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Abstract 

The use of Electromagnetic (EM) methods to investigate the electrical resistivity structure 

of volcanic systems has increased in recent times. Resistivity is most sensitive to fluid 

distribution and hydrothermal alteration as compared to other geophysical methods. The 

application of EM methods has been limited, for the most part, to geothermal 

exploration. In this study, two common EM methods, Magnetotellurics (MT) and 

Transient Electromagnetics (TEM), are used to map the subsurface resistivity distribution 

around the volcanic system of Eyjafjallajökull in southwest Iceland.    

Data were acquired over the course of three campaigns in 2011, 2014 and 2016. The 

campaign of 2011 was carried out jointly by Iceland GeoSurvey (ISOR) and Dublin Institute 

of Advanced Studies (DIAS), collecting 26 MT and 25 TEM sounding data. In the 2014 and 

2016 campaigns, data from 5 MT stations were collected by students at the University of 

Iceland together with their supervisor from ISOR. Here all the data have been processed 

and 1D jointly inverted, and the results presented as resistivity cross-sections, depth slices 

and phase tensor maps.  

From the 1D inversion models, a shallow conductor located between 1-3 km depth and a 

deep-seated conductor located between 9-20 km depth have been found. The shallow 

conductor is seen across most of the investigated area. It is interpreted to be basalts 

containing hydrothermal alteration minerals in the form of smectites. The deep-seated 

conductor is mostly constrained to the northeastern part and is a feature that has been 

identified across most of Iceland in previous MT studies. However, its nature is poorly 

understood and presently debated.  

The phase tensor analysis favors a 1D Earth model for short periods (<10 s) and deviates 

to a 3D Earth model for long periods (>10 s). Induction arrows infer a more pronounced 

conductive structure beneath Eyjafjallajökull at shallow depth. Furthermore, a well-

defined geoelectrical strike in the N75oE direction is identified for long periods. This might 

be an indication of the dominant geological strike in the region and offers an interesting 

similarity to the orientation of geological features seen on the surface (E-W) and older 

dykes studied at the base of Eyjafjallajökull (NE orientation).         
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Útdráttur 

Aðferðum sem byggjast á rafsegulmælingum hefur verið beitt í auknum mæli á síðari 

árum til að ákvarða gerð og eiginleika jarðskorpunnar undir eldstöðvakerfum. Eðlisviðnám 

bergs er háð vökvainnihaldi og ummyndunarstigi þess.  Notkun rafsegulmælinga hér á 

landi hefur að mestu verið bundin við jarðhitaleit. Í þessari rannsókn er beitt tveimur 

gerðum rafsegulaðferða, MT-mælingum (Magnetotelluric) og TEM-mælingum (Transient 

Electromagnetic), til að kanna grunn eldstöðvarkerfis Eyjafjallajökuls með tilliti til 

viðnámsdreifingar. 

Gögnum var safnað í þremur mælingaferðum árin 2011, 2014 og 2016. Mælingarnar 2011 

voru gerðar í samvinnu milli Íslenskra orkurannsókna (ÍSOR) og Dublin Institute of 

Advanced Studies (DIAS) og var safnað MT mælingum á 26 stöðum og TEM mælingum á 

25 stöðum. Árin 2014 og 2016 gerðu stúdentar frá Háskóla Íslands MT-mælingar á 5 

stöðum undir handleiðslu kennara frá ÍSOR.  Unnið hefur verið úr öllum þessum gögnum 

og gerð einvíð túlkun á þeim með tilliti til eðlisviðnáms. Niðurstöðurnar eru settar fram í 

formi dýptarsniða, láréttra sniða og korta sem sýna fasaþin. 

Einvíðu túlkunarlíkönin sýna vel leiðandi berglag á 1-3 km dýpi og annað á meira dýpi, 9-

20 km. Grunnstæða lagið finnst undir meginhluta rannsóknarsvæðisins. Það er túlkað sem 

basaltlag þar sem jarðhiti hefur myndað ummyndunarsteindir, svo sem smektít. 

Djúpstæða lágviðnámslagið er einkum að finna undir norð-austurhluta svæðisins. Fyrri 

MT-mælingar hafa leitt í ljós svipað lag undir meginhluta Íslands. Eðli þessa lags hefur 

verið til umræðu lengi og umdeilt. 

Greining á fasaþin bendir til þess að einvíð túlkun sé viðeigandi fyrir stutta sveiflutíma 

(<10 s) en þrívíð túlkun sé heppilegri fyrir lengri sveiflutíma (>10 s). Stefna spanvigra 

bendir til þess að undir Eyjafjallajökli sé að finna grunnstæða, vel leiðandi bergmassa. Enn 

fremur má greina N75oA-læga stefnuvirkni rafsegulþátta fyrir lengri sveiflutíma. Þetta 

gæti bent til þess að ríkjandi stefnur í uppbyggingu jarðlaga á svæðinu hafi áhrif á leiðni 

jarðlaga, A-V sprungusveimur og gangar í rótum eldstöðvarinnar sem hafa NA strikstefnu. 
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1 Introduction 

Iceland is a 103,000 km2 landmass characterized by a variety of volcanic and tectonic 
activity. It is the product of sitting on top of a hotspot at the divergent Mid-Atlantic Ridge 
(MAR), with most of the activity present along the Eurasia and North American plate 
boundary. This boundary is expressed as a series of seismic and volcanic zones (Figure 
1.1), namely the Eastern, Western and Northern Volcanic rift zones (EVZ, WVZ and NVZ 
respectively), and the South Icelandic Seismic Zone (SISZ). The activity of these systems 
are the building blocks of the Icelandic crust, both to compensate for the divergence along 
the plate boundary and to contribute to the thickening of the crust (Einarsson and 
Hjartardóttir, 2015).  The plate boundary crosses from the SW to the NE and the full 
spreading rate across the MAR is 19mm/year with a direction of spreading of about 104o 

(calculated from global models of plate motion, e.g. DeMets et al., 1994), with the EVZ 
accommodating 80-100% of the relative motion between both plates (LaFemina et al., 
2005). 

The volcanic systems vary in behavior and characteristics which is mostly controlled by 
their location relative to the plate boundary. The volcanism that is located along the MAR 
is heavily influenced by tectonic activity, whereas the volcanic systems located in the flank 
zones (zones located off the boundary, Sæmundsson 1978) are only slightly connected to 
plate movement. The Southern Flank Zone (SFZ), situated south of the intersection 
between the EVZ and the SISZ, is characterized by significant topographic relief with 
volcanic products of an alkaline or transitional suite, as opposed to the tholeiitic products 
common in the areas along the axial rift zone further north (Jakobsson, 1979).   

In the SFZ, covered by a thick layer of ice that covers 80 km2 of its total area, we can find 
the Eyjafjallajökull volcanic system (Figure 1.1).  This icecap covered stratovolcano 
(classification differs, sometimes referred as a shield volcano due to its morphology, 
Einarsson and Hjartardóttir, 2015) rises to an elevation of 1,666 meters above sea level. 
Because the Eyjafjallajökull volcanic system is situated outside of an active tectonic area, it 
is sometimes termed a cold volcanic system, due to its low activity throughout history and 
no evidence of a shallow magma chamber. Eyjafjallajökull became well-known 
internationally during the last decade, mainly because of its latest eruption in 2010. The 
eruption itself was the consequence of activity that built up since first signs of unrest 
were seen in 1992 and culminated in April 2010 with a summit eruption. Significant 
improvements in monitoring techniques and equipment technology were required to help 
explain the time-line and complexity of this eruption. 

Understanding the complexity and behavior of a volcano provides essential information 
for the prediction of natural hazards linked to the volcano (earthquakes, eruptions, etc.). 
For studying the internal structure of volcanic systems, various techniques that explore its 
physical properties are currently used. These techniques are not only used for research 
and monitoring purposes, but also in other types of industries such as natural resource 
exploration and energy production. For instance, electromagnetic surveys are a standard 
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set of techniques used in geothermal exploration. They provide models of the subsurface 
in terms of conductivity. This technique is very effective for mapping areas of high fluid 
content, porosity and hydrothermal alteration, crucial factors when exploring geothermal 
reservoirs. Furthermore, the same technique can also be used for mapping volcanic 
systems. Magma presence and movement from deep within the roots of the system as it 
moves through the crust can be imaged and followed by studying the conductive 
properties of the rock layers in the subsurface. 

 
Figure 1.1 Map of Iceland outlining the volcanic systems along the plate boundary in yellow (after Einarsson 
and Sæmundsson, 1987). The plate boundary in Iceland is divided into Easter Volcanic Zone (EVZ), Western 

Volcanic Zone (WVZ) and Northern Volcanic Zone (NVZ), with the South Icelandic Seismic Zone (SISZ) 
connecting the EVZ and WVZ. The white areas are glaciers. The black box outlines part of the SFZ that 

includes Eyjafjallajökull and Katla (taken from Sturkell et al., 2010) 

This thesis will focus on exploring the resistivity structure of the Eyjafjallajökull volcanic 
system using electromagnetic data, collected in 2011 by Iceland GeoSurvey (ISOR) and 
Dublin Institute for Advanced Studies (DIAS). The project involves the processing of MT 
and TEM data, 1D joint-inversion and modeling, and finally the interpretation of results. 
Furthermore, we compute the phase tensor to investigate dimensionality of the resistivity 
features and perform directional analysis. The inversion models are shown as cross-
sections and resistivity depth slices. The results from the phase tensor analysis are shown 
as phase tensor maps for different periods. This study aims to answer the following 
questions: 

1. What does the 1D resistivity models tell us about the resistivity distribution 
around Eyjafjallajökull?  

2. Are there resistivity anomalies that can be related to the flank and summit 
eruptions of 2010? 

3. What can the phase tensor analysis tell us about the stress field of the area? 
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2 Geology and tectonic setting of the 

Eyjafjallajökull volcanic system and 

surrounding area 

The complexity and uniqueness of the tectonic mechanisms that give rise to Iceland’s 
crust has given it the privilege of housing some of the most interesting volcanic systems 
on the planet. Apart from the main plate boundary regions mentioned before (NVZ, WVZ, 
EVZ and SISZ), other areas of interest are the intraplate volcanic systems (i.e. Volcanic 
Flank Zones (VFZ)). These systems are located further away from the plate boundary and 
tend to differ in behaviour depending on their age, degree of maturity and distance to the 
boundary. The focus of this thesis lies within the Southern Flank zone volcanic region 
(SFZ), in particular on the volcanic system of Eyjafjallajökull. 

2.1 Geological history of Iceland   

About 70 million of years ago, during the late Mesozoic/early Cenozoic, supercontinent 
Pangea was in its latter phase of breaking up among various smaller continents, creating a 
new divergent plate boundary extending from the latitudes of Newfoundland-British Isles 
to the north into the Arctic between Scandinavia and Greenland (Thordarson, 2012). This 
plate boundary is the site of active spreading and plate growth via upwelling of mafic 
magma that has gradually formed the ocean floor around Iceland, in other words this is 
what is referred today as the Mid-Atlantic Ridge.  

The Mid-Atlantic Ridge is a divergent plate boundary that crosses Iceland on land from 
the SW as the Reykjanes ridge and plunges back into the ocean to the north as the 
Kolbeinsey Ridge (Figure 2.1). It is responsible for separating the Eurasian and North 
American plates at a spreading rate that in Iceland amounts to about 19mm/year with an 
approximate direction of 104o, calculated from global models of plate motions (DeMets et 
al., 1994).   
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Figure 2.1 Overall setting of the Icelandic landmass and its surrounding features. Notice the location of the 
hotspot with time, which has been active, at least, since 65Ma until present time (adapted from Thordarson 

and Larsen, 2007).  

Iceland is geologically very young, and all its rocks above sea level were formed within the 
last 25 million years (Thordarson, 2012). The succession of stratigraphy found across 
Iceland is built up of volcanic rocks with intermittent sedimentary layers, which have been 
piled up continuously across two geological periods, the Tertiary and the Quaternary 
(Einarsson an Albertsson, 1988). These volcanic products can be divided into four 
stratigraphic subdivisions based on climatic evidence, paleomagnetic reversal patterns 
and absolute age data, as explained by Sæmundsson (1979). This can be summarized as 
follows (modified from Sæmundsson, 1979) and is seen on Table 2.1: 

• Tertiary period includes all rocks found that are older than 3.1 Ma 

• The Plio-Pleistocene Epoch transition lasted from 0.78 Ma to 3.1 Ma, which 
corresponds to the Matuyama and part of the Gauss geomagnetic epochs 

• The Upper Pleistocene corresponds to the current Brunhes geomagnetic epoch 
covering 0.78 Ma to 10 Kya when the Ice Age glacier disappears 

• The last subdivision covers approximately the remaining 10 Kya until present time 
in the Holocene  
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Table 2.1 Stratigraphic subdivisions and its corresponding geological and geomagnetic Epochs from 25 Ma 
until present 

Period Geological 
Epoch 

Geomagnetic 
Epoch 

Age Formation 

Quaternary Holocene Brunhes  10 Kya - 
Present 

Post-glacial  

Upper 
Pleistocene 

 
0.78 Ma 

Upper 
Pleistocene 

Lower 
Pleistocene 

Matuyama  
2.5 Ma 

Plio-
Pleistocene  
 
 
 
Tertiary Basalt  

Tertiary Pliocene Gauss 
 
 
Gilbert 

3.3 Ma 

 
7 Ma 

Miocene  
 
 
25 Ma 

 

During its brief existence, Icelandic surface has significantly changed due to active 
volcanism, sedimentation and erosion processes that have resulted in the topography 
that we see today. Excessive magma production of 200oC melts hotter than average (e.g. 
Sleep, 1990) caused by eruptions along the plate boundary is the result of the interaction 
between the divergent Mid-Atlantic Ridge and the Icelandic hotspot (e.g. Wolfe et al., 
1997), a plume that connects the mantle to the crust, and enhances volcanic activity at 
the surface. The mantle plume has been active since at least the creation of the Mid-
Atlantic ridge (~65 Ma; Thordarson and Larsen, 2007) and has been a main mechanism in 
the development of the crustal framework of the North Atlantic. 

2.2 Eyjafjallajökull   

Shifting focus to the southern part of Iceland, south of the SISZ and along the western tip 
of the Eastern Volcanic Zone (EVZ), we find Eyjafjallajökull (Figure 2.2) as one of the oldest 
active volcanic edifices on Iceland. The volcanic edifice has the shape of an elongated 
shield volcano with a summit elevation of 1666 m, long E-W axis of about 30 km and short 
N-S axis of 15 km (Figure 2.3). 

2.2.1 Classification 

Eyjafjallajökull is capped by a glacier that carries the same name. The thickness of the 
glacier goes up to 200 m in some parts, and its area covers most of the volcanic system 
surface. The volcano has an elliptical 2.5 km wide summit caldera. The classification of 
Eyjafjallajökull is rather complicated. It is frequently called a stratovolcano, mainly 
because of its mixed eruptions of lavas and tephra, however, it has also been classified as 
a stratified ridge, due to its similarity with Hekla (Jakobsson, 1979), and a shield volcano 
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(Thordarson and Larsen, 2007), due to its morphological resemblance to Hawaiian shield 
volcanoes. Einarsson and Hjartardóttir (2015) concur with this idea, and emphasize the 
resemblance of Eyjafjallajökull to Kohala volcano (Hawaii) with respect to dimensions, 
shape and structure. 

 

 

Figure 2.2 Aerial view from the Northeast into Eyjafjallajökull volcano and overlain glacier. Photo taken in 
2008 at approximately 11 km above sea level (photo taken from 

https://www.flickr.com/photos/dunechaser/2793917420/) 

2.2.2 History and Tectonic setting 

The Eyjafjallajökull (referred also as Eyjafjöll) volcano is relatively old. It has been 
constructed through six glacial and six interglacial periods (Loughlin, 1995). The oldest 
formations are found at the lowest stratigraphic level on the south flank, in where 
magnetised layers are dated from paleomagnetism studies to indicate an age older than 
the Matuyama-Brunhes magnetic boundary, that is, approximately 0.78 Mya (Kristjánsson 
et al., 1988). The volcano itself was built during the Brunhes magnetic chron as shown by 
a large positive magnetic anomaly associated to the volcano edifice, which can be traced 
all the way to the south and west in the direction of the much younger and currently 
forming Vestmannaeyjar volcanic system. Therefore, this observation indicates that the 
Eyjafjallajökull edifice was formed in the presence of water and ice (Einarsson and 
Hjartardóttir, 2015). Furthermore, it is thought that a good part of the volcanic edifice 
was emplaced during deglaciation, as evidence of erosion located in the southern flank 
showing assemblages characteristic for subglacial deposition (Loughlin, 2002). 

Eyjafjallajökull shows distinctive characteristics in its rift zones, in the orientation and 
extension of these, quite different to the features connected to volcanic systems located 
close to the divergent plate boundary. The transition from the divergent EVZ to the South 
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Iceland flank zone (SFZ) can also be seen in the structural architecture of Eyjafjallajökull 
(Einarsson and Hjartardóttir, 2015). For instance, along the EVZ typical volcanic systems, 
parallel extensional structures such as normal faults and eruptive fissures are commonly 
seen on the surface (Einarsson, 2008), and tend to extend beyond the edifice margins. 
The extension of these features becomes shorter and their strike variable in the SFZ, and 
in Eyjafjallajökull for example, the fissures orientation is almost E-W (Figure 2.3). 

 

 

Figure 2.3 Map of Iceland (inlet) with focus on the area around Eyjafjallajökull. The western, eastern and 
northern volcanic zones, as well as the South Icelandic seismic zone and Southern Flank Zone are shown as 

WVZ, EVZ, NVZ, SISZ and SFZ, respectively. Two volcanic systems are shown, Eyjafjallajökull (E) and Katla (K), 
as well as some relevant areas and fissures (Skerin and Eldgjá). The earthquakes are from March 10 to April 

16, 2010 (data provided by Sigurlaug Hjaltadóttir), a week before the flank eruption (March 20 at 
Fimmvörðuháls = F) and two days after the beginning of the summit eruption (April 14). 

The E-W trend of the fissure swarms can be seen in most of the surface features of the 
area, an observation supported by satellite imaging, aerial photographs and surface 
mapping of the area. In the eastern swarm (Figure 2.3), at the mountain pass between 
the two volcanoes (Fimmvörðuháls), eruptive fissures are mostly E-W striking, as well as 
the normal faults that are prominent in the area (Einarsson and Hjartardóttir, 2015).  
Approximately 5 km south of Fimmvörðuháls, a few hyaloclastite ridges from subglacial 
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eruptions also display such orientation, as can be seen in Figure 2.3. On the opposite side 
of the summit, along the main ridge, the western area of the volcano shows a more 
extended set of fissures that seem to diverge westwards, but still display a E-W strike. 
Most of the E-W eruptive fissures are located along the main ridge of the volcano edifice, 
however, that is not the case for the fissures outside of it. Skerin fissure for instance, 
thought to be the result of an eruption around 920 AD (Óskarsson, 2009) has more of a 
NW-SE orientation, and the same can be seen with other fissures located in the SW, with 
a SW-NE orientation in that case. This fissure pattern is clear evidence that the minimum 
principal stress is oriented N-S and the maximum principal stress is oriented E-W. 

2.2.3 Anomalous E-W orientation  

The atypical tectonic setting of Eyjafjallajökull can be generally attributed to its distant 
position to the plate boundary, resulting in a weak influence of the regional stress field. 
The resulting stress field and characteristics of the surface features are therefore very 
interesting, mainly because they don’t follow what you would expect to find on divergent 
plate boundary deformation zones. One explanation for the E-W orientation can be the 
stress interaction between Eyjafjallajökull and Katla. An additional factor is attributed to 
gravitational stress due to topographic influence on the volcanic edifice (Einarsson and 
Hjartardóttir, 2015). For instance, topography of the volcano correlates with the eruptive 
fissures in the western area of the edifice, an indication of the effect of gravity on stresses 
in the volcano. Furthermore, differences in the NE orientation of the oldest dykes 
exposed at the base of the volcano (Loughlin, 1995) with the most recent eruptive 
fissures, indicate that the original stress field was modified as the volcanic edifice grew, 
evidence of a possible connection between topography and differential stresses.   

2.3  Eruptive history of Eyjafjallajökull  

Throughout history, since Iceland became inhabited in the 9th century, Eyjafjallajökull has 
had four episodes of activity, one of which is only known from geological evidence, and so 
is considered a moderately active volcano. These episodes have also been accompanied 
by significant unrest on its neighbouring volcano, Katla (Einarsson and Hjartardóttir, 
2015). These episodes can be summarized as follows: 

First eruption: Around year 920 AD 

Evidence of flood deposits and tephra on the NW flank indicate an eruption that occurred 
synchronously with an eruption of Katla, however, no written documents exist of this 
eruption. Skerin (Figure 2.3), a 4.5 km long radial fissure that extends from the summit 
down the flank to the WNW seems to be where the eruption took place. It is thought to 
have happened in the 10th century (around 920 AD) as tephrochronological dating of 
deposits produced by jökulhlaups originating from this area have indicated (Óskarsson, 
2009). It was the result of an intraglacial eruption (eruption inside the glacier) constructed 
primarily by trachyte lavas, alkali basalt and intermediate tephra deposits.  

Previous studies on its volume generation due to ice melting gave meltwater volumes 
between 500 to 2500 m3/s for the initial phreatomagmatic phase (less than 2 hrs) and 10 
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to 100 m3/s for the effusive phase, which could have lasted anywhere from 5 to 50 days 
(Óskarsson, 2009). 

Second eruption: 1612 -1613  

There is some indication that during the years 1612 and 1613, small eruptions in both 
Eyjafjallajökull and Katla took place. However, the interpretation of written 
documentation regarding these episodes has changed considerably with time, providing 
some confusion on the matter. In some documents it has been concluded that no 
Eyjafjallajökull eruption took place, but that only a Katla eruption accompanied by 
jökulhlaups took place (Thórarinsson, 1975). Older documents on the other hand, list a 
single Eyjafjallajökull eruption in 1612 (Thoroddsen, 1925). Despite the confusion on the 
events that took place, it is currently believed that both volcanoes might have acted 
around the same time, an observation supported by tephrochronological dating by Larsen 
(1978) on products found in this area, showing tephra from both volcanic systems and 
dated back to 1612-1613. However, there is still no evidence from these results as to 
which volcano erupted first.  

Third eruption: 1821 -1823 

An eruption began on December 19, 1821, in the western part of the caldera. The 
eruption continued with varying intensity for several months, accompanied by moderate 
ashfall and jökulhlaups (Thoroddsen, 1925; Larsen, 1999). This eruptive episode is well 
documented into the year 1823, and increased intensity was noted in June 1822. Overall, 
as its common for Eyjafjallajökull, the eruption in terms of volume was minor, but still 
produced some damage to surrounding inhabited areas due to its explosive nature. The 
ash released from the eruption contained a large fraction of fluoride, harmful to the bone 
structure of cattle, horses and humans. Furthermore, melting of the glacier on top 
produced small and medium jökulhlaups and flooding in nearby rivers. 

This episode in Eyjafjallajökull was followed by an eruption on Katla beginning on June 26, 
1823, after a 68-year dormant state of the volcano. The eruption was explosive and 
originated in the SE part of the caldera (Figure 2.3) with jökulhlaups being produced for 
most of the 28-day activity of the eruption (Larsen, 2000). The eruption itself was 
moderate when compared to other famous eruptions such as in 1721 or 1918, however, 
what is important to note is the possibility of a connection to the eruption on 
Eyjafjallajökull. However, from the documented information, such a connection cannot be 
inferred beyond the temporal correlation. 

Fourth unrest episode and eruptions: 1994 – 2011 

The latest episode from Eyjafjallajökull spans almost two decades of unrest, starting from 
1992 when a seismic network installed in South Iceland after 1973 shows a flurry of 
microearthquakes. The complete timeline of this event and consequent studies have 
permitted the implementation of new tools to monitor the activity and deformation. 
Eyjafjallajökull latest episode of activity and its resulting research studies are an 
important topic within the scope of this thesis and will be discussed in a separate chapter 
(Chapter 2.4). 
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During the onset of this episode, from 2009 to mid-2010, seismicity on Eyjafjallajökull 
didn’t affect much of the behaviour at Katla, however, on July 8 of 2011, high tremors 
were recorded in Katla with several cauldrons forming on the SE caldera rim and 
jökulhlaups issued from the Kötlujökull outlet glacier. It is considered that a possible 
subglacial eruption took place, but no eruptive products were retrieved (Einarsson and 
Hjartardóttir, 2015).  

