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ABSTRACT

Due to the recent eruptive events in Eyjafjallajokull, many projects have been
started, collecting more information to gain a deeper understanding about volcanic
structures and processes. This can help to better predict the nature and timing of
volcanic threats. Glacier covered volcanoes are of special interest since these are
phreato-magmatic and capable of producing sudden glacial floods.

In order to investigate the resistivity structure beneath and around Eyjafjallajokull
glacier, the Dublin Institute for Advanced Studies (DIAS) and Iceland GeoSurvey
(ISOR) carried out the first step of an MT survey in 2011 including 26 pairs of MT
and TEM soundings around the volcano, where each MT sounding took 2 days to
record. The MT (Magnetotelluric) and TEM (Transient Electro Magnetic) methods
are far more sensitive to fluid distribution (in this case partial melt) than any other
geophysical method, thus leading to this pilot study. TEM soundings were carried
out at the same locations as the MT soundings in order to correct for static shifts.
A remote reference MT station was running simultaneously at several tens of
kilometres distance to allow the state-of-the-art remote-referencing technique to
improve the signal to noise ratio. Joint 1D (one-dimensional) inversion of
magnetotelluric (MT) and central loop transient electromagnetic (TEM) data was
done by fitting both data sets using the same 1D resistivity model.

1. INTRODUCTION

Before drilling operations commence for the exploitation of a geothermal resource, prefeasibility
investigations using geological, geochemical and geophysical methods need to be carried out in order
to gain a better understanding of the subsurface geological and tectonic configuration of the region
under study. In fact, geophysical exploration enables one to unravel the tectonic features and
associated thermal regimes that host geothermal reservoirs.
expensive, using geophysical methods can bring down the cost to a certain degree. This is true in any
underground exploration or investigation for groundwater, mineral resources, mining activity, etc.
(Chandrasekharam and Bundschuh, 2008).
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Since drilling geothermal wells is
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Surface geophysical exploration methods help indirectly in obtaining the physical parameters of
geothermal systems. Electrical, magnetic, seismic, thermal and gravity surveys are a few of the
methods commonly employed for geothermal exploration. All these investigations are carried out on
the surface over the geothermal regions. The effectiveness of these geophysical methods was greatly
increased when emphasis was shifted from prospecting the geology and the structures that contain the
geothermal fluids to prospecting the fluids themselves and concentrating on determining the
parameters which are most sensitive to changes in temperature (Hersir and Bjornsson, 1991). The
point of these geophysical methods is to measure some physical properties related to the geothermal
system: temperature (°C), electrical resistivity (Qm), magnetization (A/m), density (g/cm’), elasticity
(N/m?), and seismic velocity (m/s).

In this report, the focus will be on two of the most important electromagnetic resistivity methods in
geothermal prospection:

e The Transient Electromagnetic Method (TEM), and
e The Magnetotelluric method (MT).

1D modelling of MT and TEM soundings from an area around the Eyjafjallajokull glacier in S-Iceland
was carried out and the results are represented as resistivity maps and cross-sections. The processed
data are published separately as a special appendices report (Barkaoui, 2011).

2. ELECTROMAGNETIC RESISTIVITY METHODS IN GEOTHERMAL EXPLORATION

Measuring the electrical resistivity of the subsurface is the most powerful prospecting method in
geothermal exploration (Hersir and Bjornsson, 1991). Resistivity is directly related to the properties
of interest like salinity, temperature, porosity (permeability) and alteration. To a great extent, these
parameters characterize the reservoir.

The specific resistivity, p, is defined through Ohm*‘s law. The electrical field strength, £ (V/m) at
some point in a material is proportional to the current density, j (A/m®):

E = pj (1)

The proportional constant, p, depends on the material and is called the (specific) resistivity, measured
in Qm. The reciprocal value of resistivity is conductivity (1/p = o).

Resistivity can also be defined as the ratio of the potential difference, AV (V/m), to the current, / (A),
across material which has a cross-sectional area of 1 m” and is 1 m long;

AV
o= @)

Electrical conductivity in minerals and solutions takes place by the movement of electrons and ions.
Most rocks near the earth‘s surface have low conductivity. Conduction of electricity is mostly through
groundwater contained in pores in the rocks and along surface layers at the contact of rocks and
solutions.

The common principle of all resistivity sounding methods is to induce an electrical current into the
earth and monitor signals, normally at the surface, generated by the current distribution (Hersir and
Bjornsson, 1991). Direct current soundings, such as Schlumberger soundings, are done by injecting a
current into the ground through electrodes at the surface; then the signal measured is the electric field
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(the potential difference over a short distance) generated at the surface. In magnetotellurics (MT), the
current in the ground is induced by time variations in the earth‘s magnetic field, and the signal
measured is the electric field at the surface. MT is a passive method; the signal source is not man-
made. In transient electromagnetics (TEM), the current is also induced by a time-varying magnetic
field but, in this case, the current source is not a natural field, rather the source is of a controlled
magnitude generated by current in a loop or a
grounded dipole and the monitored signal is the 00

decaying magnetic field at the surface. TEM is \
an active method; the signal source is man-made \
— it is artificial. 10 N \
2.1 Factors affecting electrical resistivity E_ ! k &
2.1.1 Salinity of wat : \

.1.1 Salinity of water % . &\\\:\
The bulk resistivity of a rock is to a large extent &%E
controlled by the resistivity of the pore fluid "o %o&
which is dependent on the salinity of the fluid. oo ol i i0 100 1000
An increase in the total amount of dissolved ions SALINITY, groms por Wter

can increase the conductivity by large amounts o ) .
(Figure 1). The conductivity of a solution FIGURE I: The resistivity of solutions of sodium

depends on mobility and the concentration of the chloride as a function of cpncentration and
ions. This is given by the equation (Hersir and temperature (Keller and Frischknecht, 1966)
Bjornsson, 1991):

J=1/p=F(c1q1m1 + caqamy + ..l)) 3)
where o = Conductivity (S/m);
F = Faraday’s number (96,500 C);
Ci = Concentration of ions;
qi = Valence of ions;
m; = Mobility of different ions.

