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Abstract Krafla, one of five central volcanoes of the Northern Volcanic Zone in Iceland, is utilized for
geothermal energy production. Due to scientific and industrial interests, the volcano and its geothermal system
have been imaged and monitored with various geophysical methods over the last decades leading to a better
knowledge of its complex geological setting. Nonetheless, the unexpected encounter of magma at relatively
shallow depths during drilling of the IDDP-1 well in 2009 proved that imaging small-scale structures remains
challenging in such heterogeneous geological settings. With data from a local permanent 12 station seismic
network owned by Landsvirkjun and operated by Iceland GeoSurvey since 2013, and a dense temporary
network of 98 seismic nodes deployed for one month in 2022 in the center of Krafla caldera, we conducted a
multi-scale analysis based on local earthquake tomography. This analysis enables us to identify small-scale
velocity structures and improve earthquake locations. The newly obtained high-resolution 3D models for P- and
S-wave velocities offer a glimpse into the subsurface structure of the volcanic system with both wave types
being responsive to distinct rock/fluid properties. The relocated seismic activity highlights active structures
pinpointed through the tomography, in particular the seismogenic zone at the boundary of high to low V,/V
ratios, close to where magma was repeatedly encountered. By comparing the newly obtained high-resolution
velocity models with available well log data, such as formation temperature, we aim to enhance the
understanding of the interconnected volcanic and geothermal systems in areas lacking in situ measurements.

Plain Language Summary Krafla is one of five volcanic systems of the Northern Volcanic Zone in
northeast Iceland and its geothermal system has been utilized for decades for geothermal energy production.
Even though Krafla has been thoroughly monitored and imaged, in 2009, the IDDP-1 well, which was intended
to reach super-critical fluids at 4-5 km depth, was drilled into magma at only 2.1 km depth. This unexpected
encounter reveals that the previous large-scale model obtained from geophysical imaging was unable to identify
crucial small structures such as magma batches. In this study, we combined data from a large-scale permanent
and a dense small-scale temporary seismic network to conduct a multi-scale experiment, leveraging the
strengths of both setups. By analyzing the recorded earthquakes from both networks, we reconstructed both low-
and high-resolution velocity models. The low-resolution model improves seismicity location reliability, while
the high-resolution model provides previously unknown detailed insights into the subsurface velocity structure
of the volcano.

1. Introduction
1.1. Volcanic Geothermal Systems—Seismicity and Imaging

High-temperature geothermal systems have been utilized for decades for power production, the oldest ones being
Lardarello (Italy) since 1948, Wairakei (New Zealand) since 1958 and the Geysers (USA) since 1965 (Sanyal &
Enedy, 2011). This type of geothermal reservoir is only found in volcanic areas (Semundsson et al., 2009), which
are commonly seismically active, with various internal processes generating different types of seismic events
(Wassermann, 2012). The continuous production of geothermal energy with the migration of fluids adds another
potential source of seismicity, making the understanding of the recorded seismic activity more complex. For
geothermal energy production, steam and/or fluids are extracted and re-injected (Eliasson et al., 2014; Flovenz
et al., 2015), altering the reservoir temperature and pressure, potentially leading to stress changes that might
generate seismicity along pre-existing faults (Buijze et al., 2019; Einarsson & Brandsdéttir, 2021; Mossop, 2001;
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Sewell et al., 2015). Regardless of whether the seismicity is natural or anthropogenic, seismic monitoring is
important for detecting active structures, geological entities and potentially fluid characteristics.

A reliable location of seismicity, particularly with respect to depth, is challenging with a poorly constrained
velocity model (Husen et al., 2003). The nonlinear bias between location and velocity parameters makes Local
Earthquake Tomography (LET) difficult for an upper crust analysis (Latorre et al., 2004; Vanorio et al., 2005).
However, this method gives new insights into different volcanic and geothermal systems like the Geysers in the
US (Lin & Wu, 2018), Lardarello in Italy (Bagagli et al., 2020; Vanorio et al., 2004) and Krafla in Iceland
(Schuler et al., 2015). The reconstructed P- and S-wave velocities (V,, and V), and the V,,/ V; ratio in case of the
Geysers (Lin & Wu, 2018), together with the related event locations, bring significant information on the local
geological structures and the fluid/gas content.

However, in most cases, permanent seismic networks are installed for monitoring seismicity within the respective
geothermal system rather than for seismic tomography, and only a limited number of stations is available for long
time periods. These network configurations cover the geothermal systems as evenly as possible, but leave the
imaging ability of LET less exploited. In this paper, we analyze the contribution of a dense temporary seismic
network embedded into the sparser permanent network at Krafla with the aim of improving the velocity
reconstruction as well as obtaining reliable locations of the seismicity within a complex volcanic caldera.

