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Abstract

Subsurface resistivity structure across the divergent plate boundary of Iceland is
characterized by thin, intermittent near-surface high conductivity layers associated with
geothermal alteration and a thick, mid-crustal conductor deepening away from the plate
boundary. In addition, one-dimensional magnetotelluric (MT) models of the Krafla central
volcano have revealed two anomalous, updoming zones of high conductivity beneath the
Krafla caldera overlapping partly shear wave shadow zones interpreted as areas of melt
accumulation during the 1974-1989 rifting episode. To further constrain the extent of the
updoming conductors and elucidate their relationship with the lower crustal conductor as
well as near surface anomalies two-dimensional magnetotelluric inversions were
conducted along two east-west profiles across the Krafla caldera. The northern profile
which crosses both shear-wave shadow zones reveals a single updoming conductor within
the western zone suggesting that the northern boundary of the eastern zone is located just
south of the profile. Sensitivity tests indicate that the dimensions of the updoming
conductor (0.5 — 2 km wide and 4 — 5 km high) are in a good agreement with seismic and
geodetic data. The conductive dome connects with a near-surface conductive layer, at less
than 500 m, which correlates with surface geothermal manifestations and the mid crustal
connector, at 6-16 km depth. The top of the deeper conductor correlates fairly well with the
brittle-ductile crustal boundary. Although joint interpretation of magnetotelluric data with
other geophysical data further illuminates the geometrics of the shallow magma system of
Krafla the percentage of partial melt within the mid-crustal conductor remains unknown.
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1 Introduction

The divergent plate boundary of Iceland is made up of numerous volcanic systems,
forming en echelon segments along the rift zones (Figure 1). The Krafla volcanic
system in N-Iceland is one of the best-studied volcanic system, being the center of a
rifting episode in 1974-1989 which activated an approximately 100 km long segment
of the divergent plate boundary. This magmatic and tectonic episode was
characterized by inflation/deflation cycles which were controlled by
increasing/decreasing magma pressure within a shallow crustal magma chamber
beneath the Krafla caldera and tectonic stress at the plate boundary (Bjornsson et al.,
1977; Bjornsson, 1985; Einarsson, 1978, Tryggvason, 1999; Buck et al., 2000).
Magma accumulated within a shallow magma chamber beneath the caldera region
during inflation periods and was intruded into the transecting fissure swarm or
extruded in basaltic fissure eruptions during brief deflation events. The recent
magmatic activity replenished the Krafla magma chamber and active geothermal areas
within the caldera.

Although the Krafla rifting episode provided valuable information on magmatic and
tectonic processes within a divergent volcanic system the geometry of the shallow
Krafla magma chamber (Einarsson, 1978) and possible deeper reservoirs
(Tryggvason, 1986; Arnadottir et al., 1998) has remained poorly constrained. Using
local microearthquakes recorded by analog one-component instruments, Einarsson
(1978) mapped two shear-wave shadow zones within the Krafla caldera as
representing magma accumulation below a depth of 3 km. The shear wave shadow
zones are elongated EW with an unclear lower boundary. The eastern zone
encompasses the Krafla geothermal field presently utilized by the Krafla geothermal
power plant, whereas the western zone is located west of the Leirhnjukur geothermal
field. The northern boundary of the western zone is poorly constrained (Einarsson,
1978). In order to further constrain the dimensions of the Krafla magma chamber,
Brandsdottir and Menke (1992) performed waveform studies on earthquakes which
originated in the Krafla caldera during a brief inflation period in July 1988. They
identified reflections from the base of the magma chamber which indicated its
thickness to be less than 1 km in the central northern part of the caldera. However,
they were unable to constrain its lateral dimensions. Refraction modeling further
constrained the thickness of the Krafla magma chamber as being less than 2 km and
illuminated its seating on top of a broad high-velocity dome extending from the lower
crust (11-14 km depth) beneath the central volcano (Brandsdottir et al., 1997).
Furthermore, shear waves, reflected from a 19 km deep Moho indicated that the
midcrust beneath the magma chamber cannot contain high percentage of partial melt
or even be at near-solidus temperatures.
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Figure 1. A tectonic map of the Northern Volcanic Zone based on a map (inset) by Einarsson
and Scemundsson (1987). The fissure swarms (yellow regions) transect the central volcanoes
of the volcanic systems (black lines). The Krafla caldera is denoted by the red lines.

Geodetic measurements support the existence of a shallow magma chamber at a depth
of 2-3 km within the caldera and have been used to argue for the existence of multiple
magma reservoirs at depth (Tryggvason, 1986; Arnadottir et al., 1998; de Zeeuw-van
Dalfsen et al., 2004). The mean center of inflation during 1975-1989 was determined
by tilt and distance measurements to lie at 2 and 3 km depth near 65 N 42,883 and -
16 W 47.983", about 500 m southwest of Leirhnjukur (Tryggvason, 1999). Several
shallow source subsidence centers in vicinity of Leirhnjukur, determined by
Interferometric Synthetic Aperture Radar (InSAR) images in 1992-1999 have been
interpreted as due to cooling and contraction of the Krafla magma chamber whereas
uplift over a 50 km wide area has been attributed to magma accumulation near the
crust-mantle boundary rather than post-rifting adjustment (Sigmundsson et al., 1997,
de Zeeuw-van Dalfsen et al., 2004, Sturkell et al., 2008). Levelling surveys, InSAR
images and repeated gravity surveys show the area of deflation to be of limited extent,
spanning an area with a radius less than 2 km, within the center of the caldera,
between the two shear wave attenuation zones (Sigmundsson et al., 1997; de Zeeuw-
van Dalfsen et al., 2004, 2006; Sturkell et al., 2008).



One-dimensional (1-D) interpretation of magnetotelluric (MT) measurements to
investigate vertical and lateral variations of the electrical resistivity in the lower crust
and upper mantle within the Northern Volcanic Zone was initiated by Beblo and
Bjornsson (1978, 1980) and Beblo et al. (1983). They revealed the evidence of a low-
resistivity layer deepening away from the Krafla Central Volcano. Subsequent MT
campaigns within the Krafla region focused on subsurface resistivity structure within
the upper crust in association with geothermal exploration within the Krafla caldera
(Arnason et al., 2009; Mortensen et al., 2009). Using 1-D models of TEM/MT data
correlated with gravity and seismic data Arnason et al. (2009) delineated updoming
low resistivity bodies below 2.5 km depth beneath Leirhnjukur and Mt. Krafla
overlapping partly the shear wave shadow zones mapped by Einarsson (1978). A third
low resistivity anomaly is observed near Sata, within the fissure swarm in the
southwest caldera region. The Leirhnjikur low resistivity dome lies north of the
inflation/deflation centers, overlapping the eastern half of the western shear wave
shadow zone.

The aim of this study is to jointly interpret 2-D MT inversion of MT data and
available seismic and gravity data in order to constrain the dimensions of shallow
magma reservoirs beneath the Krafla caldera and elucidate their relationship with the
lower crustal conductors as well as near surface high-temperature geothermal areas.






2 Geological overview of the study
area

Iceland is situated on top of a hotspot associated with a mantle plume coinciding with
the mid-Atlantic ridge. This interaction has generated segmented plate boundary with
volcanic zones composed of numerous volcanic systems (Einarsson, 2008) and thick
oceanic crust. Each volcanic system consist of a central volcano and transecting
fissure swarm which represents the spreading segment. The central volcano where the
major eruptive activity is commonly circular in outline and 20 to 40 km in diameter,
whilst its transecting fissure swarm is usually between 10 to 100 km long and 20 km
wide. Most of the high-temperature geothermal systems are associated with these
volcanic systems.

The Northern Volcanic Zone (NVZ) is composed of seven NNE-SSW elongated
volcanic systems arranged en echelon along the plate boundary, including Krafla
(Figure 1). Fissure swarms, characterized by rifting structures such as crater rows,
normal faults, and open fissures transect the central volcanoes at an azimuth
perpendicular to the regional spreading direction (Seemundsson, 1978; Einarsson and
Semundsson, 1987). The Krafla volcanic system is characterized by an approximately
20 km wide central volcano, engulfing a 10 km wide (EW) and 7-8 km long (NS)
caldera. The central volcano is made up of alternating basaltic lava and hyaloclastite
sequences with gently sloping topographic highs ranging from 300 to 500 m in
elevation whereas individual hyaloclastite table mountains and rhyolitic ridges reach
900 m elevation. (Figure 2). The Krafla caldera, formed during the last interglacial
period, about 100,000 years ago, has since been filled with eruptive products. The
caldera has thus been defined based on geological mapping of cone dikes and semi-
acidic welded tuff produced at the caldera formation (Seemundsson, 1991). The Krafla
central volcano is transected by a NNE-SSW trending fissure swarm, extending from
the Myvatn region about 100 km northwards to Axarfjorour (Semundsson, 1991).