An increase in the water content and an increase in the total amount of dissolved solids are frequently
associated with geothermal activity.

2.1.2 Porosity

Porosity (¢;) is the ratio between pore volume (/) and the total volume of a material (V7). This is
given by the ratio:

Pr = “)

SIS

The resistivity of water-saturated rocks often varies approximately as the inverse power of the porosity
according to an empirical formula given by Archie (1942):

p = pwap, " ©)
where p = Bulk (measured) resistivity (Q2m);
Pw = Resistivity of the pore fluid (QQm);

O = Porosity;
a, n = Empirical constants;
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Archie’s law can also be written as:

p=Fpy (6)
where F = a@,; ™ = Formation factor.

In some rocks, part of the pore space may be occupied by air (above the water table) or by natural gas,
carbon dioxide or petroleum, all of which are insulators. In such cases, Archie’s law is modified as
follows (Zhdanov and Keller, 1994):

p = pyag, "f°€ @)

Experiments show that Archie’s law is only valid for conductive solutions, with p,, <2 Qm (Flovenz et
al., 1985).

Permeability is the capacity of a porous material for transmitting a fluid; it is expressed as the amount
of fluid of specified viscosity, under the influence of a given pressure that passes through a sample
having a certain cross-section and thickness. Permeability is largely dependent on the size and shape
of the pores in the substance and, in granular materials such as sedimentary rocks, by the size, shape,
and packing arrangement of the grains. The permeability of a rock is given by the following equation:

QnL
K = AP (1

where K = Permeability (m?);

Q = Fluid flowrate (m’/s);

n = Fluid viscosity (kg/ms);

L = Length of the rock (m);

A = Cross-sectional area available for flow (m?); and

P = Pressure drop (Pa).

2.1.3 Temperature

At moderate temperatures, 0-200°C, the resistivity of aqueous solutions decreases with increasing
temperature (Figures 1 and 2). This is due to an increase in ion mobility caused by a decrease in the
viscosity of the water. Dakhnov (1962) has described this relationship:

pWO

Pw = a(T—T,) ©)
where p,, = Resistivity of the fluid at temperature T (Q2m);
Pwo = Resistivity of the fluid at temperature T, (QQm);
a = Temperature coefficient of resistivity (°C™);
Ty = Reference temperature (°C).

At high temperatures, a decrease in the dielectric permittivity of the water results in a decrease in the
number of dissociated ions in solution. Above 300°C, fluid resistivity starts to increase (Quist and
Marshall, 1968).

2.1.4 Water-rock interaction and interface conduction
The alteration process and the resulting type of alteration minerals are dependent on the type of

primary minerals, the chemical composition of the geothermal fluid and temperature. The intensity of
the alteration is, furthermore, dependent on temperature, time and the texture of the host rocks.
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Alteration intensity is normally low for
temperatures below 50°C (Figure 3). At P(nﬂ'l)
temperatures from 100 to 220°C, low-temperature 100 -

zeolites and clay mineral smectite are formed. FOHS> 000 GPH |
Smectite has hydrated and loosely bound cations | I i
between the silica plates, making the mineral i i
conductive and with a high cation exchange - .
capacity (Arnason et al., 2000). In the temperature 50
range from 220 to about 240°C, the zeolites !

disappear and the smectite is transformed into
chlorite in a transition zone, the so-called mixed-
layered clay zone, where smectite and chlorite co- L
exist in a mixture. At about 240°C, smectite
disappears and chlorite is the dominant mineral, 20
marking the beginning of the chlorite zone with
increased resistivity, since chlorite minerals have

cations that are fixed in a crystal lattice, making

the mineral resistive. At still higher temperatures, 10 {
above 240°C, epidote becomes abundant in the so- 0 200 400 T(°C)
called chlorite-epidote zone (Arnason et al., 2000).

FIGURE 2: Electrical resistivity as a function

Normally one would expect the resistivity of a ofte.rnperatu.r't.: at different pressures
geothermal system to decrease with increasing (Hersir and Bjérnsson, 1991; modified
temperature. ~ However, in high-temperature from Quist and Marshall, 1968)

volcanic areas the resistivity in the chlorite and
chlorite-epidote alteration :

zone increases, due to an
extremely low concentration
of mobile cations. Figure 4
demonstrates the
relationships between
resistivity, alteration and
temperature both for saline
and fresh water systems. At
depths, where resistivity
increases below a low-
resistivity zone, a chlorite
alteration zone is expected,
indicating a temperature of
250°C or higher, provided the

alteration is in equilibrium FIGURE 3: Alteration mineralogy and temperature

with the temperature. If the (taken from Hersir and Arnason, 2009)
geothermal system has cooled

down, then the alteration remains the same and the resistivity structure is the same. In such a case, the
interpretation of the resistivity structure can be misleading since it reflects alteration minerals that
were formed in the past (Hersir and Arnason, 2009).

2.2 Electrical methods

Electrical methods employ a variety of measurements of the effects of electrical current flow within
the earth. The phenomena that can be measured include current flow, electrical potential (voltage),
and electromagnetic fields. Electrical methods can be divided into the following categories and
subcategories (Hersir and Bjornsson, 1991):
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FIGURE 4: The general resistivity structure of the basaltic crust in Iceland summarized
(taken from Flovenz et al., 2005)
DC methods

This is an active method that employs the measurement of electrical potential associated with
subsurface electrical current flow generated by a DC, or slowly varying AC source. Two main types
of measurements can be distinguished, and a third mentioned:
* Resistivity sounding. Measurements are made at a specified fixed central point for different
distances between the electrodes. It is used to measure variations in resistivity with depth.
Example: Schlumberger soundings, here the potential electrodes remain “fixed” and the current
electrodes are expanded along a symmetrical line from the centre of the profile.