2.4 Eyjafjallajökull 2010 eruption 

The eruption of 2010 brought the eyes of the international community to an island in the 
north of the Atlantic, unknown to many in the world, called Iceland. The reason was 
simple, a volcanic eruption in south Iceland had just paralyzed most of the air traffic in 
continental Europe as the eruption plume ascended to an approximate 5-10 km high in 
elevation (Arason et al., 2011). 100,000 flights in Europe had to be cancelled between the 
15 and 21st of April, and additional airspace closure occurred in early May in some areas 
(Oxford Economics, 2010). Such an event, common to this volcanic island (i.e. a volcanic 
eruption), certainly put Iceland on the international news for weeks, but most of the 
affected population were unaware that this eruption was the culmination of activity that 
had started more than 15 years earlier. The scientific community had been closely 
monitoring the activity of Eyjafjallajökull since it started acting up on 1992, after almost 
two centuries of quiescence, with important research efforts and findings resulting from 
this complex course of events. This chapter will follow the timeline of these events and go 
in detail on the related geoscientific research done throughout.     

2.4.1  First signs of unrest 

The analog, single component Iceland Seismograph Network (ISN) operated between 
1967 and 1990. During this time, fourteen seismic events were located at Eyjafjallajökull 
whilst hundreds of events were detected at its neighbouring Katla (Einarsson and 
Brandsdóttir, 2000). The events at Eyjafjallajökull were discarded as single events since no 
further small-scale swarm activity was detected during this period. In 1989, the Iceland 
seismic network saw the chance to improve and increase the area covered by its 
instruments. This transition was facilitated by the arrival of digital, automatic detection 
seismicity, and it is then when the first eight digital seismometers of the South Iceland 
Lowland (SIL) network were installed in 1989 and 1990 (Böðvarsson et al., 1996). By 1992, 
two stations were located within 100 km distance from Eyjafjallajökull (Figure 2.4). The 
network sensitivity increased over time with the installation of new seismic stations, and 
by the end of 2008 the network included 16 stations within ~100 km of Eyjafjallajökull 
(Hjaltadóttir et al., 2015). 

Since the installation of SIL, seismic analysis showed that Eyjafjallajökull was relatively 
quiet up until 1992. Between May 1992 and April 1994, an average rate of three events 
per month was observed, with most of the earthquakes located beneath the ice cap at 
shallow depths and between 6 and 11 km (Hjaltadóttir et al., 2015). In 1993, the activity 
started to concentrate beneath the northern edge of the ice cap, at various depths 
ranging from 2 km all the way to 11 km (Figure 2.4).  
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Figure 2.4 Earthquake location and depth from 1991 to 1995 obtained from the SIL network. The color bar 

at the top defines the temporal coverage of the events (adapted from Hjaltadóttir et al., 2015). 

2.4.2  1994 earthquake swarm and sill intrusion  

On May 29, 1994, an earthquake swarm that lasted for about one month began beneath 
Eyjafjallajökull, associated with upheaval of the SE-flank of the volcano (Sturkell et al., 
2003; Dahm and Brandsdóttir, 1997; Figure 2.4 middle).   
 
One of the first papers published on this matter was a moment tensor study done by 
Dahm and Brandsdóttir (1997) which analyzed relative P- and S-wave amplitudes of 15 
selected microearthquakes from the swarm. The selected events had high signal-to-noise 
ratios and magnitudes large enough to be detected by the seismic network (ML < 2.3). The 
spatial and temporal seismic pattern, small magnitude range and focal mechanisms of the 
earthquakes were all indicative of intrusive activity. The preferred model to explain the 
seismic data was interpreted to be an E-W striking dyke, extending from 5-15 km depth, 
with suggested maximum opening of 7.5 meters, which intruded beneath the northern 
flank of the volcano.  
 
Another important field of study was the analysis of surface deformation by various 
geodesy techniques. In a study published in 2003, an optical leveling and GPS deformation 
study constrained the crustal deformation to have occurred between 29/09/93 and 
09/09/94 (Sturkell et al., 2003). The interpretation of the deformation contrasts the dike 
model described in 1997 by the moment tensor analysis, as the deformation field 
produced by a dyke with those parameters (10 km long with average thickness of 5 m) 
didn’t fit the measured displacement accordingly. Therefore, the deformation seen was 
interpreted to be due to an inflating Mogi point source beneath the southern slopes of 
Eyjafjallajökull, however, no further modeling was done due to limitation of data 
collected.  
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Thus, an InSAR study was published by Pedersen and Sigmundsson (2004) that supported 
the idea of a heat source located beneath the southern slopes of the volcano. The study 
suggested a horizontal sill to be a convincing cause for the surface deformation seen on 
the southern slope of Eyjafjallajökull (Figure 2.5). The modeling constrains the source to a 
depth between 4.5 – 6.0 km, with the corresponding dimensions of a sill (9.3 X 7.5 km at 
4.5 km depth, with uniform opening of 0.22 m, for a volume estimate of 0.016 km3) giving 
a RMS of 0.8 cm. Equally good fits could be obtained by more voluminous, thicker sills of 
smaller horizontal dimensions, intruded at larger depths (Pedersen and Sigmundsson, 
2004). The study explains that out of the different model solutions (Mogi source, and sill 
intrusion with various dimensional parameters), the sill model is preferred due to the 
northern terminations of the sill coinciding with the cluster of earthquake swarms (Figure 
2.5, image F). The study suggests that these earthquakes could be evidence of a feeder 
channel located beneath the northern flank of the volcano transferring magma from 
depth to the level of the sill intrusion. 
 

 
Figure 2.5 (A-E) Interferograms showing the deformation caused by the intrusion of 1994. (F) Fringe pattern 
predicted by sill model (dashed line is sill plane). Green star is optimal Mogi source. (G) Variable sill opening. 

(H-L) Residual interferograms. (Figure adapted from Pedersen and Sigmundsson, 2004)  

2.4.3 1999 earthquake swarm and second sill intrusion 

In early July of 1999, another earthquake swarm commenced within the Eyjafjallajökull 
volcano. The swarm activity included a 2-month period of relatively low activity from mid-
September to mid-November, which divided the swarm into a main seismic period before 
the low activity, and a secondary seismic period after it (Pedersen and Sigmundsson, 
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2006).  The total seismic moment for 1999 was about 36 x 1012 Nm, of which 85% was 
released before the swarm activity and crustal deformation started. Dry-tilt and GPS 
measurements constrained the deformation as starting between July 19 and August 29, 
1999 and ending between February and May 2000. Sturkell et al. (2003) modeled the 
deformation as being caused by an inflating Mogi point source at a depth of 3.6 ± 0.6 km 
situated beneath the southern slopes of the volcanic edifice, similar to what was seen 
during the 1994 event. 
 
InSAR data gave the following insights for the surface deformation seen in 1999 (Pedersen 
and Sigmundsson, 2006). First, a Mogi point source model was found not to be adequate 
to simulate the total deformation measured by InSAR, as processing of the data using a 
Mogi model indicated that the source of deformation migrated through the duration of 
the intrusion. This became evident as the inversion on different sets of data resulted in 
variations of the Mogi source location.  The study found this observation as evidence that 
a more complex source geometry was needed to explain the measured ground 
deformation. A sill model was then proposed as the preferable geometry rather than a 
point source model. Furthermore, the proposed tensile strength of the Icelandic crust (1-6 
MPa, Haimson and Rummel, 1982) is too low to be able to resist the pressure caused by 
the buildup of a magma point source (one that is able to cause the measured 
deformation), whereas a tabular sheet magma buildup would cause a pressure that would 
not exceed the tensile strength of the crust (Pedersen and Sigmundsson, 2006). Finally, 
these observations also indicate significant discrepancies with the results obtained from 
the GPS and tilt measurements obtained by Sturkell et al. (2003), as the source he found 
was too shallow to produce the deformation signal seen in the 1999 InSAR images. The 
optimal model for the sill intrusion was determined to be located at a depth of 6.3 km, 
with various amounts of opening through time. An area of subtle deformation north of 
Eyjafjallajökull was interpreted to be the site of a feeder channel supplying magma to the 
sill intrusion, with the magma then spreading horizontally to the south.  This magma 
feeder channel may also have been the magma supply path for the intrusive event of 
1994 (Pedersen and Sigmundsson 2006). 

2.4.4 Preceding earthquake swarm and intrusion to the 2010 

eruption 

After the intrusion of 1999, earthquake activity in Eyjafjallajökull decreased between mid-
2000 to 2009. 1 to 4 events happened per month in average, and insignificant 
deformation took place over this time (Sigmundsson et al., 2010). The activity resumed in 
2009, and the temporal evolution of the magma transport can be seen by following the 
earthquake activity occurring from mid-2009 until the first eruption on March 2010, with 
intermittent periods of quiescence in between. The main periods to note are the following 
(adapted from Hjaltadóttir and Vogfjörd, 2010): 

• In mid-2009 several deep earthquakes were recorded near the Moho depth 
(inferred to be at 20-25 km in the area around Eyjafjallajökull; Darbyshire et al., 
2000), with southward movement detected by GPS in the southern flank indicating 
a new but small intrusion beneath this area. 
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• Later that year in December, a more significant earthquake swarm took place and 
was located at 9 to 11 km east of the summit with depths ranging between 2 and 4 
km.   

• The earthquake activity partly migrated towards the SSE at the beginning of 2010, 
indicating the formation of a series of dykes at 4-9 km depth 

• In March 3rd, significant rise in earthquake activity occurred on an E-W trending 
segment east of the main cluster (Figure 2.6). 

• On March 20th, as the seismicity ascended towards the surface beneath the ice-
cap, the magma changed course in the upper 3 km layer and exited at the ice-free 
mountain pass Fimmvörðuháls, located approximately 6 km east of the summit 
(Figure 2.3). This lava eruption lasted for about three weeks.  

• A summit eruption began on April 14 and had a relatively low prelude seismicity 
accompanying the ascending magma. During the eruption, seismicity decreased 
even further 

• Seismicity renewed on May 3rd when deep activity was recorded with gradual 
shallowing of the signals over the next couple of days. This is thought to be new 
input of deep magma into the conduit. Magma reached the summit on May 5th 
followed by an increase in ash production and sustained highly variable activity 
until May 22nd.  

To further complement the information from the seismic studies, GPS and InSAR were 
used to measure the deformation caused by this episode (Figure 2.6). The geodetic data 
revealed three stages of deformation: 

1. Pre-eruptive stage of inflation due to a complicated time-evolving magma 
intrusion 

2. A co-eruptive stage from March 20th – April 9th with a pause in deformation 
3. A co-eruptive deformation stage associated with the summit eruption (April-

May), indicating gradual deflation of a source distinct from the source of the first 
stage 
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Figure 2.6 InSAR, GPS and seismic data from Eyjafjallajökull 2009/2010 before, during and after the flank 
and summit eruptions. (a) Interferograms with the satellite flight path and LOS shown by the two 

orthogonal arrows. A single fringe is equivalent to a total of 15.5 mm motion of the ground away from the 
satellite. Left panel deformation is before the Fimmvörðuháls eruption, and the right panel is before the 
summit eruption. The black dots are the locations of the earthquakes before each eruption. The triangles 

are the GPS stations color matched for b, STE = red, THEY = green, SKOG = blue. (b) GPS total displacement 
of three stations over time with the grey shaded area showing the cumulative number of earthquakes and 

the black shading the corresponding daily rate. (modified from Sigmundsson et al., 2010) 

The combined GPS and InSAR data were poorly fitted by models involving a single 
spherical or tabular intrusion (dyke or sill), so the deformation signals needed to be 
inverted separately. For instance, the deformation signals from December to the end of 
February can be explained by a single horizontal sill inflating at a depth of 4.0-5.9 km 
under the southeastern flank of the volcano (Figure 2.7). The pre-eruptive deformation 
from Fimmvörðuháls is due to a second sill at about the same depth under the 
northeastern flank, with a southeast tilted dyke reaching from 3.2-6.1 km depth 
becoming the conduit where magma ascended to the surface and connected with sills 1 
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and 2 (Figure 2.7). Finally, the summit eruption can be explained by a horizontal deflating 
sill at a depth of 4.0-4.7 km, with the source complex different to the complex interpreted 
for the flank (Sigmundsson et al., 2010). 

The characteristics of the lavas are also an indicative of the differences in both eruption 
sites. The flank eruption complex was formed by basalt and is estimated that as basaltic 
magma recharged the volcano, low density pressurized magma pockets eventually broke 
loose and ascended to the surface as intrusions. Furthermore, the deformation associated 
with the flank eruption was significantly higher than the deformation from the summit 
eruption, which can be attributed to the dyke already having approached the surface. 
From the geodetic and seismic studies, the conclusion is that the basaltic magma 
recharge ascended from the base of the crust a year before the eruption at 
Fimmvörðuháls, consequently triggering the summit eruption (Hjaltadóttir and Vogfjörd, 
2010). However, the exact mode of triggering is uncertain.   

The deflation source that produced the second eruption was of trachyandesite nature, 
with the sill-shaped geometry suggesting that magma was transferred from a widespread 
domain under the summit area, contributing to the limited flow rate and long duration of 
the eruption (Sigmundsson et al., 2010). Despite the uncertainties on the sills model 
depth and spatial distribution, results from the geodetic data helps debunk a few other 
theories on heat source geometry. For example, the data shows that the intrusion formed 
before the flank eruption did not deflate during the second one, arguing against the 
possibility of the deformation source relating to a single magma chamber. Instead, it is 
estimated that continued recharge of basaltic magma from depth following the closure of 
the flank eruption’s feeder channel caused eventual pressure buildup in the intrusive 
complex, and acted as the trigger needed for magma to find a different exit path and 
initiate the summit explosive eruption (Sigmundsson et al., 2010). The complete eruptive 
activity of Eyjafjallajökull in 2010 is therefore considered an example of bimodal 
volcanism.        
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Figure 2.7 (a-e) Temporal evolution of the complete 2010 eruptive episode. (a) sill 1 opening until February 
28, 2010. (b) sill 2 opening 1-20 March. (c) inferred tilted dyke connecting sill 1 and 2 to the site of the flank 

eruption. (d) deflation source (contracting sill) of the summit eruption. (e) outlines of the 2 intrusive sills 
(solid lines) and tilted dyke (black bar), the dashed line is the outline of the contracting sill. (f) E-W cross 

section showing possible setting of the sills location and interconnection. (adapted from Sigmundsson et al., 
2010) 

2.5  Other geophysical studies in the area 

Looking around in the literature, it seems like Eyjafjallajökull is not a popular research 
topic, as opposed to other volcanic systems in Iceland that are far more active. Most of 
the research done in this area is found in relation to the latest eruption in 2010, with EM 
and seismic studies the most relevant, besides the already mentioned surface 
deformation research (Chapter 2.4). In this chapter, we will summarize very briefly some 
of these for later comparison.  
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2.6  Electromagnetic study  

MT and TEM data 2011 

Scientists from the Dublin Institute for Advance Studies (DIAS) and Iceland GeoSurvey 
(ISOR) processed and inverted MT and TEM data that was collected around Eyjafjallajökull 
on 2011 (same data as used in this project), with results published on the Geophysical 
Journal International (Miensopust et al., 2014). They both 1D and 2D inverted the data 
and made cross-sections on profiles to demonstrate their work. They identified two main 
conductors, one at a depth of 1-3 km and the second conductor at a depth 10 km-20 km. 
No physical connection between the two conductors is seen from the 1D models alone, 
but their presence is confirmed in both models.  

From the 2D models, they conclude that there might be some features connecting the 
shallow and deeper conductors, although they are poorly resolved and non-robust. One 
of these models is shown in Figure 2.8, a profile that cuts across the mountain pass of 
Fimmvörðuháls. The results resolve an almost vertical dyke, close to the area where the 
flank eruption took place, assumed to be the conduit that carried the magma to the 
surface (below station 122, Figure 2.8). Earthquake hypocenters also coincide, to some 
extent, with the northern edge of the proposed conduit. Furthermore, 2D models from 
other profiles show similar results, with numerous vertical features being resolved, even 
on the sites near the summit eruption as it is projected on the profile (refer to 
Miensopust et al., 2014 for these cross-sections). However, they state that the nature of 
these features is rather notional at this point, due to them being 3D structures and 
limited assumptions can be obtained only from 1D and 2D models. Finally, neither the 1D 
or 2D models could image the proposed sill layers suggested by Sigmundsson et al. (2010) 
as they might be too thin to be resolved.  

 

 

Figure 2.8 2D model of a profile going through the flank eruption at Fimmvörðuháls. The proposed vertical 
conduit is shown under station 122 along with the shallow and deep conductors. The black and grey dots 
are projected earthquake locations from Tarasewicz et al., 2012 (adapted from Miensopust et al., 2014) 
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The study concludes that the shallow conductor is most likely due to low temperature 
hydrothermal alteration minerals, smectite and zeolite. The second conductor is a well-
known feature, previously found across most of Iceland by different MT studies, but its 
nature is poorly understood. It has been stated that this conductor may be partly molten 
basalts that are trapped in ductile intrusive rocks.       

2.6.1  Seismic studies 

Tracking Micro-Seismicity 

Coalescence Microseismic Mapping Method (CMM, Drew et al., 2013) can be used to map 
micro-earthquakes caused by magma transport below the surface. Tarasewicz et al. 
(2012) applied this method to the eruption of Eyjafjallajökull in 2010. The method was 
successful in tracking magma migration preceding and during the flank and summit 
eruptions on March and May, respectively. The team found more than 5,000 micro-
earthquakes under the eastern flank, preceding the eruption at Fimmvörðuháls, probably 
referring to NE-SW striking sub-vertical dikes at 2-6 km b.s.l. Furthermore, during the 
summit eruption, a sequence of 386 relocated micro-earthquakes, extending from the 
upper mantle (~30 km depth) all the way up to the summit crater, were identified. 

The study concludes that all micro-earthquakes display characteristics of brittle fracture, 
with several similar subsets of events suggesting repetitive source processes. For 
instance, seismic activity leading up to the first eruption at Fimmvörðuháls is distributed 
across discrete locations or clusters and is related to magma movement, defined as 
separate magma pipes or regions of brittle fracture at the edges of dikes. Most of these 
seismic clusters have a NE-SW trending elongation (Figure 2.9). The authors also point out 
the similar depth range of the seismic activity observed and of the inflating sill (depth of 
3.9-6.0 km) in conjunction with the SE tilted dike (extending from 3.2-6.1 km up to a few 
hundred meters depth below the surface) proposed in earlier studies (Sigmundsson et al., 
2010). However, the pattern of seismicity does not directly indicate lateral propagation or 
inflation of sills (Tarasewicz et al., 2012). It is expected, in relation to the sill intrusion 
theory, that these micro-earthquakes are coming from the dikes feeding one or more sills 
responsible for the surface deformation.  Thus, the study concludes that these seismic 
clusters may reflect injections of melt that are fueled by positive buoyancy, but then 
stagnate at shallower depths.  

  



20 

 

 

 

 

 

 

 

 

 

 

 

 

 

The micro-seismicity related to the summit eruption was attributed to magma-induced 
earthquakes caused by melt feeding into the lower crust from the mantle and travelling 
along pre-existing conduits in a sub-vertical trend from ~30 km depth to the surface 
(Figure 2.10). The seismicity is spatially distributed as clusters, with two large clusters 
located at ~19 km and ~24 km depth, respectively, possibly referring to the major 
rheological and compositional boundary between crust and mantle, the Moho 
(Tarasewicz et al., 2012). Furthermore, the other smaller clusters may reflect possible 
locations of magma storage, with seismic activity resulting from repeated pulses of melt 
escaping over-pressured melt pockets.  

  

Figure 2.9 (a) CMM epicenter locations for activity preceding the flank eruption (yellow 
star). A total 2,647 micro-earthquakes are shown as circles and color-coded by date. 
Black squares are temporary seismometers and the black inverted triangle is a 
permanent seismometer. (b) Cross-section of profile line A-B, shown on (a), as function 
of depth. (adapted from Tarasewicz et al., 2012) 
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Seismic Ambient Noise Tomography 

A recent ambient noise tomography study of Eyjafjallajökull was published in 2017 in the 
Journal of Volcanology and Geothermal Research by Benediktsdóttir et al. (2017). A shear 
velocity model based on seven months of data collected before, during and after the 
2010 eruption showed east-west oriented high-velocity anomalies to the east and west of 
the caldera (Figure 2.11). Between these two high-velocity zones, a lower velocity zone is 
identified at the same location as the earthquakes preceding the summit eruption of April 
2010 (blue circles in Figure 2.11). Finally, a shallow southwest elongated low-velocity 
anomaly stretches SW beneath the caldera.        

The two east-west trending high-velocity zones and low-velocity zone at shallow depth (3 
km depth) are interpreted to be large intrusive bodies or magma cumulates. The narrow 
area between the two high-velocity zones (bottom panel, Figure 2.11), identified as a 
relatively low velocity area (above 5km), possibly indicates the magma pathway of the 
summit eruption coming from a deeper source. Finally, the E-W orientation of the high-
velocity zones are also taken as further evidence of the assumed N-S orientation of the 
local maximum tensile forces in the area.     

 

Figure 2.10 (a) Map-view of hypocenter locations from 13 April to 17 May 2010, color-coded by date. 
(b, c) Cross-sections of profile lines E-F and G-H defined on (a), showing the depth distribution of the 
seismicity. The estimated Moho boundary is shown as a horizontal line. (adapted from Tarasewicz et 

al., 2012) 
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Figure 2.11 S-wave velocity profiles showing N-S (upper panel) and W-E (lower panel) cross-sections. The 
earthquakes are from March 5-20th(gray), April 13-14th (blue) and May 2010 (red). (adapted from 

Benediktsdóttir et al., 2017)
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3 Resistivity in subsurface exploration 

3.1  Resistivity of Rocks 

3.1.1 3.1.1 Ohm’s law and Resistivity 

Electrical resistivity (or simply resistivity) is the property of a material that quantifies how 
strongly that material opposes the flow of electric current. Resistivity is related to 
properties such as permeability, temperature, salinity and alteration, which are of great 
interest when assessing geothermal reservoirs for example. To understand the resistivity 
of rocks, and to measure it as a prospecting method in subsurface exploration, first, it is 
necessary to understand the physical principles behind the method.   

The main idea is to obtain the specific resistivity of a material, which is defined by Ohm’s 
law and states that the electrical field intensity (E) at a point in a material is proportional 
to the current density (J). The algebraic representation of this generalization of Ohm’s law 
is as follows: 

𝐄 =  𝜌𝐉     (3-1) 

With E given in V/m and J in A/m2. 

The specific resistivity, 𝜌, in equation (3-1) depends on the material and is given in Ωm. 
On the other hand, the conductivity, which is the reciprocal of resistivity (σ = 1/ 𝜌), is 
given in S/m.  

When observing the flow of electric current in the Earth, we must consider the flow of 
electric current in a finite volume. Consider the case of a material which has a cross-
sectional area (S) of 1 m2 and is 1 m long (L): 

 

 

Figure 3.1 Current running through a slab which has a surface area (S) of 1 m2 and is 1 m long (L). 



24 

The ratio of the potential difference (U or ΔV, in V) to the current I (in Amps) also defines 
the resistivity of a material: 

    𝜌 =
𝑬

𝑱
= 

ΔV/L

I/S
=

ΔV

I
     (3-2) 

Equation (3-2) is obtained from using the definition of electric field (𝑬 =  ΔV/L) and 
current density ( 𝑱 =  I/S) together with Ohm’s Law (equation 3-1) and solving for the 
specific resistivity 𝜌, for the dimensions of the slab given in Figure 3.1.  

The above principles work well if we consider the subsurface of the Earth to be 
homogeneous and isotropic. However, this is not the case in practice. Resistivity surveys 
are conducted in a heterogeneous subsurface Earth with more than one layer, and 
therefore, the calculated resistivity value is not the true (or specific) resistivity of the 
subsurface, but an “apparent” value (Loke, 2004). Thus, the term apparent resistivity is 
introduced, as opposed to the true subsurface resistivity which is resolved through 
inversion modelling. 

3.1.2 Conduction Mechanisms in the subsurface   

As electric current travels through the 
subsurface rock layers, the main 
conduction mechanisms are: 

• Mineral conduction 

• Pore fluid conduction 

• Surface conduction 
 
Conduction takes place by movement of 
electrons and ions mostly through fluids 
present in pores and fractures, and 
through minerals at the surface layers of 
these (Figure 3.2).  

Mineral Conduction  

Most rocks and soils are composed of silicate minerals, which are essentially insulators. 
Furthermore, in typical rock reservoirs of temperatures below 400oC, most rock matrices 
act as insulators and most of the conduction is dominated by pore fluid and surface 
conduction (Figure 3.2). Thus, mineral conduction is negligible in most cases. However, at 
very high temperatures and close to the solidus of the rock, the conductivity of the rock 
matrix becomes important (Flóvenz et al., 2012). The relationship between matrix 
conductivity and temperature is given by the Arrhenius fomula: 

𝜎𝑚 = 𝜎0𝑒
−𝐸/𝑘𝑇    (3-3) 

Where 𝜎𝑚 is the matrix conductivity, 𝜎0 is the conductivity at infinite temperature, E is 
the activation energy (eV), k is the Boltzmann constant (~8.617 × 10−5eV∙ K−1), and T is 
the temperature in oK. This relationship has been tested for basaltic rocks, indicating 
matrix resistivity in the order of 1000 Ωm at 400oC and 10 Ωm at 800oC (Scarlato et al., 
2004). The resistivity decreased a hundredfold (100 times) when doubling the 

Figure 3.2 Electrical conduction mechanisms in a rock 
(Hersir and Árnason, 2010) 
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temperature, evidence of the impact that partial melt can have on the overall 
conductivity.  

