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SUMMARY

Krafla is an active volcanic field and a high-temperature geothermal system in northeast
Iceland. As part of a program to produce more energy from higher temperature wells, the IDDP-
1 well was drilled in 2009 to reach supercritical fluid conditions below the Krafla geothermal
field. However, drilling ended prematurely when the well unexpectedly encountered rhyolite
magma at a depth of 2.1 km. In this paper we re-examine the magnetotelluric (MT) data that
were used to model the electrical resistivity structure at Krafla. We present a new 3-D resistivity
model that differs from previous inversions due to (1) using the full impedance tensor data and
(2) a finely discretized mesh with horizontal cell dimensions of 100 m by 100 m. We obtained
similar resistivity models from using two different prior models: a uniform half-space, and a
previously published 1-D resistivity model. Our model contains a near-surface resistive layer
of unaltered basalt and a low resistivity layer of hydrothermal alteration (C1). A resistive
region (R1) at 1 to 2km depth corresponds to chlorite-epidote alteration minerals that are
stable at temperatures of about 220 to 500 °C. A low resistivity feature (C2) coincides with the
Hveragil fault system, a zone of increased permeability allowing interaction of aquifer fluids
with magmatic fluids and gases. Our model contains a large, low resistivity zone (C3) below
the northern half of the Krafla volcanic field that domes upward to a depth of about 1.6 km
b.s.l. C3 is partially coincident with reported low S-wave velocity zones which could be due
to partial melt or aqueous fluids. The low resistivity could also be attributed to dehydration
and decomposition of chlorite and epidote that occurs above 500 °C. As opposed to previously
published resistivity models, our resistivity model shows that IDDP-1 encountered rhyolite
magma near the upper edge of C3, where it intersects C2.

In order to assess the sensitivity of the MT data to melt at the bottom of IDDP-1, we added
hypothetical magma bodies with resistivities of 0.1 to 30 2m to our resistivity model and
compared the synthetic MT data to the original inversion response. We used two methods to
compare the MT data fit: (1) the change in r.m.s. misfit and (2) an asymptotic p-value obtained
from the Kolmogorov—Smirnov (K—S) statistical test on the two sets of data residuals. We
determined that the MT data can only detect sills that are unrealistically large (2.25 km?) with
very low resistivities (0.1 or 0.3 2m). Smaller magma bodies (0.125 and 1km?) were not
detected; thus the MT data are not sensitive to small rhyolite magma bodies near the bottom
of IDDP-1. Our tests gave similar results when evaluating the changes in r.m.s. misfit and
the K-S test p-values, but the K-S test is a more objective method than appraising a relative
change in r.m.s. misfit. Our resistivity model and resolution tests are consistent with the idea of
rhyolite melt forming by re-melting of hydrothermally altered basalt on the edges of a deeper
magma body.

Key words: Electrical properties; Magnetotellurics; Physics of magma and magma bodies.
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1 INTRODUCTION

Recent studies have investigated the properties of supercritical
geothermal reservoirs which are sometimes found at the base of con-
ventional geothermal reservoirs (Fridleifsson & Elders 2005; Scott
et al. 2015; Watanabe et al. 2017). The supercritical fluids found in
these reservoirs contain significantly more heat than the steam used
in conventional geothermal plants. Fridleifsson (2003) reported that
at the same volumetric flow rate, a geothermal well producing super-
critical fluids could generate an order of magnitude more electrical
power than a conventional well producing steam. The Iceland Deep
Drilling Project (IDDP) is a government-industry consortium that
has drilled two wells to reach supercritical fluids beneath two op-
erating geothermal fields: the IDDP-1 well at Krafla in 2009 and
the IDDP-2 well at Reykjanes in 2017. Drilling of the IDDP-1 well
at Krafla ended prematurely at a vertical depth of 2.1 km when
the drill head encountered a layer of rhyolitic melt (Elders et al.
2014). Although subsequent flow tests produced superheated steam
at 450 °C, the pressure was still subcritical at a depth of 2.1 km. The
IDDP-2 well at Reykjanes successfully reached supercritical fluid
at a total vertical depth of ~4.5 km with fluid temperature of 426 °C
and a pressure of 34 MPa (Fridleifsson et al. 2017).

Prior to the IDDP project, extensive geophysical exploration had
taken place at Krafla. An upper crustal magma body at Krafla was
first inferred from the shear wave shadows observed by Einarsson
(1978). Subsequent studies of seismic refraction (Brandsdottir et al.
1997) and seismic tomography (Arnott & Foulger 1994; Schuler
et al. 2015) imaged low P-wave velocity anomalies but no low S-
wave anomaly was imaged which would indicate a magma body.
Extensive magnetotelluric (MT) exploration has also taken place at
Krafla by groups from Moscow State University and Duke Univer-
sity (Onacha 2006). Arnason et al. (2008) used a 1-D joint inversion
of MT and time domain electromagnetic (TEM) data to obtain a 1-D
model of subsurface resistivity. This model imaged an electrically
conductive layer in the depth range 2 to 4.5km depth below the
geothermal field that was interpreted as being due to partial melt
(Arnason ez al. 2008). Two vertical peaks of low resistivity extended
upwards from the inferred magma body in this model (Fridleifsson
et al. 2014). IDDP-1 was located between these two peaks with the
intention of avoiding regions of partial melt. However 1-D inversion
of MT data is an approximation and does not always yield a correct
model of the subsurface resistivity. To validate the 1-D models, 3-D
inversions of the Krafla MT data set were later implemented by a
range of authors. Rosenkjaer et al. (2015) compared the resistivity
models from three different 3-D inversion algorithms and reported
that these models had significant differences despite recovering the
same main features. These variations are to be expected due to the
different inversion algorithms and the fact that inversions are non-
unique and many resistivity models can fit the observed MT data
to a given statistical level (e.g. Siripunvaraporn 2012). In order to
assess if 3-D MT inversion provides an improved resistivity model,
this paper will compare a new 3-D resistivity model to the 1-D
resistivity model of Arnason et al. (2008).

Despite failing to reach supercritical conditions at Krafla, the
drilling of the IDDP-1 well gave the opportunity to address impor-
tant questions about the presence of magma in the crust at shallow
depths and the processes that occur as it crystallizes. Although ex-
tensive geophysical exploration had been performed at the Krafla
geothermal field, the magma body intersected at a depth of 2.1 km
had not been imaged geophysically and the well was originally
planned to extend to a depth of 4.5 km. Since MT data are sensitive
to the presence of aqueous fluids or interconnected melt, it was a

surprise to some that the magma body was not detected prior to
drilling.

In this paper, we re-examine the Krafla MT data set by perform-
ing a systematic 3-D inversion study. Additional data sets and other
constraints can be incorporated into the MT inversion in order to
reduce the number of resistivity models that will fit a given MT
data set to a specified statistical tolerance. A range of approaches
were investigated, including inversions that started from the 1-D
resistivity model of Arnason et al. (2008), in order to include fea-
tures that have been corroborated by other geophysical methods and
drill cuttings from IDDP-1 (Mortensen et al. 2014). In particular
three possible reasons for the magma body to go undetected will be
investigated in this paper:

(1) The location of the rhyolitic magma beneath a low resistivity
clay alteration layer in the geothermal field makes it difficult to be
resolved with the MT method;

(2) The rhyolitic magma body intersected by IDDP-1 has a rela-
tively high resistivity and/or is relatively small and does not produce
an obvious anomaly in the resistivity model.

(3) The magma body was not detected due to limitations of the
1-D inversion.

A key part of the analysis was to undertake resolution tests to
evaluate the sensitivity of the MT data to the size, location and
resistivity of the upper crustal magma body. Deeper parts of a resis-
tivity model derived from MT inversion are often less constrained
by the data than shallower features. Previous studies have sought
to evaluate MT data sensitivity to model features by (1) comparing
the calculated data between a preferred resistivity model and an
edited model (e.g. Campanya et al. 2018; Pifia-Varas et al. 2018)
or; (2) comparing the data misfit of the preferred resistivity model
to the data misfit of the edited resistivity model (e.g. Becken et al.
2008; Hill et al. 2009; Cordell et al. 2018). In the first method, if
the difference between the two sets of calculated MT data is greater
than the data error, then it is assumed that the measured MT data
can distinguish between the two models. If the difference is smaller
than the data error, then the measured MT data cannot distinguish
between the two models, and either model can be considered plausi-
ble. However, this method only compares the model responses with
no direct reference to the MT data itself. In the second method, the
data misfit summary statistics are compared but this method fails
to distinguish between up-biasing and down-biasing. As a result,
the two misfit values could be similar (or identical) while the two
model responses are significantly different from one another. We
improve upon both these approaches by applying the two sample
Kolmogorov—Smirnov (K-S) statistical test to compare the two sets
of residuals (Massey Jr 1951; Miller & Kahn 1962). This is another
way to compare the data fit between two resistivity models, and
is more quantitative than simply comparing the overall r.m.s. (root
mean square) misfit of the models.

2 KRAFLA VOLCANO AND
GEOTHERMAL FIELD

Iceland is located on the mid-Atlantic Ridge between the North
American and Eurasian tectonic plates. The tectonic activity and
volcanism in Iceland is attributed to the combination of the spread-
ing of the mid-Atlantic Ridge with enhanced melt production that
results from interactions of the ridge with a mantle plume (e.g. Wolfe
et al. 1997; Allen et al. 1999; Foulger & Anderson 2005). Several
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studies suggest that there is an anomalous layer with low electri-
cal resistivity, low seismic velocity and high temperature gradient
beneath much of Iceland (Flovenz & Gunnarsson 1991; Flovenz
& Samundsson 1993; Bjornsson et al. 2005). This layer is less
than 10km deep beneath active rift zones, including the Krafla
volcanic field, and 20-25 km deep beneath other parts of Iceland
(Bjornsson et al. 2005). It has been interpreted as a layer of 5—
10 per cent mafic melt that accumulates at the base of the crust
(Bjornsson et al. 2005 ). Recent laboratory measurements of elec-
trical resistivity show that rocks containing the alteration minerals
chlorite and epidote can decrease in resistivity by more than three
orders of magnitude when heated to above 500 °C (Manthilake ez al.
2016; Nono et al. 2018). This large decrease in resistivity is due to
the destabilization of chlorite and epidote, resulting in the release
of conductive aqueous fluids and the formation of interconnected
magnetite. Though the cause of this anomalous layer is still under
investigation, it seems to be spatially related to the active rift zones
in Iceland.

More detailed geophysical studies have taken place at individual
volcanic centres in Iceland, including Krafla. The Krafla volcanic
field contains a ~10 km diameter caldera that has an age of 110 ka
and which is bisected by an NNE-SSW trending fissure swarm
(Fig. 1). The rim is discontinuous and separated by about 3 km
east to west due to the spreading of the North American and Eu-
ropean plates (~1.9cmyr~!; DeMets et al. 1990) and burial over
time (Arnason et al. 2008). Gravity data show an inner caldera,
now buried and filled with hyaloclastites (Arnason et al. 2008).
The calderas and enclosed fissure swarm represent the Krafla cen-
tral volcano, the focal area of frequent eruptions. The distribution of
volcanic rocks at Krafla is strongly bimodal, with felsic rocks (rhyo-
lites) confined to the central volcano (Gudmundsson 1998; Jonasson
2007). Fissure eruptions in the last 3000 yr with a recurrence time
of approximately 100 to 300 yr have filled the central volcano with
basaltic lavas and hyaloclastites (Seemundsson 1991). Two major
episodes of basaltic fissure eruptions have occurred in recorded his-
tory. The first was the 1724—1729 Myvatn Fires and the most recent
was the 1975-1984 Krafla Fires (Seemundsson 1991). The total hor-
izontal extension in the fissure swarm during the Krafla Fires was
about 9m (Tryggvason 1994). The Krafla central volcano has also
produced occasional silicic eruptions in the last ~100ka. For ex-
ample, the outer caldera formation was related to a rhyolite dome
and composite welded tuff that erupted 110 ka (Seemundsson 1991)
and the inner caldera was formed after subglacial eruptions out-
side the older caldera (Arnason ef al. 2008). The origin of bimodal
assemblages of rhyolite and basalt at Krafla and across Iceland is
unclear; but recent geochemical studies show that Krafla rhyolites
form from re-melt of hydrothermally altered basaltic crust (e.g.
Sigmarsson et al. 1991; Jonasson 1994; Elders et al. 2011). The re-
heating and re-melting of the crust could occur when basaltic melt
ascends below Krafla. Einarsson (1978) found areas of high shear
wave attenuation (S-wave shadows) below the Krafla volcanic field
that were interpreted as a shallow magma body at 3 to 7 km depth.
Subsequent seismic tomography studies have shown low P-wave
velocity anomalies within the caldera, but no low S-wave anomaly
which would indicate a magma body (e.g. Brandsdottir ef al. 1997;
Schuler ez al. 2015; Kim et al. 2017).