* Resistivity profiling. Electrode arrangement with fixed distances is used and measurements are
made as the entire array is moved along a profile. It is designed to locate lateral variations in
resistivity. Example: Head-on profiling.

[ ]

Self potential (SP). This is a passive method that employs measurements of naturally occurring
electrical potentials.

Electromagnetic (EM) methods

Electromagnetic methods in geophysics have been developed since the 1950s by Cagniard (1953) and
Tikhonov (1950) based on Maxwell’s equations that are composed of Ampere's Law, Gauss’s and
Faraday’s law (Equations 12-15) as expressed by Jones et al. (1989), Vozoff (1991), and Zhdanov and
Keller (1994). The equations describe the magnetic and electric fields and their relationship. The

strength of the electromagnetic fields varies from one body to another depending on the petrophysical
properties of the body and other factors. The essential physical properties of electromagnetic fields

are electrical resistivity or conductivity, magnetic permeability and electric permittivity. The physical
properties link the electromagnetic induction to the transmitter and the receiver. The counteraction of

electric and magnetic fields causes electromagnetic fields to travel and diffuse from the air to the
subsurface. The physical properties of rocks govern the propagation and the depth of penetration of
the electromagnetic waves in the subsurface. The electromagnetic induction processes require a
primary wave source (transmitter) and a conductor. We distinguish between:

[ ]

Time domain or transient electromagnetic method (TEM):

A magnetic field is built up by
transmitting a constant current into a loop or grounded dipole, the current is turned off and the
transient decay of the magnetic field is measured.
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* Magnetotellurics (MT) and audio-magnetotellurics (AMT): The fluctuations in the natural
magnetic field of the earth and the induced electric field are measured. Their ratio is used to
determine the apparent resistivity.

The central-loop TEM sounding method has several advantages over conventional DC sounding
methods (Arnason, 1989). The transmitter couples inductively to the earth and no current has to be
injected into the ground. This is of great importance in areas where the surface is highly resistive
(Arnason, 1989). In Schlumberger soundings, the monitored signal is low when surveying over low-
resistivity structures like a geothermal area, whereas in TEM soundings it is relatively strong
(Arnason, 1989). Secondly, the fact that the monitored signal is a decaying magnetic field, rather than
an electric field at the surface, makes the results much less dependent on local resistivity conditions at
the receiver site (Sternberg et al., 1988). Distortions due to local resistivity inhomogeneities at the
receiver site can be a severe problem in DC soundings as well as in MT soundings (Arnason, 1984;
2008). Thirdly, central-loop TEM is less sensitive to lateral resistivity variations than DC methods.
TEM soundings are much more downward-focused than DC soundings. One-dimensional inversion is
better justified in the interpretation of central-loop TEM soundings than in DC soundings

Electromagnetic techniques have proven to be among the most useful geophysical methods for the
investigation of geothermal regions. This is due to the fact that the spatial distribution of conductivity
in a geothermal area is not only determined by the host rock distribution, but is directly related to the
distribution of the actual exploration target - hot water (Berktold, 1983).

2.3 The central-loop transient electromagnetic method (TEM)

In the central-loop TEM sounding method, Transmitter
a loop of wire is placed on the ground and Central Loop Receiver
a constant magnetic field of known Configuration
strength is built up by transmitting a
constant current into the loop (Figure 5).
The principles of TEM (Time-Domain
Electromagnetic =~ Methods)  resistivity
sounding are relatively easily understood.
The process of abruptly reducing the
transmitter current to zero induces, in o ——— S
accordance with Faraday's law, a short-
duration voltage pulse in the ground,
which causes a loop of current to flow in
the immediate vicinity of the transmitter
wire. In fact, immediately after the
transmitter’s current is turned off, the
current loop can be thought of as an image
in the ground of the transmitter loop (Figure 6). However, due to finite ground resistivity, the
amplitude of the current starts to decay immediately. This decaying current similarly induces a
voltage pulse that causes more current to flow, but now at a larger distance from the transmitter loop,
and also at greater depth, as shown in Figure 7. This deeper current flow also decays due to the finite
resistivity of the ground, inducing even deeper current flow and so on.

FIGURE 5: The configuration in the central-loop
TEM method (modified from Nabighian
and MacNae, 1988)

The depth of penetration in the central loop TEM-sounding is dependent on how long the induction in
the receiver coil can be traced before it is drowned in noise. At so-called late tirpes, the induced
voltage in the receiving coil in a homogeneous half space of conductivity, o is (Arnason, 1989):
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FIGURE 6: Basic principles of the TEM method: (a) The FIGURE 7: Propagation of
current flow in the transmitter loop; (b) The induced currents in the underground
electromotive force in the ground; and (¢) The secondary (Nabighian and MacNae, 1991)

magnetic field measured at gates after the current is turned
off in the receiver coil (from Christensen et al., 2006)
3
C(ugor?)2
15
10m2t2 (10)

where C = ArnTASnS%

V(t,r) =1,

and t = Time elapsed after the transmitter current is turned off (s);
A, = Cross-sectional area of the receiver loop (m?);
A = Cross-sectional area of the transmitter loop (m?);
n, = Number of windings in the receiver loop;
ng = Number of windings in the transmitter loop;
Uo = Magnetic permeability (H/m);
Iy = Current in the transmitter loop (A);
r = Radius of the transmitter loop (m);

V(t,r) = Transient voltage (V).