Two high-temperature geothermal areas can be founded within the Krafla volcanic
system. One within the caldera (the Krafla-Leirhnjukur geothermal field) and south of
the caldera (the Bjarnarflag-Namafjall field). The Krafla geothermal power plant
utilizes the eastern part of the Krafla-Leirhnjukur geothermal field.

At least twenty inflation/deflation cycles occurred during the Krafla rifting episode.
During inflation periods, intense seismicity was observed in the crust above the
magma chamber due to increasing pressure in the Krafla magma chamber while
seismicity along the fissure swarm characterized deflation events (Buck et al., 2006).
Mapping shear wave attenuation, Einarsson (1978) delineated two regions within the
caldera suggested to contain melt. The overall region is 2-3 km width in N-S direction
and 8-10 km in the E-W direction (Figure 2). Recent compilation of old and newer
geophysical data indicates that an inner caldera may exist (Arnason et al., 2009).
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Figure 2. Aerial image of the Krafla caldera and surrounding region showing MT survey sites
(red triangle) within the Krafla caldera (marked by red lines), shear wave shadow zones
(vellow lines) delineated by FEinarsson (1978), earthquake epicenters during the inflation
periods 1974-1980 (green dots) and 1988 (blue dots) located by the IMO network. Black stars
denote inflation and deflation centers determined by geodetic and InSAR surveys
(Sigmundsson et al., 1997; Tryggvason, 1999; de Zeeuw-van Dalfsen et al., 2004, Sturkell et
al., 2008). The location of Leirhnjukur is marked by LH and Krafla Power Plant by KPP.



3 Magnetotelluric (MT) method
3.1 Basic theory

Magnetotellurics (MT) is a passive geophysical method which involves the
comparison of the fluctuating horizontal components of the magnetic and electric
fields on the earth’s surface (Tikhonov, 1950; Cagniard, 1953). Two known sources
of electromagnetic field are harnessed by this method: a.) The magnetic field which is
produced by the interaction between solar winds and the Earth’s magnetosphere and
causes electromagnetic fluctuations that induce currents in the earth (frequencies
lower than 1 Hz); and b.) The electromagnetic field originated by the meteorological
activity such as lightning discharges (frequencies higher than 1 Hz). The MT method
exploits the electromagnetic field with periods ranging from ~ 10~ to ~10° s.

The basic theory of the MT method is based on Maxwell’s equations which describe
the behavior of the electromagnetic field. These equations are expressed as:

dB

VXE=-2, (3.1a)
aD

VxH=]+>, (3.1b)

V-B=0, (3.1¢)

V-D =1, (3.1d)

where H is the magnetic intensity (4/m), J is the electric current density (A/m?), D is
the electric displacement (C/m?), E is the electric field intensity (V/m), B is the
magnetic induction (7), and 7 ; is the electric charge density (C/m’).

These four equations together with the constitutive relations for a homogeneous linear
isotropic medium are used to derive the diffusion equations in terms of the time-
varying electric and magnetic field (see Appendix A):

VZE=V x pradl n (V x H) = u0—+ Euth (3.2a)
2B = _ _e2 ) o°B
V’B = —0(V X E) Eat (VXE) = uo o L NS (3.2b)

Both equations represent the behavior of the electromagnetic field propagations in
two different wayS' a diffusive (ucsE and uca—B) and a non-diffusive wave

propagation (su and su ) Both of them are frequency dependent.

In MT studies, the variations in electric permittivities, ¢, and magnetic permeabilities,
1, of rocks are negligible compared with variations in bulk conductivites. Therefore
free-space values (g = 8.85 x 107 F/m and gy = 1.2566 x 10°® H/m) are assumed.
One of the assumption in magnetotellurics is the quasistatic approximation, which
states that the electrical conduction currents are always much larger than the electrical
displacement current (the earth is such a good conductor, that is 6>>we). Therefore,



eq. 3.2a and 3.2b are reduced to only first partial time derivatives form and define the
fields that are diffused downward into the earth.

Another assumption in magnetotellurics is that the plane wave is assumed to be
normally incident. This is certainly not true for waves from all sources which are
superimposed and form the resultant at a given measurement site at a given time. But
all waves, irrespective of their incoming directions are refracted almost vertically
(normally) into the earth. This can be explained by the Snell‘s law, consider the plain
electromagnetic wave of angular frequency @ and wave vector Ky incident at the
surface of a homogeneous earth with resistivity p=1/o. The wave vector ko makes the
angle 0; (angle of incident) with the z-axis. A refracted wave propagates into the half-
space with wave vector k making the angle 6; with the z-axis. Therefore, we have

1 . 1.
%sm 0; = —sin 0, (3.3)

where vy and v are the velocites in the air and the half-space (from eq. 3.9),
respectively:

v= |2 (3.4)

1
Vg = —;
0™ Jem’ uo

then we have

sin@; = sin 6, ’287(” 3.5

Assuming that the resistivity of ground rocks has range of 1-10* Qm (therefore, p=1/c
< 10* Qm) and the frequency used in MT is less than 10° Hz (w < 10° Hz), then

2% <1077

o
So that 6, is practically zero and refracted wave in the earth has the wave vector k
along the z-axis for all angles of incidence.

For the homogeneous half-space earth (Figure 3), with conductivity ¢ and a normally
incident plane wave, the E and H fields are constant in direction and magnitude over
planes perpendicular to the vertical, downward +z, direction of propagation. If the
field vary harmonically in time, that is as e'“t we get:

V2E + k?E =0; V2H + k?H =0 (3.6)

where £ is the wave number

k=.—iuow (3.7
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Figure 3. Simple half-space uniform earth model (after Simpson and Bahr, 2005)

For a wave propagating in the direction of u with the wave vector k=ku, Maxwell‘s
equation 3.1b shows that

_ikxH=0E="%F (3.8)
Hw

and for the wave propagating along z-axis (u = (0,0,1) and u x H = (-Hy, Hx, 0)), we
have:

w
Ex:”_

~Hy; By =—E2H, (3.9)

k

Therefore, E and H are perpendicular. Taking E in the x direction and H in the y
direction, equations 3.6 becomes an ordinary differential equation with solution:

E.(Z) = Eye*™*?;, H (Z) = Hye*** (3.10)
Where Eq and Hy are constants, the magnitude of E, and Hy at z=0.

Using equation 3.7, the exponential of E and H can be expressed as:

. . [uow ,udw
ei((l)t‘l‘kZ) _ el((ut‘l-l 5 Z— 5 Z)
. _ |pow
_ e_Z/geL(wt /—2 Z)

. uo.
_ e_Z/aelw(t—Z 20
where

B -1 (3.11)

20w

Where v is the velocity of the propagating wave.



The plus sign in the exponent represents a wave propagation in the +z direction in the
earth and exponentially decreasing in amplitude. The depth where the field has
decreased to 1/e of itsr value at z=0 (the surface) is called the skin depth o:

5 = 1 _ 1 _ 2
T Im 9] T Im (—ipow) - uow

(3.12)

It can be seen that the amplitude decreases for highr conductivities and frequencies.

Using that x4 = uy = 1.2566 x 10° H/m and w=27/T, where T is the period of the
incident field, a useful approximation for the skin depth is given by:

6 =500,/pT [m] (3.13)
Equation 3.9 can be expressed in matrix form:
E, 0 ny H,
(£)=(z, “o)u) (14)
where
Zyy = % and Zy, = —Z,,, (3.15)

In the general case the horizontal components of the electric E and the magnetic field
H are related via a complex impedance tensor Z and can be presented as:

Ex Zxx ny Hx .
(B) = (2 2) () or - @16

Z is a complex tensor, has both real and imaginary parts. Using k = \/—iuocw, we

have
_ w0 _ i [k [k inga
Z NeT Vi - —e (3.17)

By measuring E and H, we can determine the resistivity p

2

2 1 1 2
—”—w|Z| (3.18)

11
o Uw

Ey
Hy

Ey
HX

p:

_”w

For a homogeneous earth, we can express the resistivity (p) and phase (¢) as:

_i 2. — _r_ o
P=" |Z|=; ¢=arg(Z) = i 45 (3.19)

While for non-homogeneous earth we define the apparent resistivity (p,) and phase

(¢a):
Py = Hiw Z|; ¢, =arg(Z) # 45° (3.20)

On the surface of a 1-D layered earth (conductivity varies only with depth as
presented in Figure 4), we have:

(%Eg) B (Zyxo(w) nyo( w)) (ZI;EZ%) (3.21)
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the diagonal elements of the impedance tensor are zero while the off-diagonal
elements are equal in magnitude but have opposite signs (Z,(w) = Z,, (w) = 0 and

Zyy(w) = —Zy (W) = Z,). The quantity of Z; is determined by a recursion relations:

Z- =7 2i+1+Zi tanh(ik;d;) .
t t Zi+Zi4q1 tanh(ik;d;) ’

i=N-1,...,1 (3.22)

where Z=uw/k; and Zy = Zy,

MT Site

P, h

-
»

P> h2

A
pn_-| hn-‘1

Figure 4. Simple 1-D layered earth model.