Pore fluid (electrolytic) Conduction  

This conduction mechanism is carried out by dissolved ions in the pore fluid that are free 
to move independently (Figure 3.2). For a host rock filled with fluid, as the current charge 
particles travel across the medium, a viscous drag force limits the velocity of the ions. 
Therefore, the mobility of the ions is strongly dependent on viscosity of the fluid and 
concentration of the electrolyte. For this reason, pore fluid conduction tends to dominate 
the resistivity of most rocks in the upper parts of the crust, unless high temperature 
geothermal settings are present facilitating chemical and thermal alteration (i.e. surface 
conduction).      

Surface Conduction  

Also called interface conduction, this mechanism is caused by absorbed ions that form a 
conductive layer on the pore surface (Figure 3.2). The ability to form this conductive layer 
is measured by the cation-exchange capacity (CEC) of the rock mineral (more on this in 
section 3.2.2). Surface conductivity is dependent on the surface area of pores, surface 
charge density, the valence and mobility of surface ions, temperature, and acidity. 
Furthermore, it tends to dominate in rocks with low pore-fluid salinity and high CEC, in 
which case, the resistivity of the rock is independent of the pore-fluid salinity (Flóvenz et 
al., 2012).  
 
Although both surface and pore-fluid conduction are highly temperature-dependent, 
some authors have suggested that surface conductivity is in general much more 
temperature-dependent than pore-fluid conductivity (Revil and Glover, 1998; 
Kristinsdóttir et al., 2010). This might be one of the reasons as to why surface conduction 
dominates the resistivity of rocks in the hot Icelandic crust.   

3.1.3 Parameters related to Resistivity (Conductivity)  

Interpretation of electrical resistivity measurements have as its main objective to 
transform apparent resistivity to specific or true resistivity. As outlined above, the specific 
resistivity is an inherent property of the material and is related to other parameters that 
are essential for understanding the subsurface structure. These parameters are salinity, 
porosity (permeability), type of pore fluid, degree of saturation, temperature and thermal 
alteration (Flóvenz et al., 2012).  

Resistivity in solutions (electrolytes) 

There are two factors that need to be considered when talking about resistivity or 
conductivity in solutions. These are salinity and temperature.  

Salinity: Groundwater may have a variety of salts in the solution, and how this influences 
the overall resistivity needs to be understood. Currently, it is not easy to compute 
resistivity of water from chemical analysis, hence, a different approach is used and the 
term equivalent salinity is introduced.  Salinity of a NaCl solution is taken to be equivalent 
to the salinity of the solution in question, given that both have the same resistivity. Thus, 
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the equivalent salinity (that is, the NaCl solution salinity) is close to true salinity, and with 
the help of empirical results it can be used to find how resistivity depends on salinity. A 
relation between resistivity of the solution and concentration of NaCl is found to be 
(Flóvenz et al., 2012): 

𝜌 ≈  10/C     (3-4) 

where C (g/l) is the concentration of NaCl. Note, that this doesn’t work for very high 
salinities (>100 g/l; Keller and Frischknecht,1966), but we don’t expect such high salinities 
at most of the study areas where resistivity techniques are applied.  

Temperature: The influence of temperature on resistivity in a solution can be divided into 
moderate temperatures and high temperatures. Moderate temperatures (0 to 200oC) see 
a decrease in viscosity as temperature increases, allowing for better mobility of ions and 
decreasing the resistivity of aqueous solutions. Once the temperature reaches 300oC and 
above (depends also on pressure), an increase of electrical resistivity is seen within the 
solution. This is caused by the decrease in the dielectric permittivity of the water resulting 
in a decrease in the number of dissociated ions (Hersir and Björnsson, 1991). A graphical 
representation of these two cases can be seen in Figure 3.3.  

 

 

Figure 3.3 Electrical resistivity of a NaCl solution as function of temperature at different pressures. Note the 
change at around 300oC (Hersir and Björnsson, 1991; based on Quist and Marshall, 1968) 

Resistivity of solution-bearing rocks  

In the case of fluid saturation within the rock matrix, besides temperature and salinity, 
electrical conduction is dominated by the porosity and pore structure of the rock. In 
geothermal reservoirs, rocks are commonly saturated with water, and a favorable pore 
structure is essential for conduction to take place.   

Porosity: Ratio between the pore volume and the total volume of the material. There are 
three types of porosity (Figure 3.4): 
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• Intergranular: The pores are formed as spaces between grains or particles in a 
compact sediment (i.e. volcanic ash and sediments)  

• Joint-fissures: Net of fractures caused by tension (tectonics) and cooling of the 
rock (igneous, lava). Also known as Fracture porosity.  

• Vugular porosity: Big and irregular pores formed as material is dissolved and 
washed away, or pores formed by gas. Also known as Dissolution porosity. 
 

 

Figure 3.4 The three different types of porosity found in rocks (adapted from Pittman, 1979)  

For conduction to take place, pores spaces must be interconnected and filled with fluid. 
Pores that are found isolated within the matrix are called storage pores, and finer 
connecting pores are called fractures pores (Hersir, 2016a).  

Two important terminology related to porosity is permeability and effective porosity. 
Permeability is the measure of how well fluids flow through a material. Although a 
material may be highly porous, if there is a lack of interconnection between them, 
permeability would be low and movement of fluid not possible. Permeability is based on 
the packing, shape and sorting of granular material. Effective porosity is the degree to 
which pores are interconnected within the material.  

Archie’s Law: Empirical relationship that describes how resistivity depends on porosity if 
ionic conduction in the pore fluid dominates other conduction mechanism in the rocks 
(Archie, 1942).  

𝜌 =  𝜌𝑤𝑎𝜑𝑡
−𝑛     (3-5) 

Where: 𝜌 – bulk or measured resistivity 

 𝜌 𝑤 – pore fluid resistivity 

𝜑𝑡 – porosity (0 to 1) 

a – empirical parameter, varies from < 1 (intergranular) to > 1(joint-fissures), 
usually around 1 
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n – cementing factor that varies from 1.2 (unconsolidated sediments) to 3.5 
(crystalline rocks), usually around 2 

It is important to note that Archie’s law is only valid if the pore fluid resistivity is 2 Ωm or 
less, but doubts are raised if the resistivity is much higher (Flóvenz et al., 1985). Figure 3.5 
shows an example of Archie’s law applied at 500 m depth in Iceland. In this graph, we can 
see that resistivity of water saturated rocks varies approximately as the inverse square of 
the porosity.  

 

 

Figure 3.5 An example of Archie’s Law, showing resistivity as a function of porosity at 500 m depth in 
Iceland (adapted from Flóvenz et al., 1985). 

3.1.4 Other causes for high conductivity in the subsurface 

Despite aqueous pore fluids dominating the resistivity of most rocks in the upper 10 km 
of the crust, it is important to understand that other materials, even in small amounts, 
can dramatically affect the resistivity of rocks. Some of these include:  

Graphite and Pyrite: These two are probably the most common minerals causing an 
increase in the conduction (Keller and Frischknecht,1966). They are especially common in 
slates, but it is uncertain which mineral contributes to the conduction observed in such 
rocks. This has been proposed as an explanation as to why the lower crust is unusually 
high in conductivity at some places (Frost et al., 1989).     
 
Iron oxides and metallic sulphides: Iron sulphides and iron oxides (magnetite mainly) are 
the principal ore minerals. Even in small quantities, these can significantly affect the bulk 
resistivity of geological materials. They are usually localized in discrete bodies. These 
deposits can be detected with airborne EM methods (Unsworth, 2009).   
 
Partial melting: Rocks are complex minerals assemblages. Depending on the rock 
composition, not all its constituents melt at the same temperature, thus, partial melting 
occurs. In the case of Iceland, partial melting is an important factor to consider when 
interpreting resistivity models as it is believed to be a widespread feature in the 
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asthenosphere and beneath geothermal fields and volcanoes. As mentioned before, from 
laboratory measurements on basaltic rocks, the matrix conductivity from partial melts will 
have an increasing impact on the overall conductivity for temperatures exceeding 400oC 
(Flóvenz et al., 2012).  

Finally, it is important to keep in mind that of all the geophysical properties of rocks, 
electrical resistivity is by far the most variable one. Therefore, it is not uncommon to find 
values for individual rock types that can vary by several orders of magnitude (Figure 3.6). 

  

 

Figure 3.6 Electrical resistivity (and conductivity) of different rock types and materials (adapted from 
Unsworth, 2009) 

3.2 Resistivity of High temperature areas 

A typical resistivity structure (Figure 3.7) where the host rock is volcanic, basaltic or acidic 
has two main features: convex structure (not always well-defined) and a conductive cap 
layer underlain by a resistive core. The conductive cap layer consists of rocks with 
considerable amount of conductive alteration minerals, like smectite (with high CEC), and 
the resistivity of this layer tends to be quite uniform (e.g. 2-10 Ωm; Flóvenz et al., 2012). 
As temperature increases with depth, a resistive core is reached which refers to a change 
in mineral alteration. The resistivity contrast at the top of the conductive cap layer is due 
to the onset of surface conduction in the rock, as opposed to pore-fluid conduction 
dominating the shallow layers.     
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Figure 3.7 Typical resistivity structure of the subsurface when the host rock is volcanic (adapted from Hersir, 
2016a) 

3.2.1 Thermal alteration 

In the high-temperature geothermal systems, water-rock interaction produces alteration 
(secondary) minerals. The type of alteration minerals formed depends upon the 
temperature and the chemical composition of the fresh rocks (i.e. unaltered rocks) and 
saturating fluid (specially its pH), with the resulting minerals being sometimes more 
conductive than others (Hersir and Björnsson, 1991). The amount of alteration minerals 
depends on time, permeability and the chemical composition and texture of the rocks.   

Six high-temperature geothermal areas in Iceland were investigated by deep drilling 
(Kristmannsdóttir, 1979), revealing the relationship between temperature and alteration 
minerals. Furthermore, a correlation between resistivity and alteration minerals was then 
discussed from Nesjavellir high-temperature geothermal system in SW-Iceland (Árnason 
et al., 1987) and related to temperature found in boreholes. This alteration temperature 
dependence can be seen in Figure 3.8 and shows how different alteration minerals 
dominate certain temperature range. An important observation can be seen at the 
~230oC, where resistivity studies from different areas (e.g. Theistareykir, Nesjavellir, 
Krafla, Reykjanes; see Karlsdóttir et al., 2012; Árnason et al., 1987; Árnason and 
Karlsdóttir, 1996; Franzson et al., 2002) has shown a transition zone between the low-
resistivity cap and the high-resistive core, of mixed layered clays containing smectite and 
chlorite minerals (Figure 3.8). Thus, the increase in resistivity from the conductive cap to 
the resistive core coincides with a change in mineral alteration, that is, from smectite to 
chlorite and epidote. The high CEC of smectite in comparison to that of chlorite is the 
likely reason, and a possible explanation for the difference in conductivity between 
alteration zones (Árnason and Flóvenz, 1992). 

Permeable geothermal reservoirs with temperatures above 230oC are of great 
importance, as they are well suited for electrical generation (Flóvenz et al., 2012). 
Therefore, detecting resistivity anomalies that refer to this temperature is of great 
significance. However, resistivity cannot be correlated to temperature, unless the 
alteration is in equilibrium with present formation temperature. For a reservoir that cools 
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down and temperature reduces below 230oC, the mineral alteration may persist (i.e. not 
in equilibrium with formation temperature). Thus, an evaluation of temperature based on 
the alteration minerals will only reflect the maximum temperature experienced by the 
reservoir, being it at the present or in the past. Hence, in general, where the host rock is 
volcanic, subsurface resistivity distribution reflects hydrothermal alteration but not 
necessarily temperature.  

 

 

Figure 3.8 Thermal alteration of rock minerals in geothermal high temperature areas versus temperature 
(Kristmannsdóttir, taken from Hersir and Árnason, 2010) 

3.2.2 Cation Exchange Capacity (CEC)  

Cation Exchange Capacity (CEC) is the ability of minerals in forming a conductive layer on 
the surface of the pore walls of the rock. For instance, clay minerals have a high CEC, 
caused by the presence of highly mobile ions on the surface of the pore walls. The higher 
the CEC of the clay mineral, the higher is the interface (surface) conduction. On the other 
hand, minerals forming normal volcanic rocks have very low CEC (e.g. quartz).  

A recent study in several geothermal fields around Iceland provided some insights into 
how CEC influences resistivity logs obtained from hydrothermal systems. The project 
covered 4 wells from three geothermal fields: Krafla (1 well), Hellisheiði (2 wells) and 
Reykjanes (1 well). The results from the project concluded the following (Weisenberger et 
al., 2016): 

• CEC values are highest within the smectite alteration zone and coincide with the 
low resistivity cap (Figures 3.7 and 3.8) 

• At some depth, within the smectite alteration zone, the CEC values decrease 
exponentially with increasing depth down to the facies boundary between the 
mixed clay layer and chlorite-epidote alteration zones, which indicates transition 
to the high-resistivity core 
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• Mineral assemblages within the high-resistivity core are characterized by very 
limited CEC properties 

• In cases where surface (interface) conduction dominates the overall conductivity 
of the rock, CEC content of the rock will control the range of pore fluid salinity that 
could result in a significant contribution from pore fluid conductivity to the overall 
conductivity. For example, for rocks with high CEC values, only fluid with very high 
salinity, and thus very high pore fluid conductivity, will increase the actual overall 
rock conductivity.  

3.3 Resistivity Geophysical Methods 

Electrical resistivity methods are the most effective geophysical methods used for 
geothermal exploration. The basic principle is to inject or induce an electrical current 
within the Earth and monitor signals, normally at the surface, generated by the current 
source (Flóvenz et al., 2012). Resistivity is highly sensitive to temperature and geothermal 
alteration processes and directly related to parameters characterizing the reservoir, such 
as, porosity, fluid type and salinity, temperature, pressure, among others (Hersir, 2016b).  

There are two main electrical methods used for subsurface exploration. These are: 

• DC-methods. For example: Schlumberger, Wenner, Dipole-Dipole arrays  

• Induction-methods. For example: Transient Electromagnetic methods (TEM), 
Magnetotellurics (MT), Audio-Magnetotellurics (AMT) 

 
DC-method uses direct current (DC) and induction-methods uses alternating current (AC). 
The latter is often referred to Electro-magnetic (EM) method. Another main difference 
lies in the penetration depth of the techniques. DC-methods, TEM and AMT tend to 
penetrate to a depth of less than 1000 m, whereas MT is the technique with the greatest 
penetration depth of several km. 

The two EM-methods, MT and TEM, relevant to this thesis project will be explained in 
some detail in chapters 4 and 5, respectively.   

3.3.1 DC-Resistivity methods  

Direct current methods are based on transmitting a current 𝐈 at the surface to the 
ground, through electrodes, and the resulting potential difference between two (or more) 
electrodes is measured.  DC-methods can be divided into various subcategories according 
to the geometry of the array (arrangement of electrodes). The most common ones used 
in geophysical exploration are the Schlumberger and Wenner soundings, Head-on 
profiling and Dipole-dipole soundings.  
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Schlumberger Array (geoelectric sounding) 

In the Schlumberger array, two potential and two current electrodes are placed along a 
straight line. The array is symmetrical around a midpoint and the depth of exploration is 
increased by increasing the spacing distance between the current electrodes. A common 
setup of this technique can be seen in Figure 3.9.   
 

 

Figure 3.9 Typical setup of a Schlumberger array for a DC resistivity sounding (adapted from Flóvenz et al., 
2012) 

The current electrodes are placed at A and B, while the potential electrodes are placed at 
M and N. The sounding starts by injecting the current at A and closing the loop at B, with 
the potential difference ∆𝑽 between M and N measured. The current I and the associated 
potential difference ∆𝑽 , along with the geometrical setup parameters (Figure 3.9), are 
used to calculate the apparent resistivity (considering a non-homogenous Earth) through 
equation 3-6.  

𝜌𝑎 =
𝜋

2

𝑆2−𝑃2 

𝑃

∆𝑉

𝐼
     (3-6) 

where S = AB/2 and P = MN/2 define the geometry of the setup.  

The apparent resistivity is plotted as a function of AB/2 = S. For every measurement, the 
distance between current electrodes (and S) increases, but eventually, the potential 
difference ∆𝑉 decreases to a point where it is hard to detect the incoming signal and 
requires an increase in the distance P. The different spacing of potential electrodes 
sometimes results in differences in the apparent resistivity curve for each distance P. 
These discrepancies are often caused by resistivity inhomogeneities close to the potential 
electrodes (i.e. galvanic distortion) but can also occur due to 2D or 3D effects.  An 
example of the difference in apparent resistivity curves for different spacing between 
electrodes is shown in Figure 3.10. 
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Figure 3.10 Example of a resistivity curve as a function of S (AB/2) for different P. This resistivity sounding, 
showing converging shifts, is done for a two-layered model (Árnason, taken from Hersir and Björnsson, 

1991)  

In Schlumberger soundings, it is necessary to know the amount of both the current 
injected into the earth and the associated induced potential. Furthermore, when 
processing the collected data, it is necessary to correct for various “noise” signals that 
could have affected the measurements and result in spurious data. Potential sources of 
noise signals can be: 

• Induced polarization  

• Spontaneous polarization  

• Telluric currents  

• Induction 

• All kinds of conductors acting as shortcuts (i.e. the sea) 
 
Some of these signals can be handled through statistical means by taking many 
measurements of ∆𝑉 and 𝐼, and calculate their mean values and standard deviations.  

Apart from the already mentioned sources of error, there remains an uncertainty in the 
method, called the principle of equivalence. There are two cases of equivalence, when 
the layer is a resistive layer embedded between two conductive layers, and when the 
layer is a conductive layer embedded between two resistive layers. It is recommended 
that in the presence of equivalence layers in one-dimensional interpretation, to add any 
available independent information from other investigation to help reduce this 
uncertainty.  

Schlumberger soundings, from collection of data to interpretation of results, can be 
divided into the following steps (Hersir and Björnsson, 1991): 

• Measure the transmitted current I, and the observed potential difference ∆𝑉 for 
increasing S and P. 
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• Calculating apparent resistivity 𝜌𝑎 and plotting it as a function of S. 

• One-dimensional interpretation (resistivity as function of depth) and comparison 
with other soundings and results from additional geophysical and geological 
investigations. 

• Two-dimensional interpretation (resistivity as function of depth and horizontal 
distance) taking topography into account. 

• Geological interpretation using the actual resistivity structure of the area. 
 

Head-on profiling (geoelectric profiling) 

The Schlumberger sounding is not a convenient method for detecting narrow vertical or 
near-vertical resistivity structures such as faults and dykes. Instead, the head-on profiling 
has been successfully used for locating these features (Flóvenz, 1984). This technique is 
similar to Schlumberger except that a third electrode is located far away from the main 
array. A set-up of this survey can be seen in Figure 3.11.  

 

 

Figure 3.11 Head-on profiling array set-up (Flóvenz, 1984) 

A current 𝐈 is injected into the earth in three different closing circuits, AC, BC and AB. The 
resulting potential difference  ∆𝑉 is measured between M and N each time. Therefore, 
three apparent resistivity values are calculated. Circuit AB is found from equation 3-6, 
whereas the other two circuits (BC and AC) are calculated from the following equations:  

𝜌𝐴𝐶 = 𝜋
𝑆2−𝑃2 

𝑃

∆𝑉𝐴𝐶

𝐼
   𝜌𝐵𝐶 = 𝜋

𝑆2−𝑃2 

𝑃

∆𝑉𝐵𝐶

𝐼
   (3-7 and 3-8) 

All four electrodes AMNB are moved along the profiling line perpendicular to the vertical 
structure, and a new measurement is made each time. The three resistivity values are 
calculated, and the common practice is that the apparent resistivity from AB (equation 3-
6) is subtracted from the apparent resistivity calculated from AC and BC (i.e. 𝜌𝐴𝐶−𝐴𝐵, 
𝜌𝐵𝐶−𝐴𝐵). The resulting values are plotted together with the calculated value from 
equation 3-6 (𝜌𝐴𝐵) as a function of the central position of the array (Figure 3.12).  
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Figure 3.12 Apparent resistivity plot from measurements using head-on profiling. Notice the anomaly in the 
resistivity signal from a 25 m wide conducting dyke (Flóvenz, 1984) 

As can be seen in Figure 3.12, the calculated 𝜌𝐴𝐶−𝐴𝐵 and 𝜌𝐵𝐶−𝐴𝐵 curves are either 
positive or negative depending on where the potential electrodes and current electrode A 
are located with respect to the conductive structure being studied. Finally, as the survey 
moves along the profile line and measurements are obtained, the situation reverses as 
the survey crosses the vertical conductive structure.   
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4 Magnetotellurics (MT) 

The fundamental theory of MT was first developed by Kato, Kikuchi and Rikitake (1951) in 

Japan, Cagniard (1953) in France and Tikhonov (1950, later reprinted in 1986) in the USSR. 

MT stands for Magnetotellurics, the word tellus comes from the Latin word earth. 

Recently, the method has gone through important improvements due to developments in 

the electronic and data industry, which have improved tremendously the efficiency of the 

method, both in the acquisition (equipment and measurements techniques) and data 

processing (inversion algorithms) phases of the survey workflow. MT has become a 

standard tool and one of the most important geophysical methods used in subsurface 

exploration for various industry sectors, such as in geothermal exploration (Muñoz, 2014). 

MT is a passive method where the natural time variations of the Earth’s magnetic field 

(micro-pulsations and sferics) are the signal source. The variations in the magnetic and 

the corresponding electric field induced in the conductive ground are recorded. These 

measurements are then processed to reveal the subsurface resistivity distribution. The 

most important feature of MT is that it provides the greatest penetration depth of all 

resistivity methods, down to some tens of kilometers (depending on the recording 

period), and as of now, it is practically the only method able to study deep resistivity 

structures (Flóvenz et al., 2012).  

4.1 MT method assumptions 

For the MT method to be a viable subsurface exploration method, a number of 

simplifying assumptions are taken into account (Cagniard, 1953; Keller and Frischknecht, 

1966). Here we summarize them as follows (adapted from Simpson and Bahr, 2005): 

• Maxwell’s equations are obeyed.  

• Natural EM source fields, generated by large-scale ionospheric current systems 

located relatively far away from the Earth’s surface may be treated as uniform, 

plane-polarized waves advancing in the Earth at near-vertical incidence.  

• Time-varying displacement currents (caused by polarization effects) are negligible 

compared to time-varying conduction currents. 

• Variations in the magnetic permeability and electrical permittivity of rocks are 

assumed to be negligible. 

These assumptions serve as foundation for MT theory and provide the various 

simplifications needed for derivation of formulas and mathematical expressions that will 

be covered in the coming sections. 
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4.2 MT theoretical background 

The principle of MT starts from the fundamentals stated by a set of equations known as 

Maxwell’s equations: Faraday’s (equation 4-1), Ampere’s (equation 4-2) and Gauss’s laws 

(equations 4-3 and 4-4). These are the following: 

∇ × 𝑬 = −𝜇
𝜕𝑯

𝜕𝑡
        (4-1) 

 ∇ × 𝑯 =  𝑱 + 휀
𝜕𝑬

𝜕𝑡
        (4-2) 

∇ ∙ 𝑩 =  0       (4-3) 

 ∇ ∙ 𝑫 =  𝜂        (4-4) 

 
where: E is the Electrical field intensity (V/m) 
  H is the Magnetic field intensity (A/m) 
 J is the Electrical current density(A/m2); J = σE 

 σ is the conductivity (S/m);  = 1/  (m) 

  is the electrical permittivity (F/m) 

  is the magnetic permeability (H/m) 
 𝜂 electric charge density owing to free charges (C/m3) 
 B is the magnetic flux (T) 

 D is the electric displacement (C/m2) = E 
 
Note: The expression ∇ × 𝐀 is defined as the ‘curl’ of vector field A. If A=(Axi, Ayj, Azk), we 
have: 
 

∇ × 𝑨 = (
𝜕𝐴𝑧

𝜕𝑦
−

𝜕𝐴𝑦

𝜕𝑧
) 𝐢 + (

𝜕𝐴𝑥

𝜕𝑧
−

𝜕𝐴𝑧

𝜕𝑥
) 𝐣 + (

𝜕𝐴𝑦

𝜕𝑥
−

𝜕𝐴𝑥

𝜕𝑦
)𝐤 

 
The equations above (4-1 to 4-4) state the following constitutive relations: (1) circulating 
electric fields are produced by time-varying magnetic fields (Faraday’s law); (2) circulating 
magnetic fields are produced by the vector sum of electric currents and time-varying 
electric fields (Ampere’s law); (3) Gauss’s law for the magnetic field states that there are 
no magnetic monopoles and that the total magnetic flux through a closed surface must 
be zero; (4) Gauss’s law for the electric field states that the electric field diverges from 
electric charges. These are fundamental observations that are used to derive the formulas 
used in MT theory (Fleisch, 2008).  
 