1.2. The Krafla Volcanic System

Through its unique geological setting, where the Iceland hotspot and the divergent Mid-Atlantic ridge coincide,
Iceland has a long history of geothermal utilization. Since around 1930, geothermal energy is used for heating and
since 1968 for the generation of electricity (Ragnarsson et al., 2023). Krafla is located in northeast Iceland, within
a 90 km long, NNE-SSW trending fissure swarm, which is part of the rifting Northern Volcanic Zone of Iceland
(Figure 1). Superimposed on the fissure swarm is a central volcano of about 20 km in diameter. A 8—10 km wide
caldera was formed approximately 110 ka ago, which is now elongated in E-W direction due to rifting (Figure 1,
black toothed line), and within the caldera structure is a NW-SE elongated and developed high-temperature
geothermal area (Szmundsson, 1991; Semundsson et al., 2000). A power plant was built at Krafla in the
early 1970s, and both scientific and industrial interest has led to extensive surveying of the volcano and its
geothermal system with a wide variety of geophysical methods over the last 50 years. Different large-scale
geophysical surveys of active seismic experiments, seismic tomography, gravity and magneto-telluric mea-
surements show a high V,, anomaly, that is dense and resistive in the area of the caldera boundary. In the center of
the caldera, where the presence of a magma chamber at 3 km depth is suggested (Brandsdéttir et al., 1997;
Einarsson, 1978), densities and P-wave velocities are lower, and conductive bodies are mapped out (Arna-
son, 2020; Arnott & Foulger, 1994; Lee et al., 2020; Schuler et al., 2015).

A transverse structure perpendicular to the rifting fissure swarm (Figure 1, T1 and T2) and the possible existence
of a second inner caldera (Figure 1, black dashed line) were proposed by Arnason (2020). The transverse
structure, delimited by ESE-WNW oriented white lines in Figure 1 (T1 and T2), is identified as a resistive body in
the resistivity model and as a low density structure in the gravity model presented by Arnason (2020). In the
seismic tomography of Schuler et al. (2015), the parts of this structure that are illuminated by seismic rays exhibit
high V,,/V, values in the uppermost kilometers.

Apart from larger caldera forming eruptions, smaller eruptions at Krafla have occurred during the recent Ho-
locene at 300—1,000 years intervals, the last two being the Myvatn Fires from 1724 to 1729 (Semundsson, 1991)
and the Krafla Fires from 1975 to 1984 (Einarsson, 1991). The geologically complex stratigraphy covers more
than the last 300 ka of Kraflas eruptive history during both glacial and interglacial conditions constituting
extrusive hyaloclastites and intrusive basalts and rhyolites, partly altered by the hydrothermal system
(Armannsson etal., 1987, Arnason, 2020; Mortensen et al., 2015; Scott et al., 2022). These small-scale structures
were mapped along very localized profiles by reflection seismics, micro-seismicity analysis or vertical seismic
profiling (Kim et al., 2020; Reiser et al., 2020), highlighting boundaries in the lithology and possibly identifying
the top of a shallow magma body.

The combination of a fissure swarm superimposed on a central volcano gives a complex geological framework of
layers, fractures and faults, that pose either pathways or barriers to fluids. They can be divided into three main
groups: (a) features perpendicular to the minimum horizontal stress of the plate movement (e.g., the NNE-SSW
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Figure 1. Overview of the main structural features of Krafla. Black (solid, toothed) line shows the caldera rim, while pink and
blue lines are eruptive fissures mapped in Mortensen et al. (2015). The inner caldera (black dashed line) and the transverse
structure (delimited by white lines, T1 and T2) are proposed by Arnason (2020) and are still debated. The large-scale (orange
triangles) and small-scale (blue dots) seismic networks at Krafla, with the location of selected wells with available formation
temperature, except K-39 (red circles, white edge). The trajectory of deviated wells is shown in red with a white edge. Red
triangle: LHN permanent station. Light blue circle: Node 59 whose signals are shown in Supporting Information S1. P1-P3
mark the cross-sections shown in Figures 3 and 7. Abbreviations: L: Leirhnjikur, Lb: Leirbotnar, S: Sudurhlidar, V: Viti, Vh:
Vesturhlidar, Vm: Vitismdr, M.e.v.: Myvatn fire eruptive fissure, Ho.e.f.: HOls fire eruptive fissure, V.e.f.: Viti fire eruptive
fissure, Hv.e.f.: Hveragil fire eruptive fissure, Ex.Cr.: Row of holocene explosive craters. Inset: Location of Krafla in Iceland
(based on Johannesson and Saemundsson (1999); Johannesson and Saemundsson (1998a, 1998b) and modified after Scott
et al. (2022)).