For a 2-D earth (conductivity varies in one horizontal direction and also with depth)
measuring in the electrical strike direction, Z(®) ~ Zyy(®) ~ 0 and Z,(®) # Zy(o).
While for 3-D earth, Zw(0) # Zy(®) # 0 and Z,(w) # Zy(o). Therefore, the
impedance tensor Z contains information about dimensionality. From our measured
data, we can find out whether the resistivity structure could be approached by 1-D, 2-
D or 3-D earth models, and therefore decide which inversion scheme should be
performed, having the availability and reliability of the inversion algorithm in mind.

For 2-D electrical resistivity structure (Figure 5), the solutions of Maxwell’s equations
can be decoupled into two independent modes. One incorporating electric fields
parallel to the electric strike and magnetic field components perpendicular to the
strike and in the vertical plane (E-polarization, referred to as Transverse Electric (TE)
mode) and the other incorporating magnetic fields parallel to the electric strike with
induced electric field component perpendicular to strike and in the vertical plane (B-
polarization, referred to as Transverse Magnetic (TM) mode).
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Figure 5. Simple 2-D model and the concept of polarization in magnetotellurics (after
Simpson and Bahr, 2005)

Figure 5 shows a simple 2-D model composed of quarter-spaces with different
conductivities, 6; and o5, on each side of an infinite planar boundary in the strike
direction (the x-direction). Conservation of charges means that the current density is
continuous across the contact and the electric field in that direction must be
discontinuous since j, = oE,. In TE mode, E, and H, are continuous, vary smoothly
across the discontinuity (Figure 5). In this case, pxy, which is proportional to E./Hy is
smoothly varying across a discontinuity. While in TM mode, Hy and E, component
are continuous across the discontinuity but Ey is discontinuous. For TM mode the
electric field is discontinuous at a discontinuity due to electric charge accumulation
which is the underlying cause of the galvanic effect. Galvanic effect (distortion) is a
non-inductive (frequency-independent) response of the electric field, which may
distort MT impedance tensors. The two apparent resistivity values correspond to the
modes mentioned above and can be written as:

Ex
Paey (@) = = H((‘:)))| for TE mode (3.23a)
and
1 |Ey(w)|?
Payr(@) = |2 (w)| for TM mode (3.23b)
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Figure 6. Transverse magnetic (TM) and transverse electric (TE) mode in magnetotellurics
(Jiracek et al., 1995).

Theoretically, we can calculate the impedance tensor in any non-measured direction
by rotating the measured impedance tensor using mathematical rotation through
matrix multiplication. The rotational angle a, is represented by a rotation matrix R,
(see e.g. Vozoff, 1991):

__(cosa sina
Rq = (— sina cos a) (3.24)

The rotated impedance tensor Z is given as:
Z' = R,ZR}, (3.25)

where the superscript T denotes the transpose matrix,

#=(ina cosa) (.26)
And equation 3.25 can be expanded as:
Zyy = Zyy c0s% a + (Zy, + Zy,) sinacosa + Zy,, sin® a
Zyy = Zyycos? a+ (Zyy + Z,,) sinacosa — Zy, sin*a 3.27)

I 2 :
Zyxy = Zyycos®a+ (Zyy - Zxx) sinacosa — Zyy,

sin? aJ
r 2 _ . _ i 2
Z}y = Zyycos? a+ (Zyy — Zyy) sinacosa — Zy, sin’a

3.2 Field measurement

The horizontal components of the electric field are measured on the surface of the
earth using two pairs of electrodes (e.g. porous pots). The horizontal components and
the vertical component of the magnetic field are measured on the surface of the earth
as well by magnetic sensors (e.g. coils). The data are collected through a five channel
MT data acquisition system. The electric field (£, and E)) is acquired by recording the
time-varying potential difference between two non-polarizing electrodes on the
surface, divided by their horizontal distance. While H,, H, and H. are acquired by
recording the magnetic induction in magnetic coils. The field layout is shown in
Figure 7.
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The MT data used in this study were collected by two groups. For our convenience we
call the first data set, the “KMT - series”. They were measured by Duke University in
2004. Secondly, the so called “K — series”, measured by MSU (Moscow State
University) and ISOR (Iceland GeoSurvey) in 2006. Most of these data are collected
using five component systems. However, some of the K-series data were collected
using two component systems measuring the electric field only. The magnetic field
measured simultaneously at a nearby station was used in the processing of the data.
One of the station in the K-series uses the magnetic field from a station at a distance
of 3700 m (station K-81494) and stations K-81032 and K-81402 at a distance of 2500
m (the location of the stations in shown in Figure 9). These distances ought not to be
larger than 1000 m, larger distances reduce the reliability of the results, in particular
where large horizontal resistivity gradients are to be expected.

23n°D

West Electrode

South Electrode
1800

Figure 7. Field layout of a 5-channel MT data acquisition system.

The measuring x-direction was in the magnetic north, therefore when referring to
geographical north the magnetic declination must be taken into account (the
declination at Krafla is N14°W). From now on we will refer north to the geographical
north and the impedances were rotated accordingly.

A remote reference MT station was set up 10 km away from the measuring or local
sites. It was situated sufficiently far away from the local sites so that the cultural noise
at both sites is uncorrelated. Thereby the signal to noise ratio of the local MT stations
is increased. The remote reference stations are discussed separately in next chapter.

3.3 From time series to frequency domain

The electric and magnetic field time-variations of the MT data measurements are
recorded as time series data (Figure 8A). However, we must keep in mind that the
measured data not only contain the desired information, the signal, but also natural
and/or cultural noises. Data processing in geophysics deals with reducing the noise
from the measured data and increasing the signal-to-noise ratio. It includes the
processing or reduction of the collected data to data that are ready for numerical
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modelling. In magnetotellurics, the aim of data processing is to produce as smooth
apparent resistivity curves as possible, as a function of frequency (or period) which
represents the earth’s response, and can be used to interpret the earth’s subsurface
conductivity structure. Although the data used in this study are in EDI file format
(industry-standard file format of MT data of processed time series data) which was
produced by MT data processing software from time series to frequency domain. The
data processing in MT will be briefly discussed here.

Nowadays, most measured data are stored in digital form: virtually all collected MT
data are amplified, filtered and digitized by an analog-digital converter of the
instrument. The transformation from time domain to frequency domain is usually
done by Fast Fourier Transform (FFT) (Vozoff, 1991).

The process is initiated by visual inspection of the measured data. Each station is
checked for name, instrument channels, measurement direction, distance between the
electrodes and other information. The time interval is initially chosen for performing
the FFT, first calculating the Fourier coefficients and later reprocessed Discrete
Fourier Transform into cross powers.

The cross power at one frequency f; in the band f;.,..f;+n of two channels, says 4; and B,
can be calculated (see e.g. Vozoff, 1991) by:

(), B(F)) = sos 20T AuBi (3.28)

2m+1

= (4;B;), which will generally be complex.

The coherency of two channels at frequency f; is defined as:

1 j4+m AyBy,
coh (4;,B;) = Zmﬂzk:,-_m—,im A*)(’; pr (3.29)
kg kD[

which is complex with modulus between 0 and 1.
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Figure 8. An example of magnetotelluric processing results. (A) Time series data acquired by
a S5-channel MT data acquisition system,; and (B) Apparent resistivity and phase curves
calculated from the time series in (A) after processing the data. Also is shown as a function of
period: the Swift angle or Zstrike to the right (note its constant value independent of the
frequency, showing strong 2-D character) and to the left the ellipticity (grey dots) gives
infomation on two dimensionality and the skew (black dots), gives infomation on three
dimensionality.