Krafla is well known for its geothermal field characterized by high
temperatures (>200 °C) at shallow depth. Geophysical exploration
at Krafla began in the 1970s in order to understand the structure
of the underlying geothermal reservoirs. The Krafla geothermal
power station began operation in 1977 and has a current capacity of
60 MWe with 19 production wells as 0of 2015. The Krafla geothermal
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field is divided into several subfields based on location, thermohy-
draulic conditions, fluid chemical composition, and isotopic content
of the thermal water. In this study we will focus on the subfields
within the central caldera: the Leirbotnar, Vitismor, Vesturhlidar,
and Sudurhlidar subfields (Fig. 1). In the northern part of Krafla,
the Hveragil fault system divides the Vitismor and Leirbotnar fields
in the west from the Sudurhlidar field to the east. Vesturhlidar is
located in the northern part of Hveragil, east of the Viti crater. The
Hveragil fault system appears to be a boundary between distinct
thermal conditions and alteration to the east and west. The chlorite—
epidote zone is relatively shallow beneath Sudurhlidar (0.2-0.3 km
a.s.l.), whereas it is 0.2 to 0.3 km b.s.l. beneath Leirbotnar and
Vitismor. Temperatures beneath Sudurhlidar and Vesturhlidar at
shallow depths (above 0.4 km b.s.1.) are generally higher than those
in Leirbotnar and Vitismor (Weisenberger et al. 2015). Temperatures
are high enough for a two-phase system beneath Sudurhlidar and
Vesturhlidar at shallow depths (~0.2km b.s.l.) However, beneath
Leirbotnar and Vitismor there are two distinct reservoirs: a shallow,
almost isothermal (~200 °C) liquid reservoir above ~0.5km b.s.1.,
and a deeper two-phase reservoir. Chlorite—epidote alteration in the
upper reservoir indicates that a two-phase system existed there in the
past. Data from over 40 wells have contributed to the understanding
of this complex geothermal field.

Supercritical fluids may exist at the base of geothermal systems
such as Krafla. The Iceland Deep Drilling Project (IDDP) group con-
sidered searching for supercritical fluids beneath Krafla partly due
to the high temperatures (>300 °C) encountered at relatively shal-
low depth (2 km) (Fridleifsson 2003; Fridleifsson & Elders 2005).
The IDDP group drilled the exploratory IDDP-1 well in 2009 with
the goal of reaching supercritical fluids approximately 4 km be-
low the Krafla geothermal field. However, drilling was prematurely
stopped when a layer of rhyolitic magma was encountered at 2.1 km
depth (Fridleifsson ef al. 2014). The bottom-hole temperature was
estimated to be as high as 500 °C, corresponding to a superheated
reservoir. The recovered cuttings consisted of basaltic lavas and
hyaloclastites to a depth of 1.36 km, an intrusive complex of basaltic
dykes and dolerite from 1.36 to 2 km depth, and granophyres and
felsites below 2 km (Mortenson et al. 2014).

Prior to drilling IDDP-1, magma was not expected to be found
at such a shallow depth, although it was considered a possibility
after the nearby well K-39 intersected rhyolitic magma at a total
vertical depth of about 2.6 km (Mortensen et al. 2010). Previous 1-
D modelling of magnetotelluric (MT) data predicted a low resistivity
zone at about 4.5 km depth below Krafla, interpreted as partial melt
or aqueous fluids (Arnason ez al. 2008; Fridleifsson e al. 2014). Tt is
important to investigate why the 1-D MT modelling did not predict
the presence of magma at 2.1km below Krafla. In the following
sections we will use a different approach than previously published
work (Arnason et al. 2008; Gasperikova et al. 2015; Rosenkjaer
et al. 2015) to model and analyse the Krafla MT data.

3 MAGNETOTELLURIC DATA AT
KRAFLA

Electrical resistivity (DC) and electromagnetic (EM) methods such
as the time domain electromagnetic method (TEM) and magnetotel-
lurics (MT) are used to map variations in electrical resistivity. MT
is distinct from other EM methods because it is able to measure
signals in a broad frequency range of the EM spectrum (~10%—
107> Hz). Because exploration depth depends on frequency, audio
(high) frequency MT equipment is suitable for shallow surveys, and
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Figure 1. (a) Geological map of the Krafla volcanic field; (b) location of Krafla with the neo-volcanic zone of Iceland shaded in red. (c) Topographic map of
the Krafla volcanic field with labelled geothermal fields. The thick black lines show fissures and the caldera rims. The outer caldera formed about 110 ka and
is ~10 km in diameter, while the inner caldera formed about 80 ka and is filled with hyaloclastites. The red circles are locations of MT stations, and the white
square is the location of the IDDP-1 well. The white circles are MT stations mentioned in the text. A—A” is the profile shown in Fig. 9.

long period (low frequency) MT is suitable for deeper exploration.
Broad-band MT equipment measures signals in the intermediate fre-
quencies and can be used effectively in both cases. MT is particularly
useful in volcano and geothermal studies because it can detect re-
sistivity variations due to water content, low temperature (<220 °C)
alteration and partial melt that typically have a low resistivity com-
pared to the host rock (e.g. Bibby ef al. 2009; Arnason et al. 2010;
Cumming & Mackie 2010). The MT method measures naturally
occurring EM signals to image the electrical resistivity of the Earth.
High frequency signals (> 1 Hz) originate from worldwide lightning
storms, and low-frequency signals (<1 Hz) are derived from inter-
actions of the solar wind with the Earth’s magnetosphere. When an
EM wave reaches the surface of the Earth, it is refracted vertically
downwards, diffuses into the ground and decays as a function of the
signal frequency f and the resistivity of the Earth (p). A proxy for
the depth of investigation is given by

P
§~ 503 |2 1
5 7 (1)

,where § is the so-called skin depth in metres, p is the Earth re-
sistivity in Qm, and f is signal frequency in Hz. Each MT station
records time-series with five channels of data: two orthogonal elec-
tric field components (E,, E,) and three orthogonal magnetic field
components (f,, H,, H.), where the x, y, and z directions are
geographic north, geographic east and vertically downwards, re-
spectively. The Fourier transformed horizontal components of the
electric and magnetic fields are used to calculate the impedance

tensor, Z as a function of frequency or period which is defined as:

Ex _ Zxx ny Hx 2
w020 >

The impedance contains information about the spatial distribu-
tion of electrical resistivity in the Earth. In the 3-D case the electrical
resistivity varies in the x, y, z directions and the four components of
the impedance tensor are non-zero. The complex impedance tensor
is commonly expressed in terms of apparent resistivity and phase
angle. The apparent resistivity, p;;, is calculated with:

2
12|
2nfmo’

where o is the magnetic permeability of free space, and i, j are
the components of the impedance tensor, Z. Apparent resistivity is
a volume-averaged resistivity in m; the lower the frequency, the
greater the depth that is sampled. The phase, ¢;;, is defined as

| Im (Z4)
¢y = tan |: Re (Zij) :| ' @

Pij = (3)

where Im(Z;;) and Re(Z;;) are the imaginary and real parts of Z;;,
respectively. The phase angle is commonly expressed in the first
quadrant (0° < ¢ < 90°) such that it indicates whether apparent re-
sistivity increases (¢;; < 45°) or decreases (¢;; > 45°) as frequency
decreases. Apparent resistivity and phase, when viewed over a range

220z Yyose\ 0g uo 1senb Aq ££//8GG/17G/1/0Zz/310n1e/B/woo dno-ojwspeoe//:sdiy wolj pepeojumoq



of frequencies, are useful to study resistivity changes due to changes
in geology and rock properties.

Vertical magnetic field transfer function (tipper) data relate the
vertical magnetic field H. to the two horizontal magnetic field com-
ponents. Tipper data contain information about spatial resistivity
variations but electric field data are needed to constrain absolute
resistivity values. These tipper data provide complementary infor-
mation to the impedance data, but were not used in this study due
to the reasons discussed below.

A total of 163 MT stations were collected at the Krafla volcanic
field during campaigns conducted by Duke University (2004—-2005)
and Moscow State University and Iceland GeoSurvey (ISOR; 2006
and 2008). The data consist of broad-band MT soundings in the
frequency ranges of 320-0.001 Hz. Time domain electromagnetic
(TEM) data were also collected to correct galvanic distortion caused
by localized, near-surface resistivity anomalies. We used 133 of
the original 163 MT stations in our 3-D inversion due to practical
considerations that will be described in detail in the next section. The
selected stations are shown in Fig. 1. Tipper data were available for
35 out of the 133 selected MT stations. However, we did not include
these data in our inversion because many of these stations had
significant noise in the tipper in the 10-0.001 Hz range. Although
we do not have access to the MT time-series data, we believe that
signals from the nearby Krafla power plant infrastructure may have
contaminated the vertical magnetic field data. In future work it
may be useful to reprocess the tipper data because they provide
information on lateral resistivity variations.

Prior to inverting the data, it is useful to analyse qualitative trends
in the measured MT data. Figs 2—5 show a map view of the appar-
ent resistivity and phase data (xy component, yx component and
computed from determinant of impedance) over a range of frequen-
cies. In Fig. 2 data at 40 Hz is shown, and at this high frequency,
the data are sensitive to the near-surface (<1 km) resistivity struc-
ture of the Krafla volcanic field. Areas with low apparent resistivity
correspond to the shallow clay layer (smectite/zeolite), and areas
with higher apparent resistivity (>100 2m) correspond to basalt
and hyaloclastites (e.g. Arnason et al. 2000). At 40 Hz most of the
phase data outside of the clay layer is greater than 45°, correspond-
ing to a decrease in apparent resistivity with depth as the data begin
to image structure below the resistive surface basalt.

Fig. 3 shows the same quantities at a frequency of 0.3 Hz. Data at
this frequency have similar spatial variations as in Fig. 2; however,
the phases are lower which indicates that resistivity is no longer
decreasing as a function of (decreasing) frequency (increasing pe-
riod). At frequencies of 40 and 0.3 Hz the outline of the inner caldera
appears as an abrupt resistivity contrast. Low resistivity inside the
inner caldera corresponds to subglacial hyaloclastite, and high re-
sistivity outside the inner caldera corresponds to basaltic lava filling
in the outer caldera.

Fig. 4 shows a map view of the apparent resistivity and phase
data at a frequency of 0.037 Hz, which corresponds to the upper few
kilometres below the volcanic field. At 0.037 Hz the low apparent
resistivity beneath the shallow clay cap is likely associated with a
magmatic heat source and/or elevated concentrations of aqueous
fluids. The high apparent resistivity within the geothermal field
inside the inner caldera corresponds to chlorite—epidote alteration
minerals stable at 220 to 500 °C. The phase data are mostly greater
than 45°, indicating that the apparent resistivity is decreasing with
depth.

Fig. 5 shows the apparent resistivity and phase for a frequency
of 0.0092 Hz which show a deep conductor below Krafla. Most
stations have a low apparent resistivity and phase greater than 45°
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at this frequency. This may correspond to the regional conductor
beneath Iceland observed by Bjornsson et al. (2005).

