °C appears at January.
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If the mean annual temperature T, was calculated as the half of the difference
between mean maximum and mean minimum temperature of the year, Tm= (Tamax -
Tamin)/2, the result would be a mean annual value of 17.05 °C instead of 16.1 °C . In
order to achieve 16.1 °C as the mean temperature, firstly the deference of Tamax = 31.8
°C and T, =16.1 °C sets the initial temperature amplitude equal to 15.7 °C, and as
a result, for T, = 16.1 °C the new annual range of temperature that will be used, is
Tamax = 31.8 °C and Tamin = 0.4 °C . According to maximum and minimum
temperatures of every month, the temperature’s mean diurnal amplitude Tmyga Was
calculated as T4, = 4.7 °C. The mean diurnal amplitude was subtracted from the
initial temperature amplitude. Finally, the seasonal variation of diurnal amplitude Tyga
(the half of the difference between maximum and minimum diurnal amplitudes at last
column of Table 3-2) with amplitude of Ty4a = 1 °C was also subtracted from the
initial amplitude.

In order to set the actual diurnal oscillation during the annual cycle, the mean
diurnal oscillation combined with a sinusoidal function of 1 °C that has the same
period and the phase with the diurnal oscillation, was used.

The function that used and stands for the surface temperature boundary

condition is presented with eq. (4-1):

T(0,t) = Ty, + Tppsq * Sin(w, * t + @,) +

(4-1)
(dea + Tvda * Sin(wa T+ (pa)) * sin (wd *t+ §0d)
Where :
T(0,t) is the surface temperature at a specific hour of the year
T, is the annual mean temperature
Tinsa * sin(wg * t + @) is the seasonal oscillation

(Trmaa + Tyaa * sin(w, * t + @,)) * sin (wg * t + @) is the actual diurnal oscillation

and :

t is the selected hour of the year
T, is the mean annual temperature
Tmsa 1S the mean seasonal amplitude

Tmsa = Tamz_lx — T __dea — Tyaa
Tmaa 1S the mean diurnal amplitude

T,aq 1S the seasonal variation of diurnal amplitude
Wq is the annual radial frequency = 2*n/(365%24)
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Pa is the phase change of annual temperature oscillation

3*TT
(e >
Wgq is the diurnal radial frequency = 2*n/24
P4 is the phase change of diurnal temperature oscillation

3*TT

Qo= - (b * wy) b = min temperature hour of “a” (0-23)

(ax24*w,) a = min temperature day of the year (0-364)

The result of equation (4-1) using the temperature data of Table 2-3 with
values Tamax = 31.8 °C, modified Tamin = 0.4 °C, Trga = 4.7 °C, Tyga = 1 °C, arbitrary
selected a = 8 days and arbitrary selected b=5 hours, is an oscillation with mean value
Tim=16.1 °C, Trax =31.8 °C and T, 2.4 = °C, plotted with blue colour in Figure 4-1
right.

4.3 Numerical simulation and analytical solution of heat transition

The surface boundary condition of equation (4-1) was numerically simulated
with the Comsol multiphysics software, that is a simulation program that solves the
differential equations of selected physics. Using 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 to be a Dirichlet
boundary condition (temperature boundary), which for this case, specifies the surface
temperature oscillation with the equation (4-1). Assuming that in depth, where surface
temperature influence and earth interior temperature influences are zero, the
temperature should be equal to the mean surface temperature, so bottom boundary
condition was also set to be a Dirichlet boundary with the value of mean annual
temperature T, (L)=16.1. The other sides were set to be insulated.

A swept mesh with element ratio distribution, was used to construct the mesh
(Figure 4-2 A). The simulation was done for a time range of five years, with one hour
time step and a relative tolerance equal to 0.0001. The results of the simulation with
“the mean annual temperature” as initial temperature condition of the medium or “the
results of the analytical solution equation (3-3)”, where the same for the 3" and the
next year. Simulation result for the 1% hour of the 3" year is shown in Figure 4-2 B,

while the temperature profile for this hour is presented in Figure 4-2 C.
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Thermal diffusivity : 0.0030445 [mzlh]
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Figure 4-2 Numerical solution of heat transition for a homogeneous medium with
common soil heat properties and a Mediterranean climate surface boundary condition.

The results of the numerical simulation and the analytical solutions are
presented in  Figure 4-3. The temperature profiles (analytical 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
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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 ! 1 H
4 6 8 10 12 14 16
Temperature [°C]

Figure 4-3 Comparison between the numerical and the analytical temperature profiles.
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The hourly difference (Figure 4-4), between the numerical simulation and the
corresponding analytical solution eq. (3-3), shows less than 0.5 °C misfit for the first

0.5 m, and less than 0.2 °C misfit for points deeper points.

Hourly intervals of annual temperature difference
0 Analytical - Numerical solution
- X:-0. 553 = ’:‘ = -
V02 X:-0.2395
Y:-0.5
2k
4+
-6
-8
E
= [
= -10
D
(=}
12
14~
-16 -
-18 -
20 | | | | | J
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
Temperature [°C]

Figure 4-4 Hourly difference between the numerical and the analytical temperature
profile during an annual period.

Based on the exponential conversion model and a formation with electrical
resistivity 100 ohm-m at reference temperature of 25 °C , the impact of the 0.5 °C
error at the first 0.5 m of soil profile will lead to a resistivity error < 0.8 Ohm-m
caused by the summer’s temperatures and < 2.4 Ohm-m for the effect caused by

winter’s temperature (Table 4-1).

Temperature Exponential conversion model. R§35|st|V|ty
o L difference
C Resistivity ohm-m
ohm-m
Reference 25 100
31.8-05 86.778 -0.792
Maximum 31.8 87.57 0
31.8+0.5 88.377 +0.807
24-0.5 175.44 -2.42
Minimum 2.4 173.02 0
24+05 170.65 +2.37

Table 4-1 Impact of 0.5 °C difference to annual max and min resistivity values.
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For a homogeneous medium, an overview of the temperature variations per
hour in relation to depth for an annual cycle, is presented at Figure 4-5 and Figure 4-6.

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]
Figure 4-5 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])

Figure 4-6 Annual overview of temperature profiles every 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
Tesz(L)2Tr, it seems that the linear correlation of the surface and the bottom
temperatures used in the analytical solution, works fine in comparison to the
numerical simulated results.