This shows that the transient voltage for late times, after the current in the transmitter loop is abruptly
turned off, is proportional to 6> and falls off with time as t>2. This leads to the definition of the late
time apparent resistivity by solving for the resistivity in Equation 10, leading to Equation 11:

2
_ Ho 210“0 A?"nT‘AsnS /3 (11)
pa - 4_ 5/

Tl 5t72V(t,r)

Homogeneous earth

The time-behaviour of the diffusing current is divided into three phases according to their
characteristics, as illustrated in Figure 8, which shows induced voltage as a function of time for a
homogeneous earth. In the early phase the induced voltage is constant in time. In the intermediate
phase, the voltage starts to decrease with time and with steadily increasing negative slope on a log-log
scale until the late time phase is reached where the voltage response decreases with time in such a way
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that the logarithm of the induced
voltage decreases linearly as a
function of the logarithm of time.
The slope of the response curve in 2
the late phase is -5/2, in accordance ; “1_ “_:‘H_‘
with Equation 10 which is only
valid for the late-time phase.
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Figure 9 shows that the apparent
resistivity at early time increases
with decreasing resistivity of the
half space and also that the
transitions from early to late time
get shifted towards earlier times as
the resistivity of the half space
increases. However, it should be
noted that the response curve has
the same shape for the different half
space resistivities. When the - \,,
apparent  resistivity = for a PR P P Ly P
homogenous half-space is plotted as Tirne [3]

a function of time, it approaches
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FIGURE 8: Voltage response for homogeneous half space

asymptotically the true r‘e51st1V1ty of of 1, 10, and 100 Qm (from Arnason, 1989)
the half- space for late times, as can

be seen in Figure 9.

2.4 The magnetotelluric (MT) 1y { =y
resistivity method '

The magnetotelluric (MT) method
is a passive electromagnetic R |
geophysical method used to image
the earth’s subsurface resistivity
structure. Natural variations in the
earth's magnetic field induce
electric  currents (or telluric
currents) in the ground, which
depend on the earth's resistivity.
Both magnetic and electric fields
are measured on the earth’s surface

in two orthogonal directions (Figure | 1o M b
10).

-
(=]

Apparent n.'\i'=1:\.:|} [Rm)

2= 100 Tn

o

pnpial 11 s nnml

z

i1 veegil

p= 10bm

The ratio of the orthogonal electric 1 T T T T T —— — :
field and the magnetic field, the o - o= e 1o 10 1
impedance tensor holds information

about subsurface conductivity. The = FIGURE 9: Late time apparent resistivity’for homogeneous
high frequency gives information half space of 1, 10 and 100 Qm (from Arnason, 1989)
about the resistivity at shallow

depths while the low frequency provides information about the deeper laying structures. At
frequencies higher than 1 Hz, the magnetic source originates from lightning discharges in the
equatorial belt while the low frequencies, < 1 Hz, originate from the interaction between solar wind
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and the earth’s magnetic
field. These natural
phenomena create the MT
source signals over the
entire frequency
spectrum, generally 10
kHz to a period of a few
thousand seconds.

The MT method can
explore resistivity down
to ten or even a hundred
kilometres, which makes
it the EM method which
has the most exploration

depth of all EM

methods, and is

FIGURE 10: MT setup in an internal coordinate system. The setup practically  the  only
measures the electrical field in an orthogonal horizontal direction method  for  studying
and magnetic field in orthogonal vertical and horizontal directions resistivity deeper than at a
(Rosenkjeer, 2011) few kilometres. The depth

of penetration of

electromagnetic fields within the earth depends on the period and the earth’s conductivity structure.
The propagation of EM fields is described by the following set of relationships, called the Maxwell’s

equation which holds true for all frequencies:

Faraday’slaw V XE = —y%—lz (12)
Ampéré’s law VXH=j+ ga (13)
Gauss’s law for the —
electric field divD =1 (14)
Gauss’s law for the ——
magnetic field divB =0 (15)
where E = Electrical field (V/m);

H = Magnetic intensity (A/m);

j = Electrical current intensity (A/m?), and j = oE;

U = Magnetic permeability (H/m);

€ = Electric permittivity (F/m);

D = ¢E

B = uH

2.4.1 Electromagnetic induction in a homogeneous earth

The ratio of electric to magnetic field intensity is a characteristic measure of electromagnetic
properties, often called the characteristic impedance (Equations 16 and 17):
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Zyy = = (16)

<
=

_ E, _ _iwu
H, k

(17)

where Zy, and Z,, = Characteristic impedance in x and y directions;
E, = Electric field (V/m) in x, y direction;

» = Magnetic intensity (A/m) in X, y direction;

Angular frequency (2xf), where f'is frequency (Hz);

Pv‘ekm

\/ iwu(ive +0) = \/ iwpo stands for the wave propagation constant;

and

E, iwp lwp it
A = —==— = = \/Z In) = .Jw .e /4 18

Zyx = -k —Zxy (19)

The phase angle, 6, by which Hy, lags Ey is 7/4, is explained in Figure 11. If the earth is homogeneous
and isotropic, then the true resistivity of the earth is related to the characteristic impedance through the
following relationship (e.g. Hermance, 1973):

1 2 1 2
p= w_ﬂlzxy| = w_'ulzyX| (20)

For a non-homogenous earth, the apparent resistivity (p,) can be defined as if the earth were
homogeneous using this same formula. In practical units for a homogeneous earth, the resistivity, p, in
the above equation can be written as:

E|*

By,

pg = 0.2T|Z|? = 0.2T (21

For non-homogeneous earth, the apparent resistivity (p,) and phase (6,) are functions of frequency and
are defined as follows:

po = 0.2T|Z|? and 6 = arg(Z) # 45° (22)
2.4.2 The impedance tensors
1D impedance tensor

For a 1D layered earth, the conductivity o (or resistivity p = 1/ ¢) changes only with depth. In this
case, the impedance tensor, Z, may be written as:

0 ny] 23)

Zip = [_ny 0

For a layered earth, the apparent resistivity, pgpp, is defined as:

1
Papp (w) = w_‘uO |ny((‘))| (24)



Barkaoui

The phase angle of the impedance is defined as:

d(w) = arctan(
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S(ny(w))> 25)

R(Zxy (@)

Both the apparent resistivity in Equation 24 and the phase in Equation 25 depend on the angular

frequency, w = 2rf where f is the frequency.