Fig. 6 shows examples of apparent resistivity and phase curves
for four stations at Krafla (see Fig. 1 for station locations). Sta-
tions K-81194 and K-81794 are located in the outer caldera in the
west part of the Krafla volcanic field. These two stations exhibit
similar apparent resistivity and phase curves. At high frequencies
the slightly decreasing apparent resistivity indicates shallow mod-
erately low resistivity. 1-D inversion of TEM data (Arnason et al.
2008) shows much higher resistivity in this area than inside the in-
ner caldera. Stations KMTO05 and KMTS50 are located on the eastern
and central parts of the calderas, respectively. These stations exhibit
amore dramatic decrease in apparent resistivity at high frequencies,
corresponding to a thicker clay layer. At intermediate frequencies,
all four stations increase in apparent resistivity with decreasing fre-
quency as the data are sensitive to the resistive chlorite—epidote
alteration products. At low frequencies the data show a decrease in
apparent resistivity which may be a deeper magma body or regional
conductor beneath Krafla.

The phase tensor, which is independent of local distortions of the
electric field, is also a useful tool in evaluating MT data because it
can estimate the data dimensionality and direction of the geoelec-
tric strike (Caldwell ef al. 2004). The minimum phase tensor value,
maximum phase tensor value and skew angle are three coordinate
invariants of the phase tensor that can be represented as a coloured
ellipse. When shown in map view, a predominant geoelectric strike
direction can be inferred from the elongated ellipses that align to
the preferred flow direction of electric current. The skew angle (8)
represents the asymmetry of the phase tensor due to a 3-D resistivity
distribution. Large skew angles are indicative of a 3-D resistivity
distribution; however, small skew angles do not necessarily preclude
one (Booker 2014). Here we show maps of phase tensors to help
understand the directionality and dimensionality of resistivity struc-
tures at Krafla. Fig. 7 shows a map view of phase tensor ellipses at
four frequencies. For each frequency, each station is represented by
acoloured ellipse. The ellipse axes are proportional to the maximum
and minimum values of the phase tensor, and the colour indicates
the absolute value of the skew angle. Note that the size of each
ellipse is normalized by its maximum phase tensor value. A polar
histogram that shows the major axis direction for each station is
also shown for each frequency. At 40 Hz the data at each station are
sensitive only to near surface structure and there is some variation
in strike direction from station to station. However, many stations
have a strike direction of approximately N20° E at this frequency,
which agrees with the direction of the fissure swarm. At a frequency
of 0.3 Hz there is no clear predominant strike direction, and many
stations have a skew angle greater than 3° which is indicative of
3-D resistivity structures at this frequency. At frequencies of 0.037
and 0.0092 Hz the alignment of the ellipses with the NNE-SSW
direction of the fissure swarm and low skew angles suggest that the
MT data are relatively 2-D at lower frequencies. Note that in the
2-D case the phase tensor major axes are aligned either parallel or
perpendicular to the strike direction. At low frequencies, the phase
tensor major axes align in the direction of the rifting at Krafla be-
cause the phase data begin to detect a resistive feature beneath the
deep conductor (e.g. station data curves in Fig. 6). Overall the phase
tensors and apparent resistivity indicate a relatively complicated re-
sistivity structure beneath Krafla that requires a 3-D approach to
model the 3-D resistivity structure at intermediate frequencies.

As described in the previous section, Arnason et al. (2008)
performed joint 1-D TEM-MT inversions on 125 MT stations
that were corrected by nearby TEM soundings and presented the
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Figure 2. Map view of the Krafla MT apparent resistivity (p) and phase (¢) data at a frequency of 40 Hz. xy = electric field oriented geographic north and
magnetic field oriented geographic east; yx = electric field oriented geographic east and magnetic field oriented geographic north; det = quantity derived from
determinant of MT impedance data. These data are sensitive to the near-surface (<1km) and reveal lateral variations in resistivity in the Krafla volcanic field.
The apparent resistivity data show low resistivity areas that correspond to the shallow clay layer (smectite/zeolite) and high apparent resistivity (>100 2m)
areas of near-surface basalt and hyaloclastites. The phase data show a more complicated pattern; but the phase across most of the volcanic field is greater than
45°, corresponding to a decrease in resistivity as the data begin to probe the underlying geothermal reservoirs. Thick black lines = outline of inner and outer
caldera; thin black lines = fissures and craters; filled black circles = MT stations with data at this frequency; open circles = MT stations with no data at this

frequency.

resulting resistivity model as interpolated horizontal and vertical
cross-sections. In this paper we show selected slices through the
interpolated 1-D resistivity model in Figs 9 and 10. A 1-D inversion
only accounts for resistivity variations with depth at each MT sta-
tion and may be inaccurate in more complex geological settings. A
3-D inversion does not require any assumptions about the subsur-
face resistivity distribution. However, in consideration of the large
amount of data and model parameters, along with numerous set-
tings that control the inversion algorithm, some care is required
in order to obtain a satisfactory result (e.g. Siripunvaraporn 2012;
Miensopust 2017). In practice, a different resistivity model can be
obtained from the inversion simply by choice of data frequencies
or size of the cells in the model, among other parameters. Many
inversion settings and parameters should be tested to understand
the consistency and reliability of the inversion results. In the case of
the Krafla MT data set, Gasperikova et al. (2015) and Rosenkjaer
et al. (2015) presented resistivity models obtained from three 3-D
inversion algorithms. The three models contained the same main
features but had significant differences. The main features of the
resistivity models are:

(1) At shallow depths (<2 km below surface) resistivity values
agree well with the expected alteration mineralogy. High resistivity
values (>1000 2m) are correlated with unaltered basalt that fills the
Krafla outer caldera and low resistivity values in the inner caldera
are associated with a shallow clay layer.

(2) Smectite alteration occurs in the temperature range 100 to
220°C and results in a low resistivity (<10 Qm) clay layer in the
upper 500 m.

(3) At the base of the clay layer, relatively resistive (100—
1000 2m) chlorite and epidote alteration minerals are stable at
temperatures of 220 to 500 °C.

(4) A conductive (<10Qm) domed feature at a depth of
~2.5km beneath the Krafla caldera was interpreted as a magma
body/intrusion.

4 NEW APPROACH TO THE KRAFLA
3-D MAGNETOTELLURIC INVERSION

Unlike 1-D and 2-D MT inversion algorithms, 3-D inversion algo-
rithms do not require assumptions about the dimensionality of the
Earth’s electrical resistivity. 1-D and 2-D inversions are computa-
tionally inexpensive and provide valuable information, but may not
be appropriate for complex geological settings. Apparent resistivity
and analysis of phase tensors in the previous sections suggest that a
3-D inversion is appropriate for the Krafla MT data set.

Our first step in the process of inverting the MT data was to select
a subset of the data for inversion. Ideally, the inversion needs a set
of MT stations that are uniformly distributed on the surface and
that sample the entire area of interest. In model discretization there
should not be more than one MT station in each model cell, and
there should be a few model cells between each pair of MT stations.
This ensures that the inversion is able to place resistivity variations
between stations, particularly when there are small, near-surface
features. Because the computational cost of an inversion depends
on the number of model cells, there is a trade-off between including
more data/model cells and incurring a higher computational cost.
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Figure 3. Map view of the Krafla MT apparent resistivity (p) and phase (¢) data at a frequency of 0.3 Hz. xy = electric field oriented geographic north and
magnetic field oriented geographic east; yx = electric field oriented geographic east and magnetic field oriented geographic north; det = quantity derived
from determinant of MT impedance data. Data at this frequency has similar spatial variations as in Fig. 2; however the phases are lower which indicates that
resistivity is no longer decreasing as a function of frequency. The inner caldera outline separates low resistivity in the subglacial hyaloclastite fill from high
resistivity basaltic subaerial lavas in the outer caldera. Thick black lines = outline of inner and outer caldera; thin black lines = fissures and craters; filled black
circles = MT stations with data at this frequency; open circles = MT stations with no data at this frequency.

At Krafla the distance between neighbouring MT stations ranges
from 100 m to more than 1 km. In the case of two stations that were
less than about 300 m apart, we excluded the station with lower
quality MT data in order to remove redundant data and to minimize
the number of model cells. Our model mesh includes topography
and contains 119 cells in the north—south direction, 142 in the east—
west direction and 84 in the vertical direction. Layers above sea
level have a thickness of 40 m, and the first layer beneath sea level
has a thickness of 30 m that increases by a factor of 1.1 for each
subsequent layer. The core mesh contains 100 m by 100 m horizontal
cells to allow room for multiple model cells between each station.

In addition to spatial sampling, data frequency selection is an
important step prior to the inversion. We selected 19 frequencies,
logarithmically spaced, from 320 to 0.00114 Hz. The highest and
lowest frequencies determine the smallest and largest resolvable
depths, respectively. For example, following eq. (1), in a 10 2m
half-space the highest frequency of 320 Hz will penetrate about
90 m into the subsurface, and the lowest frequency of 0.00114 Hz
will sample to a depth of 46 km. We included 19 frequencies in
order to accurately represent the smooth variations of impedance as
a function of frequency.

Each datum in the inversion must be assigned an error (uncer-
tainty) estimate. This value is important as the inversion seeks a
solution to minimize the misfit of each datum. Large error esti-
mates may cause the inversion to inadequately fit the measured
data; error estimates that are too small may cause noise to be fit and
result in a rough model. The standard impedance errors obtained
from time-series processing may be very small compared to the
impedance values (<1 per cent) and it may be necessary to apply an

error floor in order to obtain a satisfactory inversion result. In our
inversion we applied an error floor equal to 5 per cent of \/| Z, Z,,.|.

It is important to consider the effects of galvanic distortion on
the measured MT data. Galvanic distortion is caused by local dis-
tortions of electrical current from either (1) near-surface features
smaller than the resolvable limit of the MT data, or (2) extreme to-
pographic relief. Several methods to determine galvanic distortion
in the electric field define a 2 x 2, frequency-independent distor-
tion tensor (e.g. Bahr 1988; Groom & Bailey 1989). The Groom &
Bailey (1989) tensor decomposition method factors the distortion
tensor into four components: (1) the twist and (2) shear tensors that
modify impedance amplitudes and phases, (3) the anisotropy ten-
sor that modifies amplitudes and (4) the scalar gain that modifies
amplitudes. When the Earth has a 2-D regional geologic strike and
3-D distorting bodies, the twist and shear tensors can be solved
but anisotropy and gain (together commonly called ‘static shift”)
cannot be uniquely determined. In a 3-D Earth where all elements
of the impedance tensor are significant, different approaches must
be used. There has been some debate about how to handle galvanic
distortion in the 3-D inversion of MT data (Miensopust 2017). The
unknown scalar shifts at each M T station can be solved by jointly in-
verting MT and TEM data (e.g. Arnason ef al. 2010). Alternatively,
the distortion tensor can be simultaneously inverted with the MT
impedance (e.g. Sasaki & Meju 2006; Avdeeva ef al. 2015; Usui
et al. 2016). Even if distortion is not explicitly handled in the in-
version, Patro & Egbert (2011) found that for moderately distorted
data (e.g. no out-of-quadrant phases or mode splits of several orders
of magnitude) the 3-D inversion placed small, near-surface features
into the model to accurately reproduce distortion in the MT data. We
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Figure 4. Map view of the Krafla MT apparent resistivity (p) and phase (¢) data at a frequency of 0.037 Hz. xy = electric field oriented geographic north
and magnetic field oriented geographic east; yx = electric field oriented geographic east and magnetic field oriented geographic north; det = quantity derived
from determinant of MT impedance data. These data are sensitive to the upper few km below the Krafla volcanic field. The apparent resistivity data show a
low resistivity feature beneath the east part of the inner caldera and a high resistivity beneath the middle of the inner caldera. The phase data are mostly greater
than 45°, indicating that the apparent resistivity is decreasing with depth as most M T stations begin to detect a conductor at the root of the geothermal system.
Thick black lines = outline of inner and outer caldera; thin black lines = fissures and craters; filled black circles = MT stations with data at this frequency;

open circles = MT stations with no data at this frequency.

chose to implicitly allow distortion in our model by designing our
mesh to contain 2 to 3 small (100 m by 100 m) cells between each
MT station. These small cells allow the inversion to place small,
distorting features into the resistivity model.