Figure 4-7 presents three temperature profiles of a homogeneous formation.
The profile of the numerical simulation was provided by a 50 year simulation with
bottom temperature boundary condition to be 50 °C. The analytical solution with also
Tssz (L) = 50 °C, presents good correlation with the numerical solution for the first day
of the 50™ year. In the same figure and for comparison reasons is also presented the
analytical solution with bottom temperature equal to the mean annual surface
temperature T, (L) = 16.1 °C.

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

Figure 4-7 Temperature profiles of homogeneous medium with different temperatures
in depth of 50 m.

All the models of this study where created with the assumption that the bottom
boundary condition has temperature equal to the mean annual surface temperature,

and as a result for the equation (3-3) the value 6=0.
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4.4 Homogeneous formations temperature effect import

The methodology needed to import the temperature effect into a homogeneous
medium is presented using the example bellow. The temperature profile of Figure 4-8
left, was calculated considering a clay homogeneous medium, with heat properties as
described in chapter 3.1, and setting a new reference resistivity of 100 ohm-m at rest
conditions of 25 °C for the bulk medium. The values of electrical resistivity (Figure
4-8) right, which are effected by the temperature profile, are calculated based on the

exponential model (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]

Figure 4-8 Left, calculated temperature profile. Right, reference and temperature
effected resistivity profiles for a reference medium of 100 ohm-m at 25 °C.

The forward modelling of the electrical resistivity was conducted using the
res2Dmod software. This software offers a set of 16 different values of electrical
resistivity, up to 40 elements for different depths and unlimited horizontal elements in
order to describe the forward model. In order to use an electrical resistivity forward
model with good resolution and also avoid reflections, the vertical elements of the
forward model was set with ranges, steps and values as (-0.1:-0.1:-1), (-1:-1:-17), -20,
-30, -50, -70 m . The black dots in right graph of Figure 4-8 present these depths,
only until the depth of -7 m.

Due to the limitation of 16 values for the electrical resistivity description, an

algorithm was created to divide the resistivity spectrum of the temperature profile into
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16 classes of electrical resistivity values, in order to fit in the software specifications
(Figure 4-9). The calculated effected resistivities of each depth, were separated into
classes to create the forward model (Figure 4-10) in order to be imported into the
res2Dmod software.

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

Figure 4-9 Resistivity spectrum of temperature effected models divided into
classes for the creation of the temperature effected forward model.

Calculated Forward

Resistivity Resistivity
fohm*m] [ohm®m]

lwsu l180

5 ; 155
. 150
145

140

Resistivity [ohm*m]
Resistivity [ohm*m]

125 2
I O
v 120 s
= -15 Surface [m]
0 .
Depth [m] -20 Depth [m] 2 0
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Figure 4-10 Left, Temperature effected calculated model.
Right, forward model after divided into classes for the forward model.

The reference and temperature effected forward model, were produced with
the “res2dmod” software, based on a Dipole-Dipole array of 48 electrodes and 0.5
meters spacing. A noise of 3% was added to the forward. Inversion of the forward
models was done using the “res2Dinv” software, with the selection of standard data
constraints (L2 norm), and the first layer thickens to be 0.125 m, which increases in
depth with a ratio of 1.1. Figure 4-11 shows the reference homogeneous forward
model, the pseudosection and the inversion results. Figure 4-12 shows the forward,
the pseudosection and the inversion results of temperature effected homogeneous

model. Both inversion results will be used for the evaluation of the 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.

Figure 4-11 Forward, pseudosection and inversion of reference homogeneous model.

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
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Resistivity nodel
10.0 2.0

Hono_1080hnn_0D_8_05n_A197_Exp_Tref_25C_N3
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Depth Iteration 3 RMS error - 2.
0.0

%98 nyerse Hodel Resistivity Section
(N T (N (S ) (- -
17 122 128 13 ] w7 158 162
Resistivity in ohm.n
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Figure 4-12 Forward, pseudosection and inversion of temperature effected
homogeneous model.
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45 Inhomogeneous formations temperature effect import

The method used for the temperature effect of inhomogeneous models /
complex models, is the same as the homogeneous model’s method, with the
difference that the temperature profiles used, derived from the numerical simulation
of heat transition, calculated with Comsol multiphysics software. Figure 4-13 (left)
shows the geometry of the reference electrical resistivity model that has three
different soils with electrical resistivities at rest conditions of 25 °C. At the right of
Figure 4-13, for the same geometry and the corresponding thermal diffusivities, the
numerical results of the subsurface temperature variations during the first day of the
year, are presented. The values used for this model are shown is Table 4-2 (also

appears with light blue colour in Table 5-1).

p2 =20 [ohm*m] D2 = 0.96 * 10 % [m¥s]

\

A
e

\ p1 =10 [ohm*m] - D1=0.54*10 © [m?s]

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

Figure 4-13 Left, reference resistivity model at 25 °C. Right, numerical simulated
temperature distribution used to temperature effect the reference resistivity model.

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. Vé/(m_tK)
from 1y oSty 1.1 1.757 1.61
Clarke (2010) Heat capacity per unit Mass 2362 1.459 1632

cP :10° J/(kg*K)
Thermal diffusivity

D1=0.54 D2=0.96 D3=1.04

D:10° m%/s
Electrical Electrical resistivity
resistivity at 25 °C p1=10 p2=20 p3=30
values used p . Qhm-m

Table 4-2 Material properties used for the complex model.
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Figure 4-14 (left), shows the 2D geometry of the reference resistivity forward
model. In the middle, the temperature profile from the numerical simulation is shown.
Right graph of Figure 4-14 presents the temperature effected resistivities, as they have
changed due to the influence of the temperature variation.

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 drho/dz : Exponential fehm*m]

M 02 = 20 [ohm*m]
p1= 10 [ohm*m] 30

-1
D2=0.96* 10° [m?/s]

Depth [m]
Depth [m]
Depth [m]

3= 30 [ohm*m]

5 10 15 20 i 5 10 15 20 i 5 10 15 20
Surface [m] Surface [m] Surface [m]

Figure 4-14 Left, reference resistivity model. Middle, simulated temperature
distribution. Right, temperature effected model by the temperature distribution.