05 g \

\  45° oA
0.0 \\F‘ '/
\ \ //'
\
/
-05 \ " s
NI /
\\ v //
N /
-1.0 ~—
0 45 920 135 180 225 270 315 380
Degrees

FIGURE 11: Homogeneous half-space
response of the electric and magnetic
fields describing the 45° phase
difference of the E and H fields

2D impedance tensor

For a 2D earth, the conductivity, o, changes with
depth and in one horizontal direction. The other
horizontal direction has no variation in
conductivity and is commonly known as the
electromagnetic or electrical strike direction.

The electrical strike direction gives information
about the 2D resistivity structure, and in which
direction the resistivity changes the least; often it
is the same direction as the geological strike
direction.  The strike direction is found by
minimizing the diagonal elements of the tensor Z,
and Z,,. However, there is a 90° ambiguity in the
geoelectric strike. Measuring H, and calculating
the Tipper strike reveals this ambiguity. The strike
is a function of frequency and is, therefore,

different for different depths.

In Berdichevsky and Dmitriev (2002), it is shown by decomposing the E and H into normal and

anomalous field components, that in a general 2D earth, the impedance tensor becomes:
Zd ny

Zyp = [ ] 26

2D Zyx —_ Zd ( )

Here, neither of the horizontal axes is aligned along the electromagnetic strike. In the impedance

tensor, the diagonal elements Z,, = -Z,, = Z; are equal in amplitude but opposite in signs. The off

diagonal elements Z,, and Z,, are independent values. However, if the impedance tensor is rotated

such that the x direction is parallel and the y direction is perpendicular to the electromagnetic strike
direction, the Z,p impedance tensor simplifies to:

10 ny]

Zo=|,. @)

The modes of the impedance tensor can be analysed independently. Transverse Electric (TE) mode or
E-polarization is when the electric field is parallel to the electromagnetic strike and Transverse
Magnetic (TM) mode or B-polarization is when the magnetic field is parallel to the electromagnetic
strike. In Equation 27, the TE mode is Zg = Z,y and the TM mode is Zpy, = Z,,. Apparent resistivity
can be calculated for each of the modes such that:

1 1
= —|Z %z and = —|Z 2 28
pappTE((U) Wl | TE ((U)l an pappTM (w) Wl | ™ ((U)l ( )

And similarly, the phase angle:
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S(Z7e(w))

3(Zry(w))
R(Zrs (@) ) 29

Prp(w) = arctan( RZray (@)

) and Oy (w) = arctan(

3D impedance tensor
In a 3D earth model, the conductivity, ¢ (or resistivity p = 1/ 6) varies in all directions, ¢ (X, y, z). The
impedance tensor takes the general form:

Zyx ny
Zw =" 77 (30)

All the elements in the impedance tensor in Equation 30 are non-zero elements. There is no direction
where the diagonal elements of the impedance tensor vanish, so all the elements in the tensor need to
be considered.

2.4.3 Skin depth

The skin depth, J, is the depth where the electromagnetic field has been reduced to e of its original
value at the surface (Figurel2). The propagation of the oscillating electromagnetic fields is time
dependent, that is H, E ~ ¢ and it is a vertically incident plane wave. Therefore, skin depth is used
as a scale length for the time-varying field, or an estimate of how deep such a wave penetrates into the
earth and is given by:

1 1 2 2Tp 103
8 = = = = = — 20 . T
Real(k) Real(iwuo) \/wua JZn 41 - 1077 T /8 vViP (31

§ ~ 500,/Tp (32)

where § = Skin depth (m);

T = Period (s); and B2

p = Resistivity (Qm). resistivity of ground « | = |
Figure 12 shows that low-frequency E TN P —
electromagnetic waves have a larger H < -~ D —
skin depth and thus penetrate deeper Surface o ‘3-:3 <
into the earth than high-frequency ' < '
waves. High-frequency naturally
occurring  electromagnetic =~ waves \ \
typically originate in worldwide / |
lightning activity, and their small skin ,/ 100 Oim
depth  gives information about \ l
resistivity  structures close to the 5km \
surface. For lower frequencies, the frequency: 0.01 Hz 0.25 Hz 25 Hz
electromagnetic =~ wave  penetrates skindepth: 5 km 1km 0.1 km
deeper into the earth and senses (3mi) (0.6 mi) (328 ft)
resistivity at greater depths. These
low-frequency electromagnetic waves FIGURE 12: Difference in depth attenuation between
originate in magnetospheric low- and high-frequency electromagnetic

oscillations caused by the solar wind. waves (Unsworth, 2000)
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3. TEM AND MT SURVEY IN THE AREA AROUND THE EYJAFJALLAJOKULL
GLACIER

3.1 Introduction

Eyjafjallajokull volcano is situated in a
propagating rift outside the main zone of
plate spreading in Iceland, at the southern
termination of the eastern rift zone (Figure
13). The explosive eruption that began on
14" of April 2010 was the culmination of
a long series of intermittent magmatic
events observed over 18 years. This event
caused an exceptional disruption to air
traffic, closing airspace over much of
Europe for days. The eruption was
preceded by an effusive flank eruption of
basalt from 20™ March to 12" April.