A number of inversions were undertaken to determine the opti-
mal regularization parameters, starting model and prior model. The
ModEM 3-D inversion algorithm that we used contains a model
covariance matrix that controls the change in resistivity (spatial
smoothing) between neighbouring model cells (Kelbert ez al. 2014).
This allows the user to specify the smoothing constraints in three
spatial directions. We varied the degree of smoothing in test inver-
sions, but in every inversion we applied the same model covariance
length scale value in each spatial direction. The ModEM algorithm
attempts to minimize differences in resistivity between the recovered
model and the prior model. In this section we test if the recovered
resistivity model is dependent on our choice of prior models with
two representative inversions:

(1) A uniform starting and prior model
(2) A uniform starting model with interpolated 1-D prior model.

4.1 Uniform starting and prior model

This inversion used a 10 2m half-space starting and prior model.
We tested other resistivity values and found that the inversion with
the 10 2m half-space resulted in good data fit and a model with rea-
sonable structure at all depths. We used the ModEM code of Kelbert
et al. (2014) to invert the full impedance tensor (eight components).

After 98 iterations the inversion converged to an overall r.m.s. mis-
fit of 1.04. Fig. 6 shows the measured and calculated data for four
selected stations (see Fig. 1). The data fit was relatively uniform for
all stations and frequencies with no significant outliers (see Fig. 8).
In particular, the low r.m.s. misfit at high frequencies suggests that
the inversion adequately fit the MT data with static shifts. Figs 9
and 10 show selected slices through the resistivity model; we will
discuss model interpretation in the next section.

We performed different inversions to test whether or not the
main resistivity features in the model were strongly dependent on
the inversion settings. If the resistivity and spatial extent of a model
feature greatly varies from changing one setting, then it may not be
well-constrained by the MT data. In these tests we considered the
inversion that used a 10 2m half-space starting and prior model.
We tried changing the model covariance setting to see if any model
features would significantly change. Fig. Al shows the diagonal
slice A-A” through the unconstrained inversion resistivity models
with covariance length scale values of 0.1, 0.3 and 0.5. Because the
model covariance values control the smoothing between neighbour-
ing model cells, the effect of changing covariance values depends
on the size of cells in the mesh. Slezak ez al. (2019) tested multiple
covariance length scale values in their ModEM MT inversions and
found that values that were too small resulted in resistivity models
that only contained heterogeneities near the surface. We observed a
similar effect in the Krafla MT inversion, where the resistivity model
obtained from a covariance value of 0.1 did not contain much detail
at greater depth. It is clear from Fig. A1 that the covariance setting
of 0.1 is not within the optimal range for our data and mesh. Thus,
it is important to test a range of model covariance values to find
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Figure 5. Map view of the Krafla MT apparent resistivity (o) and phase (¢) data at a frequency of 0.0092 Hz. xy = electric field oriented geographic north
and magnetic field oriented geographic east; yx = electric field oriented geographic east and magnetic field oriented geographic north; det = quantity derived
from determinant of MT impedance data. Most stations have a low apparent resistivity and phase greater than 45°. This may correspond to the deep regional
conductor beneath Iceland observed by Bjornsson et al. (2005). Thick black lines = outline of inner and outer caldera; thin black lines = fissures and craters;
filled black circles = MT stations with data at this frequency; open circles = MT stations with no data at this frequency.

an optimal value for a particular set of data and mesh. The opti-
mal model covariance (smoothing) parameter was set to 0.3 in each
direction (x, y and z) and used for all inversions.

4.2 Uniform starting model with 1-D prior model
constraint

The inversion of MT data is inherently non-unique. By changing
the inversion parameters and regularization, a broad range of mod-
els can be obtained that all fit the measured data. In the absence
of any a priori geological information, the resulting 3-D resistivity
model can also be influenced by the choice of the starting model.
For example, if a half-space of constant resistivity is chosen as the
starting model to emphasize model smoothness, the inversion is free
to fit the observed MT data with resistivity structure that may not be
geologically reasonable. In the case of Krafla, there is a significant
amount of geophysical and geological information that can help to
constrain the 3-D MT inversion towards a more reasonable result.
Gravity, shear wave attenuation, seismic tomography and MT stud-
ies at Krafla have all given evidence for a magma body located at
about 3 km depth beneath the Krafla central volcano. The presence
of the magma body is confirmed by several methods and can be
included as a priori information in the 3-D MT inversion. We chose
to incorporate the deep magma body and other features such as the
shallow clay layer, in the form of the 1-D MT models presented
by Arnason et al. (2008). Although few geological environments
can truly be considered 1-D, the 1-D analysis provides information
about how resistivity varies with depth. We interpolated the 125
1-D resistivity models onto a 3-D mesh to create a prior model for
the 3-D MT inversions. A slice through the prior model is shown in

Fig. 9. The misfit between the observed MT data and the 3-D data
calculated from the interpolated 1-D MT model is 7.55. Clearly
the interpolated 1-D model will not fit the data when considering
three spatial dimensions. However, the 1-D prior model can be a
useful constraint by limiting deviations in the model from known
structures such as the shallow clay layer and deeper conductor.

Apart from the change in prior model, the inversion used identi-
cal parameters to the unconstrained inversion discussed in Section
4.1. The r.m.s. misfit between the observed and calculated data con-
verged to a value of 1.05. Even with the interpolated 1-D model as
the prior model, the constrained inversion recovered a very similar
model to the unconstrained inversion. The differences between the
two models will be discussed in the next section.

5 RESISTIVITY MODEL
INTERPRETATION

The unconstrained and constrained inversion models in Figs 9
and 10 contain similar features, which are summarized below.

5.1 Model features

Shallow low resistivity layer (C1)

The low resistivity layer C1 is a prominent feature in the two in-
version models. Clay minerals such as smectite are common low-
temperature (100 to 220 °C) hydrothermal alteration products and
are the cause of the low resistivity of this feature. Smectite has a
very high cation exchange capacity (CEC) and as a result, a low
resistivity. The smectite zone (or smectite/chlorite mixed layer) in
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Figure 6. Selected apparent resistivity and phase curves from stations K-81 194, K-81 794, KMTO0S5, and KMT50. See Fig. 1 for station locations. The
symbols with error bars are the measured MT data and the solid lines represent the unconstrained inversion response. Red = xy mode data; blue = yx mode

data; black = xx mode data; green = yy mode data.

our model appears as a low resistivity layer that extends to a depth
of about 0.3 km a.s.l., which is coincident with the depth where
chlorite was first observed in the IDDP-1 log (Mortensen et al.
2014).

Due to the diffusive nature of the EM signals measured by MT,
there is non-uniqueness in resolving multiple low-resistivity layers
(Simpson & Bahr 2005). In our model, C1 could prevent the detec-
tion of deeper features because it is a low resistivity clay layer with a
thickness of a few hundred metres and a resistivity of 1-10 Qm. We
can estimate the integrated conductivity (i.e. conductance) of C1
to find the minimum conductance a deeper conductor would need
in order to be resolved. Fig. 11 shows the conductance from the
surface of the model to an elevation of 0.2 km b.s.l. (about 0.6 km
beneath the IDDP-1 well pad). The conductance map shows a high
conductance (>300 S) within the inner caldera that coincides with
the conductive clay layer. The conductance varies laterally because
C1 does not have a uniform thickness. From this map we can es-
timate that a deeper low resistivity feature needs a conductance
greater than 300 S to be resolved in the resistivity model.

High-temperature reservoir/chlorite—epidote alteration zone (R1)

This feature extends from a depth of about 0.1 to 1 km b.s.1. beneath
the Vitismor field. Temperature logs of wells in the Vitismor field

reveal that the current reservoir temperature at depths 0.1 to 0.7 km
b.s.l. is isothermal and about 200 °C (Fig. 12). Analysis of drill
cuttings performed by Mortensen et al. (2014) indicates that the
top of R1 coincides with the transition into the chlorite—epidote
alteration zone where the formation temperature once exceeded
220 °C. Although high temperature fluids may be attributed to high
resistivity (e.g. Ucok et al. 1980; Ussher et al. 2000) this cannot be
the case here because the upper reservoir temperature of Vitismor
is only about 200 °C. This observation is consistent with the pattern
that resistivity in geothermal fields in Iceland is mainly controlled
by alteration mineralogy, as opposed to permeability. In addition to
R1, high resistivity in Sudurhlidar corresponds to resistive epidote—
actinolite alteration, and high resistivity in Leirbotnar corresponds
to chlorite—epidote alteration.

Low resistivity chimney (C2)

This moderately conductive feature appears to connect the deeper
conductor (C3) to the surface. A similar feature was observed in the
1-D resistivity models of Arnason et al. (2008) and the 3-D models
of Gasperikova et al. (2015) and Rosenkjaer et al. (2015). There are
two vertical low resistivity anomalies that flank the path of IDDP-1
and merge with the conductor C3 at a depth of approximately 1.5 km
b.s.l. The location of C2 agrees well with the Hveragil fault system,
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Figure 7. Map view of Krafla MT phase tensor ellipses at four frequencies. Inset polar histograms show the major and minor axis directions of phase tensor
ellipses for all stations. The grey circles in the histograms are increments of 10 stations, with the largest circle for 40 stations. The major axis direction indicates
the strike direction, i.e. the preferred direction of electric current flow. At 40 Hz there is some variation in strike direction from station to station because the
data are only sensitive to shallow depths, yet there is a pronounced N20° E strike direction that agrees well with the mapped fissures. At a frequency of 0.3 Hz
there is no clear predominant strike direction. Many stations have a skew angle greater than 3° which is indicative of 3-D resistivity structure at this frequency.
At frequencies of 0.037 and 0.0092 Hz the alignment of the ellipses with the NNE-SSW direction of the fissure swarm and low skew angles suggest that the

data are relatively 2-D at lower frequencies.

which divides the Vitismor and Leirbotnar fields from the Sudurhli-
dar field. As previously mentioned, increased porosity within the
Hveragil fault system can host aqueous fluids that could signifi-
cantly decrease resistivity. Weisenberger ef al. (2015) also reported
a major feed zone in Sudurhlidar associated with a felsic intrusion
complex from 0.2 to 0.6 km b.s.l., coinciding with the elevation of
C2. C1 and C2 appear connected due to the fact that MT has a lim-
ited ability to resolve the lower boundary of conductors. However,
the chlorite—epidote zone beneath Sudurhlidar is observed at 0.3 to
0.2km a.s.l. which effectively constrains the lower elevation of the
clay layer C1 (Weisenberger ef al. 2015). Thus, the low resistivity
of C2 is not due to the clay layer and can instead be attributed to
aqueous fluids within the permeable Hveragil fault system.

Pope et al. (2016) analysed isotope ratios of geothermal fluids
from Krafla. Their hydrogeological model of Krafla describes the
same meteoric source for Leirbotnar and Sudurhlidar, but with dif-
ferent degrees of phase separation and mixing with magmatic gases.
In our resistivity model, a low to intermediate resistivity zone (C2)
between Leirbotnar and Sudurhlidar matches the location of the
Hveragil fault system, which agrees with their interpretation of
Hveragil as an upflow zone separating these two subfields. Hveragil
appears as a low resistivity feature because it is a subvertical path-
way for hot geothermal fluid and magmatic gas ascending from the
two-phase reservoirs below Sudurhlidar, Vitismor, and Leirbotnar.