Figure 4-15, presents the final stage of the inhomogeneous effect where the
temperature effected resistivities (left), are divided into 16 classes (middle figure) in
order to fit into the res2dmod limitation of 16 electrical resistivity values and create

the 2D effected electrical resistivity forward model (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 30

E -2
25 1000 25

- 3
20 20

4
° [l :

. ol m nn 5

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

Depth [m]
Measurments count
Depth [m]

o
=]
S

Figure 4-15 Left, calculated resistivity model. Middle, division of resistivity
spectrum to 16 classes. Right, the forward model used.

Figure 4-16 presents the forward model, the pseudosection and the inversion
results for the inhomogeneous medium at reference temperature of 25 °C. Figure 4-17
presents the same graphs for the temperature effected model during the first day of the
year. Again, both inversion results of reference and temperature effected models, will

be used later for the evaluation of the correction.

60



Reference layered model at rest of 25 [C?]
Forward — Pseudosection - Inversion Noise 3%

Resistivity madel
12.0

.00 0.0

Measured Apparent Resistivity Pseudosection

Depth Iteration 3 R
)

Unit electrade spacing 0.500 u.

Figure 4-16 Forward, pseudosection and inversion of reference complex model.

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

Resistivity madel
12.0

Layered_Rer_DD_ens_a05_Mun_T_Layered_3_xronia_17521_Exp_Trer_25
pe

2.0 16.0 20.0

Figure 4-17 Forward, pseudosection and inversion of
temperature effected complex model.
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4.6 Evaluation of the correction approach

The example below shows the evaluation of the correction method with the
correction of a forward homogeneous model of 100 Ohm-m at rest conditions of 25
°C and target depth 5 m, which was temperature effected, inverted and corrected. The
results are shown with the form of tomography as well as the linear form, which
presents the mean electrical resistivity for each depth. Figure 4-18 could be
considered as the evaluation panel of the correction, as it consists of a set of figures
that qualify the accuracy of the inversion method and quantifies the correction’s
validity.

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

graph shows 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
'F”— — v -
=1 N A" 160 ,
= 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]

Figure 4-18 Evaluation panel of the correction. Left, forward, inverted and corrected
ERTSs. Right, resistivity profiles of ERTs with the mean resistivities of each depth.

At the right side of Figure 4-18, the linear graph shows the mean electrical
resistivity of each depth, for both the forward 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 the surface temperature effected
forward model and the magenta line presents the temperature effected 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 percentage), which is presented at the evaluation
panel, is calculated between the inversion results of the reference model and the
inversion results of the temperature corrected model, using equations (4-2) and (4-3)
where n is the number of data.

n (reference(i) — corrected(i))2
n

TMS erroty,is = \/ ohm *m (4-2)

n (re ference(i) — corrected(i))2
=1 reference(i)
" % (4-3)

TMS errorpercentage = 100 *
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5. Validation of the results

Using the above
methodology, a set of forward models was used to evaluate the efficiency
of the ERT, to detect the temperature effect as well as to evaluate the
efficiency of the correction algorithm. Firstly, the range of common
values of electrical resistivity and thermal diffusivity were tested in order
to settle the range of the imposed temperature effect. Then the resolution
of the ERT method was tested, in order to examine the accuracy of dipole
- dipole array to detect the temperature effect using different array
spacing. Dividing the temperature effect into diurnal effect and annual
(seasonal) effect, specified by the perturbation depth of each cycle,
homogeneous temperature effected forward models of selected days and
hours of the year, were used to evaluate the correction method. Finally
inhomogeneous temperature effected forward models with high contrast
of electrical or heat properties, were used to examine the inversion

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

In order to examine the range of the temperature effected resistivities, the
exponential conversion model was used to calculate the temperature effected
resistivity values for a 25 °C reference electrical resistivity range of 0-1000 ohm-m
and a temperature effect range of 0 — 50 °C. The temperature perturbation depths were
calculated assuming typical thermal diffusivity values (i.e. typical rock formations) of
the range between 0.12 - 2.12 * 10° m%s. Finally, the percent change of the electrical
resistivity with increasing depth and temperature cycle was established on the basis of

the adopted temperature profiles.

Temperature effected resistivities range

The exponential conversion model, which was used for the temperature effect
and the correction of the forward models of this study, shows that the rate of
resistivity change increases at lower temperatures. Figure 5-1 presents the behaviour
of this model in the range of different temperatures and resistivities. The white line
represents the x axis where the values are the reference resistivities prs for the
reference temperature T =25 °C of y axis. The coloured background (z axis), shows
the resistivities pmes @S they would appear if they were measured under the 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]

Figure 5-1 Temperature effected resistivity range (z axis) as a result of the application
of the exponential conversion model, on reference resistivities of 25 °C (X axis).

65



Figure 5-2 shows the same information, with the difference that y axis
represents the variation of pmes for the same range of temperatures between 50 and 0
°C. The white line represents again the reference resistivities of x axis at 25 °C, and
it is clear that the most significant changes of electrical resistivity is due to the

decrease of temperatures, lower that 25 °C.

Temperature
Effected
Exponential model Resistivities
Reference Temperature : 25 [°C] [ohm*m]
=]
qa—'-) E 1500 r 1 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]

Figure 5-2 Temperature effected resistivity range (z and y axis) as a result of the
application of the exponential conversion model, on reference resistivities of 25 °C.

Thermal diffusivity and temperature profile range

In order to evaluate the impact of different thermal diffusivities to the
resistivity profiles, the range of 2 thermal diffusivities and 2 electrical resistivities
structuring four different forward modelling structures, were evaluated. Considering a
homogeneous soil, higher values of thermal diffusivity will increase the perturbation
depth of temperature effect. Hamdhan & Clarke (2010) produced a table with the heat
properties of various soil types. We modified this table by adding a column describing
“Thermal Diffusivity” (Table 5-1). The lowest value of thermal diffusivity is for “Fine
SAND (dry)” sample (black background colour in table) with value 0.12 * 10° m?/s
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and the highest value is for “Grey slightly silty sandy GRAVEL” sample (orange

background colour) with value 2.12 * 10° m?s .

Soil Type

Water
Content
%

o

Bulk
Density
Kg/m?

Dry Density
Kg/m?