To complement the above equations, MT theory is also based on the following 
assumptions: 

• Harmonic dependence of the oscillating electromagnetic field. H,E ~𝑒𝑖𝜔𝑡 

with:  𝜔 = 2𝜋𝑓 (angular frequency), 𝑖 =  √−1 
𝑓 is frequency; 𝑓 = 1/𝑇; T is period; 
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And so, we obtain: 
 

𝜕𝑯

𝜕𝑡
= 𝑖𝜔𝑯 ; 

𝜕𝑬

𝜕𝑡
= 𝑖𝜔𝑬    (4-5) 

 
Finally, the last assumption is that a vertically incident plane wave results in:  
 

𝜕

𝜕𝑥
= 

𝜕

𝜕𝑦
= 0      (4-6) 

 
Equation 4-6 is obtained from Snell’s law. If we consider an EM wave of angular frequency 
𝜔 and angle of incidence 𝜃𝑖  travelling through the air (𝜎 → 0) and hitting the surface of 
the homogeneous Earth of conductivity 𝜎, the wave will both reflect and refract at the 
boundary, refracting into the half-space at an angle 𝜃𝑡. The relationship between the 
angles of incidence and refraction is given by Snell’s law in the following manner: 
 

1

𝑣0
𝑠𝑖𝑛𝜃𝑖 =

1

𝑣1
𝑠𝑖𝑛𝜃𝑡     (4-7) 

Where,  

    𝑣0 =
1

√𝜀0𝜇0
 and 𝑣1 = √

2𝜔

𝜎𝜇0
 

 
𝑣0 is the velocity of an EM wave in the free air, while 𝑣1is the velocity of an EM wave in 
the homogeneous half-space. Inserting the above velocities on equation 4-7, we obtain: 
 

𝑠𝑖𝑛𝜃𝑡 = 𝑠𝑖𝑛𝜃𝑖√
2𝜔𝜀0

𝜎
     (4-8) 

 
Using the value for electrical permittivity of free-space as 8.85×10-12 F/m, and the upper 
range values for frequencies used in MT (104-10-4 Hz) and conductivity of subsurface rocks 
(103-10-4 S/m), we get: 
 

     √
2𝜔𝜀0

𝜎
 < 10-4 

  
Therefore, refracted angle 𝜃𝑡in equation 4-8 will be close to 0, meaning that the refracted 
EM wave will travels downwards close to the vertical for all angles of incidence 𝜃𝑡. Hence, 
the assumption made in equation 4-6. 
 
The above assumptions (4-5 and 4-6) are then used to simplify Maxwell’s equations, and 
together with the definition of curl we obtain for Faraday’s law the following 
components: 
 

𝜕𝐸𝑧

𝜕𝑦
−

𝜕𝐸𝑦

𝜕𝑧
= −𝜇

𝜕𝐻𝑥

𝜕𝑡
    

𝜕𝐸𝑦

𝜕𝑧
=  𝜇𝑖𝜔𝐻𝑥   (4-9) 

 

  
𝜕𝐸𝑥

𝜕𝑧
−

𝜕𝐸𝑧

𝜕𝑥
= −𝜇

𝜕𝐻𝑦

𝜕𝑡
      

𝜕𝐸𝑥

𝜕𝑧
= −𝜇𝑖𝜔𝐻𝑦  (4-10) 
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𝜕𝐸𝑦

𝜕𝑥
−

𝜕𝐸𝑥

𝜕𝑦
= −𝜇

𝜕𝐻𝑧

𝜕𝑡
 = 0        (4-11) 

 
Similarly, we apply the assumptions to Ampere’s law and obtain: 

𝜕𝐻𝑧

𝜕𝑦
−

𝜕𝐻𝑦

𝜕𝑧
=  𝜎𝐸𝑥 + 휀

𝜕𝐸𝑥

𝜕𝑡
   −

𝜕𝐻𝑦

𝜕𝑧
= (𝜎 + 𝑖𝜔휀)𝐸𝑥  (4-12) 

 
𝜕𝐻𝑥

𝜕𝑧
−

𝜕𝐻𝑧

𝜕𝑥
=  𝜎𝐸𝑦 + 휀

𝜕𝐸𝑦

𝜕𝑡
   

𝜕𝐻𝑥

𝜕𝑧
= (𝜎 + 𝑖𝜔휀)𝐸𝑦  (4-13) 

 
𝜕𝐻𝑦

𝜕𝑥
−

𝜕𝐻𝑥

𝜕𝑦
=  𝜎𝐸𝑧 + 휀

𝜕𝐸𝑧

𝜕𝑡
  = 0      (4-14) 

 

By taking the derivative of both sides of equation 4-9 and 4-10 with respect to z (
𝜕

𝜕𝑧
) we 

obtain: 
𝜕2𝐸𝑦

𝜕𝑧2 =  𝜇𝑖𝜔
𝜕𝐻𝑥

𝜕𝑧
        (4-15) 

 
𝜕2𝐸𝑥

𝜕𝑧2 = −𝜇𝑖𝜔
𝜕𝐻𝑦

𝜕𝑧
      (4-16) 

 
Inserting equations 4-13 into 4-15 and 4-12 into 4-16 and we find: 
 

𝜕2𝐸𝑦

𝜕𝑧2 =  𝜇𝑖𝜔(𝜎 + 𝑖𝜔휀)𝐸𝑦     (4-17) 

 
𝜕2𝐸𝑥

𝜕𝑧2 =  𝜇𝑖𝜔(𝜎 + 𝑖𝜔휀)𝐸𝑥     (4-18) 

 
 
These are the partial differential equations that describe incident EM waves which are 
vertically refracted as they cross media (air into ground) and travel downwards. Equations 
4-15 and 4-16 can be further simplified as:  
 

𝜕2𝐸𝑥

𝜕2𝑧
= 𝑘2𝐸𝑥      (4-19) 

 

 
𝜕2𝐸𝑦

𝜕2𝑧
= 𝑘2𝐸𝑦      (4-20) 

 
With  𝑘2 = 𝑖𝜔𝜇(𝜎 + 𝑖𝜔휀) 
 
Note: 𝑘2 can be simplified by considering typical values usually used or expected in MT 
measurements, such as for the conductivity of rocks and frequency of wave signals: 
 
 𝜎 ≈ 10−4 − 1 𝑆/𝑚  

 𝜔 =
2𝜋

𝑇
; 𝑇 ≈ 10−4 − 104 𝑠 

휀 =  휀0𝜒𝑒;  휀0 = 8.85 ∙ 10−12;  𝜒𝑒 ≈ 1 − 100 
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Substituting the above values into the expression for 𝑘2 with the maximum possible 
values, we can see that the second term inside the parentheses (𝜔휀) is significantly 
smaller than the first term 𝜎, so we can simplify the expression for 𝑘2 as: 
 

𝜎 ≫  𝜔휀 
𝑘2 ≈ 𝑖𝜔𝜇𝜎     (4-21) 

4.2.1 Homogeneous half-space 

By solving the above set of partial differential equations (4-19 and 4-20) we get the 
general solutions for a homogeneous Earth (constant conductivity) that describes the 
relationship between the electrical and magnetic field: 
 

𝐸𝑥,𝑦 = (𝐴𝑥,𝑦𝑒
𝑘𝑧 + 𝐵𝑥,𝑦𝑒

−𝑘𝑧)𝑒𝑖𝜔𝑡    (4-22) 

 

𝐻𝑥 = 
𝑘

𝑖𝜔𝜇
(𝐴𝑦𝑒

𝑘𝑧 − 𝐵𝑦𝑒
−𝑘𝑧)𝑒𝑖𝑤𝑡    (4-23) 

 

𝐻𝑦 = −
𝑘

𝑖𝜔𝜇
(𝐴𝑥𝑒

𝑘𝑧 − 𝐵𝑥𝑒
−𝑘𝑧)𝑒𝑖𝑤𝑡            (4-24) 

 
The constants A and B to be determined. By letting z -> ∞, the first exponential term in 
equations 4-22 to 4-24 goes to infinity. Therefore, we must cancel that expression by 
letting Ax = Ay = 0 and our results become:  
 

𝐸𝑥 = 𝐵𝑥𝑒
−𝑘𝑧𝑒𝑖𝜔𝑡;  𝐸𝑦 = 𝐵𝑦𝑒

−𝑘𝑧𝑒𝑖𝜔𝑡  (4-25 and 4-26) 

 

𝐻𝑥 = −
𝑘

𝑖𝜔𝜇
𝐵𝑦𝑒

−𝑘𝑧𝑒𝑖𝜔𝑡 = −
𝑘

𝑖𝜔𝜇
𝐸𝑦   (4-27) 

 

𝐻𝑦 = 
𝑘

𝑖𝜔𝜇
𝐵𝑥𝑒

−𝑘𝑧𝑒𝑖𝜔𝑡 = 
𝑘

𝑖𝜔𝜇
𝐸𝑥            (4-28) 

 

and 𝑘2 ≈ 𝑖𝜔𝜇𝜎 (eq. 4-21). 

or in matrix notation: 

[
𝐸𝑥

𝐸𝑦
] =  [

𝑍𝑥𝑥 𝑍𝑥𝑦

𝑍𝑦𝑥 𝑍𝑦𝑦
] [

𝐻𝑥

𝐻𝑦
]          (4-29) 

�⃗� = 𝒁�⃗⃗�  

Note that for the case of a homogeneous half-space, Zxx = Zyy = 0. 

Where E and H are the electrical and magnetic field vectors (in the frequency domain), 

respectively, and Z is a complex impedance tensor which contains information on the 

subsurface resistivity structure. 

The impedance tensor elements are defined as: 
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𝑍𝑥𝑦 =
𝐸𝑥

𝐻𝑦
=

𝑖𝜔𝜇

𝑘
≈

𝑖𝜔𝜇

√𝑖𝜔𝜇𝜎
= √𝜔𝜇𝜌 ∙ 𝑒

𝑖𝜋

4    (4-30) 

𝑍𝑦𝑥 =
𝐸𝑦

𝐻𝑥
=

−𝑖𝜔𝜇

𝑘
≈

−𝑖𝜔𝜇

√𝑖𝜔𝜇𝜎
= −√𝜔𝜇𝜌 ∙ 𝑒

𝑖𝜋

4    (4-31) 

Thus, for the case of a homogeneous half-space, Zxy = -Zyx. 

From equation 4-30 and 4-31, we can obtain an equation for the resistivity of the half-

space for a homogeneous case: 

𝜌 =
1

𝜔𝜇
|𝑍𝑥𝑦|

2
= 

1

𝜔𝜇
|𝑍𝑦𝑥|

2
     (4-32) 

With the phase angle between the fields, 𝜃 =  
𝜋

4
= 45° (Figure 4.1). 

As we can see from equation 4-29, calculation of the resistivity is done through the 

impedance tensor elements using equations 4-30 and 4-31 and finally applying equation 

4-32. To do so, we need to know the values of the electrical and magnetic field vectors, E 

and H. The magnetic field intensity or magnetization field H, is calculated from the 

magnetic field B measured in the field. Its unit is Tesla (T), but a more practical unit is 

gamma(𝛾) which is equal to 1 nT (= 10-9 T). The relationship with the magnetization field 

H and the magnetic field B is: 𝑩 =  𝜇𝑯. Furthermore, the unit for the electrical field is 

V/m, but a more practical unit is mV/km (1 V/m = 10-6 mV/km). These can be used to find 

an applicable expression for the resistivity in terms of the field measurements: 

 

𝜌 =
1

𝜔𝜇
|
𝐸

𝐻
|
2

= 
𝑇

2𝜋𝜇
|
𝐸𝑓𝑖𝑒𝑙𝑑∙10−6∙𝜇

𝐵𝑓𝑖𝑒𝑙𝑑∙10−9 |
2

= 
𝑇𝜇

2𝜋
|
𝐸𝑓𝑖𝑒𝑙𝑑

𝐵𝑓𝑖𝑒𝑙𝑑
|
2

∙ 106 = 0.2𝑇 |
𝐸𝑓𝑖𝑒𝑙𝑑

𝐵𝑓𝑖𝑒𝑙𝑑
|
2

  (4-33)  

 

With:  𝜇 = 4𝜋 ∙ 10−7 H/m 
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Figure 4.1 The phase angle between the electric field component Ex and magnetic field component Hy for a 
homogeneous half-space (Eysteinsson, taken from Hersir, 2016c) 

4.2.2 Heterogeneous Earth and dimensionality 

The principles of MT for a heterogeneous Earth are similar to those previously explained 

for a homogeneous case. In this case, however, the resistivity changes as a function of 

depth (vertical) and in horizontal directions, as the EM energy goes through the 

subsurface. In a non-uniform setting, the terms apparent resistivity and apparent phase 

are introduced (𝜌𝑎 and 𝜃𝑎). From equation 4-32 we can obtain the following expression 

for the apparent resistivity and phase of the subsurface for a heterogeneous Earth: 

 𝜌𝑎 =
1

𝜔𝜇
|𝑍0|

2  or 𝜌𝑎 = 0.2𝑇|𝑍0|
2     (4-34) 

𝜃𝑎 = arg(𝑍0) = 𝑡𝑎𝑛−1 {
𝐼𝑚𝑍0

𝑅𝑒𝑍0
 } ≠ 45° (Figure 4.2) 

Z0 is the impedance at the surface. 
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Figure 4.2 An example of resistivity and phase response curves for a three-layer resistivity model shown in 
the top right corner. Note that the phase of 45o at very short and very high periods reflects homogeneity 

(Eysteinsson, taken from Hersir, 2016c) 

Equation 4-34 is known as the Cagniard relation (Cagniard, 1953). The conditions for this 

equation are the assumptions that the incident electromagnetic field travels as plane 

waves at the Earth’s surface and that the Earth consists of parallel layers (Naidu, 2012). 

These assumptions or conditions are also referred to as Cagniard conditions. 

The 1D Earth case 

Depending on the dimensionality of the conductive structure, the impedance tensor 

components change according to the orientation of the x- and y-axis of the field layout 

and to the symmetry of the problem. For the simple case of a 1D Earth where resistivity 

only changes vertically, we assume a horizontally layered subsurface (Figure 4.3) and get:  

[
𝐸𝑥

𝐸𝑦
] =  [

0 𝑍𝑥𝑦

𝑍𝑦𝑥 0
] [

𝐻𝑥

𝐻𝑦
]     (4-35) 

Where Zyx = -Zxy = Z0 

In this case, the diagonal components of the impedance tensor (Zxx and Zyy) are equal to 0. 

The apparent resistivity is the same in all directions and equation 4-34 can be used with 

the off-diagonal tensor elements defined by equations 4-30 and 4-31. The apparent phase 

is expected to increase above 45o when the response signal penetrates into more 

conductive media, while it is expected to decrease below 45o when the signal penetrates 

into less conductive media (Figure 4.2; Naidu, 2012).  
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Figure 4.3 Representation of a 1D Earth model assuming a layered subsurface (adapted from Thiel, 2008) 

The 2D Earth case  

In the case of a 2D Earth, the 

resistivity not only varies 

with depth but also in one of 

the two principal horizontal 

directions. Here, the 

resistivity is different 

depending on the direction of 

current flow (TE mode and 

TM mode), so for each we 

have different apparent 

resistivity values. The TE 

(Transverse Electric) mode or 

E-polarization, is when the current flow is oriented in the same direction as the 

geoelectrical strike (Figure 4.4) and tends to be more sensitive to deep structures 

(Berdichevsky, 1998). On the other hand, TM mode or B-polarization, is when the current 

flow is oriented perpendicular to the geoelectrical strike (Figure 4.4) and seems to be 

more sensitive to the near-surface structures (Berdichevsky, 1998). Because of that, TM 

mode also tends to be more susceptible to the static shift than the TE field mode.  

Two important terms are commonly referred to when considering a 2D Earth; these are 

the geoelectrical strike and Swift angle. Geoelectrical strike represents the dominant 

orientation of electric current flow in the subsurface due to lateral heterogeneity of 

electric conductivity in Earth (Niasari, 2016). In the case of a 2D structure where resistivity 

changes with depth (vertical) and in one of the two principal horizontal directions, the 

geoelectric strike is the horizontal direction that is perpendicular to the variant horizontal 

direction and indicates the direction of greatest inductive current flow. Furthermore, 

Swift angle (Swift, 1967), also called the Zstrike or principle direction, is the angle (𝛷) that 

minimizes the diagonal components of the impedance tensor |Zxx + Zyy| (or maximizes the 

off-diagonal components, |Zxy + Zyx|).  

Figure 4.4 TE and TM modes in relation to a subsurface conductor 
over a 2D Earth setting (Unsworth, 2007) 
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Figure 4.5 Representation of the geoelectrical strike and Swift angle, Φ. The orange colored axes represent 
the principal horizontal directions of the resistivity structure, with the Y’ representing the variant direction 
and the X’ the invariant direction perpendicular to it (i.e. the geoelectrical strike). The angle between the 
geoelectrical strike (X’) and field coordinate North (N) is the Swift-angle or Zstrike. (modified from Hersir, 

2016c) 

For the impedance tensor Z, it is possible to rotate the electric and magnetic fields 

horizontally by mathematical means and recalculate the elements or components of the 

impedance tensor. For a 2D structure, it is possible to rotate the coordinate system of the 

field layout in such a way that one coordinate axis is parallel to the geoelectric strike 

(Figure 4.5), which would make the Zxx and Zyy components of the impedance equal to 0 

(in practice, it is not always possible to find a rotation angle that makes Zxx and Zyy = 0 due 

to distortion or 3D induction of the data). However, in contrast to the 1D case, here Zxy ≠ 

-Zyx. To summarize, for a 2D Earth, we obtain the following: 

[
𝐸𝑥

𝐸𝑦
] =  [

0 𝑍𝑇𝐸

𝑍𝑇𝑀 0
] [

𝐻𝑥

𝐻𝑦
]     (4-36) 

Where:   𝑍𝑥𝑦 ≡ 𝑍𝑇𝐸   and 𝑍𝑦𝑥 ≡ 𝑍𝑇𝑀 

Finally, as mentioned before, in the 2D case we obtain two apparent resistivity values and 

two apparent phase values, one for each direction. These follow the same form as 

equation 4-34: 

  𝜌𝑥𝑦 =
1

𝜔𝜇
|𝑍𝑥𝑦|

2
= 

1

𝜔𝜇
|𝑍𝑇𝐸|2 = 0.2𝑇|𝑍𝑇𝐸|

2   (4-37) 

𝜌𝑦𝑥 =
1

𝜔𝜇
|𝑍𝑦𝑥|

2
= 

1

𝜔𝜇
|𝑍𝑇𝑀|2 = 0.2𝑇|𝑍𝑇𝑀|2   (4-38) 

𝜃𝑥𝑦 = arg(𝑍𝑥𝑦)      (4-39) 

𝜃𝑦𝑥 = arg(𝑍𝑦𝑥)     (4-40) 
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For the geoelectrical strike to be oriented in the principle direction (i.e. so both are 

parallel), the field coordinate system needs to be rotated a certain amount (Swift angle) 

towards the strike. Rotating the field coordinates is mathematically done by rotating its 

components to the desired coordinate system with the rotation matrix R, defined as: 

   𝑹 = [
𝑐𝑜𝑠𝜙 𝑠𝑖𝑛𝜙
−𝑠𝑖𝑛𝜙 𝑐𝑜𝑠𝜙

]     (4-41) 

The above rotation is for a clockwise rotation 𝜙. Rotating the tensor Z can be done by the 

following: 

 𝒁′ = 𝑅𝑍𝑅𝑇        (4-42) 

With Z’ defined as the rotated impedance tensor Z and RT the transpose of the rotation 

matrix R (equation 4-41).  

As mentioned before, the rotation angle (or Swift angle, 𝜙) is found either by maximizing 

suitable functions of the off-diagonal elements (Zxy and Zyx) or by minimizing suitable 

functions of the diagonal elements (Zxx and Zyy) of the impedance tensor under rotation of 

the axis. For instance, to compute the Swift angle when maximizing the off-diagonal 

components is done with the following: 

Maximizing |𝑍𝑥𝑦(𝜙)|
2
+ |𝑍𝑦𝑥(𝜙)|

2
 

We find: 

tan(4𝜙) =
(𝑍𝑥𝑥−𝑍𝑦𝑦)(𝑍𝑥𝑦+𝑍𝑦𝑥)

∗
+(𝑍𝑥𝑥+𝑍𝑦𝑦)

∗
(𝑍𝑥𝑦−𝑍𝑦𝑥) 

|𝑍𝑥𝑥−𝑍𝑦𝑦|
2
− |𝑍𝑥𝑦+𝑍𝑦𝑥|

2    (4-43) 

* denotes the complex conjugate. 

Finally, it is important to note that there is a 90o ambiguity in the geoelectrical strike 

direction, due to the Swift angle 𝜙 being computed this way. Hence, there is no concrete 

way to distinguish between 𝜙 or (𝜙 + 90°) from the tensor information alone. 

The 3D Earth case 

In the case of a 3D Earth, resistivity changes in all three directions and there is no rotation 

of the coordinate system that results in making the diagonal elements of the tensor 

simultaneously equal to zero at all periods. Therefore, the impedance tensor in this case 

is written as: 

 [
𝐸𝑥

𝐸𝑦
] =  [

𝑍𝑥𝑥 𝑍𝑥𝑦

𝑍𝑦𝑥 𝑍𝑦𝑦
] [

𝐻𝑥

𝐻𝑦
]      

where:     𝑍𝑥𝑦 ≠ 𝑍𝑦𝑥  and 𝑍𝑥𝑥 ≠ 𝑍𝑦𝑦 ≠ 0 

Since it is not possible to mathematically rotate or find a way to make both diagonal 

elements of the impedance tensor equal to 0 at the same time, we need to consider 

different types of apparent resistivity and how to compute them based on all the 
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provided information. For instance, as seen before in the 1D case and 2D case (diagonal 

components vanish), the off-diagonal components can be used to find the apparent 

resistivity and phase in the following manner: 

𝜌𝑥𝑦 =
1

𝜔𝜇
|𝑍𝑥𝑦|

2
=  0.2𝑇|𝑍𝑥𝑦|

2
   𝜃𝑥𝑦 = arg(𝑍𝑥𝑦) 

𝜌𝑦𝑥 =
1

𝜔𝜇
|𝑍𝑦𝑥|

2
=  0.2𝑇|𝑍𝑦𝑥|

2
   𝜃𝑦𝑥 = arg(𝑍𝑦𝑥) 

Furthermore, with 2D and 3D Earth subsurface response complexity in mind, three new 

apparent resistivity and apparent phase are introduced to facilitate 1D modeling. These 

are the determinant, geometric mean and arithmetic mean (or average) invariants. 

𝜌𝑑𝑒𝑡 =
1

𝜔𝜇
|𝑍𝑑𝑒𝑡|

2 =  0.2𝑇|√𝑍𝑥𝑥𝑍𝑦𝑦 − 𝑍𝑥𝑦𝑍𝑦𝑥|
2
   (4-44) 

𝜃𝑑𝑒𝑡 = arg(𝑍𝑑𝑒𝑡)     (4-45) 

𝜌𝑔𝑚 =
1

𝜔𝜇
|𝑍𝑔𝑚|

2
=  0.2𝑇|√− 𝑍𝑥𝑦𝑍𝑦𝑥|

2
    (4-46) 

𝜃𝑔𝑚 = arg(𝑍𝑔𝑚)     (4-47) 

𝜌𝑎𝑣𝑒 =
1

𝜔𝜇
|𝑍𝑎𝑣𝑒|

2 =  0.2𝑇 |
𝑍𝑥𝑦−𝑍𝑦𝑥

2
|
2

    (4-48) 

𝜃𝑎𝑣𝑒 = arg(𝑍𝑎𝑣𝑒)     (4-49) 

As their name infers, the average, geometric mean and determinant impedances and 

corresponding resistivity and phase values are invariant under rotation, whereas the xy 

and yx resistivity and phases are rotationally dependent, that is, they are dependent on 

the field coordinate system used.  

For a 1D structure, all the above equations yield the same value. For a 2D structure, with 

rotation of the coordinate system, using either TE or TM mode is viable. But, because 

each yield a different value for resistivity and phase, the choice of which equation to use 

in 1D interpretation of the data, that represents best the actual resistivity structure, is still 

debatable today (Flóvenz et al., 2012). Because of that uncertainty, and to avoid dealing 

with the question of rotation, equation 4-44 to 4-49 were formulated. Between the three 

invariants, it has been suggested that the determinant invariant (equations 4-44 and 4-45, 

Figure 4.6) is the best suited one for 1D inversion, as it represents best in some way the 

actual resistivity structure based on the comparison of model responses for 2D and 3D 

models structures (Flóvenz et al., 2012). Furthermore, all of the elements of the 

impedance tensor are represented in the determinant, as opposed to the means which 

only use the off-diagonal elements.  
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Figure 4.6 Comparison of apparent resistivity and phase for the XY (in red) and YX (in blue) polarization, 
respectively, and the ones based on the invariant determinant of the impedance tensor for station EYJ102 

(in black. See later for EYJ102). 