Upper crustal conductor (C3)

Feature C3 is an extensive low resistivity zone beneath the northern
part of the inner caldera. Its lateral dimensions are approximately

5km by 5 km; however, the northern edge is not well-constrained
because it extends outside of the M T survey area. C3 domes upward
to a depth of about 1.6 km b.s.1., and appears to extend to greater
than 5 km b.s.l., although the lower limit is not well-constrained by
the MT data. In Figs 9 and 10 the bottom of IDDP-1 intersects a
low resistivity zone that connects features C2 and C3. We believe
the feature C3 has two possible interpretations:

(1) A zone of partial melt

(2) A zone of dehydrated chlorite and/or epidote alteration min-
erals that have formed magnetite (Manthilake ez al. 2016; Hu et al.
2017; Nono et al. 2018).

Because many factors can contribute to a low resistivity, it is
unclear if C3 is due to just one, or a combination of the two in-
terpretations stated above. If C2 is an up-flow zone of two-phase
geothermal fluid (>340 °C) related to the permeable Hveragil fault
system, then it makes sense that it would be connected to a deeper
magmatic heat source. However, it is unlikely that the top of C3 cor-
responds to the top of a large, homogeneous magma body. Einarsson
(1978) inferred a 3 km depth to the top of the magma body from
shear wave attenuation, which is about 1 km deeper than the bottom
of IDDP-1. C3 is also mostly to the north of the S-wave shadows
from Einarrson (1978) at 1.6 to 2.1 km b.s.1. (see Fig. 10). Although
the spatial correlation is not exact, it must be noted that the seismic
study had limited resolution and different station coverage to the
MT survey. Einarsson (1978) stated that the southern boundaries of
the S-wave shadows are better constrained than the northern ones.
Only one of the three seismic stations in the study (station SN)
was located to the north of the caldera and would receive many ray
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Figure 8. Root mean square (r.m.s.) misfit of the measured and calculated MT data from the unconstrained 3-D inversion. (a) r.m.s. misfit by frequency for
each individual station; the overall misfit for each frequency and the overall inversion misfit are shown in red and dashed black lines, respectively. (b) diagonal

and (c) off-diagonal impedance components r.m.s. misfit by frequency.

paths passing under the north caldera. Most of the arrivals were
critically refracted and may not have sampled a deep attenuating
magma body. Seismic tomography by Schuler ez al. (2015) revealed
a low v, /v, ratio anomaly at the bottom of IDDP-1 that they inter-
preted as a zone of superheated steam above the rhyolitic magma
body. This effectively rules out an expansive zone of partial melt at
1.6 km b.s.1., which would require an elevated v,/v ratio. However,
we cannot eliminate the possibility that IDDP-1 intersected a small
magma body (dyke or sill), which would not provide as strong of
a geophysical anomaly as a larger magma body. We will assess the
MT data response to synthetic smaller magma bodies in the next
section.

Recent work has shown that dehydration of chlorite and epidote
alteration minerals (Manthilake e al. 2016; Hu et al. 2017; Nono
et al. 2018) leads to decreased rock resistivity at high temperatures
and pressures. Nono et al. (2018) performed resistivity measure-
ments on Icelandic rocks at high temperature (200 to 700 °C) and
pressure (70 MPa) and showed that destabilization of the chlorite
and epidote alteration minerals above 500-600°C resulted in an

irreversible resistivity decrease from about 1000—100 000 Qm to
about 3-30 2m. The resistivity of C3 falls within this resistivity
range. Mortensen et al. (2014) estimated that the formation temper-
ature at the bottom of IDDP-1 is about 500 °C, which agrees with
the onset temperature of chlorite/epidote destabilization reported
by Nono et al. (2018). This suggests that destabilization of the al-
teration minerals may occur below the bottom of IDDP-1. Note that
the pressure at the bottom of IDDP-1 is between hydrostatic and
lithostatic pressures (21 to 51 MPa; Elders et al. 2011) which is
lower than the experimental 70 MPa pressure of Nono et al. (2018).
However, at these conditions temperature has a much larger impact
on electrical resistivity than pressure (e.g. Manthilake et al. 2016;
Hu et al. 2017).

Upper crustal conductors have been observed beneath other
geothermal fields in Iceland. Large low resistivity (<10 2m) zones
have been detected 4 km b.s.1. at Hengill (Arnason et al. 2010) and
about 3km b.s.l. at Namafjall (Karlsdottir et al. 2015). Seismic
tomography at Hengill did not reveal a velocity anomaly consis-
tent with the presence of partial melt (Tryggvason et al. 2002).
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Figure 9. (a) Northwest to southeast slice through the interpolated 1-D prior model of Arnason et al. (2008); (b) same model slice through the 3-D MT
inversion with a 10 @m half-space as the prior model; (c) same slice through the 3-D MT inversion using the interpolated 1-D MT models as a prior model.
See inset map and Fig. 1 for the location of profile trace A—A’. Note that the 1-D model in (a) has been interpolated onto the 3-D mesh used in our inversions.
The path of the two wells that intersected rhyolite magma, IDDP-1 and K-39, are shown in black. The path of K-39 is projected onto the profile from about

1 km to the south.

Destabilization of chlorite and epidote may explain the conductors
below these geothermal fields.

Other studies at Krafla have proposed more complicated ge-
ometries for the magmatic system. Schuler er al. (2015) imaged
a low v,/v, ratio anomaly at the depths that IDDP-1 and K-39 in-
tersected rhyolitic magma. They suggested that the anomaly was
due to a region of superheated steam overlying a region of melt.
Although our resistivity model contains a moderately low resistiv-
ity zone at the bottom of IDDP-1, a zone of superheated steam
would not be expected to produce a low resistivity anomaly (e.g.
Ussher et al. 2000). Their vertical grid spacing of 0.5 km is about
twice as large as the cell size used in our inversions, so it is pos-
sible that the low v,/v ratio anomaly is not coincident with the
top of C3 in our resistivity model. Axelsson et al. (2014) modelled
the possibility that a small magma intrusion was emplaced dur-
ing the Krafla Fires of 1975 to 1984 that was later intersected by
IDDP-1. Though they were unable to confirm or disprove the idea,
deformation-induced melt segregation could be a mechanism of
transporting relatively viscous, immobile rhyolitic melt (Jonasson
2007).

The origin of rhyolite melt beneath Krafla was confirmed by stud-
ies of recovered silicic glass. Hydrogen and oxygen isotope analysis

of the IDDP-1 rhyolite showed that the rhyolite was formed by re-
melt of hydrothermally altered basalt (Elders ez al. 2011; Zierenberg
et al. 2013). Well K-39, about 2 km to the southeast of IDDP-1, in-
tersected a thin sill (~20 m) of rhyolite melt at approximately 2.1 km
b.s.l. Major element analysis of the quenched silicic glass recovered
by well K-39 suggested that the melt also formed by partial melting
of hydrothermally altered basalt (Mortensen et al. 2010). Because
the rhyolite forms from re-melting of basalt, Jénasson (2007) sug-
gested that the rhyolite magma forms an intrusive complex beneath
a central volcano, rather than a single, large magma chamber. Thus,
IDDP-1 and K-39 may have intersected an intrusive complex with
a number of small, rhyolite magma bodies that overlie the basaltic
magma body inferred at about 3 km depth (Figs 9 and 10).

These models with multiple, small magma bodies are inconsistent
with the feature C3 in the resistivity model shown in Figs 9 and 10.
A key issue to understand is the resolution of the MT method.
Because this method uses signals that diffuse in the Earth, it can
be difficult to distinguish relatively small bodies at depth. The fact
that the rhyolite sill intersected by well K-39 was about 20 m thick
suggests that rhyolite magma bodies beneath Krafla are too small
to be resolved at such depth by the MT method. In addition, well
K-25 is located 200 m southwest of IDDP-1 but did not encounter

220z Yo1e og uo isenb Aq £¢//8GG/1¥S/1/0Zz/e10Me/B/woo dno oiwapese//:sdpy wody papeojumoq



554 B. Lee et al.

[roatmly;
- -v. ‘

dﬁ .,

Distance North-South (km)

4 2 0 2 4 4 -2

0 2

300

100

30

(1) 1.1 km

Resistivity (Qm)

10

4 4 2 0 2 4

Distance East-West (km)

Figure 10. Horizontal slices through resistivity models at elevations of —0.4 km, 0.1 km, 0.6 km, 1.1 km, 1.6 km and 2.1 km below sea level. Left-hand column
(a,d,g,j,m,p): unconstrained inversion resistivity model with a 10 2m half-space prior model; centre column (b,e,h,k,n,q): constrained inversion resistivity
model with the 1-D prior model; right-hand column (c,f,i,1,0,r): the interpolated 1-D resistivity model of Arnason et al. (2008). The slices at 1.6 and 2.1 km
elevation correspond to the depths that the IDDP-1 and K-39 wells intersected rhyolitic magma, respectively. The thick black lines are the inner and outer
calderas, thin lines are faults and fissures; dashed shapes are the shear wave shadows from Einarsson (1978), the black square is IDDP-1, the black diamond
is well K-39. VM = Vitismor; LB = Leirbotnar; HV = Hveragil; SH = Sudurhlidar; VH = Vesturhlidar. See the main text for interpretation of the resistivity

features R1, C1, C2 and C3.

rhyolite magma at its total depth of 1.55km b.s.l. The inability of
MT to detect such small-scale bodies may explain why the bottom
of K-39 does not coincide with a low resistivity feature in the model
(Figs 9 and 10). The next section will address this issue with a set
of resolution tests to quantify the size and resistivity of possible
magma bodies at Krafla.

5.2 Comparison of the unconstrained and constrained
3-D MT inversions

Fig. 9(b) shows the vertical slice A—A’ through the 3-D resistivity
model from the unconstrained inversion (same uniform starting and
prior models). Fig. 9(c) shows the same slice through the 3-D resis-
tivity model from the constrained inversion (uniform starting model
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Figure 11. Integrated conductivity (conductance) in the unconstrained resistivity model from the surface to 0.2 km b.s.l. A high conductance (>300 S) in the
inner caldera coincides with the shallow clay layer. VM = Vitismor; LB = Leirbotnar; HV = Hveragil; SH = Sudurhlidar; VH = Vesturhlidar.

with 1-D prior model). It is clear that with no a priori information,
the resulting resistivity model is quite similar to the one obtained
with the interpolated 1-D model as a prior model. Compared to the
inversion with the interpolated 1-D prior model (Fig. 9), the inver-
sion with no a priori information is smoother at depths below 1 km
(depths are below sea level). In the constrained model (Fig. 9¢), the
conductor C3 below 1km depth has a more limited lateral extent,
as seen in the 1-D prior model (Fig. 9a). Horizontal slices through
the two inversion models also show very similar resistivity struc-
tures (Fig. 10). The constrained inversion model appears to keep
high resistivity structures such as R1 from the 1-D prior model at
elevations of 1.1 and 1.6 km b.s.1. (Fig. 10), which is expected of the
high-temperature geothermal reservoirs at those depths. The slices
at 1.6 and 2.1 km b.s.l. coincide with the depths that the IDDP-1
and K-39 wells intersected rhyolitic magma, respectively.

5.3 Comparison with previous MT inversions

The resistivity models of the Krafla volcanic field presented in this
paper share a number of features with the 3-D models published
by Gasperikova et al. (2015) and Rosenkjaer et al. (2015). These
include:

(1) Resistive, unaltered basalt and low resistivity clay layers (C1)
near the surface

(2) A resistive chlorite—epidote core (R1) at depths of —0.5 to
2km b.s.l.

(3) Subvertical, low resistivity feature (C2) flanking IDDP-1 to
the northwest and east

(4) A low-resistivity feature (C3) at 3 km b.s.1. below the northern
part of the inner caldera

Although our resistivity model contains the same major features
as the previous authors’ model, there are some notable differences.