Specific Heat
Capacity
J/(kg*K)

Thermal
Conductivity
W/(m*K)

Fine SAND (dry) ‘ 1600 1600 800 0.15 0.12

Thermal
Diffusivity
10° m¥s

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 0.84

Soft grey fine sandy CLAY
Grey limestone (very hard) 0.1 2690 2687 803 2.54 1.18
Vi ft fi d
ery sott grey fine sancy 46.2 1711 1170 2362 351 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
Stff dark grey sandy gravelly 96 2369 2161 1125 3.28 1.35
CLAY
Soft dark grey sandy gravely 285 1912 1488 1764 357 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
Stff dark grey sandy gravely 10.1 2299 2088 1141 3.69 155
CLAY
Made ground (ds)'"y gravely 13.9 2182 1916 1270 5.03 2.07
san

Table 5-1 Thermal properties of various formations (after Hamdhan & Clarke,2010).

The lowest and highest values of thermal diffusivity were used to calculate the

range of temperatures that can be observed at each depth during an annual cycle.

Figure 5-3 A, presents the temperature profile range for each depth, for the sample of
“Fine SAND (dry)” (black line) with the lowest value of thermal diffusivity. Also the
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temperature profile range for the sample of “Grey slightly silty sandy GRAVEL” with
the highest value of thermal diffusivity is plotted (orange line of Figure 5-3 A), for
which the perturbation depth is greater. With teal colored line, the thermal diffusivity
of the homogeneous clay model, that have been used for the homogeneous models so
far, is also plotted.

Annual temperature range
O ——
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 ",-'
i \H‘f ,"/ AN .\ ,"— et
— Vol ~ .
£ 5| T 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]
h 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]

Figure 5-3 A, Annual subsurface temperature range for 3 typical diffusivity values. B,
Annual subsurface resistivity range for reference resistivity 30 and 100 Ohm-m at
25 °C, in conjunction with 2 typical thermal diffusivity values.

Electrical resistivity profile range

Combining the two temperature profiles (produced by the lowest and the
highest diffusivity Figure 5-3 A) with two cases of 25 °C reference electrical
resistivities (30 and 100 ohm-m), four homogeneous models can be created. In Figure
5-3 B (left), the thin dash&dot lines represent the electrical resistivity profiles of a
30 ohm-m homogeneous medium for the cases of low thermal diffusivity (black
colour) and high thermal diffusivity (orange colour).

In Figure 5-3 B right, the bold dashed lines represent the electrical resistivity
profiles for a medium of 100 ohm-m for the two thermal diffusivity cases, one with

low thermal diffusivity (black colour) and one with high thermal diffusivity (orange
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colour). In Figure 5-3 B, it can be observed that the electrical resistivity amplitudes,
caused by the low temperatures of winter (> 122 ohm-m), are greater than the
electrical resistivity amplitudes caused by the high temperatures of summer (< 122
ohm-m).

The percentage of the change of electrical resistivity with respect to the 16.1
°C mean annual resistivity value, for each depth of the lowest (black colour) and the
highest (orange colour) thermal diffusivity of Table 5-1, are depicted in Figure 5-4.
The depths of the resistivity horizons, that the change of resistivity amplitude
becomes smaller than 1%, 3% and 5%, of the reference resistivity at 16.1 °C, are
presented with the horizontal lines in the same figure and also in the figure’s table.
Dashed lines present the resistivity amplitudes caused by the transition of heat gained
at the hottest day of the year, while continuous lines present the resistivity amplitudes
caused by the transition of heat loss during the coldest days of the year. Winter’s
lower temperatures result in higher resistivity amplitudes. Concluding, for this range
of thermal diffusivities and a Mediterranean climate, the 3% resistivity change

horizon cannot be found at depths greater than -9.6 m.

Percent resistivity change with depth.
T T T T
ok _
5 % change
2 —
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
e v
= [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 ] I I I I I I
-5 0 5 10 15 20 25 30 35 40 45
Resistivity chainge [%]

Figure 5-4 Annual subsurface resistivity percent change with depth.
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Figure 5-5, focus on the first -1 m depth from the surface and presents the
same percentage of resistivity change, with respect to the 16.1 °C mean annual
resistivity value, for the two cases of thermal diffusivity during the annual cycle. The
two thermal conductivities start with the same temperature effect on the surface
resistivities, while at larger depths, the high thermal conductivity medium causes
greater percentage of change to the electrical resistivity amplitudes than the low
diffusivity medium. The amplitudes of electrical resistivity variations caused by
winter’s heat loss transition, are also higher than the resistivity variations caused by

summer’s heat gain transition.

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 [%]

Figure 5-5 Annual subsurface resistivity percent change up to -1 m depth.

In Figure 5-5 the percentage of change of the mean annual reference resistivity
at the first -1 m is also shown. In Figures 5-6 and 5-7 the percentage change of the
diurnal mean resistivity of each depth during a diurnal cycle of winter and summer for
the first -1 m from the surface is shown. Figure 5-6 presents the maximum depths of
the 5 %, 3% and 1% resistivity change horizons, during the coldest diurnal cycle of
the winter. Figure 5-7 presents the same resistivity change horizons for the hottest
diurnal cycle of the summer.

Concluding, both in summer and in winter, the depth of 3 % diurnal resistivity
change horizon, for the range of thermal diffusivities of Table 5-1, is found to be -
0.33 m and less. Also, the change of perturbation depths between winter and summer
diurnal cycles is less than 0.05 m.
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Figure 5-6 Diurnal subsurface resistivity percent change, during winter season.

-0.1

-0.2

0.1

-0.3

Depth [m]

04

-0.5

-0.6

-0.7

-0.8

-0.9

Summer diurnal cycle percent resistivity change with depth.

0
5% change

._1 % change —
5 % change

3 % change

1 % charige

Summer

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 [mzfs]

— Diurnal maximum resitivity amplitudes. Winter surface season
= = = Diurnal minimum resitivity amplitudes. Summer syrface season

High Thermal diffusivity : 2.1169e-06 [m?/s]

—— Diurnal maximum resitivity amplitudes. Winter surface season
- = = Diurnal minimum resitivity amplitudes. Summer syrface season

2 4

6 8 10
Resistivity chainge [%]

Figure 5-7 Diurnal subsurface resistivity percent change, during summer season.

Figure 5-8 presents the combined time-lapse resistivity profiles of the first 1

Figure 5-9 presents the 24 hour resistivity time-lapse up to 10 m depth.
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Figure 5-8 Hourly resistivity profiles during a diurnal cycle, up to 1 m,
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Figure 5-9 Hourly resistivity profiles during a diurnal cycle, up to 10 m.