16



Linear expansion of equation 3.16 gives:
Ey(w) = Zyx(w)Hy(w) + ny(w)Hy(w) (3.30a)
Ey(w) = Zyy(w)H(w) + Zy,(w)H,y (w) (3.30b)

multiplying by the complex conjugates of the electric and magnetic spectra gives the
following equations:
((Ex(0)Ex()) = Zyx (0){(Hy (@) Ex(w)) + Zyy (@0){(Hy (@) Ex(w)) )
((Ex()Ey(@)) = Zyx(0)((Hx(w)E5 (w)) + Zyy (w){(Hy (@) Ey (w))
(Ex(@)Hy(w)) = Zyx (0)(Hy(0)Hx(w)) + Zyy (0){(Hy (w)Hy(w))
(Ex(w)Hy (@) = Zyx (0){((Hy(w)Hy (@) + Zyy (0)((Hy (w)Hy (w))
((Ey(@)Ex(w)) = Zyx(0){(Hy(w)Ex(@)) + Zyy (w){(Hy (w)Ex(®))
((Ey(w)Ey(w)) = Zyx(w){(Hy(w)Ey(w)) + Zyy (0){(Hy (w)E} (w))
((Ey(w)Hyz(@)) = Zyy(w){((Hy(w)Hx(@)) + Zyy (w){(Hy (0)Hy(w))
((Ey(w)Hy (@) = Zyx(w){(Hy(w)Hy (w)) + Zyy, (0){(Hy (w)Hy (w)))
Most of these equations contain autopowers, which amplify the correlated noise
presented in the data and causing Z; to be biased. The incoherent noise in the
measured electric fields will bias the estimated Z;; upwards while the incoherent noise
in the measured magnetic fields will bias the estimated Z;; downwards. One known
method to solve this problem is to deploy a remote reference site (Gamble et al.,
1979a, 1979b) at a distance sufficiently away from the measuring or local site so that
it can be presumed that the noise is uncorrelated. Then replacing all the complex

conjugates in eq. 3.31 (denoted*) with the remote site components, giving the
equations:

5(3.31)

(xRN Hy R —(ExR))(Hy R5)

Zyy = : 32
XX H R Hy Ry —(HxRy Y Hy RY) (3.32a)
(ExR;c)(HxR;/)_<ExR;)<HxR;c)
= 32
XY (HyRy)HyR;)—(HyR}XHyR) (3.32b)
(EyR3)(HyR;)=(EyR})(HyR})
= , 3.32
YX  (HxRy)(HyR})—(HxR})(HyR) (3.32¢)
_ (EyR})HxR})—(Ey R} )(HyxR%) (3.324)

YY " (HyRy)HxRy)—(HyR})HxR}Y

where R, and R, represent H, and H, of remote site components, respectively. It is
sometimes more convenient to use pair of E-field receivers.

The FFT process generally yields much more frequencies than can be used for the
interpretation, especially of higher frequency. In order to provide smoother results and
reduce the number of data after the FFT process, one approach is to average the
impedance values over adjoining groups of frequencies or windows. Within this
process, robust processing can be applied to reduce the size of error bars and smooth
the curves in plots of apparent resistivity.
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In robust processing, the evaluation of individual data point is performed to calculate
the data average and down-weighting the outliers and therefore narrow the average
value in the stacking process. In many cases with high noise effects, the apparent
resistivity curves remain not as smooth as we expected despite the application of the
robust processing. In this problem, manual editing of the stacked apparent resistivity
value for each frequency is needed to produce reasonable results and smoother
apparent resistivity curves. Example of resulting apparent resistivity and phase with
their attributes are presented in Figure 8B.
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4 MT data
4.1 MT apparent resistivity and phase

The MT data used in this study consist of 39 measuring sites which were collected by
two groups on three profiles within the Krafla caldera (Figure 9). Two profiles
(AV7290 and AV7288) are used for 1-D and 2-D modelling, while KRF-2 is used
only in 1-D inversion.

7295 ,,
 H(18.4°) / W
i / KRF2
E _,h fffb i
" f m
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ﬂ.i
f,/ / /)
ay sy
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Figure 9. Location of the MT soundings and the MT profiles used for 1-D and 2-D inversion:
AV7290 and AV7288, and profile KRF-2, used for 1-D inversion only. X-axis is N18.4°E in
definition of the modes and representing the preferred geoelectrical structure in the area.
Two S-wave shadow zones from Einarsson (1978) are presented by the purple lines, blue lines
denote the main fractures and black bold lines are the rim of the caldera.

These two series of data have periods ranging from 0.003 to 2000 s and on the
average 78 to 90 periods for each site. Although they have the same range of periods,
both data series are sampled in the different periods. In order to run 2-D inversion
using REBOCC code (Siripunvaraporn and Egbert, 2000), which requires uniform
periods for all sites within the profile, data have been resampled to make uniform
series of periods ranging from 0.01 to 1000 s and covering 10 frequencies per decade
with a total of 50 periods (Figure 10).
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Figure 10. Example of resampled MT data. The plot to the right (C) has 50 resampled periods
ranging from 0.01 — 100 s after rotation of 18.4°, shown in (B). While (A) is the original data
before rotation. The rows show as a function of the period:, the apparent resistivity, the
impedance phase, Swift’s strike (Zstrike) and the skew and ellipticity, respectively.

All the data collected in profiles AV7290 and AV7288 are presented as apparent
resistivity and impedance phase pseudo-sections for both transverse magnetic (TM)
and transverse electric (TE) mode (Figure 11). These pseudo-sections are useful for
highlighting the anomalies and summarizing the result. Difference between the TE
and TM mode are expected in the data except for 1-D response due to the different
sensitivity of the modes because of the earth’s electrical structure especially near a
vertical contact (Roy et al., 2004). However, we are emphasizing the TM mode in our
analysis since the TM mode is relatively sensitive to the west-east variation (along the
profile), while the TE mode is relatively sensitive to the north-south variation of
resistivity.

The quality of the data is very good as reflected by the smooth apparent resistivity and
phase curves and in particular does not suffer the dead band problem (at frequency
around 1 Hz) where the signal is commonly weak. The apparent resistivity and phase
curves with corresponding error bars in Figures 8 and 10 represent the data quality as
the result of the robust processing implemented in the MT data processing.
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A. AV7290
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Figure 11. Apparent resistivity and phase pseudo-sections of MT TM and TE modes. (A)
profile AV7290 and (B) profile AV7288.
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B. AV7288
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Figure 11. (continued).

The MT data exhibit regional complexities which can be seen over the entire range of
periods (the dimensionality will be discussed in next chapter). The apparent resistivity
and phase curves are split for all sites at longer periods. Several sites even show high
splitting starting at short periods.

From the apparent resistivity distribution, the average resistivity within the Krafla
caldera seems to be less than 20 Qm, with some high values at its flanks (Figure 11)
and very low (less than 1 Qm) in the center of the caldera.

The splitting at short periods is also noticed in almost all of the data due to the
shallow distortion known as “static-shift” problem. The static shift has been a
common problem in geothermal areas in volcanic environment (high near surface
resistivity contrast). In order to overcome the static shift problem we used TEM data
to correct for the static shift and did 1-D joint inversion of the TEM and MT data.

Because the static shift is independent of the frequency it should not affect the phase.
It is neccessary to observe the phase since it is one of the most important MT
parameter and also unaffected by the static shift. Along both profiles, the TE mode
has a low phase values (30° — 40°) at short periods (0.1 — 10 s) within the western and
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central part of the caldera whereas smaller lateral variations in TM impedance phase
are observed accross the caldera along the southern profile.

Along the northern profile (AV7290), sharp lateral apparent resistivity variations
appear in both modes beneath the eastern portion of the caldera (below Viti). This is
the result of the very low apparent resistivity values at sites KMT60R and KMT90.
Furthermore, TEM measurements suggest that these two sites are highly shifted
downwards by a factor 0.1 - 0.2 of normal scale resulting in very low measured
apparent resistivity.

At sites K-81403 and KMT69, low resistivity values were doming up to the surface,
coinciding with the NNE fissure swarm and indicating that our preferred rotational
angle is correct for both profiles.

4.2 Dimensionality and strike direction

Various techniques have been developed to determine the dimensionality of the
electrical conductivity structure. One of these techniques is the Swift’s skew
parameter (Swift, 1967). The Swift‘s skew (x) is a rotationally invariant misfit
parameter which is defined as the ratio between the magnitudes of the diagonal and
the off-diagonal elements of the impedance tensor:

K =|Zux + Zyy|/|Zny — Zyx | 4.1)

In Figure 12, the Swift‘s skew values of the data are generally less than 0.2 which
indicate either 1-D or 2-D resistivity structure of the area. Increasing skew values with
increasing periods (e.g. sites K-81703 and K-81503 on profile AV7290 and sites
KMTO6R and KMTO09 on profile AV7288) indicate 3-D behavior. Increasing skew
values from 1 s to the longest period were also noticed in almost all the sites.
However, Swift’s skew is not a recommended parameter for identifying the
dimensionality of the data when the 3-D heterogeneities that cause non-inductive
distortion affects the MT data.