The transient electromagnetic (TEM) and
the magnetotelluric (MT) methods were
used to investigate the resistivity structure
to a depth of several km beneath and
around Eyjafjallajokull. As the presence of melt or partial melt enhances the bulk conductivity by one
or more orders of magnitude, magma bodies will be imaged as low-resistive anomalies. The intention
was to explore if and how these low-resistive structures are related to the recent volcanic activity
below the glacier and to compare them with results from other methods and to similar investigations at
other volcanic areas to identify similarities and disparities.

FIGURE 13: Map of Iceland with the geographical
position of Eyjafjallajokull glacier

In July 2011, the Dublin Institute for Advanced Studies in Ireland (DIAS) in collaboration with the
Iceland GeoSurvey (ISOR) carried out a pilot study deploying 26 MT/TEM sites in a 3D array
distribution around Eyjafjallajokull (Miensopust et al., 2011).

3.2 TEM survey and equipment

The TEM survey was carried out by the field crew from Iceland GeoSurvey (ISOR). For the TEM
resistivity survey, the Time Domain Electro Magnetics PROTEM digital receiver and a TEM-67
transmitter from Geonics Ltd. were used. For the purposes of this project, a total of 25 TEM
soundings were carried out. For location, see Figure 14.

The sounding data were collected using a single turn transmitter wire loop of 200 x 200 m; one
receiver loop was used. The transmitted current was usually in the range of 18-22 A, transmitted at a
high frequency of 25 Hz, and a low frequency of 2.5 Hz. Repeated transients were stacked and stored
in the computer memory of the receiver and later downloaded to a personal computer ready for further
processing.

3.3 TEM data processing and interpretation

In TEM soundings a current is sent through a transmitter loop that excites the earth and the response is
then measured using a receiver loop. The decay of the signal depends on the subsurface resistivity
structure at the sounding site. The inversion problem is to determine the relevant physical parameters
characterizing the system from the measured response in order to transform the data into more easily
interpretable physical quantities. Forward modelling involves using the laws of physics to predict the
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observations from a model. A large set of models
can be searched to find the one that fits the data
(Figure 15).

The TemX program (Arnason, 2006a) was used to
read raw data files downloaded from the receiver.
It calculates averages and standard deviations for
repeated transient voltage measurements and
calculates late time apparent resistivity as a
function of time. The program also offers the
rejection of noisy readings through a graphical-
user interface (GUI).

An interpretation program called TEMTD
(Arnason, 2006b) was used to perform1D layered-
earth inversion of the data. The program assumes
that the source loop is a square loop and that the

FIGURE 15: Diagram for the inversion
procedure - the forward algorithm is used to
calculate the response from a given model, which
is compared with the measured data; if the
comparison is good, the initial model is accepted.
If the comparison is bad, the inversion algorithm
is used to improve the model. The operation is
continued until an acceptable fit is reached
between the model response and the data
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receiver coil/loop is at the centre of the source loop. The current wave form is assumed to be a half-
duty bipolar semi-square wave with exponential current turn-on and linear current turn-off. The
program also uses the GNUPLOT graphics program for graphical display during the inversion process.

The inversion algorithm used in the program is the nonlinear least-squares inversion of the Levenberg-
Marquardt type (Arnason, 1989). The misfit function is the root-mean-square difference between
measured and calculated values (chisq), weighted by the standard deviation of the measured values.
The user is offered the option of choosing whether the program fits the measured voltage or the late
time apparent resistivity values.

The program offers the possibility of keeping models smooth, both with respect to resistivity
variations between layers (logarithm of conductivities) and layer thickness (logarithm of ratio of depth
to top and bottom of layers). The damping can be done both on the first derivatives which counteract
sharp steps in the model, and on the second derivatives which counteract oscillations in the model’s
values. The actual function that is minimised is not just the weighted root-mean-square misfit, chisgq,
but the potential:

Pot = chisq+ a*DS1+ 3 *DS2+y*DD1+ 6 *DD2 (33)

where DSI1 & DS2 = First and second order derivatives of log-conductivities in the layered model;
DDI & DD?2 = First and second order derivatives of logarithms of the ratios of layer depths;
a, B, y & 0 = Coefficients that are the relative contributions of the different damping terms.

The program is also used to perform minimum structure (Occam) inversion; in this case the layer
thicknesses are kept fixed, equally spaced on a log scale, and the conductivity distribution is forced to
be smooth by adjusting a and f in Equation 33. Figure 16 gives an example of the result after
inversion of a TEM sounding. The TEM profiles of the 23 soundings used and their Occam inversion
are given in Appendix I (Barkaoui, 2011).
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FIGURE 16: Inversion of TEM data
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3.4 MT survey and equipment

The MT data were collected in collaboration with Iceland GeoSurvey (ISOR) and the Dublin Institute
for Advanced Studies in Ireland (DIAS) within the same area where TEM sounding data were
collected (Figure 14). A 5-channel MT data acquisition system (MTU-5A) from Phoenix Geophysics
Canada was used. The instrumentation consisted of a data recorder, induction coils, non-polarizing
electrodes, a Global Positioning System (GPS), a 12 V battery, flash memory for data recording, and
telluric and magnetic cables.

The layout is made such that the electric dipoles are aligned in magnetic North-South and East-West,
respectively, with corresponding magnetic channels in orthogonal directions; the third channel is
vertical in the ground. Before data acquisition, a start-up file is prepared with parameters like gains,
filters, time for data acquisition and calibrations for both equipment and the coils; this file is stored on
a flash disk in the equipment.

The ground contact resistance is generally measured to gauge the electrode coupling to the ground to
minimize the effect of self potential from the electric dipoles; an anti-aliasing filter is used, with a
corner frequency of 0.005 Hz. The electric field was measured by lead chloride porous pots and the
magnetic sensors were buried ~30 cm below the surface to minimize the wind and temperature effect.