4.2.3 Skin Depth 

Skin depth is an important concept of MT theory as it describes an estimation of the 

depth of penetration of the MT signals, which depend on the wavelength of the recorded 

EM field and the subsurface resistivity structure (Simpson and Bahr, 2005). It is 

represented by the Greek letter delta (𝛿) and is defined as the depth to where the EM 

fields have been attenuated to a value of e-1(~0.37) of its original value at the surface. 

The mathematical equation is derived from the expression for 𝑘2 stated before (equation 

4-21):  

𝑘2 = 𝑖𝜔𝜇𝜎 

𝑘 = √𝑖𝜔𝜇𝜎 = √𝑖√𝜔𝜇𝜎 =
(1 + 𝑖)

√2
√𝜔𝜇𝜎 =

√𝜔𝜇𝜎 + 𝑖√𝜔𝜇𝜎

√2
 

𝛿 =
1

𝑅𝑒(𝑘)
=

1

√𝜔𝜇𝜎

√2

=
√2

√𝜔𝜇𝜎
= √

2

𝜔𝜇𝜎
    (4-50) 

The formula can be further simplified by rearranging some of the variables. For instance, 

the magnetic permeability is assumed to be approximately constant due to variations in 

the magnetic permeability of rocks being negligible when compared to variations in bulk 

rock conductivities (section 4.1). Therefore, this value can be taken as the magnetic 

permeability of free space 𝜇0, 4𝜋 ∙ 10−7H/m. Applying this to equation 4-50, we get: 

𝛿 = √
2𝑇𝜌

2𝜋(4𝜋 ∙ 10−7)
=

1

𝜋
√

𝑇𝜌

4 ∙ 10−7
= 

1

𝜋√4 ∙ 10−7
√𝑇𝜌  ≈ 500√𝑇𝜌 

𝛿 = 0.5√𝑇𝜌    (in km)   (4-51) 

The above equation gives an estimation of penetration depth of the EM signals in 

kilometers as a function of the resistivity and period. The higher the period, the deeper 

the signal is penetrating and vice versa (the same can be said of the subsurface 

resistivity).  
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4.2.4 Directional analysis and dimensionality indicators 

To complement the results obtained on resistivity of the subsurface structure, a few other 

parameters can be revealed from the impedance tensor to perform directional analysis 

and dimensionality on the final conceptual model. These are the tipper, induction arrows, 

skew and ellipticity. 

Tipper 

The vertical magnetic field in MT (Hz) is used to calculate the Tipper complex vector and 

not needed to calculate the apparent resistivity (only the horizontal components of E and 

H are used). The Tipper is represented by the variable T, and is a complex vector that 

relates the vertical component of the magnetic field to its horizontal components in the 

following manner: 

𝐻𝑧 = 𝑇𝑥𝐻𝑥 + 𝑇𝑦𝐻𝑦      (4-52) 

The Tipper magnitude is given by: 

𝑇 = √𝑇𝑥
2 + 𝑇𝑦

2     (4-53) 

𝑇𝑥 and 𝑇𝑦 are the x and y components of the Tipper, respectively. Depending on the 

dimensionality of the conductive structure, the magnitude of the Tipper differs. For 

instance, for a 1D Earth the Tipper is zero, Tx = Ty = 0. In the case of a 2D Earth, the 

coordinate system can be rotated so that the x-axis is parallel to the geoelectrical strike 

(the result is called the Tstrike), Tx = 0 but Ty ≠ 0. The rotational direction or Tstrike is 

calculated by minimizing |𝑇𝑥|, and should have the same direction as the Zstrike, except 

that there is no 90o ambiguity for the Tstrike (Hersir et al., 2013). In other words, the 

Tstrike can be computed to find the “true” strike direction (see equation 4-43).  

Induction arrows 

Induction arrows are vector representations of the complex ratios of vertical to horizontal 

magnetic field components, also referred as the Tipper (see above), and is represented as 

two real vectors, the real and imaginary part (Berdichevsky and Dmitriev, 2002). The 

magnitude of the vectors is proportional to the proximity of the conductor, which caused 

the induced vertical magnetic field, with respect to the measuring site. The closer the 

conductor is to the measuring site, the stronger the induced Hz signal recorded and vice 

versa (Jones and Price, 1970). The main use of this parameter is to infer the presence, or 

absence, of lateral variations in subsurface conductivity (Simpson and Bahr, 2005), from 

which the vertical magnetic field arises. A standard way of displaying the induction arrows 

follows the Parkinson convention (Parkinson, 1959), with the vectors pointing towards 

the anomalous internal concentrations of current (conductive body), whereas an 

alternate option follows Wiese convention (Wiese, 1962), with the vectors pointing away 

from the conductor or internal current concentrations.  
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The vectors can be displayed on a map to contribute to the understanding of resistivity 

anomalies and increase confidence in the final resistivity models. The magnitudes of the 

induction arrows (IA) and its corresponding orientation (𝜗) can be computed as follows: 

𝐼𝐴𝑟𝑒𝑎𝑙 = √𝑅𝑒(𝑇𝑥)2 + 𝑅𝑒(𝑇𝑦)2    (4-54) 

𝜗𝑟𝑒𝑎𝑙 = arctan [
𝑅𝑒(𝑇𝑦)

𝑅𝑒(𝑇𝑥)
]     (4-55) 

𝐼𝐴𝑖𝑚 = √𝐼𝑚(𝑇𝑥)2 + 𝐼𝑚(𝑇𝑦)2    (4-56) 

𝜗𝑖𝑚 = arctan [
𝐼𝑚(𝑇𝑦)

𝐼𝑚(𝑇𝑥)
]     (4-57) 

For a 1D Earth, the Tipper vector is equal to 0 and there is no association with induction 

arrows. For a 2D Earth, induction arrows are only associated with E-polarisation or TE 

mode. In that case, the arrows are oriented perpendicular to the geoelectrical strike (the 

resistivity boundary) and have magnitudes proportional to the conductivity contrast and 

proximity between the conductor and the MT station. For a 3D Earth, the direction of the 

arrows differs and tend to point away from the conductor (following Wiese convention). 

Finally, it is important to note that absence of induction arrows at a site does not 

necessarily confirm an absence of laterally displaced conductivity boundaries (Simpson 

and Bahr, 2005). 

Skew 

Skew is a measure of the EM coupling (interaction) between the measured electric and 

magnetic field variations in the same direction. Furthermore, it also serves as an indicator 

for dimensionality of the subsurface response. It is represented by the letter S and is 

defined as the ratio between the addition of the diagonal elements and the subtraction of 

the off-diagonal components of the impedance tensor, respectively. 

𝑺 =
|Z𝑥𝑥+Z𝑦𝑦|

|Z𝑥𝑦−Z𝑦𝑥|
      (4-58) 

The skew is a rotationally invariant parameter, meaning that it has the same value 

independent of the coordinate system in which it is calculated. EM coupling between EM 

fields is non-existent for a 1D structure, and when measurements are made parallel and 

perpendicular to the geoelectrical strike of a 2D structure (the diagonal components of 

the tensor are equal to 0, see section 4.2.2). Thus, for 1D and 2D structures, S should be 

zero. However, as mentioned before, ever present noise in the data and 3D induction 

effects make an ideal 2D impedance tensor rarely possible in practice. For 3D structures, S 

is generally large.  

Ellipticity 

Ellipticity is a practical parameter introduced to help define dimensionality of the Earth 

response signals recorded in MT measurements. It is defined as: 
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𝑬 =
|Z𝑥𝑥−Z𝑦𝑦|

|Z𝑥𝑦+Z𝑦𝑥|
      (4-59) 

Similarly, to the skew parameter, the ellipticity is zero or close to zero for the 1D or 2D 

structures, whereas a large value for E can be an indication of 3D structures (Filbandi et 

al., 2016). 

4.2.5 Phase Tensor Method 

The presence of localized conductivity heterogeneities will distort the regional electric 
field signal (i.e. the field that would be observed at the surface in the absence of the 
heterogeneity) altering the inductive response of regional structures. Consequently, the 
regional impedance tensor will also suffer the effects of this galvanic distortion. In the 
case of a 1D or 2D structure, there are several methods to partially retrieve information 
from the observed (distorted) impedance tensor about the regional structure (i.e. MT 
distortion analysis; e.g. Groom and Bailey, 1989; Groom and Bahr, 1992; Jones and 
Groom, 1993; Smith, 1995). However, none are particularly useful when the regional 
structure is 3D (Ledo et al., 1998). 

The phase tensor method was first introduced by Caldwell et al. (2004). The method parts 
from the assumption that the phase relationship between the electric and magnetic field 
horizontal components is unaffected by galvanic distortion effects (e.g. no static shift). In 
other words, the regional (undistorted) phase tensor and the observed (distorted) phase 
tensor are identical. This phase tensor, represented by the Greek letter phi (Φ), is defined 
as the ratio of the real and imaginary components of the impedance tensor (𝐙 =  𝐗 +
 𝑖𝐘) and can be expressed in matrix form as: 

𝚽 =
Re(Z)

Im(Z)
=

𝐗

𝐘
= [

ϕ11 ϕ12

ϕ21 ϕ22
]     (4-60) 

For a 1D and 2D Earth, the principal impedance tensor elements are off-diagonal (Z𝑥𝑦 and 

Z𝑦𝑥). For the phase tensor, the principal phase tensor elements are the diagonal 

components, ϕ11 and ϕ22. The phase tensor is particularly useful for cases where the 
conductivity structure is 3D and can provide information on the geoelectrical strike 
direction no matter the dimensionality of the regional structure. Thus, it is seen as an 
alternative to the tensor decomposition methods mentioned before. 

The phase tensor can be represented graphically by an ellipse (Figure 4.7), in where the 
major and minor axes of the ellipse depict the principal axes of the tensor. The principal 
axes are defined by the minimum and maximum values of the phase tensor (ϕmin and 
ϕmax). They are computed (based on Bibby (1986) and summarized in Caldwell et al. 
(2004)) with the following expressions: 

ϕmin = [(
ϕ11+ϕ22

2
)
2

+ (
ϕ12−ϕ21

2
)
2

]

1

2

− [(
ϕ11+ϕ22

2
)
2

+ (
ϕ12−ϕ21

2
)
2

− (ϕ11ϕ22 −

 ϕ12ϕ21)]

1

2
  (4-61) 
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ϕmax = [(
ϕ11+ϕ22

2
)
2

+ (
ϕ12−ϕ21

2
)
2

]

1

2

+ [(
ϕ11+ϕ22

2
)
2

+ (
ϕ12−ϕ21

2
)
2

− (ϕ11ϕ22 −

 ϕ12ϕ21)]

1

2
  (4-62) 

 

Furthermore, apart from ϕmin and ϕmax, the skew angle can also be computed from the 
phase tensor components and is defined as the following: 

β =
1

2
𝑡𝑎𝑛−1 (

ϕ12−ϕ21

ϕ11+ϕ22
)     (4-63) 

These three parameters are rotationally invariant, that is, they are independent of the 
coordinate system used to express the tensor.  

The skew angle is similar, to some extent, to the skew previously discussed in Section 
4.2.4. Both are used for dimensional analysis of resistivity structures, but one uses the 
phase tensor components (skew angle), whereas the other uses the impedance tensor 
components (skew). In essence, the skew angle is used to measure the deviation from a 
1D/2D Earth scenario (defined as a reference axis and shown as a dashed line in Figure 
4.7). Thus, the larger the skew angle β, the more likely we are dealing with a 3D regional 
conductivity structure. Previous MT distortion analysis have all assumed that the regional 
conductivity structure is either 1D or 2D, and the capability of the phase tensor to deviate 
from this assumption attest to the strength of this method.  

For a 1D Earth, the phase tensor will plot as a circle (ϕmin= ϕmax, ϕ11= ϕ22) and the skew 
angle will be zero (β = 0) because the off-diagonal components of the phase tensor will 
be exactly zero (ϕ12= ϕ21=0). For an ideal 2D structure (undistorted and no noise), the 
off-diagonal elements will vanish (but ϕmin ≠ ϕmax) and the skew angle will be zero, β =
0. The major axis of the ellipse will be parallel to the reference axis (Figure 4.7) and will be 
pointing to the geoelectric strike direction (Caldwell et al., 2004). In practice, however, an 
ideal 2D structure is hard to achieve, and even after rotation of the coordinate system the 
off-diagonal elements may not vanish, nevertheless, these elements can be small enough 
that, in some cases, are considered negligible (Booker, 2014). Therefore, for a distorted 
2D structure, the skew angle won’t be zero but will be very low (|β| < 3°; proposed by 
Caldwell et al., 2004 and discussed in Booker, 2014). For a 3D Earth, all components of the 
phase tensor will be non-zero.  

Additionally, ellipticity is another rotationally invariant parameter, defined by Bibby et al. 
(2005), that is calculated from the phase tensor components. It is useful for checking 
validity of 1D approximations and is expressed as, 

λ = (
ϕmax−ϕmin

ϕmax+ϕmin
)     (4-64) 

λ<0.2 reflects 1D structures, whereas larger values for λ infer 2D/3D. 
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Figure 4.7 Ellipse representation of the phase tensor. For non-symmetric ellipses, variable 𝛽 is used to 
define the deviation of the ellipse from a 1D/2D regional resistivity assumption (dashed line). The 

relationship between the observer’s coordinate system (X1,X2) and phase tensor’s coordinate system (𝜙𝑚𝑖𝑛 
and 𝜙𝑚𝑎𝑥) is defined by the angle 𝛼 − 𝛽. This relationship is referred as the azimuth or direction of ellipse 

(adapted from Caldwell et al., 2004) 

The shape of the ellipse also provides important information. The principal axes of the 

ellipse indicate the horizontal directions of the maximum and minimum induction 

current, which in turn reflect lateral variations in the underlying regional conductivity 

(Caldwell et al., 2004). Furthermore, for a 2D Earth, the maximum induction current 

(major axis of ellipse) aligns with the geoelectric strike. However, there exists a 90o 

ambiguity in the method to determine the geoelectric strike direction, as it is not known 

which of the maximum or minimum phases corresponds to the TE or TM mode.  

4.3 MT in practice 

The signal source of the MT technique is the natural fluctuations of the Earth’s magnetic 

field (passive method). These fluctuations induce an electric field and hence currents in 

the ground, referred to as telluric currents, which are measured in two horizontal and 

orthogonal directions (Ex and Ey). Furthermore, the magnetic field is measured in three 

orthogonal directions (Hx, Hy, and Hz). The set-up for an MT station is shown in Figure 4.8. 
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Figure 4.8 Setup of an MT sounding (taken from Flóvenz et al., 2012) 

It is a common practice to place the x direction in the magnetic north. In the case of a 

homogeneous layered Earth, the electrical field is induced by its orthogonal source 

magnetic field, i.e. Ex correlates with Hy and Ey with Hx. A normal setup (Figure 4.8) 

includes a pair of electrodes for measuring the electric field, filled with solutions like 

copper sulfate or lead chlorite. Induction coils are used for measuring the magnetic field. 

The electrical dipole length in most cases is between 50 m and 100m, with the electric 

field being equal to the potential difference between the two electrodes divided by its 

length. To complete the setup, the station has an acquisition unit for digital recording of 

the time series (stored in a memory card) and a GPS for synchronizing the data (Flóvenz 

et al., 2012).  

4.3.1 Frequency, period and source signals 

MT surveys generally record time series of electric and magnetic fields of wavelengths 

from 0.0025 s (400 Hz) to 1000 s (0.001 Hz) or even as high as 10000 s (0.0001 Hz). It is 

customary to talk both about period, measured in seconds (s) and its transformation, the 

frequency (1/T) measured in Hertz (Hz).  

The small amplitude geomagnetic time variations of Earth’s electromagnetic field contain 

a wide spectrum (Figure 4.9) generated by two different sources. They can be divided into 

low frequency signals, or long period, and high frequency or short period signals. 

Low frequency signals: Generated by ionospheric and magnetospheric currents caused by 

solar wind (plasma). Solar wind is a continual stream of plasma, radiating mainly protons 

and electrons from the sun. As the solar wind encounters the terrestrial magnetic field, it 

is deflected and micro-pulsations are created, establishing an electric field (a product of 

this phenomenon is the Aurora). 

High frequency signals: Frequencies greater than 1Hz are due to thunderstorm activity 

near the equator and are distributed as guided waves between the ionosphere and the 

Earth to higher latitudes.  
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The natural occurring EM (Electromagnetic) fluctuations of interest for MT have two 

relatively low-intensity ranges, sometimes referred to as dead-band. The MT dead-band is 

approximately at 0.5-5Hz (2 to 0.2s, Figure 4.9). 

 

 

Figure 4.9 The natural magnetic field spectrum in gamma (nT) as a function of the period (bottom axis) and 
frequency (top axis) (adapted from Flóvenz et al., 2012) 

The Sunspot Cycle: This cycle has been monitored since the mid-17th century and is seen 

to span over every 10-11 years. Currently, as of late 2018, the activity is at a minimum. 

The sunspot cycle maximum and minimum covering the past 13 years and current 

prediction can be seen in Figure 4.10. The understanding of this cycle is of great 

importance to MT surveys, since acquisition of data is strongly correlated to the sun 

activity and incoming solar wind. For example, during the minimum in 2008, the MT 

source spectrum was very weak and acquisition of data was relatively difficult, compared 

to 5 years earlier or presumably later (Flóvenz et al., 2012). 
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Figure 4.10 Last 13 years and current prediction (as of September 2018) of the Sunspot Cycle showing the 
sunspot number as a function of time in years (taken from: http://www.sidc.be/silso/ssngraphics) 

4.3.2 MT Soundings 

MT signals are usually measured in the frequency range below 400 Hz. Typically, each 

station is deployed for recording one day and picked up the following day, which gives 

about 20 hours of continuous time series per site, and MT data in the range from 400 Hz 

to about 0.001 Hz (or from 0.0025 s to 1000 s). However, stations can also be kept 

running for several days in cases where the depth of interest is higher (tens of 

kilometers), and for that purpose, low frequency signals of long period (> 1000 s) are 

recorded (also called LPMT, Long-Period Magnetotellurics). 

The short-period MT data (high frequency) mainly reflect shallow structures due to their 

short depth of penetration, whereas the long-period data mainly reflect the deeper 

structures. The deeper the MT survey aims to reach, the less quality and resolution is to 

be expected in the inversion of the data. It is of great importance to check data quality 

before retrieving a station in case data quality is unacceptable and measurements need 

to be redone another day.  

It has become an industry standard to keep one MT station recording continuously at a 

fixed location some tens of kilometers away from the survey area for remote reference 

data recording. This practice is done with the purpose of getting better quality data from 

the processing, higher signal to noise ratio (SNR) and remove the bias caused by local 

noise sources (Gamble et al., 1979). Following the data acquisition, the digitally recorded 

time series are Fourier transformed to the frequency domain, and the cross and auto-

powers of the magnetic and electric fields are calculated to give the apparent resistivity 

and phase as a function of the period (or frequency).  

The procedure for MT soundings can be summarized in the following steps (Hersir and 

Björnsson, 1991): 



58 

• Measurements of the horizontal and vertical components of the magnetic field, 

Hx, Hy and Hz, and the induced electric field, Ey and Ex, both as a function of time 

for several hours, days or weeks, depending on the penetration depth of the 

survey.  

• Fourier transforming the time series and calculating power spectra, from which 

the MT impedance and tipper are calculated. MT impedance is then used to 

calculate the apparent resistivity as a function of the frequency (or period T). 

• One-dimensional interpretation. Calculating a one-dimensional model whose 

response fits the measured data. 

• Comparison with other geophysical results. 

• Two-dimensional and/or three-dimensional interpretation. 

• Geological interpretation.  

The MT method has mainly been used to investigate the deeper structures of the crust 

and upper mantle. In Iceland, the method has been used both for regional studies of the 

crust and in geothermal exploration (Flóvenz et al., 2012).  

4.4 MT challenges and sources of error 

4.4.1 Static shift 

Magnetotelluric soundings, like all resistivity techniques based on measuring the electric 

field in the surface, suffer the static shift problem manifesting itself in an unknown 

multiplier of the apparent resistivity (Árnason, 2015). Static shift multipliers can be 

extreme in geothermal areas in volcanic environments where near-surface resistivity 

variations are significant. The shift problem is caused by the distortion of the 

electromagnetic field due to shallow resistivity anomalies and(or) topography close to the 

measuring station. However, except at very high frequencies, the magnetic component of 

the field is barely affected, and most of the distortion seems to affect only the electric 

field via galvanic distortion and induced Eddy currents. 

Two physical phenomena can be attributed to be the cause for static shifts due to near-

surface resistivity heterogeneities: 

i) Electric field distortion due to the dependency of the electric field (voltage gradient) 

on the resistivity of the material where the voltage difference is measured (Figure 

4.11). At the resistivity interface, the build up of charges causes the electric field to 

become infinite right at the boundary and those charges are often the main causes 

of static shift.  
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Figure 4.11 Example of a constant current flowing through two different resistivity domains (extend 
infinitely deep) and causing distortion of the electric field (Adapted from Árnason, 2015). 

ii) Current distortion (current channeling or repelling) due to localized shallow 

resistivity anomalies. For an anomaly that has a higher resistivity than its 

surroundings, the current is repelled away from it, whereas for a lower resistivity 

anomaly, the current will be channeled into it. See Figure 4.12 for a graphic 

representation of this phenomena. 

 

Figure 4.12 Static shift caused by current distortion. Here, current flowing in the ground is deflected by the 
resistivity anomaly and channeled into it (Adapted from Árnason, 2015) 

Correcting for static shift multipliers is classified into three broad categories or methods 
(Simpson and Bahr, 2005): 

1) Short period corrections based on near surface measurements (e.g. TEM) 

2) Averaging (statistical) techniques 

3) Long period corrections based on deep structure assumptions (i.e. mid mantle 

transition zones) or long period magnetic transfer function 

4) Correction done using 3D inversion by detailed modelling of topography and fine 

model grids near the surface 

Various techniques that use MT data itself to identify and correct for shift multipliers have 

been proposed and tried over the years. One of these techniques follow category number 

2 above and is based on spatial averaging techniques and statistical assumptions (shift 
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multipliers are random and that enough product of the shift multipliers of individual 

soundings is close to one (deGroot, 1991)). However, this approach has been found not to 

be applicable to areas of high resistivity contrast such as geothermal systems in volcanic 

areas (Árnason, 2015).  

An alternate method used to deal with static shift of MT data is short period corrections 

based on joint inversion of MT-TEM measurements. Despite the increase in time and cost 

investment during a field campaign, unless the target area is known to be of gentle 

topography and where near surface rocks are homogeneous (e.g. sedimentary layers), 

TEM measurements close to MT stations (within less than 100m) has proven to be an 

effective way to deal with the static shift effect. 

In practice, the method is based on shifting the MT apparent resistivity response curve up 

or down by a static shift multiplier, so the curve fits nicely with the TEM apparent 

resistivity curve (assuming it is unaffected by the shift in the first place). It has been 

thoroughly confirmed by model calculations (Sternberg et al., 1988) that near surface 

resistivity anomalies only affect the TEM at very early times, with the current distribution 

diffusing deep below near surface anomalies for their effect to be significant at later 

times. The same effect can be seen from topography (i.e. only early times in TEM 

affected). More on the theory and practice of TEM will be discussed in Chapter 5. 

Using TEM measurements to correct for static shift in MT data is a method that has been 

used since the late 80’s (Sternberg et al., 1988). However, its effectiveness has been 

questioned at points (Watts et al., 2013), with preference on other techniques or absence 

of proper shift correction methods seen in some cases. Furthermore, there seems to be 

no convincing results found in literature on what method is more appropriate to use, 

nevertheless, it is certain that the decision is strongly dependent on other factors, such as 

location and target depth, budget, subsurface characteristics (sedimentary, volcanic), 

among others.  

Within the scope of this thesis project, it has been decided that the best approach is to 

perform a joint inversion of TEM and MT data, due to possible near-surface resistivity 

anomalies and to account for the steep topography around Eyjafjallajökull. Furthermore, 

such an approach has given positive results in geothermally active areas and volcanic 

regions (Árnason, 2015).     

4.4.2 Dead-band effect 

Apart from the static shift problem, another source of error or poor data quality that 

needs to be considered when recording and processing MT data is the “frequency range 

low” known as the dead-band (Figure 4.9). As mentioned before in section 4.3.1, this 

range is between 0.5-5 Hz, at which the natural EM fluctuations have a low intensity, and 

MT measurements in this frequency range usually suffer from poor data quality. 