trending fissure swarm, eruptive fissures in this direction (pink lines in Figure 1)), (b) features due to shear stress
(e.g., the WNW-ESE oriented eruptive fissures in this direction (blue lines in Figure 1) and, though its origin is
debated, potentially the structure between T1 and T2 in Figure 1), and (c) fractures and faults associated with the
central caldera (Armannsson et al., 1987; Seemundsson et al., 1999).
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A study of seismic anisotropy based on shear wave splitting (Tang et al., 2008) supports these 3 main groups of
features induced by the superimposed stress fields. The high seismic anisotropy may have an effect on the travel
times used for the LET (Koulakov et al., 2009), though it is beyond the scope of this work to consider.

1.3. The Krafla Geothermal System

The Krafla geothermal system occupies the center of the caldera with estimated reservoir temperatures up to 350 °C
at 2 km depth (Armannsson etal., 1987; Bodvarsson et al., 1984). Over the last decades, up to 40 wells have been
drilled, with some extending down to around 2,000 m b.s.l. Most of the wells are used to extract hot fluids and
steam, while a few are used for re-injection of cold water (Mortensen et al., 2015).

Well formation temperatures, pressure logs (Armannsson et al., 1987; Bodvarsson et al., 1984; Mortensen
et al., 2015) and a fluid flow model proposed by Scott et al. (2022) suggest the existence of sub-fields with
different geothermal properties. In the central production area of Leirbotnar and Vitismér (Figure 1), an
isothermal system of 200 °C down to 500-1,000 m b.s.1., is overlying a 2-phase fluid zone, where temperatures
follow the boiling point curve with depth. In Sudurhlidar, the eastern part of the geothermal production field that
is separated from the others by the Hveragil fault, the formation temperature is following the boiling point curve
from the surface (Arnason, 2020; Mortensen et al., 2015). In the western part of Krafla (Leirhnjikur), close to the
fissure swarm and the lava fields of the two most recent eruptions, there is only one well, K-35, southwest of
Leirhnjikur. The formation temperature of K-35 as well as high surface temperature and CO, flux (Bini
et al., 2024) suggest the presence of another high-temperature geothermal field in this area.

The 3D body wave tomography of Schuler et al. (2015) identifies a low V,,/V, zone, suggesting gas saturation in
the center of the caldera, beneath the main production area at 2-3 km depth. A high V,, anomaly is located 3 km
underneath Leirhnjikur, coinciding with a conductive body (Lee et al., 2020) and S-wave shadows mapped by
Einarsson (1978) during the Krafla fires. These geophysical observations align with the fluid-flow model of Scott
et al. (2022), suggesting that underneath the boiling zone, sampled by the wells in the central and eastern part of
Krafla, a single-vapor zone is overlying a heat source, for example, a magmatic body. In 2009, the Icelandic Deep
Drilling Project tried to reach super-critical conditions expected at 4-5 km depth with the IDDP-1 drilling, but
instead magma was found at 2.1 km depth (Mortensen et al., 2014, 2015). Also well K-39, drilled a year before in
the southeastern part of the geothermal field, encountered magma at 2.6 km depth (Mortensen et al., 2010). The
presence of one larger or multiple smaller magma batches at these depths, as well as in situ information from other
drillings, offer the opportunity to better constrain geophysical and conceptual models of the volcanic and
geothermal system. Even though there is already some knowledge of Kraflas sub-surface, resolving small-scale
structures of this system still poses challenges and leaves uncertainties, as shown by the unexpected breakthrough
of magma when the two wells, IDDP-1 and K-39, were drilled.

In this work, our aim is to image the different structures with the highest possible resolution, insofar as the LET
technique allows, benefiting from the contribution of two seismic networks of different sizes. The imaging of
velocity structures aims not only at a global structural interpretation, but also at a more precise location of the
seismicity. This can then in turn highlight the active structures and reveal the physical processes within the Krafla
volcano and its geothermal system.

2. Data and Pre-Processing

Here, two seismic networks are considered for seismic imaging and monitoring purposes: a large-scale permanent
seismic network (12 stations) and a small-scale temporary network of 100 nodes, installed for one month
(Figure 1). The aim of this multi-scale study is first to compare these two very different data sets in terms of event
location performance and structural imaging. In a second step, these data sets are merged to take advantage of the
extensive number of events and stations to retrieve high-resolution structural models with a large number of
accurate event locations.