In the models of Gasperikova et al. (2015) and Rosenkjaer et al.
(2015), IDDP-1 is flanked by low-resistivity structures to the west
and northwest, and the bottom of IDDP-1 is located in a resistive
feature interpreted as the chlorite—epidote core. Their interpretation
was that IDDP-1 intersected a small magma body that was too small
to be resolved with MT. However, in our model the bottom of IDDP-
1 intersects a low resistivity region where the features C2 and C3
meet. We have interpreted this region as a zone of high permeability
where primary aquifer fluids mix with magmatic fluids and gas from
the deeper magma body (C3). There are a few differences in our in-
version strategies that might help explain the disparity in our models.
Rosenkjaer ef al. (2015) summarized the inversion parameters used
to obtain the resistivity models in their paper and in Gasperikova
et al. (2015). A significant difference from our model is the mini-
mum cell size; in their inversions the smallest cell size varied from
250m x 250m x 50mto 300m x 300m x 8§ m compared to our
100m x 100m x 30 m cells. This results in our model containing
over twice as many cells in the horizontal directions (north—south
and east—west). Due to the nonlinearity of the inversion process, and
the fact that different inversion algorithms were used, it is difficult
to determine if the difference in cell size would lead to differences
in our models at about 2km depth. However, we believe that the
100 m horizontal cells are required to model near-surface resistivity
variations between MT stations that are only about 300 m apart. Be-
cause we are not explicitly solving for galvanic distortion, the small
cells between MT stations allow the inversion to fit distorted MT
data by placing small features near the surface. The low r.m.s. misfit
at high frequencies suggests that the model surface is sufficiently
discretized to fit the distortion in the MT data (Fig. 8).

The resistivity models presented in Gasperikova et al. (2015)
and Rosenkjaer et al. (2015) were derived from inversion of the
off-diagonal impedance elements, while our inversions used the
full impedance tensor. The diagonal impedance elements in many
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Figure 12. Map view of well temperature and model resistivity in the Krafla geothermal field at four depths: (a) —0.3 km, (b) 0.1km, (c) 0.5km and (d)
0.9km b.s.l. Note the resistivity colour bar corresponds to the model resistivity (background shading) and the temperature colour bar corresponds to the
well temperatures (coloured circles). Each coloured circle is the location of a well track at the specified depth. In (a) temperatures below 200 °C correspond
to the shallow, two-phase reservoirs. The well temperatures below 200 °C correlate with the low resistivity clay layer. At intermediate depths in (b) and (c)
temperatures in the Leirbotnar and Sudurhlidar fields are >225°C reflecting the superheated reservoir, but only about 200 °C in the Vitismor field. This
corresponds to the nearly isothermal reservoir beneath Vitismor. Below 0.9 km in (d) most well temperatures are above 300 °C, corresponding to superheated
reservoirs. Higher resistivity is due to chlorite and epidote alteration minerals formed above 220 °C. The black square indicates the location of IDDP-1 (no

temperature log available). The black lines are faults, fissures and craters.

MT data sets are at least an order of magnitude smaller than the off-
diagonal elements; thus their importance in 3-D inversion is still un-
der debate (Miensopust 2017). For example, Newman et al. (2008)
justified omitting the diagonal elements because of their low magni-
tude, and thus low signal-to-noise ratio. Lindsey & Newman (2015)
inverted the Krafla MT data to demonstrate their sequenced inver-
sion workflow. They justified neglecting the diagonal impedance
elements because only 15 per cent of the data had a diagonal to oft-
diagonal ratio greater than 0.1. Because 80 per cent of these data
were below 0.1 Hz, they claimed that the off-diagonal elements were
sufficient for imaging the upper ~3 km below Krafla. However, we
believe that the diagonal elements should be inverted because the
data below 0.1 Hz are sensitive to the deep conductors in the vicinity
of IDDP-1. This can be seen in the map view of MT data in Figs 2-5
and the data curves in Fig. 6 that show a decrease in apparent resis-
tivity at frequencies below 0.1 Hz. We have inverted the Krafla MT
data using only off-diagonal elements and found that the main inter-
preted features (R1, C1, C2 and C3) are still present in the resistivity
model. Although a qualitative interpretation of the resistivity model
might remain unchanged, we note that the full impedance tensor
data calculated from the off-diagonal derived resistivity model (1)
poorly fit the observed diagonal impedance components; and (2)
did not reproduce the high (>3°) beta skew angles at intermediate

frequencies. Other authors have presented benefits of inverting the
full tensor (e.g. Patro & Egbert 2011; Kiyan ef al. 2013).

Besides the differences in model discretization and choice of
impedance tensor elements, our choice of data frequencies, number
of frequencies, number of stations and uniform initial starting model
vary slightly from those of Gasperikova ez al. (2015) and Rosenkjaer
etal. (2015). However, these choices are dependent on the individual
user and available software, and a more rigorous study is required
to determine their exact effects on the inversion resistivity model.

6 MT DATA SENSITIVITY TO THE
IDDP-1 RHYOLITE MAGMA

In this section we will assess why MT did not detect the presence
of rhyolite melt prior to drilling IDDP-1. Our resolution tests will
address two possibilities: (1) the location of the rhyolitic magma
directly beneath the clay layer makes it difficult to be resolved with
the MT method; and (2) the rhyolite magma body has a relatively
high resistivity and/or is relatively small and does not appear as an
anomaly in the resistivity model. First we use petrological informa-
tion about the IDDP-1 rhyolite and relations from laboratory melt
studies to constrain a range of possible resistivity values, assuming
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a homogeneous magma body. Next we add anomalies into our 3-D
inversion model to simulate rhyolite magma bodies with a range of
simple geometries. We tested anomalies with three different geome-
tries and six resistivity values, for a total of 18 resolution tests. In
each test, we calculated the predicted MT data for the edited model
and compared this with the response of the MT inversion model. We
use two approaches to quantify the difference between the two sets
of data: (1) the change in r.m.s. misfit, and (2) an asymptotic p-value
from the two-sample Kolmogorov—Smirnov (K-S) statistical test.
To our knowledge, this is the first published use of the K-S test to
judge a change in MT data fit between two resistivity models.

6.1 IDDP-1 magma body resistivity

An important part of this modelling study is to estimate the expected
resistivity of the rhyolite melt. This is required to determine whether
the contrast between the magma body and the host rock is sufficient
for an MT survey to detect the magma body as a zone of low resis-
tivity. Gibert e al. (2017; published in: Levy 2019) measured the
electrical resistivity of melted rhyolite from the Hrafntinnuhryggur,
an obsidian ridge produced by subglacial fissure eruption, southeast
of the southern slopes of Mt. Krafla (labelled in Fig. 1 as Rhyolite
115 to 11.7ka). The rhyolite resistivity was measured to be 0.8
to 1.2 Qm at temperatures of 900 to 1000 °C. We further investi-
gate the Krafla rhyolite resistivity using data from additional lab
experiments.

We can estimate the resistivity of the IDDP-1 magma body in
order to understand whether or not it could be detected by the
MT data. As seen in Figs 9 and 10, the region at the bottom of
IDDP-1 has a resistivity of about 7 2m, which is relatively resistive.
Following the relation of Guo et al. (2016), a pure rhyolite melt can
be relatively resistive (>1 2m) under particular conditions such as
low water content, low melt fraction or limited connectivity.

We estimated the resistivity range of the rhyolitic magma encoun-
tered by IDDP-1 using the experimental melt relations of Guo et al.
(2016) and petrological analyses by Elders et al. (2011) and Zieren-
berg et al. (2013) in order to provide an input for the resolution tests.
Fig. 13 shows values of electrical resistivity of pure rhyolite melt for
varying temperature and per cent wt H,O. The figure demonstrates
that increasing temperature and/or per cent wt H,O decreases the
melt resistivity. Additionally, it is possible that a rhyolite melt with
a high per cent wt H,O at a low temperature could have the same
resistivity as a melt with lower per cent wt H,O at a higher temper-
ature. Note that the pressure at the bottom of IDDP-1 is between
hydrostatic and lithostatic (Elders ef al. 2011) and its influence on
electrical resistivity is negligible in the range ~20 to 50 MPa. The
dashed rectangle denotes the possible range of resistivity for the
rhyolite melt based on temperature and per cent wt H,O estimates
by Elders et al. (2011) and Zierenberg et al. (2013). This gives
a minimum of 0.6 @m (black circle) and a maximum of 0.9 Qm
(black square) for the melt resistivity. Our calculated pure rhyolite
melt resistivity values agree with the 0.8 to 1.2 2m measured by
Gibert et al. (2017). If possible, a direct resistivity measurement of
the rhyolite recovered from IDDP-1 would eliminate the need to use
empirical relations to estimate the resistivity.

Once the melt resistivity has been calculated, it is necessary to
estimate the bulk resistivity of the rock, which is a mixture of
melt and crystals. The bulk resistivity can be estimated using the
empirical Modified Archie’s Law (Glover et al. 2000) to relate
melt and bulk resistivity to melt fraction. The bulk conductivity
oy 1is related to the rock matrix conductivity o, and melt (fluid)
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conductivity oy by:
oy = 0r (1 — ¢)’ + 079", (5)
where m is the cementation factor, ¢ is the melt fraction and

_ 17g d-¢") ©)
og(1—¢)

The cementation factor m defines the connectivity of the melt and
is a function of pore geometry, distribution and dihedral (wetting)
angle (e.g. Yoshino et al. 2010). Commonly m is in the range of
1 (well connected) to 2 (poorly connected). Some studies suggest
that silicate melt is relatively well-connected at intermediate melt
fractions. Rosenberg & Handy (2005) found that melted granite was
well-connected at melt fractions greater than 0.07. Ten Grotenhuis
et al. (2005) observed that basaltic melt occupied grain boundary
layers as opposed to only triple junctions as melt fraction increased
from 0.01 to 0.1. We use m = 1.5 assuming a moderate degree of
interconnected melt. However, we found that choosing a value of m
in the range 1 to 2 does not affect the resistivity enough to change our
interpretation. Fig. 14 shows contours of bulk resistivity computed
from Modified Archie’s Law for a range of melt resistivity and melt
fraction. We used a rock matrix conductivity (o;) of 0.001 Sm™~!
for these calculations, though we observe negligible differences in
bulk resistivity when the rock matrix is at least three orders of
magnitude more resistive than the melt (i.e. o, << o). A low melt
fraction might be expected for Krafla rhyolite due to inferred high
viscosity and a near-solidus state (Jonasson 2007). However, the
recovered IDDP-1 rhyolite was a nearly aphyric glass (Elders ef al.
2011; Zierenberg et al. 2013) which indicates a high melt fraction.
In our analysis we make no assumption about melt fraction and
consider the range from 0.1 to 0.9. The range of rhyolite melt
resistivity constrained from Guo et al. (2016) is 0.6 to 0.9 Qm.
These minimum and maximum estimates of melt fraction and melt
resistivity are shown in Fig. 14 as dashed lines. Using these bounds
on melt resistivity, and considering a melt fraction range of 0.1
to 0.9, the rhyolite encountered by IDDP-1 has a maximum bulk
resistivity of about 30 2m and a minimum of about 0.7 Qm. In the
next section we will test if the MT data are sensitive to magma
bodies in this resistivity range.

This resistivity range is higher than resistivity estimates of silicic
magma reservoirs such as those of the New Zealand Taupo Volcanic
Zone (Heise et al. 2010) and the Laguna del Maule volcanic field in
Chile (Cordell et al. 2018). Heise et al. (2010) estimated a resistivity
of ~ 0.3 Qm and a melt fraction of ~50 per cent for a silicic
plume beneath the Taupo Volcanic Zone, and Cordell et al. (2018)
estimated a resistivity of ~1 Qm and a melt fraction of <35 per cent
for a long-lived silicic magma chamber below Laguna del Maule.
In particular, the relatively low 1.77 per cent wt H,O of the IDDP-
1 rhyolite contributes significantly to its higher resistivity (Elders
et al. 2011). Note that due to the difference in size, temperature,
depth and water content, it is impossible to directly compare these
melt fraction estimates to that of the IDDP-1 rhyolite. Because these
silicic magma chambers are long-lived features they may be close
to a crystal mush state with a low to intermediate melt fraction.
However, Elders ef al. (2011) and Zierenberg et al. (2013) noted
that the recovered IDDP-1 rhyolite was aphyric, which indicates a
high melt fraction. This comparison demonstrates how a wet magma
with low melt fraction can have a similar resistivity as a dry magma
with high melt fraction (i.e. Fig. 14).
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Figure 13. Contour lines of electrical resistivity as a function of temperature (°C) and per cent wt H,O calculated from the relation of Guo et al. (2016).
The dashed line shows ranges of temperature from Zierenberg et al. (2013) and per cent wt HyO from Elders et al. (2011). The black square is the maximum
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Figure 14. Logarithmic contours of Krafla rhyolite bulk resistivity as a func-
tion of melt fraction and melt resistivity computed from Modified Archie’s
Law (Glover et al. 2000). Vertical dashed lines: minimum and maximum re-
sistivity of the Krafla rhyolite computed from relation of Guo et al. (2016);
horizontal dashed lines: range of melt fraction (0.1 to 0.9) considered in
our synthetic tests. The black square and black circle denote maximum and
minimum estimated bulk resistivity of Krafla rhyolite, respectively.