Dealing with this problem can be considered less troublesome than the static shift 

correction. However, if proper care is not taken when processing the MT soundings, 
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misleading resistivity anomalies enhanced by this effect can show up around this 

frequency range. Chapter 7 will provide some examples from the Eyjafjallajökull data in 

where depending on the processing routine and parameters chosen, a dead-band effect 

was introduced in the resistivity response curve.   
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5 Transient Electromagnetism (TEM) 

EM-methods were originally designed for mineral prospecting, applying frequency 
domain methods (FDEM) dominating over time domain methods (TDEM) due to their 
effective results in areas where low resistivity mineral deposits are found in high 
resistivity host rock (Christiansen et al., 2006). However, in areas where low resistivity 
host rocks are present, FDEM has significant difficulties penetrating these layers, which 
meant that TDEM got more attention over time. Despite the need for this type of survey 
techniques, TDEM was a method that required sophisticated electronics and was 
approximately 50 – 100 times more computer intensive to process, tools that were not 
available at that time (60’s and 70’s). It was only until mid-1980s and since, with 
improvements in computing technology, that real advances and use of the technique was 
seen across different industry sectors. Due to this, time domain electromagnetic methods 
are usually considered the youngest of all the resistivity methods (Christiansen et al., 
2006).   

5.1 TEM principles 

Time domain methods use a controlled and time-varying man-made magnetic field to 
induce currents within the Earth. A secondary magnetic field from the induced currents is 
generated, and the decay rate is measured as a function of time. There are different 
versions of TEM soundings, but the one relevant to this study and the one that will be 
discussed further is the central-loop TEM setup where the receiver is at the center of a 
source loop (Árnason, 1989; Flóvenz et al., 2012). 

In the central-loop TEM method, a constant current of controlled magnitude is 
transmitted into a source (or transmitting) square loop of wire placed on the ground. In 
return, the current transmitted into the source loop produces a constant magnetic field of 
known strength that follows Biot-Savart law: 

𝐵 =  
𝜇0

4𝜋
∫

𝐼𝑑𝑙𝑥𝑟

|𝑟|3𝐶
     (5-1) 

The current transmitted in the source loop is abruptly turned off, and the time it takes for 
the current to reach zero is referred as the turn-off time. Once the current is turned off, a 
short duration voltage pulse is induced in the ground which causes a loop of current to 
flow in the immediate vicinity of the source loop. With time, the induced current 
generates a secondary magnetic field according to Lenz’s law (Equation 5-2) that decays 
due to the finite conductivity of the ground and responds by inducing a new image of the 
current at a greater depth. The secondary magnetic field opposes the primary magnetic 
field due to the induced electromotive force giving rise to a current whose magnetic field 
opposes the original magnetic flux. This physical phenomenon is expressed in the 
relationship between Lenz’s law and Faraday’s law of induction: 
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휀 =  −
𝜕Φ𝐵

𝜕𝑡
      (5-2) 

Note how the induced electromotive force and the change in magnetic flux have opposite 
signs. This means that the direction of the induced electromotive force is always such that 
it will oppose the change in magnetic flux which produced it.  

The process of current induction and magnetic field generation continues in a similar 
fashion, with the energy diffusing downwards and outwards resulting in greater 
penetration depth with time. At the surface, the decay rate of the secondary magnetic 
field as function of time is monitored by measuring the voltage induced in a receiver coil 
located in the center of the sounding setup (Figure 5.1). 

 

Figure 5.1 TEM sounding setup with the induced currents diffusing downwards and outwards like a smoke 
ring. The bottom graphs show examples of transmitted current, as well as an example of the decaying 

measured voltage with time. (adapted from Flóvenz et al., 2012) 

The receiver coil records the voltage output from the induced currents until the signal 
arrivals cannot be traced before being drowned in noise. The exact moment when the 
background noise is stronger than the desired signal is related to the penetration depth. 
The depth of penetration of the sounding depends on the resistivity characteristics of the 
subsurface as well as on the equipment and field layout used (setup geometry, current 
transmitted and its frequency). For typical setup geometries and frequencies, the 
penetration depth is somewhere less than 1 km, then again, depending on the resistivity 
of the subsurface (Flóvenz et al., 2012). Once the voltage output is recorded as a function 
of time for the entirety of the sounding, the decay rate can be interpreted in terms of the 
subsurface resistivity structure. The apparent resistivity can be expressed as: 

𝜌𝑎(𝑡, 𝑟) =  
𝜇0

4𝜋
|
2𝜇0𝐼𝐴𝑟𝑛𝑟𝐴𝑠𝑛𝑠

5𝑡
5
2𝑉(𝑡,𝑟)

|

2

3

     (5-3) 

Where: 𝜇0 −  magnetic permeability of free space 
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  𝐼 − current in Amperes 
  𝐴𝑟 − cross-sectional area of the receiver coil in m2  
  𝐴𝑠 − cross-sectional area of the source coil in m2 
  𝑡 − time elapsed after the current in the source is turned off 
  𝑟 – radius of source loop  
  𝑉(𝑡, 𝑟) − Voltage induced in the receiver coil  
  𝑛𝑠 − number of windings in the source loop  
  𝑛𝑟 − number of windings in the receiver loop 
 
The term apparent resistivity (𝜌𝑎) is used to describe the results of the TEM sounding. For 
TEM however, it is more appropriate to refer to it as late-time apparent resistivity, as it is 
a function of time after the current turn-off. At late times, after the current has reached a 
value of zero, the induced currents in the ground have diffused way below the surface 
and the response is independent of near-surface conditions (i.e. no static shift). 
Furthermore, is important to point out that the voltage recorded, and consequently the 
apparent resistivity, is also dependent on the radius of the source loop.  

5.1.1 Turn-off time 

An important characteristic of the TEM method is the turn-off time (TOFF). As mentioned 
before, the observation that the current is abruptly turned off before the induced current 
and secondary magnetic field are generated needs some clarification. It is impossible to 
turn off the current instantaneously, as it would induce infinite voltage in the source loop. 
For that reason, the transmitter is designed to turn off the current linearly from maximum 
to zero in a short but finite time, called the ramp time or turn-off time (Flóvenz et al., 
2012).  Thus, the actual zero time of the transient is when the current has become zero. 
The transmitter and receiver are synchronized so that the receiver knows when the 
transmitter turns off the current (Figure 5.2). The communication between transmitter 
and receiver can be done through a reference cable, a synchronized high precision crystal 
clock, or using GPS synchronization.  
 
Once the receiver records the turn-off time, it starts recording the induced voltage, at 
prefixed time gates, as a function of time after turn-off and stacked over a number of 
cycles (user defined). Time gates are used to accurately measure and record the 
amplitude of the decaying voltage in successive time windows. At early times, where the 
transient voltage is changing rapidly with time, very narrow time gates are used, and at 
later times, when the transient voltage is decaying more slowly, broader time gates are 
used (Figure 5.2). Therefore, it is important that the transmitter communicates with the 
receiver as soon as the turn-off time is measured, so the time gates can be located 
accordingly.     
 
Examples of ramp time or TOFF, time gates and expected shape of the curves for the 
transmitted current, electromotive force and voltage output induced from the secondary 
magnetic field, can all be seen in Figure 5.2. 
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Figure 5.2 Sample curves showing the transmitted current (top), induced electromotive force (middle) and 
decaying secondary magnetic field (bottom). Notice in the top graph, the linearly decaying turn-off time 

(TOFF) of the current source. (adapted from Christiansen et al., 2006)    

5.2 EM processing and Inversion 

Once the measurement has been done, and the data stored, the data are processed in 
the following steps: 

1. Calibrate data from internal to SI units 
2. Reject outliers and noisy readings 
3. Average over repeated readings 
4. Calculate voltage and apparent resistivity as a function of time after TOFF 

In the resistivity study around Eyjafjallajökull, the processing of TEM data was done using 
the program TemX, developed by ISOR (Iceland GeoSurvey; Árnason, 2006a).  

Once the field measurements have been processed, the results are inverted for specific 
resistivity values and thicknesses in terms of a horizontally layered Earth model or the so-
called Occam Earth model (Constable et al., 1987), with homogeneous and isotropic 
layers, to obtain a 1D model below each sounding site. The difference between the 
inversion models is that an Occam model assumes that the resistivity varies smoothly 
with depth as numerous thin layers of fixed thicknesses rather than in discrete horizontal 
layers. More on the processing and inversion of TEM data is found in Chapter 7. 

5.3 Field equipment and practice 

A common setup for a TEM sounding is shown in Figure 5.1 (note, however, that the 
source loop is usually square instead of circular as on the figure). Typically, the size of the 
source loop is between 100 m x 100 m and 300 m x 300 m square loop which transmits a 
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current of around 20-25 Amperes with frequencies of 25 and 2.5Hz (Flóvenz et al., 2012). 
However, depending on the depth of interest, very low frequency of 0.25 Hz is sometimes 
used. For deep probing, low frequency signals are used, whereas for shallow depths, high 
frequencies are used. The size of the source loop is also dependent on the target depth of 
the study, with less size resulting in less penetration depth. For example, a square loop of 
200 m x 200 m would result in a penetration depth of around 500 m.  

Two receiver loops are commonly used by ISOR. A circular loop with an effective area of 
100 m2(cross-sectional area of 1m2 and 100 windings) and a square loop with an effective 
area of roughly 5000m2 are normally used (Hersir, 2016d). The receiver coil monitors the 
voltage decay and stores information about the voltage at the time gates, selected 
frequency, selected gain, effective area of the source and receiver coil, plus the current of 
the source loop and turn-off time. A standard practice is to record several datasets (each 
with different gain) for processing and stacking to reduce the influence of noise on the 
data (Flóvenz et al., 2012). 

5.4 Advantages of TEM soundings 

Transient electromagnetic methods have become a standard technique in shallow studies 
of the subsurface for various industrial sectors such as groundwater studies and 
monitoring, mining and geothermal exploration, among others. This is mainly due to the 
numerous advantages it has, not only to other EM methods, but also to popular DC 
sounding methods used in the field. These advantages can be summarized as follows 
(Flóvenz et al., 2012): 

• No current has to be injected directly into the Earth, which facilitates data 
collection in areas where the contact resistivity in the surface is very high and thus 
current transmission (DC soundings) is difficult. In Iceland, for example, using TEM 
on snow is quite common. 

• Distortions due to local resistivity heterogeneities are small, since the signals are 
at late time independent of near-surface variations. This means no static shift in 
TEM. 

• TEM is much less sensitive to lateral resistivity variations than DC methods. Thus, 
1D inversion is better justified. 

• In areas where the subsurface resistivity is low, signal arrival is strong for TEM 
soundings. This is of great use for geothermal areas for example. 

• TEM field work needs less man power than other methods, and measurements are 
relatively fast to perform. 

It is then easy to see why TEM has become an excellent tool for geophysical surveying in 
present times. Not only it is a cost-effective and time efficient sounding method, but also 
complements well with other techniques, such as MT, in order to resolve important 
sources of error such as the static shift.  
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6 EM Survey Campaigns 2011/14/16 

Eyjafjallajökull  

The latest eruption on Eyjafjallajökull took place roughly between March and late May of 
2010. Various geophysical studies were performed to understand the mechanisms behind 
the eruption itself which was the culmination of almost two decades of subsurface 
activity. Some of these studies were described in earlier chapters, and included InSAR, 
GPS and seismic studies (Dahm and Brandsdóttir, 1997; Sturkell et al., 2003; Pedersen and 
Sigmundsson, 2004; Pedersen and Sigmundsson, 2005; Sigmundsson et al., 2010; also 
refer to Chapter 2.4 for a summary of these). 

EM methods, despite being far more sensitive to fluid distribution and alteration minerals 
than any other geophysical method, they have not become a standard tool for volcanic 
research, except in geothermal prospecting (few examples summarized on Muñoz, 2014; 
also see Árnason et al., 2010 and Hersir et al., 2013). However, research on the melt 
distribution of volcanic structures using these types of measurements has picked up in 
recent times, with examples from Mount St Helens and Mount Adams in the USA (Hill et 
al., 2009) showing that the use of EM methods to enhance subsurface exploration and 
understanding of volcanic areas is a realistic and very promising approach. In Iceland, EM 
surveys were originally conducted for crustal and mantle imaging for modelling studies of 
the Icelandic subsurface, a summary is given in Bjornsson et al. (2005). For the past 
couple of decades, the method has mainly been used for geothermal exploration studies. 
It is surprising to see that EM methods (MT in particular) have not been applied more 
thoroughly to help investigate volcanic systems in detail.      

Therefore, to complement results from other studies on Eyjafjallajökull, and with the 
2010 eruption having caught the attention of the scientific community, a joint study 
between the Dublin Institute for Advanced Studies (DIAS) and Iceland GeoSurvey (ISOR) 
took place in July 2011 to study the electrical resistivity structure of the volcano using 
electromagnetic methods (Miensopust et al., 2014). Additionally, two short campaigns 
took place in 2014 and 2016 in the same area as the 2011 study. These campaigns were 
done in collaboration with students from the University of Iceland (HI), as part of a 
Geophysical Exploration course taught there, with guidance and equipment provided by 
ISOR. 

6.1 TEM survey and equipment details  

All the TEM measurements in the 2011 campaign were done by ISOR. They were located 
close to each of the MT sites (except for station 116, Figure 6.3). Because TEM results 
were to be used mainly to correct for the static shift of the MT data, only high frequency 
data were collected (i.e. injected current frequency of 25Hz) to hasten the acquisition 
process. No TEM stations were installed in 2014 and 2016.  
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For the TEM measurements, the following equipment and specifications were used: 

• PROTEM time domain receiver from GEONICS (Geonics Limited, 2018; Figure 
6.1a). 

• TEM57-MK2 Transmitter from GEONICS (Geonics Limited, 2018; Figure 6.1a).  

• Frequency recorded at – 25 Hz. 

• Transmitter loop of 200 m X 200 m. 

• Receiver circular loop with an effective area of 100 m2 (100 windings and 1 m2 
cross-sectional area, Figure 6.1b).  

• Synchronization between transmitter and receiver done by a highly stable quartz 
crystal clock. 

• In total, 25 TEM measurements were done close to the MT stations. Note that MT 
station 116 has no associated TEM. 

• Transmitted current was usually between 18 and 22 Amperes. 

 

 

 

 

 

 

 

 

 

     

 

6.2 MT survey and equipment details  

In total, data from 30 broad-band MT stations (BBMT) are used for obtaining the results 
of this study. Originally, 26 MT stations were measured in 2011, with an additional 3 in 
2014, and 2 in 2016. The MT survey in 2011 took place simultaneously with the TEM 
survey (i.e. July 2011), whereas the 2014 and 2016 campaigns took place in late 
September and early October, respectively.   

In 2011, the MT equipment was provided by DIAS and ISOR, while ISOR provided the MT 
equipment for 2014 and 2016. Nevertheless, for all three campaigns the MT equipment 
had very similar specifications and characteristics (equipment produced by Phoenix 
Geophysics). The details of the surveys and equipment used can be summarized as 
follows: 

a b 

Figure 6.1  (a) PROTEM and TEM57-MK2 instruments (transmitter and receiver) used in the 2011 
campaign, (b) the receiver loop for high frequency TEM data acquisition (effective area 100 m2) 
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• Due to the difficult terrain (e.g. steep slopes) and lack of equipment to do MT on 
the glacier, the distribution of the stations follows a profile-based type of array 
rather than a equi-distant setup, as the latter is logistically impractical for this 
scenario (Figure 6.3). 

• Out of the 30 MT stations installed, only station 113 (from 2011) was discarded for 
processing, as it was damaged by Icelandic horses after 5.5 hours and no 
significant data were recovered. 

• MTU-5A recording boxes from Phoenix Geophysics were used at each site (Figure 
6.2a) 

• MTC-50 induction coils from Phoenix Geophysics (Figure 6.2c) for measuring the 
horizontal and vertical components of the magnetic field (no vertical magnetic 
field component was measured for station 105). 

• Time-series recorded for approximately 40 hours at most sites. 

• Remote reference station located at approximately 150 km away from the survey 
area collected MT reference data during the acquisition time (no remote station 
during 2016 campaign). 

• Good quality data are within the period range of 0.003s to a few thousand 
seconds (1000-2000 s). 

• Electric field components (𝐸𝑥 and 𝐸𝑦) were measured using non-polarizing PE4 

electrodes from Phoenix Geophysics (Figure 6.2b). These Pb-PbCl electrodes (lead-
lead chloride) were laid out in a cross with dipole lengths of ~100 m.  

 

 

 

 

 

 

 

 

   

 

 

 

Pictures from the field campaign in 2011 are shown in Appendix B.  

a b 

c 

Figure 6.2 (a) MTU-5A acquisition unit and GPS antenna, (b) example of a Pb-PbCl 
electrode used in the field and (c) MTC-50 magnetic sensor coils used in the field 
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6.3 Location of Study area  

The location of the stations for the three EM campaigns in 2011, 2014 and 2016 is shown 
on Figure 6.3. The distribution of the stations across the area of interest suited a profile-
type of modeling and interpretation. Therefore, five profile lines were drawn to make 
cross-sections of the subsurface around Eyjafjallajökull. The coverage of the profiles was 
based on proximity to stations and areas of great interest, trying to make use of all the 
stations at least once. For instance, the Fimmvörðuháls profile aims to explore the 
subsurface below the flank eruption site, and the W-E Center profile aims to image some 
evidence of the sill layers proposed by Pedersen et al. (2004, 2006) and Sigmundsson et 
al. (2010). To make use of the 2014 and 2016 stations, an alternate profile of the northern 
cross-section, called the HI profile, is also discussed later in this thesis to look for 
significant differences, if any, on the resistivity distribution of that area 3 to 5 years after 
the initial campaign of 2011.     

For the complete information about the TEM and MT stations from the three campaigns, 
refer to Appendix A. 
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7 Processing of TEM and MT data 

The next step in the workflow for the geophysical study, after the acquisition phase, is the 

processing of the data. As mentioned before, from the Eyjafjallajökull campaigns of 2011, 

2014 and 2016, TEM and MT data were obtained from 25 stations (5 additional stations 

have no TEM data), with the purpose of inverting the data to obtain a 1D model of the 

subsurface resistivity around the glacier. The script routines and software license used to 

process the different sets of data and to do the 1D joint inversion were provided by ISOR. 

7.1 TEM processing 

The first step is to process the TEM datasets stored in the receiver memory during the 
field campaign. One dataset consists of voltages (stacked over a number of cycles) at 
different times after the current was shut off, gain value and effective area of the receiver 
loop. The program TemX, written in ANSI-C by staff at ISOR, is then used to evaluate the 
datasets and process the results (Árnason, 2006a). The program performs normalization 
of the voltages and produces a graphic display of the dataset that allows the editing of 
outliers, to perform stacking to increase the S/N ratio, and to calculate and obtain the 
appropriate response curves for the late time apparent resistivity for each station. Once 
the data have been edited, a file with the extension .inv is produced by the program for 
further use in the inversion stage.  

7.1.1 Using TemX for the Eyjafjallajökull TEM data 

TEM data from the 25 stations were processed using TemX. The main window of the 
program can be seen in Figure 7.1. From the main window, options to mask outliers and 
adjust the margins of the plot are available at the top of the window, with the effect of 
masking points in the voltage data shown immediately in the apparent resistivity curve. 
Data of different frequency are shown by different colors. However, since only high 
frequency data were collected in this survey, only one color is presented here (Figure 
7.1).   

TemX was used for each dataset and the workflow was similar for each sounding. First, 
checking obvious outliers that should be removed or masked. Second, typing the 
corresponding information in the header of the station. Finally, when the response curve 
was up to the standards and all the information entered into the program was correct, 
the results were exported to an .inv file.     
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Figure 7.1 TemX main window. The left panel shows the voltage response as a function of log-time and 
corresponding late time apparent resistivity as a function of log-time. The right panel shows the header 

input table.  

7.2 MT data processing 

The MT data collected around Eyjafjallajökull were processed using Phoenix processing 
software package (Phoenix Geophysics, 2005). Two programs were used, SSMT2000 
(including time series viewer) and MTEditor. SSMT2000 was used to visually inspect the 
time series of each station for the different magnetic and electric field components, 
Fourier transform these to the frequency domain, and finally to process them and obtain 
multiple auto- and cross-powers to calculate the resistivity and phase curves. MTEditor 
was used to graphically edit the results of SSMT2000 and export the results as .edi files 
for further use at the inversion stage.         

7.2.1 Pre-processing stage and preparation of data 

As mentioned in Chapter 6.2, a remote station located approximately 150 km away from 
the study area was installed during the campaigns of 2011 and 2014. In the campaign of 
2011, the remote station had to be restarted due to battery replacement three times. 
Thus, remote reference data covers four distinct time ranges over the entire survey 
campaign. For the 2014 campaign, the remote station ran throughout the complete 
survey.  

In the case of the 2011 campaign, some of the stations were up and running during a 
battery replacement of the remote station, as seen in Figure 7.2. The MT soundings were 
organized according to the remote station, such that stations that were running during 
the same time as the remote station were grouped together in the same folder (Figure 
7.2). For those stations that ran while the battery had to be changed in the remote 
station, it was necessary to make copy of the data and group them together with each of 
the remote stations that it overlapped.  
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In the end, four main folders were created, each one containing data from one remote 
station and various local stations that ran simultaneously within the same time frame. 
These folders include the necessary input files for SSMT2000. It is, therefore, of great 
importance to make sure that the files are grouped correctly in folders and that no data 
are missing or misplaced.  

 

Figure 7.2 Time series range window from SSMT2000 showing the remote reference station (1925718A) and 
corresponding data from local stations running simultaneously.  

7.2.2 Using SSMT2000 for the Eyjafjallajökull MT data 

The SSMT2000 program is used to handle the raw time series obtained from the MT 

acquisition performed around Eyjafjallajökull. The program requires three important 

paths (Figure 7.3 left): 

• The table files (.TBL) of each station containing the time series and the setup 

parameters. 

• To the corresponding calibration files for the recording instrument (MTU-5A 

recording box, .CLB) and sensors (e.g. magnetic coils, .CLC) used during the survey. 

For each campaign, a specific folder with the calibration files for the sensors and 

recording unit was available. The table file from each MT station was organized 

depending on the remote station and date of installation. Stations that share the same 

dates, times and remote station are found under the same folder path.  

In addition, SSMT2000 has a few other useful options available to review the data before 
processing them. For instance, it is possible to view the time series of the magnetic and 
electric fields components for each of the soundings using the Synchro Time Series View 
application from the Phoenix processing package (Figure 7.3 right). Lastly, from the 
program window, one can access the header of each sounding and edit the setup 
parameters if needed (edit TBL tab). 
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Once all the paths have been defined and data have been properly handled, the time 
series are transformed to the frequency domain and the Fourier coefficients are 
obtained. These are then reprocessed with data from the reference station by adjusting 
the processing parameters to a robust or non-robust processing routine (edit PRM tab, 
Figure 7.4; see below for more on robust and non-robust routines). Once the robust (or 
non-robust) processing is carried out, the output is a file containing multiple auto- and 
cross-powers for each of the frequencies analysed (User Guide Phoenix Geophysics, 
2005).  

 

 

Figure 7.3 (Left) Main window of SSMT2000 showing the required folder paths to process the raw time 
series files. (Right) An example from station 106 installed in 2011 showing individual time series for each 

component of the measured E and H fields. 

Figure 7.4 Example from SSMT2000 showing the processing setup parameters for robust (left) and non-
robust (right) routines for two different stations. 
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A robust processing routine is used to substantially reduce the effect of noise present in 
the data files. Two filter schemes are available, coherency and resistivity variance (User 
Guide Phoenix Geophysics, 2005; Figure 7.4). Coherency compares survey site data with 
reference site data, and process only data that are coherent. Resistivity variance is a 
second stage of coherency processing that compares the telluric and magnetic results 
from the first stage, and selects data where the results are coherent. The main idea is to 
reduce the cultural noise that is present at the survey site but not in the reference site. 
However, it is important to keep in mind that the same sources of cultural noise may 
affect both the survey and reference sites, making the noise in the data coherent. In cases 
like this, a non-robust processing routine is more appropriate.   

To understand the different options and capabilities that the processing software could 
offer, all the MT soundings were processed using a robust and a non-robust routine. The 
idea was to see which approach would yield the better results for the Eyjafjallajökull data. 
The results were positive towards the use of robust processing as the results produced a 
high number of cross-powers with small error bars and very little noise interference (with 
most of the bad data filtered out during the robust processing) while maintaining the 
overall shape of the curve. However, this was not always the case, as the robust 
processing also seemed to introduce unwanted effects on the data around the frequency 
range of the dead-band (0.5 -5 Hz) for some of the soundings (Figure 7.5), enhancing the 
poor-quality signal data instead of filtering them out. These “artifacts” could be a 
problem during the inversion and interpretation of results, so for these soundings a non-
robust processing routine was chosen instead.  