2.1. The Large-Scale Network

At Krafla, a permanent network of 12 stations with different sensors (bandwidth: 1-200 Hz or 5 s—200 Hz), owned
by the Icelandic national power company, Landsvirkjun, and operated by Iceland GeoSurvey (ISOR), has been
running since 2013 to monitor seismicity. Six of the seismometers are installed in geothermal wells at various
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Figure 2. Earthquake catalogs: (a) the ISOR catalog from 2021 to 2022, (b) the layered 1D velocity model used for the
location in the ISOR catalog (Gudnason et al. (2023) and references within), and (c) the detections of the temporary small-
scale network in June—July 2022 in blue, compared with the events in the ISOR catalog in red.

depths, ranging from 9 to 60 m. The waveforms of the seismic events detected at these stations were provided by
ISOR, along with manual P- and S-picks (see Wadati-diagram of the picks in Text S1 and Figure S1 in Supporting
Information S1) for all events in the catalog proposed by Gudnason et al. (2023) (referred to as ISOR catalog
hereafter). For the imaging, it was decided to only use a subset of events from the ISOR catalog to reduce the
computation time of the tomography, since the distribution of the earthquakes is spatially stable over time,
providing similar ray paths. The period from January 2021 to September 2022 was chosen, since the occurrence of
seismicity was at a comparatively low but constant level (Figure 2a), providing good ray coverage. In addition,
deformation data (GNSS) shows that Krafla was neither in- nor deflating during that time, therefore no drastic
changes of the underground velocities are expected. Also, the temporary stations of the small-scale network were
installed during this period, keeping the results of both networks comparable.

Within this period, the ISOR catalog contains manually refined picks of ~32,300 P- and ~25,200 S-wave onsets
from ~3,700 events. Those events were located with a layered 1D velocity model (Gudnason et al. (2023) and
references within). The picks, event locations, and the velocity model are both used as input for the LET
(Figure 2b).

2.2. The Small-Scale Network

In June and July 2022, a network of 100 3-component Fairfield seismic nodes (short period > 5 Hz) was deployed
with a 250 m spacing in the center of the caldera, 98 of them recording from June 21 (first full day) and lasting for
25-30 days. The ISOR catalog contains 193 events between June 21 and July 17, the day on which a majority of
the nodes started failing due to weak batteries. For these 193 events, P- and S-wave onsets were picked manually
on the 98 nodes to be able to compare the results of the event location and tomography for both networks on the
same set of events. However, with the dense station distribution, 465 events could be detected in total (Figure 2c)
by using template matching and STA/LTA algorithms (Text S2 and Figure S2 in Supporting Information S1).

2.3. Manual Picks and Assigned Picking Errors

Picking errors for the manually picked P- and S-wave onsets are needed as an additional input in every step of the
following workflow of event location and tomography, to assign a weight to each pick. To quantify the picking
errors (%a certain time range) for the picks at each stations of both networks, a signal-to-noise ratio (SNR) was
calculated for each P- and S-pick from broadband filtered seismograms, based on the amplitude ratio before and
after the pick.
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Given thresholds for the calculated SNR are used to assign the picking errors, that are different for P- and S-wave
onsets. For the S-waves, the SNR was calculated on both horizontal components, and the higher SNR value was
used to assign the picking error (example of the waveforms and the picking in Text S3 and Figure S3 in Sup-
porting Information S1). Reasons for a high picking error may be an overall low SNR or an emergent onset of the
arriving wave. If the SNR is below a certain threshold, the pick is discarded.

3. Methods
3.1. Local Earthquake Tomography

To perform a LET, initial velocity models and initial earthquake locations are needed. The LET workflow is a
linearized inversion process updating velocity model parameters and earthquake parameters (Kissling et al., 1994;
Thurber, 1992). For the location of the source origin in time and space (Text S4 in Supporting Information S1),
not only the observed arrival time at the receiver is needed, but also a velocity model. Both, the origin and the
observed times are linked through rays traveling on a path from the source through the medium to the station by
the Eikonal equation (Lomax et al., 2009), which makes the relation non-linear. However, the velocities can only
roughly be estimated, thus leading to a difference in calculated and observed arrival times, called residuals. To
minimize those differences, the LET fits the location and time of an earthquake in small steps with an iteratively
updated velocity model, where small perturbations of the velocity model and the origin are used to find the
minimum value of the misfit function for all stations, which are then added to the current values for the next
iteration.

The code TomoTV (Latorre et al., 2004), which is based on ray theory, is used to retrieve 3D P- and S-wave
velocity models and improved earthquake locations, with the previously obtained locations and an initial ve-
locity model as input. With a nodal approach, a rectangular grid is specified with regular discretization and a
linear interpolation is assumed inside each cell.