From the aspect of resistivity-contour lines where the z axis is the depth axis
in Figure 5-10, starting from 0 m and continuing with -0.1 m depth step up to -15 m,
Figure 5-10 shows for a 24 hour period, the very low frequencies (seasonally
oscillating) electrical resistivity horizons (that are close to steady state condition), act

as chords where the diurnal temperature oscillation cycle effect only the 1% meter.

Diurnal oscillating resistiviy horizons

— Surface resistivity horizon

Resistivity [ohm*m]
S
U
L

38 -3 [m] resistivity horizon

Figure 5-10 Diurnally oscillating resistivity horizons for 0 to 3m depth of a
homogeneous medium.
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5.2 Correction implementation and ERT resolution

In order to study the sensitivity of the ERT method to temperature changes
and in order to study and correct the temperature effect we generated synthetic
models. Initially a homogenous model was used with the electric and heat values of
chapter 2.1, presenting a clay medium with reference electrical conductivity 30 ohm-
m at temperature of 25 °C and thermal diffusivity equal to 0.84 * 10 m?s. In Figure
5-11 the teal colour shows the percentage change of electrical resistivity with depth
for this clay medium in contrast to the thermal diffusivity range discussed before. For
this model and during an annual surface temperature cycle that consist of the annual
oscillation, the diurnal oscillation and the seasonal variation of diurnal’s amplitude,
the resistivity horizon of 5% change is found at depths closer to surface than -4.5 m.
The 3% change resistivity horizon is found at depths closer than -6.1 m and the 1%

change resistivity horizon is found at depths closer than -9.3 m.

Percent resistivity change with depth.
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Figure 5-11 Annual subsurface resistivity percent change for a soil with medium
range thermal diffusivity.

Figure 5-12, depicts the correction for a forward survey conducted during the
9™ day of January (coldest surface temperature of the year), using a Dipole-Dipole
array with 48 electrodes and 1.5 m spacing. The blue colored line presents the
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temperature effected forward model, where the electrical resistivity profile has been
influenced by the temperature variations. The forward model suggests that the

resistivity horizons of 5 %, 3 % and 1 % change are found between 3 and 4 m depth.
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Figure 5-12 Correction of the inversion results for the case of a 48 electrode array
with 1.5 m spacing.

The inversion results of the forward model are presented with magenta colored
line at the graph of Figure 5-12. The green line of the same figure presents the
corrected inversion results of the temperature effected forward model. The red line is
the forward reference model at 25 °C and the black line presents the inversion of the
reference model. The rms error is calculated between the inversion results of the
reference model (black line) and the corrected inversion results of the temperature
effected forward model (green line).

Figure 5-12 provides an overview of the annual perturbation depth of the
surface temperature effect, which can be recorded by the ERT method. For the
particular survey date and model the perturbation depth of the surface temperature
effect can be identified by the ERT method at depths up to 4 and 5 m.

When lower resolution ERT data sets are used (with 24 electrodes, 5m
spacing) the inversion results tend to underestimate the temperature effect as shown in
Figure 5-13 (left). Accordingly, for even larger spacings (i.e. spacing equal to 10 m)
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the resolution is so low that the temperature effect is not detected by the inversion

results, and as a result the temperature correction is inapplicable (Figure 5-13, right).
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Figure 5-13 Correction of the inversion results for the case of a 24 electrode array
with 5 and 10m spacing.

Additionally, two further tests were conducted with smaller electrode
spacings. Focusing on the first -5 m from the surface with the resolution offered by
two different dipole dipole array sets, one with 24 electrodes and 1 m inter electrode
spacing and the other with 48 electrodes and 0.5 m spacing, the temperature effect is
well recorded by the inversion results for both array sets. The better resolution offered
by the array with 48 electrodes, provides greater sensitivity of the inversion process to
the temperature effect. As a result, for the same calculated temperature profile, the
correction provides lower rms error for the temperature corrected inversion results of
the high resolution array. Figure 5-14 presents the inversion and the correction results
of those arrays with rms errors 6.3% for the 24 electrode set and 4.6% for the 48

electrode set respectively.
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Figure 5-14 Correction of the inversion results for the case of a 24 electrode
array, 1m spacing (left) and 48 electrodes, 0.5m spacing (right).
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Figure 5-15 Correction of the inversion results for the homogeneous
model (48 electrode array with 0.05 m electrode spacing).

Focusing at depths affected by the diurnal surface temperature oscillation i.e.
approximately 0.3m, the inversion process will detect the resistivity changes at the

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

In this section, the efficiency of the correction method relative to the depth
dimension, showed that for inter electrode spacing smaller than 7 [m], the ERT
method is highly sensitive to the surface temperature effect that can be corrected. In
the following, the efficiency of ERT to detect and correct the time depended changes
of temperature effect during an annual cycle, focusing separately on the seasonal and
the diurnal oscillating resistivity horizons and their corresponding perturbation depths,
will be examined.

5.3 Annual surface temperature effect

The temperature effect and the corresponding perturbation depth caused by the
surface temperature oscillation during an annual cycle can be considered as the annual
(seasonal) effect. Using the values of chapter 2.1 for the homogeneous clay medium
at reference temperature 25 °C, the inversion results of one temperature effected
forward model, for each season of the year, was corrected for the temperature
variations. The electric resistivity tomographies have been carried out based on a
Dipole — Dipole array scheme with 48 electrodes and 1.5 m spacing.

Figure 5-16 presents four temperature profiles of the dates: 9 January during
the lowest surface temperatures of the year, 10 July during the highest surface
temperatures of the year and two more days close the equinoxes. Figure 5-17 presents
the corresponding resistivity profiles for these dates. These profiles were used to
produce the temperature effected forward models and also to test the efficiency of the
array to detect the temperature effect 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 model respectively. As a result of these models, the
inversions can detect the seasonal effect up to depths related to the percentage
resistivity change of 3%. The Rms errors that are calculated between the reference
and the corrected inversion results, are close to 5.2%. The inversion results of these
arrays are insensitive to the diurnal temperature oscillations due to the reduced
resolving ability of the measurements at the depths (i.e. around 0.3m) effected by the

diurnal temperature changes.
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Figure 5-16 Temperature profiles for the four tested dates during an annual cycle.
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Figure 5-17 Temperature effected resistivity profiles for the four tested dates.
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Figure 5-18 Correction of the inversion results for the data collected at January.
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Figure 5-19 Correction of the inversion results for the data collected at April.
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Figure 5-20 Correction of the inversion results for the data collected at June.
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Figure 5-21 Correction of the inversion results for the data collected at September.
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54 Diurnal temperature effect