6.2 Resolution tests

These tests are needed because it is possible that the conductor
caused by the magma body is not being correctly imaged. This can
occur for a number of reasons:

(1) the presence of C1, a high conductance (>300 S) layer that
screens the EM signals, and

(2) the magma body is relatively resistive and/or has a small resis-
tivity contrast from the surrounding rock. The diffusive physics of
MT means that a small, low resistivity anomaly can go undetected.
The approach used in the inversion assumes diffusive signal prop-
agation and generates a smooth resistivity model with minimum
structure.

To implement the resolution tests, the unconstrained resistivity
models in Figs 9 and 10 were edited to include different geometries
of a low resistivity zone which represents a crustal magma body.
These low resistivity zones (i.e. magma bodies) were added at a
depth of 1.6km b.s.l. based on the depth at which the IDDP-1
well intersected magma. This corresponds to the upper edge of the
conductive feature C3. Fig. 15 shows the outlines of the three
magma bodies considered in these tests. The three magma bodies
were designed to represent a thin sill (B1), a small cubic magma
body (B2) and a larger cubic magma body (B3). In the previous
section we determined that the magma body encountered by IDDP-
1 has a resistivity between 0.7 to 30 @m with a melt fraction of
0.1 to 0.9. To investigate this resistivity range each of the three
magma body geometries was assigned six different bulk resistivity
values between 0.1 and 30 2m. The 18 combinations of geometry
and resistivity that were tested are listed in Table 1. Table 1 also
lists the conductance for each test magma body. The conductance
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Figure 15. Outlines of test magma bodies in (a) map view and (b) vertical
slice through A—A’. See Table 1 for magma body dimensions and resistivi-
ties.

of an arbitrarily shaped body can be calculated with the relation
oA
7

where A is the cross-sectional area and L is the body length (e.g.
Yoshino 2018). In a 1-D layered Earth, where conductivity only
varies in the z-direction, eq. (7) simplifies to the conductivity multi-
plied by the thickness of the feature (e.g. Bai ez al. 2010; Yang et al.
2015). However, in the 3-D case the spatial dimensions of the body
may be different in three directions. We can calculate the conduc-
tance of the B1, B2 and B3 test anomalies by considering electrical
current flow in the north—south direction, and using the dimensions
from Table 1. Using eq. (7), the conductances of the thin sill, small
magma cube and large magma cube range from 8.3 to 2500 S, 16.7
to 5000 S and 33.3 to 10000 S, respectively (see Tables 1 and 2).
The same values can be obtained for current flow in the east—west
direction. Note that we have considered test magma bodies with
conductances greater than and less than the 300 S conductance of
Cl.

We use two methods to quantify whether or not the edited re-
sistivity model differs from the preferred inversion model: the
Kolmogorov—Smirnov (K-S) test and the change in r.m.s. misfit.
The two sample K-S test is a non-parametric hypothesis test that
determines whether two populations are from the same continuous
distribution within some significance level (Massey Jr 1951; Miller
& Kahn 1962). If the asymptotic significance, or p-value, is larger
than the significance level, then we accept the null hypothesis that
the two populations are from the same distribution. A p-value less
than the significance level is statistically significant and indicates
that the null hypothesis can be rejected and the distributions are
different.

We perform the K-S test with the function kstesz2 in MATLAB
(The MathWorks, Inc. 2016). The test considers two populations x;
and x,, with n; and n, samples, respectively. Let D represent the
maximum difference between their empirical distribution functions,

C = 7)
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Fy and F,. If D is greater than some critical value, then the null hy-
pothesis is rejected. Instead of computing the critical value, kstest2
accepts or rejects the null hypothesis by computing the asymptotic
p-value and comparing it with the significance level.

In these resolution tests we are interested in whether or not the MT
data are sensitive to the added anomalies in the edited models. We
compare the residuals (normalized by error) from the original model
to the residuals (normalized by error) of the calculated response
of the edited model. In our case, the two populations x; and x;
are the two sets of normalized residuals. If the null hypothesis is
accepted (p-value greater than significance level), then we cannot
conclusively determine if the two sets of residuals are drawn from
the same or different distributions. If the null hypothesis is rejected
(p-value less than significance level), we conclude that the two sets
ofresiduals are distinct and thus the added anomaly has a statistically
significant impact on the inversion response. We determined if the
change in the MT data is statistically significant by comparing the
MT data residuals (normalized by error) of each model. We will
consider the anomaly in the edited model as ‘detected’ by the MT
data if the K-S tests returns a statistically significant p-value (null
hypothesis is rejected). It should be emphasized that the significance
level is arbitrary and does not influence the calculated p-value. In
this paper we used a significance level of 0.05 for all K-S tests.

The change in r.m.s. misfit between an inversion model and an
edited model has also been used to assess the sensitivity of MT data
to a test anomaly (e.g. Hill et al. 2009; Cordell et al. 2018). While
an increase or decrease in r.m.s. misfit suggests that the MT data are
sensitive to a test anomaly, the threshold of detection is somewhat
arbitrary and it is unclear how large of a change in r.m.s misfit is
significant. In addition, because the r.m.s. misfit is calculated from
squared residuals, it only represents a relative difference between
the two sets of residuals (i.e. no information on positive or negative
bias). The K-S test has the benefit of giving a summary statistic that
is sensitive to a positive or negative difference between residuals. A
third method to assess sensitivity follows the method of Pifia—Varas
et al. (2018). They added test magma bodies to their resistivity
model of the Teide volcano and calculated the per cent change in
apparent resistivity. The MT data were considered to be sensitive
to the test anomaly if the change in apparent resistivity was greater
than the error floor used in the MT inversion. We use the same ap-
proach to consider if the MT data are sensitive to an added anomaly.
This method is visually helpful to identify data points with large
changes but does not provide a summary statistic for the data setas a
whole.

Resolution test: thin sill (B1)

The first test (B1) modelled a thin sill of magma located at a depth
of 1.6 km. The sill extends 3 km in the north—south and east—west
directions, and has a thickness of 0.25 km. In the first test the sill
has a resistivity of 30 2m (conductance of 8.3 S), which is the
upper end of the resistivity range calculated in the previous section.
Table 2 shows the change in r.m.s. misfit from the inversion model
when the sill is assigned the chosen resistivity value. The r.m.s.
misfit changes by less than 0.01 when the 30, 10 and 3 Qm sills are
added to the model. These sills have conductances of 8.3, 25 and
83 S, respectively. It is also useful to examine changes at individual
stations because overall r.m.s. misfit considers the entire data set.
In general, stations close to the sill such as KMT50 (0.4 km from
IDDP-1) exhibit larger changes in their data. Fig. 16 shows the off-
diagonal apparent resistivity and phase curves for station KMT50
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Table 1. P-values returned by K-S tests of the 18 sensitivity tests. Statistically significant p-values were obtained for the 0.1 and 0.3 Qm sills.

p-values for test magma bodies, alpha = 0.05

Conductance (S) B1, B2, B1: Thin sill 3km x B2: Small cube 0.5 km B3: Large cube 1 km x
Resistivity (2m) B3 3km x 0.25km x 0.5km x 0.5km 1km x 1 km
30 8.3,16.7,33.3 1 1 1
10 25,50, 100 1 1 1
3 83, 167,333 1 1 1
1 250, 500, 1000 8.2E—1 1 1
0.3 833, 1667, 3333 6.1E-3 1 1
0.1 2500, 5000, 10 000 1.3E-5 1 1

Table 2. Change in r.m.s. misfit when the inversion resistivity model is edited. Note that a value of 0 indicates a change in r.m.s. misfit less than 0.01.

r.m.s. misfit change for test magma bodies (inversion r.m.s. misfit = 1.04)

Conductance (S) B1, B2, B1: Thinsill 3 x km x B2: Small cube 0.5 km B3: Large cube 1 km x
Resistivity (Q2m) B3 3km x 0.25km X 0.5km x 0.5km lkm x 1 km
30 8.3,16.7,33.3 0 0 0
10 25,50, 100 0 0 0
3 83,167,333 0 0 0
1 250, 500, 1000 0.02 0 0
0.3 833, 1667, 3333 0.08 0 0
0.1 2500, 5000, 10 000 0.15 0 0
@
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Figure 16. (a) Apparent resistivity and (b) phase curves as functions of period for the station KMT50. The circles and squares are the observed MT data, and
the black lines are the calculated inversion response. The coloured lines are the calculated data for synthetic sills added to the inversion resistivity model. See
figure legend for symbol definitions. Note that the 10 and 30 2m sill responses are omitted because they are nearly coincident with the inversion response.

when the test sills are edited into the model. Fig. 16 also shows the resistivity and phase data. The more resistive 10 and 30 Qm sills
observed and calculated inversion data for comparison. This is a do not cause much of a change from the calculated inversion data
qualitative way to examine the change in MT data at one station. As and are not plotted in Fig. 16 because they overlap the inversion

expected, the 0.1 Q2m sill causes the largest change in the apparent response.
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Figure 17. Cross-plot of impedance residuals for the unconstrained inversion and the edited model with (a) 3 Qm (83 S) sill, (b) 1 2m (250 S) sill, (¢) 0.3 2m
(833 S) sill, and (d) 0.1 2m (2500 S) sill. In (a) and (b) the impedance residuals for both models plot close to the 1-to-1 line (dashed line) and the K-S test
returns a statistically insignificant p-value with alpha = 0.05. When the impedance residuals of both models show a large difference as in (c¢) and (d), the

p-value is statistically significant.

We can examine trends in the entire MT data set in order to
assess if the data are sensitive to the synthetic sills. Fig. 17 shows
a cross-plot of the normalized impedance data residuals for the 3,
1, 0.3 and 0.1 Qm (83, 250, 833, 2500 S) sills. The cross-plot is
a qualitative way to examine the difference between the two sets
of data residuals. In each panel, the residuals for every station
and all eight components of the complex impedance are shown.
If the residuals from the inversion and the edited model response
are exactly the same, they will plot on the dashed 1-to-1 line. In
this case, the addition of the 3 2m sill does not move the plotted
impedance residuals appreciably from the 1-to-1 line. In fact, the
K-S test returns a p-value of 1 and the change in misfit between the
two models is less than 0.01. We can conclude that the MT data fit is
not appreciably changed when the 3 Qm sill is added to the model.
When the resistivity of the sill is decreased to 1, 0.3 and 0.1 2m
(250, 833, 2500 S), the K-S test returns p-values less than 1, and
the changes in r.m.s. misfit are greater than 0.01. In these cases it
is apparent that the MT data for the inversion and edited models
are different . In particular, the 0.3 and 0.1 Qm sills are detected by
the MT data because the corresponding p-values are lower than the
significance level of 0.05.