 

 

 

 

 

 

 

Figure 7.5 Results of robust (left) and non-robust (right) processing routines on station 101. Notice 
the difference around the dead-band range on the YX-polarization curve from both results. 
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7.2.3 Using MTEditor for the Eyjafjallajökull MT data 

The output files from SSMT2000 are used as input to the MTEditor program to display the 
resistivity and phase curves as well as the cross-powers that are used to calculate each 
point of the apparent resistivity and phase curves (User Guide Phoenix Geophysics, 2005). 
The program allows manual and automatic editing of the auto- and cross-powers. Once 
all the auto- and cross-powers have been analysed, the program exports the results as 
industry-standard EDI files to be used in inversion software.  

In the three campaigns around Eyjafjallajökull, most of the MT data provided excellent 
results with very little overall noise contamination. Most of the cross-powers that needed 
to be edited were either very easy to spot or had little or no significant impact on the 
overall shape of the resistivity (and phase) curve. A common trend when editing the data 
was to analyse carefully the low frequency cross-powers (Figure 7.6a) as they tend to 
have larger uncertainty than the higher frequencies. Additionally, there was some 
uncertainty in the high frequency cross-powers (>100 Hz, Figure 7.6) due to galvanic 
distortion effects from surficial bodies affecting the MT data (i.e. static shift). However, 
these cross-powers were of low importance in the editing as static shift correction using 
TEM data meant that these would be discarded in the joint inversion.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 

b 

Figure 7.6 Processing results 
from station HI01 (2014 

campaign) using SSMT2000 and 
displayed in MTEditor. (a) 

Shows the response curves 
before editing noisy and bad 

quality cross-powers, with most 
of the editing needed to be 

done for the low frequencies. 
(b) Results after editing the 
cross-powers showing more 

reasonable sensible curves for 
the resistivity and phase 

response. 
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Finally, to test functionalities of the MTEditor, other options such as automatic editing 
were tested with mixed results (Figure 7.7). It was concluded that the algorithm that 
automatically chooses what cross-powers to edit tends to make significant errors, 
especially for the low frequency points, and is considered somewhat reliable only in cases 
when very little uncertainty is seen in the data. Because of this, it was preferred to stick 
to the standard approach of manually editing the points to obtain more reliable results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The processing of the MT data using the Phoenix software package was successful for 
most of the soundings, except for station 113 from the 2011 campaign (not shown in 
Figure 6.3) which was damaged by horses during recording.  In the campaigns in 2011 and 
2014, remote reference stations were installed to improve the quality of the data by 
removing some of the noise introduced to the MT data by local noise sources. Thus, the 
data were processed with respect to the magnetic field of the reference station as it 
tends to be less noisy than the electric field, particularly for long periods. In the 2016 
campaign, no remote reference station was installed. Instead the data were processed 
with respect to the local magnetic field due to it being less sensitive to noise 
contamination by local anomalies than the electric field. Standard practices in data 
acquisition has shown that a remote reference station tends to be a good choice for 
improving data quality, especially in areas densely populated. However, because the area 
around Eyjafjallajökull is quite isolated, no local noise signals that could influence the MT 
readings were expected.   

a 

b c 

Figure 7.7 Comparison between automatic and manual editing of cross-powers in MTEditor. (a) Original 
data from SSMT2000. (b) auto edited cross-powers. (c) manually edited cross-powers. 
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8 Modeling and Interpretation of 

results 

The modeling of resistivity soundings is either done by solving the forward problem or 
inverse problem. The forward problem deals with predicting the apparent resistivity 
responses that would be observed at arbitrary locations and frequencies given a 
hypothetical model of the Earth’s resistivity structure. The inversion problem infers the 
Earth’s resistivity structure based on actual observations of apparent resistivity responses 
at specific locations and frequencies. Solving the inverse problem involves finding one or 
more models of resistivity whose predicted responses match, or fit, the observed 
response. For this study, we aim to solve the inverse problem by inverting MT and TEM 
data jointly to obtain 1D resistivity models of the subsurface around Eyjafjallajökull.   

8.1 1D Joint Inversion 

The inversion program TEMTD was used to perform the 1D joint inversion. The program 
was written by Árnason (2006b). It performs 1D inversion with horizontally layered earth 
models of MT and TEM data both jointly and separately and uses the gnuplot graphics 
program (Figure 8.1) for graphical display during the inversion process. For joint inversion 
of TEM and MT data, the program determines the best static shift multiplier for the MT 
response based on the TEM results and fits both sets of data accordingly. The static shift 
multiplier is one of the parameters that the program inverts for. 

The inversion algorithm follows the Levenberg-Marquardt non-linear least square 
inversion method as described by Árnason (1989). As mentioned in Chapter 4, the 
impedance tensor elements (Zxx, Zyy, Zxy and Zyx) can be used to calculate the resistivity 
and phase in different ways (equations 4-43 to 4-48, section 4.2.2), either the 
determinant, geometric mean or arithmetic mean of the impedance tensor. The program 
allows the user to choose between these, with the determinant impedance the most 
common and best suited for data inversion as it represents all the elements of the 
impedance tensor (Flóvenz et al., 2012). Furthermore, it is possible to invert based on a 
standard layered model or Occam model (i.e. minimum structure inversion). A layered 
model inverts for both resistivity and layer thicknesses, while an Occam model inverts 
only for resistivity and keeps the layer thicknesses fixed and one can force the resistivity 
distribution to be smooth between layers. The smoothness of the inversion model 
(layered or Occam) is adjusted by parameters that control the damping of the first and 
second order derivatives of the logarithm of the conductivities with depth (damping of 
layer thicknesses is also possible in case of a layered model). Damping the first order 
derivatives counteracts sharp steps in the model, whereas damping the second order 
derivatives counteracts oscillations on the model values (Árnason, 2006b).  

The TEMTD program calculates the misfit between calculated and measured data through 
the following expression: 
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𝜒2 = ∑
(𝑑𝑖

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑−𝑑𝑖
𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑)2

(𝜎𝑖
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)2

𝑁
𝑖=1     (8-1) 

The misfit function or chi square value 𝜒2(chi-squared or chisq) is the root-mean-square 
difference between measured and calculated values, weighted by the standard deviation 
of the measured values (shown as 𝜎 in equation 8-1). N represents the number of data 
values. 

The idea is to aim for a 𝜒2 value that is as small as possible, meaning that the calculated 
data fits the observed data as well as possible. However, is important to be careful with 
this, because having a very small value for the misfit (𝜒2) can also mean that some of the 
noise is being fitted, and the results may be deemed unreliable. 

 

Figure 8.1 TEMTD results from 1D inversion of TEM station 525617 after 10 iterations shown on the gnuplot 
graphic interface. The left panel is the voltage response (log-voltage vs log-time), and the right panel is the 

apparent resistivity response (log-resistivity vs log-time). Purple crosses are the measured data, green line is 
the calculated data, yellow squares around a “zero line” on the left panel represent difference between 

model and measured data, yellow squares on the right panel represent uncertainty of the model for that 
layer (the higher above the x-axis, the greater the uncertainty), and model on the right panel is the best 

model.   

8.1.1 1D Inversion of Eyjafjallajökull data  

For the Eyjafjallajökull resistivity data, an Occam model was preferred for the inversion 
procedure as opposed to the layered approach as it represents a more realistic scenario 
(i.e. there are presumably no abrupt changes in resistivity over short depth ranges in 
reality). To opt for a layered approach is a good idea for shallow subsurface studies where 
model parameters (e.g. number of layers) can be constrained more easily. However, 
fitting simple layered models can still be very challenging, as there is a delicate balance 
between suppressing significant structures by including too few parameters in the model 
and introducing spurious structures by including too many parameters (Constable et al., 
1987).     
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The steps for producing the 1D joint Occam inversion models for the Eyjafjallajökull data 
can be summarized in the following steps: 

1. Run TEMTD to create a model based only on MT data, where number of layers (N), 
initial constant resistivity for a homogeneous half-space (C), thickness of top layer 
(D), depth to the basement half-space (H), static shift initial value (z) and damping 
parameters (R and S) are specified.   

2. Run TEMTD again with the above model used as an initial model. This time the 
TEM and MT data are inverted jointly, damping parameters R and S are specified 
once again, and some data points removed (if needed).  

3. Plot the results using a plotting program called mtpl1d that shows the resistivity, 
phase and model plots (Figure 8.2)     

4. Steps 1-3 are repeated for each sounding. 

An example of the results for the 1D joint inversion is shown in Figure 8.2.  The static shift 
problem is dealt with by letting the TEM curve (red diamonds in Figure 8.2) tie into the 
MT curve. The TEM curve is plotted here as a function of period following the simple time 
shift found by Sternberg et al. (1988); i.e. the TEM time scale (in ms) is divided by 200. 
This allows for the TEM and MT curves to be in the same frequency domain. Furthermore, 
for better fit of the calculated and measured curves, the very short period data points 
(depending on sounding, number of points varied) of both the MT and TEM data were 
sometimes removed, as well as any other obvious outliers or points with very large error 
bars. Removal of data as described here is debatable, but in this study it was done to 
make the inversion converge.   

 

Figure 8.2 1D joint Inversion of data from MT station 102 and TEM station 769719. The right panel shows 
the 1D resistivity model that best explains the measured data. The apparent resistivity and phase are in the 
upper and lower left, respectively. The red diamonds and blue squares and circles are the measured TEM 

and MT data, respectively. The green line (solid for MT data and dashed for TEM data) in the apparent 
resistivity and phase graphs are the responses of the model to the right. The shift multiplier to correct is 

0.939, and the chisq value of 0.66 indicates a good fit. The number in the parenthesis tells that there were 
16 m between the MT and TEM sites and an elevation difference of 3 m.  
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Overall, most of the inversion results showed high resistivity for the shallow layers and 
interleaved layers of conductive and resistive layers with increasing depth. The results of 
the inversion were exported to a text file with the extension .plo for each of the 
soundings. A single .plo file contains information on the recorded and calculated data 
points, resistivity and phase values of the final response, the model and a chisq value.  

The final models obtained from the 1D inversion for each of the soundings can be found 
in Appendix C. 

8.1.2 Correcting for static shift  

TEM measurements were collected during the campaign of 2011 to correct for the static 
shift of the MT data. The results of the shift correction can be seen in the results of the 
inversion routine, and a value for the shift multiplier is provided as well (Figure 8.2). The 
shift multiplier is defined as the value needed to divide to the MT data to correct for the 
static shift effect. A shift multiplier below 1 refers to a downward shift, whereas a 
multiplier above 1 refers to an upward shift. A downward shift means that the MT 
apparent resistivity curve has been shifted down and needs to be shifted upwards by 
dividing by a number less than 1. On the other hand, upward shift means that the MT 
apparent resistivity curve has been shifted up and needs to be shifted downwards by 
dividing by a number greater than 1. 

In the 2014 and 2016 campaigns, no TEM measurements were carried out, so the 
inversion was done by using only MT data. The steps to produce the model files were the 
same as outlined before. However, since no joint inversion was done, the output text file 
with the model resistivity and phase was simply an updated EDI file. To correct for the 
static shift in the absence of TEM measurements, a map with the static shift values was 
created (Figure 8.3) from the 2011 campaign data. The most likely shift multiplier for 
those MT stations with no TEM pair was extracted from this map. This technique was also 
applied to station 116 from 2011.  

From the static shift contour map, a defined pattern and distribution can be seen and the 
most likely shift multiplier that can be expected for the no TEM-MT soundings. For 
instance, looking at the two stations from 2016 and the area where they are located, it 
can be concluded that a shift multiplier between 0.85 and 0.9 for station 16HI02 is likely 
(in the end 0.88 was chosen). A shift multiplier below 0.85 seems appropriate for station 
16HI01 (0.83 was chosen in the end). The shift multipliers for all stations can be seen in 
Appendix A. 

It is important to note that the accuracy of this technique, as it is based on qualitative 
observations from the static shift map, is regarded to be less reliable than using TEM 
measurements to correct for the static shift. Furthermore, the static shift is often a local 
phenomenon, which means that a shift in one site does not necessarily mean the same 
shift in a site close by. However, since most of the stations with no TEM pair are located 
very close to those with a TEM pair (<1 km apart, except for station 116 from 2011) and 
the shift multipliers don’t seem to vary a lot in this area, the results from this approach 
are deemed acceptable. Thus, the corrected MT data from 2014 and 2016 are included in 
the interpretation and analysis of the subsurface resistivity models of Eyjafjallajökull.    
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Figure 8.3 Static shift contour map of the area around Eyjafjallajökull.   

 

To analyse the results of the static shift correction, a histogram was put together to 
summarize the frequency of static shift multipliers seen across the data (Figure 8.4a). The 
static shift multipliers for all the soundings ranged approximately between 0.65 and 1.1, 
with the lowest value being 0.685 for station 115 and the highest value being 1.052 for 
station 125. However, as can be seen from Figure 8.4a, most of the shift multipliers were 
between 0.81 and 1, a total of 18 soundings or 60% of all the soundings. Furthermore, a 
total of 8 soundings have a shift multiplier between 0.91 and 0.95, which makes it about 

a b 

Figure 8.4 (a) Histogram of the static shift multipliers. (b) Graph of static shift multipliers as a function of 
elevation in meters. Dashed line at 1 shows boundary between shift up and down. 
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27% of all the soundings. Thus, we conclude that the static shift problem in this area is 
not significant. 

Since the area around Eyjafjallajökull consists of quite elevated areas and steep 
topography, it is useful to investigate what influence the current distortion due to 
topography has on the static shift results. Figure 8.4b shows the distribution of the shift 
multiplier with increasing elevation. From this we can see that downward shifts (shift 
multiplier less than 1) are more common than upward shifts (shift multiplier above 1). 
This observation makes sense, since at ridges or crests (i.e. topographic highs) the 
induced current density spreads out which leads to lower apparent resistivity than the 
true resistivity (refer to Chapter 4.4). Unfortunately, since the spatial distribution of the 
soundings doesn’t correlate well with the different elevations in the area (not many 
soundings were done at elevations higher than 300 meters, only 5 stations were installed 
above that elevation), it can be hard to make assured conclusions with respect to how 
much the topography influenced the static shift in the data. 

8.2 Interpretation of results   

After the inversion has been carried out, the 1D models of the subsurface produced by 
the EM soundings are ready for interpretation. The overall idea was to use the output PLO 
files and EDI files (for those MT only inversions) from TEMTD and show various ways of 
interpreting the results graphically. The first step was to produce depth map slices for 
different depths using the program temresd, a bash Unix shell program used in Linux OS 
and developed by ISOR (Eysteinsson, 1998). The next step was to produce resistivity 
cross-sections of different profile lines (see Figure 6.3, Chapter 6) using the program 
temcross, also developed at ISOR (Eysteinsson, 1998). Finally, phase tensor analysis on 
data available from the MT processing is presented in plane view maps for different 
periods, with results obtained from the python toolbox mtpy developed by scientists in 
Australia (MTpy toolbox, 2018). Numerous functions from the Generic Mapping Tools 
(GMT5; Wessel et al., 2013) collection were used to produce the depth slices, cross-
sections and phase tensor maps. 

8.2.1 Resistivity depth slices  

The first way of visualizing the results from the 1D models was to plot them as resistivity 
depth slices using the program temresd. The program interpolates the resistivity values 
from each inversion model across an area defined as a polygon (user defined shape of 
polygon) to focus the area of interest. The uncertainty of the interpolation is of course 
related to the location of the stations and how close they are to each other, as such, an 
equidistant array of stations is ideal. However, this is difficult in the area around 
Eyjafjallajökull due to the hardly accessible terrain and the glacier forcing the stations to 
be located on a profile-based type of an array. Because of this, some of the stations are a 
bit apart from each other, especially those located to the south and north of the glacier, 
leaving the area under the glacier the less covered and with the highest uncertainty.  

An example of a resistivity depth slice is shown in Figure 8.5, showing the resistivity of the 
subsurface at 100 meters b.s.l. In this map, only the 2011 stations are included, due to the 
2014 and 2016 stations being located too close to the 2011 stations. Therefore, we 
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decided to do two versions of the resistivity depth slice for each depth, one with only the 
2011 stations and another with the 2014 and 2016 stations included (replacing the 2011 
stations located too close, Figure 8.6). The idea was to compare the results and see if the 
removal of the 2014/2016 stations from the depth slices affected the results somehow. 
For reference, the resistivity scale shown on the color bar is represented in logarithmic 
scale on the map.  

 

Figure 8.5 Resistivity at 100 meters below sea level. Results are from the 2011 campaign only. The values on 
the color bar for the resistivity are represented in logarithmic scale on the map. The glacier Eyjafjallajökull is 

outlined in black. 

 

Figure 8.6 Resistivity at 100 meters below sea level. Results are from all the campaigns combined. The 
values on the color bar for the resistivity are represented in logarithmic scale on the map. The glacier 

Eyjafjallajökull is outlined in black. 
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The results from Figures 8.5 and 8.6 (2011 and combined campaigns, respectively) are 
very similar, with low resistivity (8 to 15 Ωm) areas close to station 122, near 
Fimmvörðuháls, and to stations 101 and 102 to the NE. These areas of low resistivity can 
be attributed to the presence of clay minerals in the rock matrix, such as smectite, caused 
by low temperature alteration (100 to 230oC).  

Below, a few depth slices will be presented to show the resistivity distribution of the area. 
The interpretation will be based on the 2011 campaign only as the results from both 
versions (combined campaigns and 2011 only) are almost identical, but with the 2011 
inversion models considered more reliable (due to the more reliable static shift 
correction). The complete set of depth slices can be seen in Appendix D. 

Resistivity depth slice 1000 m b.s.l  

Figure 8.7 shows the resistivity distribution at 1000 meters below sea level.  Overall, most 
of the area indicates low resistivity with values ranging between 4 and 20 Ωm. At this 
depth, low temperature alteration bodies (100 to 230oC) with high content of smectite 
are the prime suspect.   

 

 

Figure 8.7 Resistivity at 1000 meters below sea level. The values on the color bar for the resistivity are 
represented in logarithmic scale on the map. The glacier Eyjafjallajökull is outlined in black. 
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Resistivity depth slice 5000 m b.s.l  

 

Figure 8.8 Resistivity at 5000 meters below sea level. The values on the color bar for the resistivity are 
represented in logarithmic scale on the map. The glacier Eyjafjallajökull is outlined in black. 

Figure 8.8 shows a more resistive distribution in comparison to the previous depth slices. 
The overall pattern is of high resistivity to the west of Eyjafjallajökull, and intermediate 
resistivity pretty much elsewhere. The resistivity values range from 30 Ωm, for the 
intermediate areas, to more than 70 Ωm for the area to the west. From this slice we can 
deduce that a conductive layer within the uppermost 5 km of the subsurface and of 
unknown thickness is present, as seen in Figure 8.7. 

Resistivity depth slice 10000 m b.s.l 

At 10000 m below sea level, there is clear indication of a conductive structure to the NE 

of Eyjafjallajökull, with values of 4 Ωm and less in some areas. Elsewhere, the resistivity 

values are rather intermediate with some indication of high resistivity to the SE of 

Mýrdalsjökull. At this depth, the conductive body to the NE can be related to a conductive 

layer within the lower crust that has been found in previous MT studies throughout most 

of Iceland (Hersir et al.,1984; Eysteinsson et al., 1985; Björnsson et al., 2005).  
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Figure 8.9 Resistivity at 10000 meters below sea level. The values on the color bar for the resistivity are 
represented in logarithmic scale on the map. The glacier Eyjafjallajökull is outlined in black. 

Resistivity depth slice 15000 m b.s.l  

The resistivity depth slice at 15 km (Figure 8.10) shows a similar pattern as the depth slice 
at 10 km (Figure 8.9). Remnants of the conductive body in the lower crust can be seen NE 
of the glacier, meaning that this structure has its thickest part in this direction. From this 
information we can assume that the deep-seated conductor is about 5 km thick in its 
most southern parts and significantly thicker to the north/northeast. 

 

Figure 8.10 Resistivity at 15000 meters below sea level. The values on the color bar for the resistivity are 
represented in logarithmic scale on the map. The glacier Eyjafjallajökull is outlined in black. 
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Resistivity depth slice 20000 m b.s.l  

 

Figure 8.11 Resistivity at 20000 meters below sea level. The values on the color bar for the resistivity are 
represented in logarithmic scale on the map. The glacier Eyjafjallajökull is outlined in black. 

The resistivity seen at 20 km depth shows very high resistivity close to the coast and a 
decrease in resistivity going inland. Furthermore, the conductive body seen in the two 
previous resistivity depth slices has mostly disappeared but there is still presence of lower 
resistivity rocks to the NE.    

Despite the survey layout of the three campaigns not being suited to this type of analysis, 
the results based on the depth slices are very informative. For instance, they confirm the 
existence two conductive layers, which will be referred as shallow and deep-seated 
conductors from now on. The exact depths will need to be confirmed in the cross-
sections, but initially, they are located approximately at a depth of around 1 km and 10 
km, respectively. The shallow conductor extends more consistently over the study area 
(even to the coast). Furthermore, it seems to be less than 4 km thick. On the other hand, 
the deep-seated conductor is only present in the areas far from the coast, but its 
thickness is expected to reach between 7 and 10 km in its thickest edge. 

8.2.2 Resistivity Cross-Sections 

Resistivity cross-sections were made for each of the profiles in Figure 6.3 using the 
program temcross (Eysteinsson, 1998). The program interpolates the 1D models obtained 
from TEMTD over a defined horizontal distance or profile, which includes a certain 
number of stations, and makes a cross-section of the results to a specified depth. The 
program allows the user to choose between two interpolation methods, namely 
triangulation and surface interpolation. In this study, two other methods were added to 
the program, greenspline and nearest-neighbor. The main idea was to test different 
options and compare the results. First, due to the long distances between some of the 
stations on the profiles, nearest-neighbor interpolation was dropped as it didn’t suit our 
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data. Second, the cross-sections produced by the surface function gave unsatisfactory 
results for the most part, and it was not possible to interpolate the data correctly using 
this method. The remaining two methods resulted in similar cross-sections, but when 
compared in detail there were significant differences between the two. 

The most noticeable difference between both interpolation methods was the level of 
stress put on the CPU. In general, greenspline interpolation produced “better looking” 
cross-sections, with very smooth edges between resistivity transitions. However, because 
of that, temcross could take a long time to produce a single section (depending on the 
depth). Furthermore, greenspline had significant issues when resolving data in shallow 
layers, sometimes introducing artifacts that were not present in the models, resulting in 
misleading cross-sections (Figure 8.12 bottom). On the other hand, cross-sections 
produced by the triangulation method lacked the smoothness of the greenspline results. 
However, no strange bodies or artifacts were introduced by this routine (Figure 8.12 top). 
Additionally, this approach did not put as much stress on the CPU, resulting in a faster 
processing time. 

An example of a cross-section for profile Fimmvörðuháls (see Figure 6.3 for location), 
using each interpolation method, is shown on Figure 8.12. The overall results are very 
similar, except for the smoothness of the lines and the shallow artifacts introduced by the 
greenspline algorithm.   
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Figure 8.12 Results from temcross using triangulation interpolation (top) and greenspline interpolation 
(bottom) to make a cross-section across Fimmvörðuháls. Notice the red colored shallow conductive pockets 

in the bottom section near stations 121, 122 and between 103 and 102, introduced by the greenspline 
function (i.e. no sign of these in the 1D inversion models). 

Finally, we decided to use temcross with the triangulation option (no fictitious features) 
to produce the cross-sections, at different depths, for all the profiles. Most of these cross-
sections will be shown below, but for the complete set of solutions see Appendix E.   
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Northern Profile SW-NE 

 

 

Figure 8.13 Resistivity cross-section of the Northern profile for 5 km (top) and 20 km (bottom) below sea 
level. 

In the uppermost 5 km a shallow conductive layer is present that extends all over the 
Northern profile, with values below 10 Ωm in some parts of the conductor. The thickness 
of the shallow conductor varies, but seems to be somewhere between 1 and 2 km. Since 
this layer is an equivalence layer, its thickness can be larger and the resistivity higher or 
its thickness smaller and the resistivity smaller. Furthermore, a deep-seated conductor is 
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seen in the middle and northern part of the profile at a depth of ~9 km. Its thickness is 
around 10 km in its thickest edge (NE direction) and half of that in its thinnest part (North 
of Eyjafjallajökull). There is no sign of this conductor in the southwestern part of the 
profile. These observations are similar to the results shown on the resistivity depth slices 
(section 8.2.1). 

Fimmvörðuháls Profile 

 

 

Figure 8.14 Resistivity cross-section of the Fimmvörðuháls profile for 5 km (top) and 20 km (bottom) below 
sea level. The orange star shows the approximate location of the flank eruption. 

The Fimmvörðuháls profile dissects, from north to south, the flank eruption site (shown 
as an orange star in Figure 8.14) in the mountain pass of Fimmvörðuháls. The station 
closest to the eruption site is station 122. The above cross-sections show the same two 
conductors revealed in the northern profile as well as in the resistivity depth slices. The 
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shallow conductor is seen almost constantly along the whole profile, whereas the deep-
seated conductor is only present at the center and the northern area of the profile. 
Unfortunately, the 1D model is not able to resolve any structure or evidence of the flank 
eruption.  