We also performed tests to study the diurnal effect i.e. the temperature effect
produced by the diurnal surface temperature oscillation cycle. The changes to the
resistivity profile due to the diurnal oscillation is more than 1% up to the depths of -
0.5m while below that depth the amplitude of diurnal resistivity fluctuation becomes
insignificant. This is clearly shown in Figure 5-22 and Figure 5-23 which present the
temperature and resistivity profiles up to 1.5 m depth, for three different (low,

medium and high) thermal diffusivity values.
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Figure 5-22 Diurnal temperature profiles for three different thermal diffusivity values
(low, medium and high).
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Figure 5-23 Diurnal resistivity profiles due to the surface temperature oscillation for
three different thermal diffusivity values (low, medium and high).
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A set of seven forward homogeneous models, with the medium thermal
diffusivity value (clay formation) were calculated in order to examine the efficiency
of the method to detect and correct the temperature effect. A dipole-dipole array ERT
data set was considered with 48 electrodes and 0.05 m spacing, for both annual and
diurnal cycles.

Figure 5-24 presents the temperature profiles for one day of each season. For
January 9, three extra temperature profiles represent the changes during a 24 hour
period. Figure 5-25 shows the corresponding resistivity profiles that were used for the
forward models. From Figure 5-26 to Figure 5-30, the results of the forward models
and their corrections, starting from month April, continues to July, then to September
and to January, are examined. For January, Figure 5-30 shows the inversions and
corrections of the 4 ERT sections obtained every 6 hours of a diurnal cycle, where all
the corrections converge to a single resistivity value for each depth. The rms error
between the forward and the temperature corrected inversion results is close to 5 %.

As a result the ERT method is highly sensitive to the diurnal temperature
oscillation when the inter electrode spacing is small (< 0.1 m). The correction with a
well established temperature profile can be implemented, but the artefacts from the

inversion’s noise need to be taken into account during the interpretation process.
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Figure 5-24 Temperature profiles for the seven tested dates.
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Figure 5-26 Correction of the inversion results for the data collected at April.
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Figure 5-27 Correction of the inversion results for the data collected at June.

Temperature effected Forward
Fall. Time ID : 092220

Range
[ohm*m]

—_ 50
E
£ 40
Q.
D
[m] 30

0.5 1 1.5 2

Surface [m]

Inversion of temperature Range

effected Forward + 3% noise [ohm*m]
- 50
E
£ 40
Q
[
[=)] 30

B
0.5 1 1.5 2
Surface [m]
Correction of the inversion Range
Reference resistivity : 30 [Ohm*m] [ohm*m]

Depth [m]
=}
w

50

40

30
0.5 1 1.5 2

Surface [m]

Refference and corrected inverions

rms error : 1.2 [ohm*m], 4.1 %

<

-0.1r

-0.2

Depth [m]

-04r1

-0.5¢

25 30 35 40 45 50
Depth's mean resistivity [ohm*m]

—T.Ref. Resistivities : Forward at Ref. 25 [°C]

—T.Ref. Resistivities : Inversion at Ref. 25 [°C]

— T.Eff. Resistivities : Forward time ID : 092220
* T.Eff. Resistivities : Forward nodes

—T.Eff. Resistivities : Inversion time ID : 092220
° T.Eff. Resistivities : Inversion nodes

——T.Cor. Resistivities : Inversion to 25 [°C]

Figure 5-28 Correction of the inversion results for the data collected at September.
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Figure 5-29 Correction of the inversion results for the data collected at January.
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Figure 5-30 Correction of 4 ERT time lapse sections collected during January 9.
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5.5 Thermal diffusivity contrast

Wide thermal diffusivity contrast

In order to evaluate the validity of the correction for non thermally
homogeneous media i.e. media which consist of materials with different thermal
diffusivities, a set of two layered forward models, with two values of thermal
diffusivity, was calculated and corrected using the analytical solution for a single
thermal diffusivity value. Note that temperature variation profile in this case was
calculated using the COMSOL package.

In Table 5-1 a low thermal diffusivity “dry China clay” (yellow colour) and a
high “Dark grey clayey fine sand silt 28% water content” (green colour) with values
of 0.22 and 1.69 * 10° m?/s respectively, were used to simulate the heat transition of
two models (Figure 5-31). In the first model, the low diffusivity layer overlays the
high diffusivity layer and in the second model, the layers are placed with opposite

arrangement. For both models the thickness of the first layer is 1.5 m.

Model 1 Model 2

D1=0.22 * 10 [m2/s]

D1|=0.22 * 106 [m?/s]

Figure 5-31 High diffusivity contrast models used for the layered forward modeling.

Figure 5-32 presents the temperature profiles from the numerical simulations
of the above models, as well as the analytical solutions that are based on the thermal
diffusivities of each one of the soil layers as well as an average value of 0.84* 10°
m?/s, for the correction. In case of the model 1, the low amplitude of temperature at
the depth of 1.5 m damps very fast inside the second layer that has higher diffusivity.
In the case of mode 2, the low diffusivity of the second layer acts as a barrier for the
heat transition and the result is an accumulation of energy gain or loss (from summer
or winter) inside the first 1.5 m.
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Figure 5-32 Temperature profiles (green lines) used to correct model 1 (red line) and
2 (blue line).

The analytical temperatures profiles of Figure 5-32 with green colour were

used to correct the inversion results of both model 1 and model 2. Figure 5-33,

presents the model 1 for the three cases of correction with low, high and mid thermal

diffusivity. For this model, when the low thermal diffusivity of the upper layer was

used for the correction, the RMS error was the smallest.
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Figure 5-33 Correction of the resistivity profile for the Model 1 (Fig. 5-31) after
applying different homogeneous diffusivity correction models.
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Figure 5-34 presents the results of the second model where the high thermal

diffusivity medium ovelay the low one. For this case, again using the top-layer’s

thermal diffusivity (high thermal diffusivity this time) for correcting the resitivities

produces the smallest RMS error. As a result it is preferable to use the thermla

porperties of the upper layer for the calculation of the temperature profile.
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Figure 5-34 Correction of the resistivity profile for the Model 2 (Fig. 5-31) after
applying different homogeneous diffusivity correction models.