The r.m.s. misfit increases the most (0.15) with the 0.1 Qm sill.
However, in this case the r.m.s. misfit is still rather low (1.19),
which could subjectively be considered as an acceptable fit to the
observed MT data. The p-value returned by the K-S testis 1.3E—05,
which is far below the significance level of 0.05. This suggests
that the data residuals from the inversion model and edited model

can be considered to be drawn from two different distributions,
and thus the two models are different enough for a change in data
to be detected. This also highlights why a small change in r.m.s.
misfit alone is not sufficient to determine whether two data sets are
different in a significant way. The change in impedance residuals,
shown in Fig. 18, also supports this conclusion. Fig. 18 shows the
normalized change in each impedance component for every station
and period between the inversion model and the model with the
0.1 @m sill. Values between 0 and 1 correspond to changes smaller
than the imposed error floor and are plotted in white to emphasize
changes larger than the error floor. Many stations show a normalized
difference greater than 1 for intermediate and long periods, which
suggests that these data are sensitive to the addition of the 0.1 2m sill
despite arelatively small change in overall r.m.s. misfit. Note that the
normalized differences are greater for the off-diagonal components
(Z«y and Z) than the diagonal components (Zg and Zy) due to
the fact that the same error floor was applied to all components,
and the diagonal components are one to two orders of magnitude
smaller than the off-diagonal components. Fig. 19 shows the p-
values for each station when comparing the inversion model and the
model with the 0.1 2m sill. Most of the stations with a statistically
significant difference in residuals are located directly above the sill.
Note that several stations did not contain data >50s and are shown
as a grey circle in Fig. 19. Stations located above the southeastern
corner of'the sill show a high p-value, suggesting that they would not
be sensitive to the presence of the sill. Conversely, some stations that
are not located directly above the sill have statistically significant
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Figure 18. Difference in impedance normalized by error floor for the for-
ward modelling test with a 0.1 @m (2500 S) sill (B1).

p-values. We believe this is because the p-value depends on several
factors such as the resistivity model recovered by the inversion, the
fit of the predicted data and the distance to the sill.

We would expect stations located above the highly conductive
clay layer to have a diminished resolution towards any deeper con-
ductors. This is likely due to the fact that the 1-D conductance is
a simple approximation that does not accurately represent the cur-
rent flow in all parts of a 3-D model. The true conductance will
be different from the 1-D conductance when conductivity varies in
the horizontal x- and y-directions. However, the test sills underlie
a significant area below Krafla and are relatively 1-D compared to
the cubic test magma bodies. As predicted in Section 5.1, a con-
ductor below C1 would need a conductance greater than 300 S to
be detected by the MT data. The results from the test sills support
this idea, as only the sills with conductances greater than that of
C1 (833 and 2500 S) produced statistically significant p-values and
appreciable changes in r.m.s. misfit.

Resolution test: cubic magma bodies (B2 and B3)

We also tested if the MT data were sensitive to hypothetical cubic
magma bodies at the same location as the sill. The small test cube
(B2) had dimensions of 0.5km x 0.5km x 0.5 km while the large
cube had dimensions of 1km x 1km x 1km (see Fig. 15 for
locations). As seen in Tables 1 and 2, the small and large cubes were
not detected for the tested resistivities. The r.m.s. misfit remained at
1.04 when the small and large cubes were edited into the model with
resistivities of 30, 10, 3, 1, 0.3 and 0.1 2m. In addition, the K-S test
returned a statistically insignificant p-value of 1 for each test with
the small and large cubes. Thus, editing the model to include even

a 1km? conductive magma body does not produce an appreciable
change in the MT data, implying that the MT data are insensitive to
a small intrusion at the bottom of the IDDP-1 well.

Out of our 18 resolution tests we found that the MT data are only
sensitive to the presence of the 0.3 and 0.1 Qm sills. Even though
the sill was only 0.25 km thick compared to the 0.5 and 1 km thick
cubes, the resolution tests showed that the 0.3 and 0.1 Qm (833 and
2500 S) sills would be easily detected by the MT data, while the 0.3
and 0.1 2m (3333 and 10000 S) cubes would be undetected. This
seems to contradict the idea that anomalies of higher conductance
would be more easily detected by MT data. Though the large cube
has a conductance four times greater than the sill, it is not at all
detected by the MT data. This suggests that the volume distribution
of conductivity is also important in determining whether or not MT
data are sensitive to the presence of a 3-D anomaly.

It is important to note that the test sill is larger than the ex-
pected size of rhyolite intrusions below Krafla. For example, silicic
glass was recovered from the cuttings of well K-39, which suggests
that the well intersected a thin sill on the order of 1-10 m thick
(Mortensen et al. 2010). We did not add a 10 m thick sill to a depth
of 1.6 km b.s.l. in the model because this is well below the expected
spatial resolution of the MT method at such a depth. In addition,
because the inversion is more stable when neighbouring cells are
a similar size (no more than ~1.5 times larger) it would not be
computationally feasible to include such thin cells at such a depth
in the model.

7 CONCLUSIONS

We have re-examined the M T data at the Krafla geothermal field in
order to understand why the IDDP-1 well unexpectedly drilled into
rhyolite magma at 1.6 km b.s.1. With a new 3-D MT inversion and
resolution tests, we have addressed three possible reasons why the
magma body was initially undetected:

(1) The location of the rhyolitic magma directly beneath a highly
conductive clay layer makes it difficult to be resolved with the MT
method;

(2) The rhyolitic magma body intersected by IDDP-1 has a rel-
atively high resistivity that does not present itself as an obvious
anomaly in the resistivity model.

(3) The magma body was not detected due to limitations of the
1-D inversion.

(1) The Krafla geothermal field contains a clay layer about 0.5 km
thick. We have shown that the 1-D conductance of the clay layer
exceeds 300 S locally which limits the resolution of deeper low
resistivity features. We edited test magma bodies into our inversion
resistivity model in order to assess the MT data resolution. Our
resolution tests with a sill and two magma cubes tested the maximum
resistivity that would produce a statistically significant difference
in the MT data. The MT data only showed a statistically significant
difference when the 0.3 Qm (833 S) and 0.1 2m (2500 S) sills (3 km
x 3km x 0.25km) were added to the model. Out of the six test
sills, only the sills with conductance greater than C1 (300 S) were
detected by the MT data. These sills are much less resistive than
our predicted range of 0.7 to 30 @m. This implies that the MT data
would have detected these sills if one existed at this depth, and that
the observed MT data do not support the existence of a thin sill
at a depth of 1.6km b.s.l.. The 3 and 1 Qm sills did not produce
a large change in r.m.s. misfit or statistically significant p-values;
thus we cannot preclude the existence of one of these sills based on
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Figure 19. Asymptotic p-values returned by the K-S test at each MT station when comparing impedance residuals of the inversion model and model with a
0.1 2m (2500 S) sill. Grey circles = MT stations with no data above 50 s. The black box shows the outline of the sill.

these resolution tests alone. However, wells within 1 km of IDDP-1
and of similar depth such as K10 (1.515km b.s.l.), K11 (1.720 km)
and K25 (1.555 km) did not intersect magma. Clearly the sill model
is too simplistic and the actual distribution of intrusions varies on
a spatial scale that is not resolvable by the MT data at this depth.
The small magma cubes (0.125 and 1km?) were also undetected
by the MT data when considering overall r.m.s. misfit and the two-
sample KS test. Although these cubes have conductances as high as
10000 S, it is clear that they are too small to affect the overall bulk
resistivity at a depth of 1.6 km b.s.l.

(2) Using available petrological and laboratory melt data, we es-
timate that for a large range of melt fractions (0.1 to 0.9) the Krafla
rhyolite could have a bulk resistivity of 0.7 to 30 2m. This is rela-
tively high compared to the resistivity of silicic magma reservoirs in
the Taupo Volcanic Zone, New Zealand and the Laguna del Maule
volcanic field, Chile. Although the IDDP-1 rhyolite is located in
a low resistivity region of our resistivity model (~ 7 Q2m), the low
resistivity can be due to several factors. From the resolution tests we
can conclude that the magma body would only be detected if it was
a large 0.1 or 0.3 2m sill. However, it is clear that resistivity is not
the only factor in detection because the MT data were insensitive
to smaller magma bodies of 0.1 and 0.3 Qm resistivity. Thus we
cannot conclusively determine if the rhyolite was undetected due to
a relatively high resistivity. Future tests could involve more realis-
tically shaped magma bodies to reflect the complex distribution of
melt below Krafla.

(3) The location and geometry of the deep conductor C3 was
different in our 3-D resistivity model compared to the 1-D resistivity

model of Arnason e al. (2008). A 1-D inversion is an approximation
that may not be accurate in complex geological settings. The MT
phase tensor data show evidence for 3-D structures at intermediate
frequencies, which indicates that 3-D inversion is more appropriate.
However, with respect to points (1) and (2), even the 3-D inversion
has limited sensitivity to the IDDP-1 rhyolite. The 3-D inversion
provides a more accurate resistivity model than the 1-D inversion,
but limited resolution to deep conductors is a general limitation of
the MT method.

Our new 3-D resistivity model includes features that agree well
with observed alteration and mineralogy from drill cuttings. The
shallow clay layer contains high-CEC smectite and zeolite, and ap-
pears as a low resistivity feature in the upper 0.3 km of the model.
The chlorite—epidote core beneath the Vitismor and Leirbotnar fields
is a resistive feature in contrast to a conductive zone immediately
to the east, associated with aqueous fluids within the Hveragil fault
system and a major feed zone beneath Sudurhlidar. A large, low
resistivity feature (C3) is present beneath the northern inner caldera
at a depth of about 2 km b.s.l. We believe there are two possible
interpretations for this feature: (1) a zone of partial melt, or (2) a
zone of dehydrated chlorite and epidote alteration minerals. The
possibility of partial melt is not clearly supported by seismic veloc-
ity and observed shear wave attenuation. With respect to dehydrated
chlorite and epidote, recent laboratory melt studies show that when
heated above 500 °C, chlorite and epidote release aqueous fluids that
significantly decrease electrical resistivity. Chlorite decomposition
also leads to the formation of interconnected magnetite, further
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Figure 20. Conceptual west-to-east cross-section model of the Krafla geothermal system and underlying magmatic system. Blue arrows: fluid flow based on

hydrogeological model of Pope et al. (2016).

decreasing electrical resistivity (Manthilake et al. 2016). Low resis-
tivity zones observed beneath the Hengill and Namafjall geothermal
fields in Iceland have also been linked to dehydration of alteration
minerals (Nono et al. 2018). However, our resolution tests suggest
that the MT data do not have the ability to differentiate between
small magma bodies that are periodically intruded into shallow
depths beneath Krafla.

A conceptual model of the Krafla geothermal field and the un-
derlying magmatic system is illustrated in Fig. 20. The IDDP-1
and K-39 wells intersected rhyolite magma at 1.6 and 2.1 km b.s.l.,
respectively. These are shallower than the ~3 km depth to a deep
magma chamber first predicted by Einarsson (1978). Analysis of
Krafla rhyolites suggests a component of re-melted, hydrothermally
altered basalt (Jonasson 1994; Jonasson 2007; Elders ef al. 2011;
Zierenberg et al. 2013). These may exist as local pockets of rhyolite
melt below Krafla. Above 500 to 600 °C chlorite and epidote alter-
ation minerals are dehydrated and lead to a decrease in resistivity
as water is released and magnetite is formed (red dashed line in
Fig. 20).

This study has implications for interpretation of features, partic-
ularly conductors, in volcanic geothermal settings. A shallow clay
layer is a common feature of volcanic systems that experienced
low-temperature (100 to 220 °C) hydrothermal alteration. We have
shown limited resolution to magma intrusions that are located be-
neath the clay layer. The Krafla MT data were only sensitive to the
synthetic sill at 1.6 km b.s.l. when the sill was unrealistically large

and the resistivity was at the lower end of the range predicted from
petrological and laboratory melt data. Thus, resolution tests should
be performed before interpretation of conductors beneath a shallow
clay layer.
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Appendix A

Imaging magma below Krafla geothermal field
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Figure Al. Diagonal slice through unconstrained inversion resistivity models with (a) model covariance setting 0.1 and r.m.s. misfit = 1.44 after 107 inversion
iterations; (b) model covariance setting 0.3 and r.m.s. misfit = 1.04 after 98 iterations; (c) model covariance setting 0.5 and r.m.s. misfit = 1.19 after 66
iterations. See inset map for the profile trace.
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