West-East Center Profile  

 

 

Figure 8.15 Resistivity cross-section of the W-E Center profile for 5 km (top) and 20 km (bottom) below sea 
level. The yellow star shows the approximate location of the summit eruption projected onto the profile. 

The center profile which runs from west to east across Eyjafjallajökull is intended to find 
an evidence of the sill intrusions, as interpreted by Sigmundsson et al. (2004, 2005 and 
2010; see also summary in Chapter 2.5) to be the cause of unrest in 1994, 1999 and 
before the eruption of 2010. From the cross-sections along this profile, the shallow 
conductor is again present across the whole section while the deep-seated conductor is 

110 109 

110 109 
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located only in the eastern side. However, there are no signs of the sill intrusions, thought 
to be located at a depth between 4 km and 7 km. The reason can be a lack of resolution 
as the sill structures might be too thin for the MT signals to pick up the sharp 
discontinuity of the sill and the surrounding rock.  

Eyjafjöll-West Profile 

 

 

Figure 8.16 Resistivity cross-section of the Eyjafjöll-West profile for 5 km (top) and 20 km (bottom) below 
sea level. 

The profile west of Eyjafjallajökull that runs from north to south was used to look for 

evidence of the deep-seated conductor that is seen in the eastern and northern part of 

the study area. As can be seen in Figure 8.16, the shallow conductor is present across 

most of the profile, with a very faint indication of the deep-seated conductor, especially 

in the northern part of the section.  
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Southern Profile  

 

 

Figure 8.17 Resistivity cross-section of the Southern profile for 5 km (top) and 20 km (bottom) below sea 
level.   

The final cross-section is located along the coast, in the southern slopes of the 

Eyjafjallajökull and Mýrdalsjökull glaciers (Figure 6.3). The profile runs approximately 

parallel to the coast and it is the profile that covers the greatest distance. The result 

shows the shallow conductor across most of the profile, but no clear evidence of the 

deep-seated conductor (there is some indication, but it is very faint). In contrast to the 

previous cross-sections, a high and pronounced resistivity layer is seen appearing at the 

deepest parts of the profile, in particular to the SE. The high resistivity structure below 

station 120 at approximately 4 km depth is a good example of the influence that a dead-
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band effect can have in the results (i.e. the resistivity at this depth is rather exaggerated 

by this effect).       

Northern HI Profile  

 

 

Figure 8.18 Resistivity cross-section of the Northern profile, including the stations from the campaigns of 
2014 and 2016, for 5 km (top) and 20 km (bottom) below sea level. 

Another cross-section for the northern profile was done with the stations from 2014 and 
2016 replacing some of the stations of 2011. The profile line is called HI profile. The 
results are very similar to the northern profile, with the shallow and deep-seated 
conductors showing up in the results. The only noticeable difference is the distribution of 
the shallow conductor as it appears to have migrated laterally to the NE by some 
distance. No vertical changes in the resistivity distribution are evident.    
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8.2.3 Directional and dimensional analysis 

Combining dimensional and directional indicators from the MT impedance and phase 
tensors provides important information about dimensionality of conductive bodies and 
direction of lateral changes in subsurface resistivity. Furthermore, directional indicators 
can provide some insight into the local maximum/minimum stress directions (e.g. Eaton 
et al., 2004; Heise et al., 2006; Liddell et al., 2016).  

The phase tensor method was applied to the Eyjafjallajökull data from 2011 to provide 
information on the dimensionality and directionality of the subsurface resistivity 
structures. The phase tensor was produced for different periods and is illustrated with 
ellipses in phase tensor maps. The phase tensors were produced using an MT python 
toolbox called mtpy, developed by scientists in Australia and available for free. The 
toolbox continued development is also attributed to the public as it is open source and 
anybody interested can contribute to its improvement. From mtpy, the phase tensor 
results were exported as text files to use as input in the Linux program temmap 
(Eysteinsson, 1998), a script developed at ISOR for generating maps in plane view using 
the GMT5 software utilities.   

The dimensionality parameters used are the skew angle, ellipticity and the principal axes 
of the ellipses (ϕmin and ϕmax). Induction arrows representing the tipper complex vector 
are also illustrated on the phase tensor maps, and follow the Wiese convention (Wiese, 
1962). Furthermore, histograms were made to compare results from different 
dimensional indicators and check for validity of the phase tensor map results. Rose 
diagrams showing the azimuth of the ellipses are used to define the geoelectrical strike 
direction if possible. Due to the 90o ambiguity to determine the geoelectric strike using 
this method (i.e. not known which of the maximum or minimum phases corresponds to 
the TE or TM mode), two possible directions are shown in the rose diagrams (red and blue 
wedges). 

Phase Tensor for 0.1 s 

The phase tensors for 0.1 s (Figure 8.19) plot mostly as circles or ellipses with very similar 
values for its principal axes (ϕmin and ϕmax), indication of no defined geoelectrical strike 
direction at shallow depths and favouring a 1D Earth. Furthermore, the skew angle 
(Figure 8.20 bottom) of each tensor is very low (|β| < 3°) signifying a preference for 
1D/2D resistivity structure as well.  

The short length of the induction arrows supports the observation of low dimensionality. 
The real part (blue arrow) for stations around Eyjafjallajökull seem to point away from it, 
referring to a more conductive structure under the glacier than in surrounding areas. 
Finally, the histograms (Figure 8.20) for the different dimensionality parameters also 
reflect a 1D structure of the resistivity for this period.  
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Figure 8.19 Phase tensor map for 0.1 s. The color fill indicates the minimum phase tensor value (top) and 
the skew angle (bottom). The real induction arrows (blue) point away from the conductor according to the 

Wiese convention (Wiese, 1962). Eyjafjallajökull glacier is outlined in black. 
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Figure 8.20 Histograms of the skew angle (top left), ellipticity (top right) and ratio of phase 
tensor principal axes (bottom right) for 0.1 s. The results reflect preference for 1D Earth. No 

clear geoelectrical strike is seen from the rose diagram which shows the azimuth of the 
ellipses (bottom left). 
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Phase Tensor for 1 s 

 

 

Figure 8.21 Phase tensor map for 1 s. The color fill indicates the minimum phase tensor value (top) and the 
skew angle (bottom). The real induction arrows (blue) point away from the conductor according to the 

Wiese convention (Wiese, 1962). Eyjafjallajökull glacier is outlined in black. 
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The phase tensors for 1 s (Figure 8.21) shows a similar result to the two previous phase 
tensor maps, for 0.01 (See Appendix F) and 0.1 s. Most of the tensors plot as circles or 
ellipses with very similar values for its principal axes (ϕmin and ϕmax) and with no defined 
geo-electrical strike direction, favouring a 1D Earth. Furthermore, the skew angle (Figure 
8.21 bottom) of most tensors is very low and infer a 1D/2D resistivity structure as well.  

For the induction arrows, the real part (blue arrow) for the stations around Eyjafjallajökull 
seem to point away from the glacier, referring to a more conductive structure there than 
in surroundings areas. In this case, however, some of the induction arrows at these 
stations are longer, probably referring to a closer proximity to the conductive structure at 
this depth than seen for 0.1 s. Finally, the histograms (Figure 8.22) for the different 
dimensionality parameters also reflect a 1D resistivity structure for this period.  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 8.22 Histograms of the skew angle (top left), ellipticity (top right) and ratio of phase tensor principal 
axes (bottom right) for 1 s. The results reflect preference for 1D structures. No clear geo-electrical strike is 

seen in the rose diagram which shows the azimuth of the ellipses (bottom left). 
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Phase Tensor for 100 s 

 

 

Figure 8.23 Phase tensor map for 100 s. The color fill indicates the minimum phase tensor value (top) and 
the skew angle (bottom). The real induction arrows (blue) point away from the conductor according to the 

Wiese convention (Wiese, 1962). Eyjafjallajökull glacier is outlined in black. 

 

 

The phase tensor map for 100 s shows very different results than previously seen for 
shorter periods. Here, the dimensionality is more complex, and we certainly deviate from 
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a 1D Earth. Most of the tensors are well-defined, asymmetric ellipses with some evidence 
of a geoelectrical strike in the N60oE (rose diagram, Figure 8.24) for the southern stations. 
In the western and northern stations, the orientation of the major axis of the ellipses is 
similar (~N45oE) but more scattered. The skew angles are large for most of the stations, 
between 5o and 10o, indicating a deviation from a 1D or 2D case, meaning that the 
conductivity structure at this depth is better explained by a 3D Earth.  

In this case, for a 3D resistivity structure, the NE and NW trends seen in the ellipses 
reflect the horizontal directions of the maximum and minimum inductive current flow, 
respectively. The direction of maximum inductive current flow is the closest equivalent to 
a 2D geoelectrical strike direction (blue wedge in rose diagram, Figure 8.24).  

At high periods, the induction arrows start to be dominated by the conductive sea (Hersir 
et al., 2011). In our results, evidence of this can be seen from those stations close to the 
coast, with most of the real induction arrows pointing away from the ocean. Finally, the 
histograms (Figure 8.24) for the different dimensionality parameters also support the 
notion of 3D effects dominating the area.   

 

 

 

 

 

 

 

 

 

Figure 8.24 Histograms of the skew angle (top left), ellipticity (top right) and ratio of phase tensor principal 
axes (bottom right) for 100 s. The results reflect preference for 3D structures. The bottom histogram and 
rose diagram show some scattering in the ellipse sizes (and directions) but there is clear preference for a 

N45oE geoelectrical strike.   
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Phase Tensor for 1000 s 

 

 

Figure 8.25 Phase tensor map for 1000 s. The color fill indicates the minimum phase tensor value (top) and 
the skew angle (bottom). The real induction arrows (blue) point away from the conductor according to the 

Wiese convention (Wiese, 1962). Eyjafjallajökull glacier is outlined in black. 
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The last phase tensor produced was for 1000 s. The first observation is that the skew 
values are very large for most of the stations, especially for those north of Eyjafjallajökull 
(β > 9o), and suggest complex resistivity structures in the area that are better explained by 
3D models. The major axis of the ellipses is generally pointing ~N75oE, and very close to 
being E-W, for most of the stations (i.e. 2D equivalent of geoelectrical strike; blue wedge 
in rose diagram, Figure 8.26). This is a clear indication of the direction of maximum 
induction current and points to the area where the lateral variations in subsurface 
conductivity are at a maximum in the region. The minor axis of most ellipses is oriented 
~N15oW (Figure 8.26 rose diagram, red wedge) and reflect the direction of minimum 
inductive current flow.  

The real induction arrows are all facing away from the coast and are larger in magnitude, 
evidence of the dominating effect that the conductive sea has at great depths. Finally, the 
histograms (Figure 8.26) for the different dimensionality parameters also support the 
notion of 3D effects dominating the area.   

 

 

 

 

 

 

 

 

 

Figure 8.26 Histograms of the skew angle (top left), ellipticity (top right) and ratio of phase tensor principal 
axes (bottom right) for 1000 s. The results reflect preference for 3D structures. The histogram and rose 

diagram at the bottom shows most of the ellipses with similar shapes, implying a well-defined geo-electrical 
strike with a ~N75oE direction and direction of minimum inductive current flow ~N15oW. 
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8.3 Interpretation and Discussion 

The inversion and modeling of results together with the resistivity depth slices and cross-
sections have shown two distinctive areas of high conductivity. The first conductor is 
located at shallow depths, sometimes found as shallow as 500 m b.s.l. (north-eastern part 
of northern profile) but is more commonly seen between 1 km and 3 km b.s.l. with 
varying thicknesses across the study area. Due to the long distances between some of the 
stations, it is impossible to conclude if the conductive body is a continuous layer or a 
series of isolated pockets. Either way, there can be two possible explanations as to the 
reason for this low resistivity zone. First, the shallow conductors might be the result of old 
magmatic intrusions connected to a deeper source, transferring high temperature 
material to shallow depths. However, no evidence of these connections is found in our 
models which lead us to believe that remains of these conduits, if present, can’t be 
resolved by our data. Over time, after cooling of the magma, hydrothermal alteration 
caused by water-rock interaction at temperatures between 100-230oC takes place to 
produce high amounts of clay minerals within the rock matrix. Clay mineral common in 
areas where the host rock is volcanic and with a high CEC (Cation Exchange Capacity) is 
smectite (Hersir and Bjornsson, 1991). Secondly, there is also the possibility that this 
shallow conductor is actually high temperature magma that is actively connected to 
deeper sources (but that our models are unable to resolve), as seen in other cases across 
Iceland such as in Krafla and Hengill volcanic systems (Spichak et al., 2013). However, 
these two volcanic systems are high temperature systems with significant geothermal 
activity and numerous crustal conductors (Árnason et al., 2010; Einarsson, 1978), 
opposite to the characteristics of Eyjafjallajökull. Therefore, shallow magma pockets 
across such an extensive area with sustained connections to deeper sources does not fit 
accordingly with the nature of this volcanic system. 

The top of the deep-seated conductor is resolved to be at an approximate depth between 
9 and 10 km below sea level. Unlike the shallow conductor, it is not present all across the 
study area, instead, is constrained mostly to the north and northeastern parts of 
Eyjafjallajökull. Furthermore, the conductor is significantly thicker, varying in value from 
10 km to 5 km in some areas. The presence of this deep-seated conductor coincides with 
results obtained from other MT studies done across Iceland. For instance, Hersir et al. 
(1984) and Eysteinsson et al. (1985) found a similar conductor across the active zones in 
south Iceland interpreted to be at the crust-mantle interface (10-20 km depth), increasing 
in depth with age of the crust and distance from the axial rift. The depth from their 
results correlate well with the depth of our deep-seated conductor. Furthermore, 
Björnsson et al. (2005) compiled results from old and new MT measurements across 
Iceland and came up with a map showing depth estimates to the conductor, with the 
results at the area around Eyjafjallajökull within good agreement of our results. One 
common interpretation of this deep conductor is that it might be a partially molten layer 
of basalt with 5-10% melt at a temperature of approximately 1100oC (Björnsson et al., 
2005). However, some studies (Menke et al., 1995; Kaban et al., 2002) claim that high 
amounts of partial melt in the lower Icelandic crust is unlikely due to the behaviour of 
seismic S-waves. Therefore, the actual nature of this deep-seated conductor is still poorly 
understood.  
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The deep-seated conductor is present very faintly or not present at all on the Southern 
Profile (along the coast), which also agrees with the results from the studies mentioned 
before. It is argued that the lack of conductor might indicate that this part of the island is 
underlain by normal oceanic mantle, instead of anomalous icelandic mantle as in the 
areas inland (Björnsson et al., 2005). In the other profiles, further from the coast, the top 
of the deep-seated conductor gets shallower and more conductive to the NE (see 
Northern profile cross-section). This agrees with the observation of the conductive layer 
becoming more resistive with increasing distance from the active neovolcanic zones, with 
the EVZ and SISZ junction located NE of Eyjafjallajökull.  

The phase tensor for short periods (<10 s) support the results from our 1D interpretation 
at shallow depths. Dimensional analysis shows that the regional resistivity structure can 
be represented sufficiently by a 1D structure. For the longer periods, a more complex 
resistivity structure is defined by the phase tensor. The dimensionality analysis concludes 
that the conductor at this depth is better represented by a 3D structure, as most of the 
ellipses are asymmetric with high skew angles. Furthermore, the geoelectrical strike is 
well-defined by the shape of the ellipses, for both 100 s and 1000 s, with a ~N45oE and 
~N75oE (close to E-W) orientation preference, respectively. This implies that the regional 
lateral variations in subsurface conductivity are at a maximum in those directions 
(direction of greatest inductive current flow). This agrees quite well with the idea of the 
deep-seated conductor having a higher conductivity the closer it is to the active spreading 
zone. Finally, if we consider that the direction of maximum inductive current flow is 
between N45oE and N75oE, as seen from the geoelectrical strike at long periods, then we 
can assume that the dominant geological strike is oriented parallel to this (Khyzhnyak, 
2014; Niasari, 2016). Thus, a N60oE orientation of the strike for long periods (greater 
depths) agrees with previous observations seen on older dykes at the base of the volcano 
(Loughlin, 1995). However, it must be kept in mind that the geoelectrical strike is not 
always the same as the geological strike (Niasari, 2016).   

Our results agree quite well with the 1D and 2D resistivity models proposed by 
Miensopust et al. (2014). The existence and location of both conductors, as well as their 
extension and possible explanation are reasonable. However, some of the features they 
obtained from the 2D model are not resolved in our 1D results. From the phase tensor 
maps, we can assume that most, if not everything, that lies below the shallow conductor 
is best explained by a 2D/3D model. Therefore, our 1D model lack of resolution for longer 
periods is to be expected. Nevertheless, they state that even though these features 
appear in the 2D model they present, these are not robust features and are weakly 
resolved. Thus, better station location and coverage is needed to perform a more robust 
2D and 3D inversion. Finally, the shallow and elongated low-velocity zone found by 
Benediktsdóttir et al. (2017) stretching SW of the caldera, and interpreted to be large 
intrusive bodies, could refer to the shallow conductive layer found in our models.       
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9 Conclusions and recommendations 

The main objective of this study was to investigate the electrical resistivity structure of 
the Eyjafjallajökull volcanic system using two popular electromagnetic measurement 
techniques, MT and TEM. The goal was to show the benefits and insights that can be 
inferred from studying volcanic systems using these type of geophysical methods, even 
for moderately active volcanoes such as Eyjafjallajökull.  

1-D joint inversion of MT and TEM data, acquired over three field campaigns around 
Eyjafjallajökull (2011,2014 and 2016), showed two distinctive areas of very low resistivity 
at depth. A shallow conductor, located in the upper crust between 1 and 3km depth, is 
interpreted to be mafic rocks with high content of hydrothermal alteration minerals in 
the form of smectites (formed at temperatures of 100-230oC), remains of previous 
magmatic intrusions into the upper crust. A deep-seated conductor is located in the lower 
crust between 9 km and 20 km depth. The existence of this deep-seated conductor has 
been shown beneath most of Iceland, with views on the actual nature of this conductor 
still a hot topic of debate. Despite the mechanism fueling this conductive layer, its 
existence is confirmed in this study, along with its documented absence close to the 
coast. 

The phase tensor decomposition was used for directional and dimensional analysis of the 
MT data. The advantage of this method is that it is not affected by galvanic distortions, so 
the regional information on the phase is identical to the phase information measured. 
Phase tensor maps and ellipses were used to illustrate the results along with induction 
vectors derived from the tipper. The results confirmed the observations obtained from 
the resistivity models, with the phase tensor ellipses for the short periods (<10 s) having 
an almost circular shape and indicating 1D structures for the resistivity distribution at 
shallow depths. Furthermore, the induction arrows (albeit short in length) seem to infer 
the presence of a more conductive structure below Eyjafjallajökull compared to the 
surrounding areas. At longer periods (>10s), the ellipses become more elongated in their 
major axis as well as asymmetric with high skew angles, indicating 3D resistivity 
structures. Additionally, most of the ellipses start to point in a similar direction, 
identifying a possible geoelectrical strike at greater depths in the N75oE direction, 
towards the deep-seated conductor. This might be an indication for the dominant 
geological strike in the region. Finally, dimensionality parameters (i.e. skew angle, 

ellipticity and 
∅𝑚𝑎𝑥

∅𝑚𝑖𝑛
) support the phase tensor map observations.  

This thesis has shown the value that EM methods have for studying volcanic systems. 
Having a clear picture of the electrical conductivity distribution allows us to study the 
petrophysical characteristics of the rocks, confirm presence of fluids, their type and 
mineral content. For the case of Eyjafjallajökull, we have provided evidence for two main 
conductors, their possible extension and thicknesses, dimensionality, depth and possible 
nature. 
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The next step would be to study Katla and Eyjafjallajökull volcanic systems together. To 
do so, a better arrangement of the MT/TEM stations is needed, for example, equally 
spaced stations in a more symmetric layout to remove uncertainty between stations, 
improve spatial coverage and to perform 3D inversion. However, it is acknowledged that 
such a task might be impossible due to the hardly accessible and harsh terrain. Finally, it 
would be of great interest to carry out a gravity study on Eyjafjallajökull after the eruption 
of 2010. Modeling possible density contrasts in the subsurface due to the magmatic 
intrusions of the flank and summit eruption could complement very well the information 
obtained until now.   
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Appendix A: Soundings information 

and summary  

Table A.1 MT and TEM soundings information from 2011, 2014 and 2016 EM campaigns. Every row shows a 
MT and TEM pair and where there is no pair, a black box is shown instead. 

MT STATIONS TEM STATIONS 

Soundings Easting 
(m) 

Northing 
(m) 

Elevation 
(m.a.s.l) 

S.Shift Sounding Easting 
(m) 

Northing 
(m) 

Elevation 
(m) 

EYJ101 579828 7075385 529 0.94 798754 579840 7075371 520 

EYJ102 576912 7071878 539 0.94 769719 576928 7071879 536 

EYJ103 574368 7066956 270 1.04 744670 574368 7066960 266 

EYJ104 569460 7064649 181 0.75 695646 569472 7064645 181 

EYJ105 560200 7065329 113 0.79 602653 560192 7065297 107 

EYJ106 552504 7061696 68 0.94 525617 552480 7061670 66 

EYJ107 547508 7058320 46 0.92 475582 547488 7058154 46 

EYJ108 575552 7062023 260 0.91 756620 575584 7062027 259 

EYJ109 568802 7062297 189 1.00 688622 568800 7062192 187 

EYJ110 565356 7062453 157 0.82 653624 565312 7062447 142 

EYJ111 561180 7061793 138 0.91 612618 561152 7061790 137 

EYJ112 556676 7061016 92 0.81 567610 556672 7061002 90 

EYJ113 DAMAGED DATA 528596 552768 7059591 64 

EYJ114 558598 7055813 670 0.95 586558 558624 7055813 672 

EYJ115 550402 7055458 101 0.68 505555 550496 7055453 98 

EYJ116 549366 7052377 28 0.77     

EYJ117 560668 7048939 28 0.96 607489 560672 7048930 28 

EYJ118 566300 7049026 82 1.03 663490 566304 7049015 86 

EYJ119 571884 7046971 56 1.00 719469 571904 7046943 52 

EYJ120 575238 7045628 180 0.95 752456 575232 7045617 180 

EYJ121 576706 7050124 555 0.82 767502 576736 7050151 550 

EYJ122 577958 7054747 890 0.78 779547 577888 7054675 885 

EYJ123 580642 7044023 90 0.77 806440 580640 7044029 84 

EYJ124 589796 7041134 79 0.75 898411 589792 7041095 80 

EYJ125 599838 7039578 93 1.05 998396 599808 7039582 94 

EYJ126 606214 7044888 152 1.03 062449 606208 7044901 183 

14HI01 553132 7061911 67 0.91     

14HI02 566848 7062543 161 0.88     

14HI03 563308 7062430 133 0.86     

16HI01 557376 7061171 95 0.83     

16HI02 560400 7061822 125 0.88     

 

  



126 

  



127 

Appendix B: Eyjafjallajökull Field work 

in pictures 
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Appendix C: 1D Joint Inversion Result 

Plots 

Results of TEM/MT 1D joint inversion routine. Blue squares and blue circles are the MT 

apparent resistivity and apparent phase, respectively. The red diamonds are the TEM 

apparent resistivity. Green solid line in the right panel shows the 1D resistivity Occam 

inversion model. The green lines in the left panels (dashed for TEM and solid for MT) are 

the calculated response curves from the model to the right. The name of the .plo file is at 

the top of the figure and includes the name of the MT station followed by the name of 

the TEM station. The chisq value (𝜒) is shown under the name of the .plo file. The 

numbers inside the parenthesis show the distance between MT and TEM stations and 

elevation difference. The shift multiplier is shown in the top-right corner of the apparent 

resistivity plot.  
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Appendix D: Resistivity Depth Slices 

Resistivity depth slices for covering the area around Eyjafjallajökull. The depth slices are 

used to see the horizontal resistivity distribution for different depths. The program 

temresd was used to generate these depth slices using the .plo files, obtained from the 

1D inversion, as input. The first set of depth slices include stations only from the 

campaign of 2011. Then it follows the set of depth slices that includes stations from all 

the three campaigns (2011, 2014 and 2016). 
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Appendix E: Resistivity Cross-Sections 

The program temcross was used to produce these resistivity cross-sections. The cross-sections 

were done for 5 km, 10 km and 20 km depth. The 5 km and 20 km depth cross-section are shown 

in section 8.2.2. Profile lines are shown in Figure 6.3. 
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Appendix F: Phase Tensor Maps 

The python toolbox MTpy (MTpy, 2018) was used to compute the phase tensor. The results are 

illustrated on a plane-view map using temmap for different periods. The periods chosen were 

0.01, 0.1, 1, 10, 100 and 1000 s. The results were also used to make rose diagrams to define the 

geoelectrical strike if possible. Phase tensors for 0.01 s and 10 s are shown here.  
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