Recently, Caldwell et al. (2004) proposed the concept of magnetotelluric phase tensor
as a means of recognizing the dimensionality of MT data. The phase relationship
between the electric and magnetic field vector will be virtually unaffected if the
distortion is galvanic.

The Swift’s strike direction (6y) at which ]ZXX(GO)\Z + ]Zyy(eo)\z is minimised (for
simple 2-D case) can be calculated through:

2Re(S3D1)
tan40, = ————= 4.2)
e
where
Dy = 052 0y(Zyy — Zyy) + sin? 0(Zyy, + Zyx) (4.3)
Sy = 052 0(Zyy + Zyyy) — sin? 0y (Zyx + Z,y) (4.4)
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The computed strike direction contains a 90° ambiguity because rotation by 90° only
changes the location of the principal impedance tensor elements within the tensor:

N P A G [ P o Tl

(3, )

where Ry is a rotation matrix at 90° and 7 denotes the transpose matrix.

Figure 13 shows Swift‘s strike direction for all periods and all the measuring sites in
the Krafla caldera.

At short periods (top left of Figure 13), the orientations of strike directions are
diverging to several directions. This could be the effect of either 90° ambiguities or
the 3-D environment at shallow depth. Even so, in the center of the caldera along the
highly fractured area, the strike directions follow the average orientation of the fissure
swarm. The changing orientations of the strike direction between each station can be
seen at the periods ranging between 1 to 100 s which indicates the 3-D effect at
different depth. This occurrence appeared in site K-81302 where at the shorter periods
the preferred direction is oriented to the NE but at longer periods the highest changes
are rotated following the NNE orientation. Interesting strike direction affected by
another structure and 90° ambiguity can also be seen at site K-81534. On average, the
preferred strike direction for this site is following the shape of the eastern caldera rim
and it is highly affecting the data. As for K-81534, the presence of ambiguity can also
be found at the period range of 1 to 100 s with preferred direction of 90° from the
direction of the structure of the caldera rim.

For the longest periods the orientation is mostly the same and varies insignificantly
compared to the changes between the two previous shorter periods. It is reflecting the
reduction of the complexity of the area at greater depth. At this range all the stations
have an orientation in the NNE direction on average except for a few stations. As an
average direction for all the periods (bottom right of Figure 13) the preferred
electrical strike direction is more or less following the orientation of the main
geological structure that can be found on the surface (i.e. N14.8°E).
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Figure 12. A. Swift’s skew value for all sites on profile AV7290
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B. Swift'sskew AV7288
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Figure 12. B. Swift’s skew value for all sites on profile AV7288.

4.3 Static shift correction

The MT method and all resistivity methods that are based on measuring the electric
field on the surface suffer a telluric or static shift problem, while those using the
magnetic field only are relatively unaffected. Conductivity discontinuity close to the
electric dipoles is one of the reasons for this problem. Originally, in the derivation of
the diffusion equation (eq. 3.2a and 3.2b) we assumed V - E to be zero which means
that the electrical charges are neglected, but when the current crosses a discontinuity it
will build up electrical charges along the discontinuity. This will distort the electric
field and cause the impedance magnitude to increase or decrease by real scaling factor
and therefore shift the apparent resistivity curve up or down on log scale.
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Figure 13. Preferred strike direction of each MT site (red) overlies the fissure swarm (blue
lines) derived from Swift’s equation for four different periods (name of the MT sites can be
seen clearly in Figure 9). Caldera rim is presented in hedge black lines.

Figure 15 in chapter 5.2 shows how the static shift problem affects the model in 1-D
inversion and may lead to misinterpretation of the resistivity structure. This parallel
shift in the apparent resistivity curve is independent of the frequency and therefore it
does not affect the impedance phase.

This problem can lead to incorrect interpretations of MT data if not taken seriously.
Sternberg et al. (1988) illustrate how the static shift is produced by shallow
inhomogeneities and came with the solution for this problem. One of the solutions to
the static shift problem is to invert jointly the central-loop Transient Electro-Magnetic
(TEM) and MT data, because TEM does not suffer the static shift problem.

TEM uses a loop of wire on the ground transmitting a constant current through it and
thereby building up a magnetic field with known strength. The current is then abruptly
turned off and the magnetic field induces currents in the ground. Due to Omic heat
loss, the current and the magnetic field will decay and induce currents at greater depth
(Figure 14). The decay rate of the magnetic field depends on the current distribution
which in turn depends on the resistivity distribution. The resistivity structure of the
subsurface can be obtained by measuring the induced voltage in a coil at the surface.
The results are normally expressed as late apparent resistivity:

(t) = lo [2oldras| 22
Pa am |5t5/2V(t)

(4.6)
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where p,(?) is the apparent resistivity as a function of time after the current turned off
(also called the late time apparent resistivity), V(¢) is the induced voltage at time 7, I is
the current strength, A, and A, are the effective area of the receiver coil and the source
loop, respectively and p is the magnetic permeability of vacuum.

Receiver

\ Secondary
J magnetic

Figure 14. TEM sounding setup, transmitted current and measured transient voltage (Hersir
and Bjornsson, 1991).

In the TEM method, the current distribution at late time has diffused deep below near
surface inhomogeneities and the effect of near surface resistivity ionhomogeneities
disappears. Therefore, the TEM/MT joint inversion has become the best approach to
solve this problem so far (chapter 5.2).

In 2-D interpretation, the static shift correction has to be applied separately for each
mode (shift multiplier S,y applied to TE mode and S,y to TM mode).
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5 1-D MT data inversion
5.1 The 1-D MT inversion

To interpret MT data, forward and inversion scheme are commonly used in order to
find the best fitted resistivity structure. For N-layered earth model, we used the
TEMTD program (Arnason, 2006) to perform inverse modelling.

The inverse problem is solved to retrieve a representative model of the subsurface
from measured data, while the forward problem is solved by calculating the response
from a given model. The forward algorithm used in this program is a standard
complex impedance 1-D recursion algorithm, while the Levenberg-Marquardt non-
linear least square inversion is used in the program to solve the inversion problem.
The root mean square (RMS) difference between measured and calculated values is
weighted by the standard deviation of the measured values.

In order to prevent over-interpretation of the data, the program also includes the
Occam inversion scheme to produce ,,smooth structure (or ‘least-structure’ model).
In this process the program tries to find the smoothest model with many layers of
fixed thickness that fits the data with the acceptable threshold tolerance instead of
fitting the measured data as well as possible (Constable et al., 1987).

Besides the Occam inversion scheme, the program also offers the possibility of
keeping the model smooth, both with respect to resistivity variations between layers
(logarithm of conductivities) and layer thicknesses (logarithm of the ratio of the depth
to top and bottom of layers) as shown in Figure 15.

In the inversion method, many models can generate good fit to the data. Because the
electromagnetic energy propagates diffusively, MT soundings produce gradual
conductivity changes rather than sharp boundaries or thin layers. Therefore, the
philosophy of minimizing model complexity is valid. However, another a priori data
should be used in conjunction to interpret the resistivity model produced from the
inversion.

5.2 TEM-MT joint 1-D inversion

To overcome the static shift problem as described in the previous chapter, we carried
out the TEM/MT joint inversion for each MT sounding. The location of TEM stations
in Krafla are close to the corresponding MT station (within 200 m) so that they can be
used with the MT soundings to do a joint inversion.

The forward algorithm of the TEM uses recurrence relations to calculate the kernel
function for the vertical magnetic field due to an infinitesimal grounded dipole with
harmonic current on the surface of horizontally layered earth (Arnason, 1989).
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Figure 15. An example of 1-D TEM/MT joint inversion. The apparent resistivity curve in A
shows the measured and calculated data before it is corrected by static shift (green line),
while the curve below (calculated apparent resistivity in blue line) represents the result of
TEM/MT joint inversion. The MT station (KMT27) is jointly inverted with TEM station
176887. In B apparent phase curves are unaffected by the static shift problem. The
corresponding models to the calculated apparent resistivity and phase is show in C, where the
model with the green line is calculated from the uncorrected curve and the blue line after the
static shift correction. In this example, the static shift factor is 1.71 on linear scale.

5.3 1-D resistivity model of Krafla

Two of the 1-D cross sections (AV7290 and AV7288) are the same as the ones in
Arnason et al. (2009). For each cross section, the rotationally invariant determinant
apparent resistivity and phase of MT data are jointly inverted with its corresponding
TEM site (Figure 15) using Occam inversion as discussed in section 5.1. Since we
have all the components of the impedance (Zxx, Zyx, Zxy and Zy) of our data, we use
the determinant value in the 1-D layered earth inversion. The advantage of using the
determinant data is that it provides a useful average of the impedance for all current
directions. The results are presented in Figures 16 to 18.