Narrow thermal diffusivity contrast

A special model was created in order to examine the correction results for a
narrow thermal diffusivity contrast (0.54 — 1.04 m?/s). Figure 5-35 left, shows the 2D
geometry of the forward reference resistivity model at 25 °C. The numerical result of
the 2D temperature distribution (calculated with Comsol) is shown in Figure 5-35
(middle) while in Figure 5-35 (right) the temperature effected 2D geoelectrical
distribution is shown, indicating the variation inflicted to the initial resistivity model

due to the temperature variations.

Temperature effected resistivities
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Figure 5-35 (left) the 2D geometry of the resistivity model, (middle) the
numerical result of the 2-D temperature distribution for the model, (right) the
temperature effected 2D geoelectrical distribution.
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Figure 5-36 and Figure 5-37 present the reference and temperature effected forward
models with their inversions, as well as the correction results. For the correction, a
mean value of thermal diffusivity was used equal to 0.84 * 10 m%s. As a result when
the thermal diffusivity range is small a mean value of thermal diffusivity can be used.
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Figure 5-36 Left panel: reference and the temperature effected models. Right panel:
inverted models of the synthetic data for the model with and without the temperature
effect and bottom right is the inversion model after “temperature correction”.
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Figure 5-37 Correction of the inversion results for the narrow
thermal diffusivity contrast, complex model of figure 5-35.

5.6 Electrical resistivity contrast

In order to evaluate the correction in cases that electrical resistivity contrast is
large, a vertical discontinuity model of a limestone with sand and clay soils was
created. The upper layer with thickness 0.5 m consists of fine sand with 24.6 % water
content, thermal diffusivity D1 = 1.044* 10°® m?%s and electrical resistivity p1 = 20
ohm-m. The second soil layer consist of china clay with 46.2 % water content,
thermal diffusivity D2 = 0.544 * 10 m?/s and electrical resistivity p2 = 10 ohm-m.
The limestone that “occupies” the rest of the model has thermal diffusivity D3 =
0.878 * 10°® m%s and electrical resistivity p3 = 1000 ohm-m. Figure 5-38 left,
presents the geometry of the model with the resistivity values at a reference
temperature of 25 ©°C , and at the right we present the respective temperature
distribution model resulted from the numerical simulation with the Comsol

multiphysics software, for the 1* hour of the 3rd year.

Sand fine
D1:1.044 10 [m~2/s] o
pl: 20 [ohm * m]

\ms:?ﬁl h  Surface: Temperature (degC)

I~

China clay
D2 :0.544 * 10 5 [m~2/s5]
P2 : 10 [ohm * m]

Limestone
D3 : 0.878 * 10 S[m~2/s]
p3 : 1000 [ohm * m]

50 50

-loo

20

60
10 10

Figure 5-38 High electrical resistivity contrast model at reference temperature (left)
and the numerical distribution of temperature (right).

Figure 5-39 presents the temperature effect imposed to the resistivities of the

formation, where only 3 electrical resistivity classes were used to describe the
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resistivity profile of the sand and clay part of the geometry, as the majority of the
classes were bound by the wider range that has the 1000 ohm-m reference limestone

under the influence of the same temperature effect.

Temperature effected resistivities
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Figure 5-39 Forward modeling of vertical discontinuity model under
the influence of the surface temperature effect.

Figure 5-40 shows the inversion results (robust data constraints - L1 norm) of
the reference model at 25 °C and the effected model, at the first day of the year.

Downright side of this figure show the tomographic result after temperature

correction.
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Figure 5-40 Left panel: reference and the temperature effected models. Right panel:
inverted models of the synthetic data for the model with and without the temperature
effect and bottom right is the inversion model after “temperature correction”.

Figure 5-41 presents the validation panel for the case of high resistivity
contrast, were the correction made with the use of the thermal diffusivity of the top
layer “sand fine”. The RMS of the corrected tomography with the inversion of the
reference model is 33.9%. If the inversion had been conducted with standard

constraints, the RMS error would be reduced to 26.2%.
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Figure 5-41 Correction of vertical discontinuity model.

When the “china clay” thermal diffusivity was used for the correction, the rms
error became 35.3%, and for the correction with the limestone’s thermal diffusivity
the rms error became 36.5%. As a result the temperature correction of the high

electrical resistivity contrast formations need to be further investigated.
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6. Conclusions

For a homogeneous earth and traveling from the centre to the surface, we can

assume epicentral electrical resistivity horizons that are formed due to the temperature
gradient created by the deference of the surface and the earth’s interior temperatures.
The close to surface electrical resistivity horizons that are effected from the surface
temperature oscillation, can be divided into diurnal and seasonal oscillating resistivity
horizons and can be grouped into the surface temperature effected layer. High
resolution electrical resistivity tomographies (ERT) will detect the temperature
changes inside the surface temperature effected layer and as a result, they can be
corrected (converted) to a selected reference temperature.

The temperature correction approach for the surface temperature effected

ERTSs, is based on the calculation of the subsurface temperature profile with the use of
the bulk heat properties of the surveyed formation, the history of three annual surface
temperature oscillation events (1 the mean seasonal temperature oscillation, 2™ the
mean diurnal temperature oscillation and 3™ the seasonal variation of the mean
diurnal temperature amplitude) as well as the actual diurnal temperature amplitude of
the ERT survey day. The inversion results were corrected with the use of the
calculated subsurface temperature profile (based on the inversion result’s depths) and
a “temperature - electrical resistivity” conversion model.

The conclusions are based on the literature review as well as on forward and

inverse, homogenous and inhomogeneous models that focus on the seasonal and the
diurnal oscillating resistivity horizons of the subsurface. The surface temperature
oscillation was determined by a Mediterranean climate. At the depth where the
electrical resistivity horizons are surface-temperature-uneffected, the temperature is
equal to the mean annual surface temperature. The conclusions have been presented in
every individual chapter in this work and are summarized below.

e “Temperature - electrical resistivity” conversion models: From literature review,

it seems that we need to use conversion models, depending on the different
degree of saturation. Typically, in the case of close to water saturated porous
formations, we should use either the exponential model (Sheets & Hendrickx
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1995; Corwin & Lesch 2005) or the ratio model (Keller and Frischknecht, 1966)
with temperature coefficient of resistance 5=0.00191 °C™ as it is suggested by
Ma et al. (2011). For non saturated porous formations (dry and vadose zone) the
ratio model with §=0.0025 °C™ seems to work fine in the range of 5-20 °C and
should be tested for the rest annual surface temperature range, in comparison to

the power function conversion model of Besson et al. (2008).