MT data from each site were acquired for about 40 hrs., giving a frequency range of 320 Hz and often
up to a period of few thousand seconds, which generally ensured investigation depths down to several
tens of km. The penetration depth of the electromagnetic wave depends on the frequency where low-
frequency waves have greater depth of penetration than high-frequency waves. During data
acquisition, one 5-component MT station was installed far away from the survey area and maintained
as a remote reference station which was later used during data processing to reduce the effect of local
cultural noise. This is based on the fact that a magnetic signal tends to be the same over a large area
and that local disturbances at the local station may not be recorded at the remote station, i.e. the noise
part of the signal is not coherent at the two sites. During robust processing, estimates of
magnetotelluric and geomagnetic response functions are determined using the coherency and expected
uniformity of the magnetic source field as quality criteria. All the stations were time synchronized via
signals from Global Positioning System (GPS) satellites so that time-series data from the remote
reference station was processed in combination with data acquired at the same time from the other
stations to reduce the effects of local noise and improve the quality of the survey results. A total of 26
MT soundings were considered, but only 24 were used and processed in this report.

3.5 MT data processing and interpretation

Time-series data downloaded from the MT equipment were processed by the SSMT2000 program,
provided by the equipment manufacturer, Phoenix Geophysics of Canada. First the parameter file was
edited to reflect the data acquisition setup and then the resulting time-series data were Fourier
transformed to the frequency domain. The time series data were converted into the frequency domain
by using a cascade decimation method. From the Fourier transform band, averaged cross and auto-
powers were calculated using the robust processing method. The cross-powers were then graphically
edited by the MTEditor program to remove the noisy data points and evaluate “smooth” curves for
both phase and apparent resistivity (Figure 17). The final cross- and auto powers, as well as all
relevant MT parameters calculated from them (impedances, apparent resistivity, phase coherences,
strike directions etc.) were stored in industry-standard file formats (EDI files).

Figure 17 shows the following:

a) Apparent resistivity for both main modes (py,, and p,,) calculated in the measured directions

i.e. x is magnetic north and y magnetic east. Black circles denote the apparent resistivity
derived from the rotationally invariant determinant of the impedance tensor.
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b) Apparent phase (Oyyand 6,,,) calculated in the measured directions. Black circles denote the
apparent phase derived from the rotationally invariant determinant of impedance tensor.

c) Zstrike or the Swift angle gives the electrical strike (the horizontal rotation which maximizes
|ny + Zyx| for each frequency and is shown by filled circles. The direction used for
calculating the apparent resistivity and phase is shown by unfilled circles. For two-dimensional
electrical structures, a constant value of electrical strike would be observed.

d) Three-dimensional indicators:

Skew = Zaxt 2y,

|Zxy—Zyx|
be zero for 1D and 2D earth.

Swift skew is shown by filled circles. It is rotationally invariant and should

J 1 (Zyex Z3y +Zxx Ziy) |

|ny‘Zy><|
invariant and should be close to zero for both 1D and 2D earth.

SkewB =

or Bahr skew is shown by unfilled circles. It is rotationally

Z)’(x_Zgly
Ziy+Zyx
coordinates and gives the axis rotation of the electrical field ellipse. A value of zero for both
skew and ellipticity is a necessary and sufficient condition for two-dimensionality of the data.

Ellip = or ellipticity is shown by gray circles. It is calculated in the principle rotational

Red and blue colours on the Skew, SkewB, Ellip and Coher graph show the multiple coherencies
of the electrical fields with respect to the horizontal magnetic fields in the measuring
coordinates.

e) The Tipper which is calculated by using the Z component of H, H..

The results of the 24 MT soundings and the data processing are in Appendix II (Barkaoui, 2011).

3.5 Tipper strike direction

The electrical strike directions based on the Tipper are shown in Figure 18 for different periods.
Zstrike has a 90° ambiguity, while the Tipper strike, which is based on the z component of the
magnetic field, does not have this ambiguity. The z component was measured in most of the
soundings. Figure 18 illustrates the Tipper strike direction for all periods (a); with an example for
shallow depths, periods between 0.01 and 1 s (b), and in the last case, the Tipper strike direction at
great depths, periods between 10 and 1000s (c). At this depth most of the soundings have the same
Tipper direction due to the effects of the sea, which is a very good conductor.

3.6 The MT static shifts

The MT method suffers from the so called static shift problem. This phenomenon is caused by local
resistivity inhomogeneities which disturb the electrical field. The main processes that cause static
shift in MT measurements are voltage distortion, current distortion and the topographical distortion
(Jiracek, 1990). The static shift is expressed by scaling of the apparent resistivity by an unknown
factor (shifting on the log scale). This shift is independent of frequency, at least for those frequencies
generally used in MT soundings (Jones, 1988). The static shifts can be a big problem in volcanic
environments where resistivity variations close to the surface are often extreme. These parallel shifts
in the apparent resistivity curve can lead to large errors in the inverted data. For instance, a shift down
by S = 0.1 will, in interpretation, result in ten times too low resistivity values and about three times too
small depths to resistivity boundaries (Arnason, 2008).

Several methods have been advanced as possible solutions for the static shift problem in MT.
DeGroot-Hedlin (1991) and Ogawa and Ushida (1996) proposed the use of an inversion algorithm on
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MT data themselves to correct for
static shift; this assumes that the shift
multipliers are random and that the
product of the shift multipliers is
close to one for many soundings.
This may not necessarily be correct.

Another theory, and the one that has
been used in this report, is the use of
Central loop-induction TEM
soundings to correct for static shift in
MT data by jointly inverting both MT
and TEM data. This is based on the
fact that for TEM measurements at
late time there are no distortions due
to near surface inhomogeneities since
they do not involve measuring the
electrical field. This has been tested
by model calculations (e.g. Sternberg
et al., 1988) and shown to be a useful
method for correcting for static shifts
in MT soundings, at least for a 1D
resistivity environment.