In general, these three profiles represent the conductivity structure within the Krafla
caldera. The uppermost conductor consists of a relatively thin low resistivity layer
associated with hydrothermal alteration, beneath a highly resistive near-surface cover.
The uppermost 5-7 km within the caldera are characterized by increasing resisitivity
with depth between two prominent low-resistivity domes merging with a horizontal
low-resisitivity layer at 7-15 km depth. The top of the high-resistivity core below the
shallow low resistivity layer is associated with high temperature alteration (Arnason
et al., 2000). The deeper conductor at ~7 km depth appears with varying thickness.
For profile AV7290, the deeper conductor domes up at the shallower depth below
Leirhjukur and Viti crater which are both located within the fissure swarm. Two low-
resistivity domes are also present on the southern profile, AV7288 (Figure 17)
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originating from a mid-crustal layer at 9-10 km depth. The eastern anomaly has a
similar magnitude as the domes along the northern profile whereas the western
anomaly is not visible above 5 km depth. The eastern dome is discontinuous above 5
km depth.

The low-resisistivity domes correlate very well with the shear wave attenuation zones
delineated by Einarsson (1978) and is interpreted as containing partial melt. The
northern profile crosses both zones (Figures 2 and 9) whereas the southern profile
crosses the SE stretching tail of the eastern shear wave attenuation zone.

A third profile, KRF-2 (Figure 18) parallel to the NNE-SSW trending fissure swarm
and crossing the region between the two shear wave attenuation zones, is
characterized by a broad ‘up-doming’ anomaly narrowing upwards, from 10 km depth
beneath the southern caldera rim. The southern caldera region was subjected to rifting
events in 1977 and 1980 during which dike intrusions propagated along the fissure
swarm at shallow depth. This region was also seismically active during inflation
periods (Figure 2) reflecting its proximation to the region of magma accumulation.
Interconnected melt in the form of a cooling dike complex may thus still be present
within the southern part of the caldera. However, this conductive dome is more likely
to represent a near-vertical caldera fault zone rather than lateral dike intrusions. As
along the EW profiles, near-surface low-resistivity anomalies coincide with surface
geothermal areas and may be associated with hydrothermal activities.
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1-D cross section: AV7290 (15 km depth)
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Figure 16. 1-D resistivity cross sections of MT soundings on profile AV7290, 15 km depth
(Top) and 5 km depth (Bottom).
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1-D cross section: AV7288 (15 km depth)
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Figure 17. 1-D resistivity cross sections of MT soundings on profile AV7288, 15 km depth
(Top) and 5 km depth (Bottom).
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1-D cross section: KR F - 2 (15 km depth)
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Figure 18. 1-D resistivity cross sections of MT soundings on profile KRF-2, 15 km depth
(Top) and 5 km depth (Bottom).
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6 2-D MT data inversion
6.1 The 2-D MT inversion

Like in general inversion processes, the forward modelling is very important in
calculating the response and therefore it is used to calculate the misfit between the
measured and calculated data. In an N-layered earth model we calculate the apparent
resistivity and phase response of a given model using recursive formulas. On the other
hand in 2-D MT forward modelling two diffusion equations are solved:

V2E = iopoE (6.1)
VZH = iwpcH (6.2)
Both equations are second order Maxwell’s equations (eq. 3.3).

In 2-D environment, the electric current flows parallel to the strike (Transfer Electric
or TE mode), solved by equation (6.1). While for the electric current perpendicular to
the strike (Transfer Magnetic or TM mode), solved by equation (6.2). The most
common method in solving 2-D problem is the finite difference method (FD), in
which the boundary conditions are defined in a given discrete element.

To perform 2-D inversion for both TE and TM mode (as well as TM-TE joint
inversion) we used the 2-D inversion code REBOCC from Siripurnvaraporn and
Egbert (2000). In this program, we define the mesh grid as our elements to be solved
by the equations and with boundary conditions. Figure 19A shows an example of the
mesh grid design used in 2-D MT inversion. In the center of the mesh, we have the
distance between grid planes as dense as possible and give increments on each side.
There is no exact rule for the mesh grid design, but some practical guidelines can be
found in the literature (see e.g. Simpson and Bahr, 2005). In Figure 19 the full model
for TM mode is shown.
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Figure 19. An example of a mesh grid design (Top). The length of the profile is approximately
9 km. On each side, the distance between the nodes is gradually increasing. The mesh grid
reaches a distance just over 10 km to the east and west side of the profile (Bottom). The
resistivity structure from the 2-D inversion using REBOCC for TM mode covering the whole
mesh grid. The dashed lines represent the area covered by the MT data.

6.2 2-D resistivity model of Krafla

Two-dimensional MT resistivity models for two profiles (AV7290 and AV7288)
perpendicular to the electrical strike direction as well as the regional geological strike
direction (Figure 9) are obtained by separately inverting the TM and TE mode. In
order to check the convergence of the inversion, a variety of 2-D inversions have been
performed using different resistivities of a half-space as the initial model and different
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error floor for apparent resistivity and phase. However, in all cases the results of the
electrical resistivity structures show the same major features.

Using the half-space value of 2 Qm for the initial model, the misfit of the measured
data, especially for TM mode produced RMS values less than 3 for both profiles
(Figures 22 and 23).

To avoid the artifact in the resulting model using REBOCC code, a large error floor
(7%) for TE apparent resistivity data is chosen because of the high sensitivity of the
TE mode to the 3-D structure. For the TE impedance phase and TM-mode data, an
error floor of 4% is used. However, the large error floor might lead to over fitting of
the data and produce fake structures. Therefore, the 7% error floor is chosen as the
largest absolute value for the data. Consequently, the RMS error for TE and TM-TE
joint inversion (which is influenced by the TE mode) remains high (7-10).

Figures 20 and 21 show the model result from 2-D inversion of the east-west profiles
for different inversion processes: TM mode inversion (Figures 20A and 21A), TE
mode inversion (Figures 20B and 21B) and TM-TE joint inversion (Figures 20C and
21C). The responses of the models are presented as pseudo-sections in Figures 22 and
23 where the calculated apparent resistivity and phase can be compared to the
measured data. These pseudo-sections are calculated from TM and TE mode inverted
separately. The response of the model from TM-TE joint inversion can be found in
Appendix B. However, we will focus our analysis in TM mode.

In general the conductivity structure of the Krafla caldera contains two major
conductors. A conductor at shallow depth appears as relatively thin high-conductivity
layer with thickness varying along the profiles. The second conductor, at greater depth
(8-18 km) can also be found at varying depths along the profiles.

For the uppermost 1-3 km, the models show the presence of a high-conductivity layer
below a high resistivity surface layer. This conductor extends across the caldera. In
AV7290, the thickest high-conductive layer appears below the Viti crater and the
Leirhnjukur hill which corresponds to highly altered zone presented on the surface as
a cluster zone of surface manifestations. As for AV7288, the thickest shallow
conductor appears in the central portion of the caldera.

The depth to the top of the shallow conductor is genearally less than 500 m, it
increases in the west portion and decreases in the east portion. It suggests that the
thickness of the lava on the surface produced by the eruptions is mainly spilled out to
the western portion of the caldera.

Shallow low resistivity layer in TM mode also appears in TE mode as the basic
feature. It suggests that this feature is robust and required by both polarizations of the
MT data. The fit of the data at very short periods in TE mode is generally fine for all
sites (Figures 22 and 23).

The pseudo-sections of the measured data seem to be in good agreement with the
pseudo-sections of the TM mode in Figures 22 and 23 except for the AV7290
impedance phase response. While for the TE mode, the good agreement is only valid
for the very short periods.

The depth to the bottom of the deeper conductor is less certain since there is some
misfit in the impedance phase of the TM data in AV7290. The only site that has the
lowest phase in the measured data is K-81503 while the other sites are higher.
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Figure 20. The 2-D inversion (REBOCC) models for AV7290. (A). TM mode inverted
separetely, overall RMS=2.20. (B) TE mode inverted separately, overall RMS=7.70. (C) TM-
TE joint inversion, overall RMS=7.8. White crosses denote projected earthquakes, located at

a distance less than 500 m away from the profile, recorded during the 1988 inflation event
(Buck et al., 2006).
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Figure 21. The 2-D inversion (REBOCC) model for AV7288. (4). TM mode inverted
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TE joint inversion, overall RMS=8.18. White crosses denote projected earthquakes, located at
a distance less than 500 m away from the profile, recorded during 1988 inflation event (Buck
etal., 2006).
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Figure 22. Measured (left) and calculated (right) apparent resistivity and phase pseudo-
section from the model of the AV7290 profile in Figure 20. The MT data and the calculated
responses of TM-TE joint inversion can be found in Appendix B.
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Figure 23. Measured (left) and calculated (right) apparent resistivity and phase pseudo-
section from the model of the AV7288 profile in Figure 21. The MT data and the calculated
responses of TM-TE joint inversion can be found in Appendix
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7 Analysis and discussions
7.1 Structure of the upper 3 km

For the uppermost crust within the Krafla caldera, the 2-D resistivity model is mainly
associated with hydrothermal alteration, fluid chemistry and change in porosity.
While on the surface, eruption products which are composed of pillow lavas, pillow
breccias and hyaloclastite tuffs are presented in our model as high resistive cover with
thickness of less than several hundred meters.