Perturbation depth of the diurnal surface temperature oscillation: In view of the

diurnal perturbation depth, the maximum depths of indicative diurnal oscillating
electrical resistivity horizons, with oscillation amplitudes equal to 1%, 3 % and 5
% of the mean diurnal electrical resistivity of each depth, are presented in Table
6-1. Even in the case of high diffusivity materials, the diurnal oscillating

electrical resistivity horizon that oscillates with 3 % amplitude, cannot be found

deeper than 0.33 m.
cee o : High diffusivity medium
I Low diffusivity medium 16 2
Oscn_latlon 0.12 * 10° m%s 2.12*10” m°/s
amplitudes
Ohm-m . (e.g. slightly silty sandy
(e.g. fine sand dry) GRAVEL)
Winter day | Summer day | Winter day | Summer day
5% 0.04 m 0.04 m 0.16 m 0.20 m
3% 0.07 m 0.08 m 0.28 m 033 m
1% 0.13 m 0.14 m 0.55 m 0.60 m

Table 6-1 Maximum depths of indicative diurnal oscillating resistivity horizons

Correction of diurnal oscillating resistivity horizons: In cases interested in the

diurnal temperature oscillation and the corresponding depths, with extremely
small ERT inter electrode spacings (e.g. <0.1m), and when there is no direct
measured temperature data, the proposed correction method could be tested/used

for the approximation of the temperature profile and the correction of the ERT.

Perturbation depth of the seasonal surface temperature oscillation: Higher values

of thermal diffusivity increase the perturbation depth of the surface temperature
effect. For some typical rock formations we have calculated the maximum depths
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of indicative seasonal oscillating resistivity horizons with oscillation amplitudes
equal to 1%, 3 % and 5 % of the electrical resistivity at the mean annual
temperature (Table 6-2). Even in the case of high diffusivity materials the 3%

change resistivity horizon cannot be found deeper than 9.5 m.

o Low diffusivity | Mid diffusivity | H9h diffusivity
Oscillation medium medium med|u6m ,
: . A0
amplitudes |4 15 %70 m2s | 0.84%10° mys | 2127100 ms
Ohm-m (e.g. fine sand dry) (e.g. clay) (e.g. slightly silty
e > sandy GRAVEL)
5% 15 m 45 m 7 m
3% 2 m 6 m 95 m
1% 35 m 9m 147 m

Table 6-2 Maximum depths of indicative seasonal oscillating resistivity horizons

Electrode array spacing and temperature correction: The electrical resistivity

tomography measurements obtained with basic inter-electrode spacing equal or
larger than 10 m, are practically insensitive to the surface temperature effect so, in
theory, there is no need to apply temperature correction. In practice, by applying
the temperature correction in such electrode separations we will generate
significant inversion artifacts on the surface layer, as the resolution of the
inversion parameter is not compatible with the higher resolution of the

temperature change. Therefore such a correction should be avoided.

Electrode array spacing and temperature correction: For array inter-electrode

spacing of below 10 m, the inversion results are generally influenced by the
temperature effect so temperature correction needs to be considered for array
inter-electrode spacing of below 5 m, the inversion results are highly influenced.
As the ERT measurement spacing decreases the inversion process is becoming
increasingly sensitive to the temperature effect and accurate calculation of the

correction temperature profile is becoming an important issue.

Correction of seasonal oscillating resistivity horizons: For the calculation of the

subsurface temperature profile and the correction of the seasonal oscillating
resistivity horizons of the ERT, we should utilize correction temperature profiles

which take into account both the annual and the diurnal oscillation events (1% and
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2" oscillation events). The additional consideration of a 3™ oscillation event
(seasonal variation of diurnal’s temperature amplitude) to the calculation of
subsurface temperature correction profile is also necessary to be considered as it

offers an increased accuracy into the overall correction.

Thermal diffusivity inhomogeneous formations: For the correction of layered

models with relatively limited thermal diffusivity contrast (e.g. 0.54 — 1.04 m%s),
the use of a mean thermal diffusivity value can be applied for the calculation of
the temperature profile. In cases of high diffusivity contrast (e.g.. 0.22 and 1.69 *
10 m?/s ) it is preferable to consider an estimate of thermal diffusivity based on
the value of the top layer thermal diffusivity, for the correction of subsurface

temperature profile.

Electrical resistivity inhomogeneous formations: For cases of surveyed

subsurfaces that consist of geological formations with high electrical resistivity
contrast (e.g. 30 and 1000 ohm-m reference values at reference temperature of
25 °C), the correction method has to be further investigated as the correction’s

rms error is large.
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Appendix: Units of physical properties used in this work.

Si base units
Abbreviation | Unit name Unit Quantity
symbol
m meter | Length
Kg kilogram m Mass
K Kelvin T Temperature
S second t Time
A= ampere I Electric current
mol mole N Amount of substance
Derived units
Abbreviation | Unit name Unit Quantity
symbol
J Joule E Energy
°C Celsius Tc Temperature
Density (subscript “4”
Kg/m® Kilogram/(meter®) P distinguish density py from
electrical resistance p)
. Heat capacity per unit mol,
JI (K*mol) Joule / (Kelvin * mole) CP constant pressure
J/ (K*mol) Joule / (Kelvin * mole) Ccv Heat capacity per unit mol,
constant volume
Heat capacity per unit mass
JI (K*kg) Joule / (Kelvin * kilogram) | cP (specific heat capacity)
constant pressure
Heat capacity per unit mass
JI (K*kg) Joule / (Kelvin * kilogram) | cV (specific heat capacity)
constant volume
I (K*m®) | Joule/ (Kelvin * meter®) | VHC Heat capacity per unit volume
(volumetric heat capacity)
WI/(K *m) Watt / (Kelvin * meter) k Thermal Conductivity
m?/s Meter?/ second D Thermal diffusivity
W/m? Watt / meter? gh Heat flux density
(N*m?)/C? 8.9875517873681764 * 10° | k . Coulomb constant
C=s*A Coulomb Electric charge
Q Ohm R Resistance
Electric resistivit
Qm Ohm-meter P (specific Resistar?::e)
S/m Siemens / meter c Electri(_: conductivity
(specific conductance)
Alm? Amber / meter? J Current density
N/C Newton / Coulomb Es Electric field strength
V=J/IC Volts \Y Electric potential
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