The TEM apparent resistivity used to
estimate the shift parameter in the
MT data does not necessarily agree
with either of the principle apparent
resistivities (xy or yx) . It may occur
between them, below them or agree
with either of them. It should also be
noted that the phase is not affected by
the static shift problem.

3.7 The MT static shift analysis
of MT data in the
Eyjafjallajokull area

Static shift analysis of the 24 MT
soundings in the Eyjafjallajokull area
was done using the TEMTD joint
inversion code and inverting for the
rotational  invariant  determinant
apparent resistivity and phase data.
The shift factors are in the range of
0.5-1.1. Most of the MT determinant
apparent resistivity data were shifted
down a shift factor around 0.8 (Figure
19).

Figure 20 shows the spatial
distribution of the shift multipliers in
the Eyjafjallajokull area. The map
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shows that there are large areas where the MT apparent g
resistivity is consistently shifted downward.

In conclusion, it has been found that correction for static shift
by use of controlled-source EM soundings and a joint
inversion with MT data can be very effective in providing a
more accurate picture of the resistivity structure of the earth.

Nr. of MT soundings

3.8 Joint 1D inversion of the TEM and MT soundings

The TEMTD program does 1D inversion of TEM and MT 0 1 2
data separately or jointly. In this study, the software was Shit factor,3

used to invert the MT apparent resistivity and phase derived FIGURE 19: Histogram of shift
from the rotationally invariant determinant of the MT tensor factors applied to the MT
elements jointly with the TEM data. In the joint inversion, apparent resistivity curves

one additional parameter was inverted for, namely a static

shift multiplier needed to fit both the TEM and MT data with the response of the same model. The
program can do both standard layered inversion (inverting resistivity values and layer thicknesses) and
Occam (minimum structure) inversion with exponentially increasing layer thicknesses with depth (see
e.g. Constable et al., 1987). It offers a user specified damping of the first (sharp steps) and second
order derivatives (oscillations) of model parameters (logarithm of resistivity and layer thicknesses)
(Arnason, 2006b).

An example of a 1D joint inversion of MT and TEM data is shown in Figure 21. Red diamonds
represent the TEM apparent resistivities transformed to a pseudo-MT curve. The blue squares
represent the measured apparent resistivities and the blue circles pinpoint the apparent phase, both
derived from the determinant of the MT impedance tensor. The light blue symbols to the left of the
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FIGURE 21: 1D joint inversion of a TEM and an MT sounding

green curve indicate data not used in the inversion. In the right panel are results of the 1D resistivity
inversion model; in the left panel are the synthetic MT apparent resistivity and phase responses. The
number in the upper left panel (695646) is the name of the TEM station. The numbers in parentheses
(12/0) indicate that the two stations were 12 m apart with the same elevation, 0 m. The inversion
results are shown by the following selected cross-sections and iso-resistivity maps. The 1-D joint
inversion of all the MT and TEM profiles is given in Appendix III (Barkaoui, 2011).

Resistivity cross-sections were plotted from results obtained from 1D inversion by a program called
TEMCROSS (Eysteinsson, 1998) developed at ISOR — Iceland GeoSurvey. The program calculates
the best line between the selected sites on a profile and plots resistivity isolines based on the 1D model
generated for each sounding. It is actually the logarithm of the resistivity that is contoured so that the
colour scale is exponential, but the numbers at the contour lines are resistivity values.

Five vertical cross-sections were made through the survey area. Their location is shown on Figure 14.
Cross-section N-S (Figure 22) shows a high-resistivity layer (> 100 Qm), found close to the surface,
reflecting fresh and unaltered rocks. Below the layer we can distinguish a conductive layer reflecting
rocks rich of smectite and zeolite alteration minerals. At around 5 km depth, a resistive layer is
detected reflecting a rich content of chlorite and epidote alteration minerals. Finally there is a
conductive layer at around 15 km depth which is common in Iceland and has been interpreted as a
possible indicator of high-temperature partial melt (see e.g. Bjornsson et al., 2005). Figures 23-26
show similar results.

Iso-resistivity maps were made using the TEMRESD program, which generates iso-resistivity maps at
different elevations from the 1D Occam models (Eysteinsson, 1998). The resistivity is contoured and
coloured in a logarithmic scale. Five iso-resistivity maps were made at 1500, 5000, 10000, 12000 and
15000 m b.s.l. (see Figure 27-31). Generally, the maps show the conductive layers represented in the
previously discussed cross-sections at the same level.
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FIGURE 30: Iso-resistivity map at 12000 m b.s.1. based on joint 1D inversion of TEM and MT data
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FIGURE 31: Iso-resistivity map at 15000 m b.s.1. based on joint 1D inversion of TEM and MT data
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4. CONCLUSIONS

A total of 25 TEM and 26 MT soundings were performed in 2011 by the Dublin Institute for
Advanced Studies (DIAS) and Iceland GeoSurvey (ISOR) in the Eyjafjallajokull area. The TEM-MT
resistivity survey gives a good picture of the resistivity below the area around Eyjafjallajokull glacier.

Data inversion of the TEM/MT soundings was done using the 1D inversion program TEMTD. The
MT data were jointly inverted with TEM data from the same location, to determine the best static shift
parameter for the MT data. Static shift of these data are in the range from 0.5 to 1.1, the majority
being around 0.8. The interpreted data are presented in the form of resistivity cross-sections and iso-
resistivity maps as well as data curves and layered models.

Two conductive layers were detected, the first one at approximately 1-3 km depth, reflecting smectite
and zeolite alteration minerals, and the second conductive layer at around 12 km depth, possibly
indicative of high-temperature partial melt. This last layer is common in Iceland and conforms with
many other MT observations across the country, especially in or near the volcanic zones (see e.g.
Eysteinsson and Hermance, 1985).
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