At the uppermost 3 km, both the 1-D and 2-D models exhibit low-resistivity (<10
Qm) layers at less than 2 km depth which correspond to the rock alteration zone
beneath the surface (Figures 24 and 25). Surface manifestations cluster between
stations K-81302 and K-81503 in profile AV7290 correspond to the lowest resistivity
values of this layer and present on the average a thicker layer as compared to the
western part. In the western part, where there are no obvious geothermal
manifestations on the surface but the relatively thin low-resistivity layer exists,
suggests that a hydrothermal fluid circulation may exist below. In AV7288 (Figure
25) the thickest low resistivity layer at shallow depth appears below the surface
manifestations cluster on the eastern part and also in the center part of the caldera
where there are no obvious geothermal manifestations on the surface.

This shallow conductor represents the increase of clay associated with hydrothermal
alteration and characterizes the impermeable clay cap in geothermal systems
particularly in high-temperature geothermal fields in Iceland. The top of this layer is
where the low hydrothermal alteration occurs (at temperature 50-100°C) and appears
as the beginning of smectite-zeolite zone which is also marked by the increasing
conductivity with the increasing depth. The conductivity reaches high values and
starts to decrease with depth which correlates with the presence of the mixed-layer
clay zone (230-250°C). Beneath this layer, the top of the high resistive core seems to
correlate with a change in alteration mineralogy from smectites to mixed clays and
chlorites and epidote (Arnason et al., 2000).

Beneath the low resistivity layer, the resistivity increases with increasing depth, the
high resistive core. Within this seismically active zone the porosity is mainly
controlled by the presence of fractures and therefore controls the resistivity values
when it is filled by fluids. Below at a greater depth, there is a conductive structure at a
depth of approximately 8 km, except below Leirhnjukur, Site K-81403, where the
deeper conductor reaches shallow depth.

45



(9007 1 12 yong) 9861 ut poriaod uoyvyful ay) Surinp sayvnbyliva ayj o sio3ua20dAy 2y juasaida. jppout (J-7 Y3 Ul SISS0AD
MYM 06ZLAV 2]fosd 4of synsas (-] 0] pasnduiod aip synsay ‘Ajoaygoadsad ‘syidop ury ¢ puv uy ¢J JO sU012as $S042 AJ1a1s15a4 apouwt W[ - $¢ 2431

s w4 g 9 ¥ = 0
00 ; : - 0005-
20 i - 000¥—
¥0 - 000E-
€
90 .mw Q00g—
. )
8o ’ - 000L—
0k
' -0
— c
nm o - 0001
= Tl .
H cozigmy SEOHETH BOSKE M og ) JRTLN o sy SIL o 0054 Yopre-n rerie—H e W
(1 T
o 91 (unidep wy §) 06ZZAV :UCKISS SSOID -2
w 8l
waQ | 8 9 z 0
3 0 2 0oos1-
L .
= &2
Zk
2 )
o - - 0000l
ge . w
82 3
° . - 0005~
oe .
A .
. -0
e o e ] FrIEH
A ry ry T
=) sogie~d  HosLiM 69NN zoeley

T T T sew
£0L18—H 08I LELIN covie— zovie verLE-) vEEle—) m

(y3dsp Wy GL) 06ZLAY (UORDI3S SSOID Q- (adap unj G1) 06CLAY :UORI9S SSOID 0L

46



(9007 1 12 yong) 9861 ut poriaod uoyvyful ay) Surinp sayvnbyiva ayj o sio3ua20dAy oy juasaida. jpapout (J-7 Y3 Ul SISS0AD
Yy "§8T/AV 2jifosd aof synsas (-] 03 pasndulod aip synsay ‘Ajoargoadsad ‘syidop ury ¢ pup ury ¢J JO SU0IaS $S049 AJ1a1S1Sa4 apouwt W] - S 24n31]

waQ | ] 9 ¥ F 0
S
¥
€
5
B
=
E
z
3
—
o
=] o
m BOLINA GOLWM  HSOLINM SELNM mﬂEXDw._.E! 60LLNY FELLEM PEGLEM
1 .
i (nadep wny g) 88CLAV :Uondss ssold Q-2
=
5 wiQL
|
=] v . - 0001~
—_
En 8 ~ 0002}~
o 00001~
-+ £ i - 0008~
. 2 4 - 0009~
v 000t
- 8 - 0002
A —— - o T =0
BOLINM SOLINM  HSOLM SZLA eeLnO I soLi pELIBN PEGLE~M e W
E|
(yadsp w GL) 88C /. AV :UORIIS SSOID g-2

(mdop uni51) QBZJIAY uopassson @l

47



7.2 Midcrustal and deeper structures

The two up-doming conductors in the 1-D model on profile AV7290 correlate fairly
well with the S-wave shadows defined by Einarsson (1978). These anomalies are
slightly different in the 2-D models (Figures 24 and 25). The eastern dome, resistivity
approximately less than 15 Qm seems to be confined to a shallow depth within the SE
tail of the eastern shear wave attenuation zone. If fed from below the upwelling stem
of the eastern anomaly is not visible in our model. The conductive dome near
Leirhnjukur coincides with the inflation center of the shallow magma chamber
merging with a deeper conductive layer at mid-crustal depths, below the seismogenic
zone. Although the hypocentral depths are not well defined, there were fewer
earthquakes during inflation periods that originate within the conductors than around
them.

The conductive domes are most likely associated with interconnected melt and thus of
great interest from a hydrothermal exploration standpoint. The temperature of the
magma chamber should be higher than 1100°C (Jénasson, 1994) and the presence of
the rhyolitic volcanism product around the caldera reflects the presence of rhyolitic
magma near the magma chamber with lower temperatures due to cooling effect of the
hydrothermal system with temperature interval 850°-950°C (Figure 26). However,
there is no geothermal well to confirm the thermal gradient in the western part of the
caldera.
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Figure 26. Simplified representation of thermal environment of the active magma chamber or
intrusive domain during rhyolite genesis (Jonasson, 1994).

Earthquakes during the 1974-1980 and 1988 inflation periods are confined to the
southern part of the caldera and they are more intense in the SW part than SE part.
These earthquakes are most likely associated with crack opening adjacent to the
magma accumulation zone. Both magmatic and hydrothermal fluids may be
enhancing this process. More recent seismicity seems to be confined to active
geothermal areas (Tang et al., 2005).
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Figure 27. De-trended Bouguer gravity map (mgals) of the Krafla area (Arnason et al., 2009
modified from Johnsen, 1995). The caldera rim is denoted by hedge black lines, while the
ESE-WNW transform graben inferred from the gravity data is denoted by the gray fault lines.

Figure 27 shows a de-trended Bouguer gravity map of the Krafla caldera and its
surroundings. The Figure shows that there is a relative gravity low within the caldera.
Superimposed on the gravity low is a gravity high at Leirhnjikur which reflects the
intrusions and the presence of a magma chamber (Arnason et al., 2009). This anomaly
coincides with the 2-D MT cross section of TM mode in Figure 24.

A deep conductor at 10 km depth in MT models, can be found under most of Iceland
(Bjornsson et al., 2005). Figure 28 shows the depth to the deep conductor beneath
Iceland. A profile across Krafla (Figure 28 bottom) indicates decreasing depth to top
of the conductor towards the Krafla caldera.

This deep conductor was explained as partial melt somehow associated with the crust-
mantle boundary (e.g. Beblo and Bjornsson, 1978). Seismic velocity structure
(Brandsdottir et al., 1997) does not support the presence of the melting zone since
there is no seismic wave attenuation. Another explanation of the conductive layer
(Arnason et al., 2010) is that below the ductile-brittle boundary, magmatic water is
trapped within the plastic rock (Fournier, 1999).
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Figure 28. A map showing the depth to the deep conductor in the Icelandic crust (taken from
Bjornsson et al., 2005) (Top) and a 1-D MT profile crossing the Krafla volcanic system,
location shown above (taken from Beblo et al., 1983) (Bottom).

The apparent connection between the deeper and the shallow conductor is poorly
resolved due to the reduced skin depth in the overlying conductive material. In
general, the 2-D cross sections (especially AV7290) are in a good agreement with
previous geophysical and geodetic results as presented in Figure 29.
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Figure 29. Comparison of the 2-D TM mode inversion result of profile AV7290 and several
previous studies in the Krafla area. Earthquake hypocenters during the inflation periods
1974-1980 (black stars) and 1988 (white stars) and seismicity during 2009 (red stars) located
by the IMO network are also presented (IMO database: http://www.vedur.is/skjalftar-og-
eldgos/jardskjalftar). Western and Eastern MC denote the S-wave shadow zones determined
by Einarsson (1978) and the white bar in the middle of the low resistivity body denotes
inflation and deflation centers as determined by Tryggvason (1999). Black dashed lines
represent the approximation of the low seismic velocity zone (Brandsdottir et al., 1997).

Figure 29 summarized the previous geophysical and geodetic studies within the Krafla
caldera compared to 2-D TM mode resistivity model of AV7290. The magma
chambers delineated from the S-wave shadows (Einarsson, 1978) are presented by the
east and west magma chamber’s boundary denote by Western MC and Eastern MC on
top of the figure. The presence of conductive body at 1-5 km depth in 2-D MT
resistivity model coincides with the western magma chamber (Western MC)
boundaries, while a similar feature does not coincide with the eastern shear wave
attenuation zone. Our profile lies at the northern boundary of the eastern S-wave
attenuation zone which not well constrained by the seismic data (Einarsson 1978).

The most precise earthquake locations recorded during the inflation in 1988 at Krafla
(Brandsdéttir, pers. Comm., Des. 2009) are presented in Figure 29 by the white stars.
They are clustered on the each side of the conductive body indicating the highly stress
zone as an effect of the inflation process and produces the high seismicity zone.
Another earthquake hypocenters recorded in 2009 (denotes by red stars) also appears
clustered in the eastern side of the conductive body and support the dimension of the
magma chamber in the resulting model.

From seismic refraction studies (Brandsdottir et al., 1997), a low velocity anomaly
interpreted as a magma chamber sits at the top of the high-velocity dome with its top
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at a depth of 3 km. It is a 2-6 km wide, 0.75-1.8 km thick lens of low velocities, with a
velocity of 3 km/s. The top of this anomaly coincides with the top of the conductive
dome but not with its lateral extent.

The top of the magma chamber in 2-D model of AV7290 seems to coincide with the
boundary of the absence of the earthquakes below 3 km depth. The top of the deeper
conductor, as can be found all over Iceland, appears in our model at 8 km depth.
However, this approximative depth to the top of the deeper conductor in AV7290
seems to be less certain since the apparent resistivity and phase response to the model
at long periods, especially in impedance phase, is in less agreement with the measured
impedance phase.

Tilt and distance measurements of the inflation event in the Krafla caldera during
1975-1989 determined that the mean center of the inflation is located at 2 and 3 km
depth near 65 N 42,883" and -16 W 47.983 (Tryggvason, 1999). This result also
presented in Figure 29 by the white bars in the midle of the conductive body denoting
the range of the inflation center in vertical (depth) and horizontal direction (distance).

7.3 Sensitivity test

For the western up-doming deep conductor that coincides with the western S-wave
shadow, the lateral extent of the conductive body in the TM mode seems to be smaller
than defined by the S-wave shadows, while the results of the TM-TE joint inversion
show that the conductive body appears farther to the west (Figure 20C). Here we
performed a sensitivity test to assess the sensitivity of the data to the presence of this
conductive body. The sensitivity has been tested by the TM mode data of site K-
81494 as presented in Figure 20. First by removing the conductive body from the TM
model and later replacing the conductive body in the TM model by the extended body
as presented in TM-TE result. This sensitivity test was performed using forward
modelling.

By removing the conductive body from the model, the TM mode response of the
model shown the complete cancelation of the anomaly at longer period as presented
by the red lines in Figure 30. This first test suggests that the conductive body should
exsist in the model. The conductive body is then replaced by the body with extension
to the west as in TM-TE joint inversion model (Figure 20C). The result in Figure 30
shows the response to the model (green lines). However, the presence of this
conductive body which we interpreted as a magma chamber is not laterally extended
to the west, but instead it has some dipping angle to the west and somehow connected
to the deeper conductor.
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Figure 30. Apparent resistivity and impedance phase sounding curves of the TM mode at site
K-81494 in the western part of profile AV7290. Green solid lines are the model response of
extended magma chamber to the west as shown in Figure 12C. Red lines are the model
response when the magma chamber is removed from the model. Black curves are the TM
mode response of our best-fit.
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8 Conclusions

A significantly improved image of the conductivity structure beneath the Krafla
central volcano has been constructed using 2-D inverse modeling of magnetotelluric
data and correlation with local seismic data.

The uppermost conductive structure which correlates with hydrothermal activities is
well resolved. As the depth increases, the electrical complexity is also increasing and
affecting the MT data. In the midcrustal region, rocks below 2 km depth with
resistivity reaching 1000 Qm is interpreted to have a little alteration and has porosities
under one percent as a resistive core.

Magma chamber delineated from the profile AV7290 on the western part of the
caldera is also well resolved with plausible dimension as proposed by the sensitivity
test. While on the eastern part, low resistivity anomaly (between 10-20 Qm) was
found with no correlation to any other anomaly presented by other studies. Since our
profile crosses the proximity of the northern boundary of eastern magma chamber, we
suggest that this boundary to be located southern of our profiles.

Wide range of periods in the MT data allows us to investigate the deeper structure of
the caldera and exhibit the deeper conductor. The thickness of this layer is not well
constrained since the fit of the impedance phase at longest periods for most of sites in
AV7290 are poor. Nonetheless, in AV7288, the calculated phase at longest periods
have a very small misfit.

Two-dimensional analyses of MT data and interpretation in Krafla have revealed its
strength and limitation. The TM mode data has provided a geologically reasonable
image especially in the uppermost few kilometers. Before the TE mode anomaly can
be simulated through 3-D modelling, fewer structures were delineated using 2-D
analyses with high confidence. In addition, the analysis provided by the impedance
phase tensor analysis should be performed to get a clearer pictures of the complexity
of the electrical structures of the area.
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Appendix A: From Maxwell’s
equations to the diffusion equations

The following explanations are mainly taken from Simpson and Bahr (2005).

The four Maxwell’s equations below represent the behavior of the electromagnetic
field at any frequency:

VxE=-22, (3.1a)
VxH=]+2 (3.1b)
V-B=0, (3.1c)
VD=7, (3.1d)

where H is the magnetic intensity (in 4/m), J is the electric current density (in A/m?),
D is the electric displacement (in C/m?), E is electric field intensity (in V/m), B is the
magnetic induction (in 7), and 7 E is the electric charge density (in C/m’).

Equation 3.1a is Faraday’s Law, which states that time variations in the magnetic field
induce corresponding fluctuations in the electric field flowing in a closed loop with its
axis oriented in the direction of the induced field. Equation 3.1b is Ampere’s Law,
which states that any closed loop of electrical current will have an associated
magnetic field of magnitude proportional to the total current flow. Equation 3.1c
states that no free charges exist.

The constitutive relations for a homogeneous linear isotropic medium are given by:
B =uH,D = ¢E and ] = oF (A1)

where u is the magnetic permeability of medium (H/m), ¢ is the electric permittivity
(F/m) and o is the conductivity (S/m).

Applying equations A1, Maxwell’s equations can be written as:

TxE=-2 (A22)

VX B = ok + en3 (A2b)

V-B=0 (A2¢)

V-E=n,/e A2d
Ty

Assuming that no current sources exist within the Earth,

V-J=V-(cE)=0 (A3)

For the case of an homogenous half-space (i.e.Vo = 0):

V-(06E)=0V-E+EVo=0V-E=0 (A4)
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For the case of the Earth, a time-varying external magnetic field induces an electric
field (according to Faraday’s Law), which in turn induces a secondary, internal
magnetic field (according to Ampere’s Law). By taking the curl (V X) of equation
A2a or A2b, we can derive a diffusion equation in terms of the time-varying electric
field, from which information concerning the conductivity structure of the Earth can
be extracted. For this purpose we make use of the vector identity:

Vx(VxA)=W-V-4)—-V?A (AS)
where A is any vector.

Taking curl of equation A2a, applying equation Al and A4 (no current sources exist),
we will get:

0%E

2F _ B_ 9 ) 9°E
VE—ant—uat(VxH)—ucat+suat2

(3.2a)
Similarly, by taking the curl of equation A2b, applying equation Al and 3.1¢ (no free
charges exist), we get:

2
V2B = —0(VXE) —e>(VXE) = po 2" + ep> (3.2b)
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Appendix B: Observed data and
calculated responses from TMTE join
inversion
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