3.1.1. Discretization of the Forward and Inversion Grids

Discretizing the rays and the velocity model with a fine forward and a coarser inverse gridding, linearizes iter-
atively the non-linear inversion problem (Latorre et al., 2004; Vanorio et al., 2005; Virieux et al., 2024). The
discretized rays are obtained by solving the Eikonal equation for each receiver and by backtracing. For this
forward modeling, the ray is traced through a finely discretized subsurface on its way from the source to the
station. Theoretical travel times are then computed and the partial derivatives of the velocity nodes and hypo-
center parameters are estimated. The inversion grid cell size, on the other hand, should be chosen larger than the
forward gridding, but smaller than the expected spatial resolution (Virieux et al., 2024). The theoretical maximum

resolution, according to the first Fresnel zone is approximately \/ﬁ where 4 is the wavelength and L the distance
of source and receiver, or roughly the depth of the seismicity regardless of the station distribution. Assuming that
the first P-wave onset has a frequency of 5-10 Hz and the mean P-wave velocity is around 3,500 m/s for events at
1.8 km depth, a fraction of a kilometer can be estimated as resolution, which is expected from first-arrival
interaction between wave and medium. However, smaller structures may have possible imprints within the
reconstructed velocity models, mainly related to the station density of the seismic network benefiting from
different Fresnel zones, though such high-resolution velocity variations should be handled with care (Li &
Duric, 2013).

3.1.2. Setting of the Hyperparameters

Next to the input parameters of arrival time picks, picking errors and the iteratively adjusted input of velocity
model and event locations, hyperparameters have to be defined to balance the joint inversion. To find the best
trade-off between data and model fit, the L-curve (Hansen, 1999) was used for selecting the damping and
smoothing parameters. While the damping is a way of driving the inversion by adjusting the velocities and lo-
cations in larger or smaller steps, the setting of the smoothing parameters avoids or allows sharp velocity contrasts
when fitting the model to the data. The other hyperparameters like the weighting between source origin parameter
and velocity model were set by a penalty approach, where it was observed that weighting the source origin higher
than the velocity parameters led to a faster convergence with a lower RMS. The origin of the inversion grid,
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usually chosen randomly, was also shifted several times to check if edge effects were generated by this random
selection of the grid origin, which was not the case.

3.2. From Differently Scaled Networks to Multi-Scale Imaging

Velocity structures can only be retrieved in areas where rays pass through the inversion grid cells, and since the
events and receivers for this multi-scale experiment are not evenly distributed, there are areas that can be better
resolved than others.

If only the large-scale permanent network is used, the distribution of the ray density is very heterogeneous with
some parts of Krafla being very well illuminated by a high number of repeating rays, while others are not sampled
at all. When the small-scale temporary stations are added, the upper central part of the Krafla caldera is illu-
minated, though there are still gaps in the ray coverage, especially toward the outer stations of the large-scale
network (Text S5 and Figure S5 in Supporting Information S1).

In Section 3.1 above, the choice of discretization and hyper-parameters for a classical LET with one rather ho-
mogeneous data set is described. However, here two differently scaled data sets are available, distinguishable also
in terms of ray coverage and density. Even if, in the end, the same ray paths are used to obtain a velocity model,
the result is highly dependent on how these two data sets are merged and the parameter settings have to be chosen
accordingly.

Various possibilities were tested to find an optimal way to combine the strengths each of the data sets offer. In a
first straight forward approach, both data sets were inverted in one step, going directly from the 1D layered input
model to a 3D high-resolution model. This led to a rather smooth model where the high amount of repeating ray
paths of the large-scale data set (3,700 events) smooth out the high-resolution velocity anomalies that the tem-
porary network (193 events) resolves.

Thus, a 2-step approach to combine the data sets was chosen where a first inversion of the long term data set
obtains a rough velocity model, which is in turn used as an input velocity model for the inversion of the small-
scale data set. It allows, if needed, to choose the regularization parameters separately for the different data sets, as
well as speeding up the computation, since a coarser inversion and forward calculation grid can be chosen for the
large-scale network, and a finer one for data of the small-scale network.

3.2.1. Parameter Setting for the Low-Resolution Model

Starting with the events and picks of the permanent stations and the layered 1D velocity model, the events are
located with the probabilistic grid search algorithm NonLinLoc (NLL) (Lomax et al., 2000, 2009), and then those
event locations, the picks, and the initial velocity model are used for retrieving a first low-resolution 3D velocity
model with TomoTV (Latorre et al., 2004).

The greater the number of rays used to calculate the travel time tomography, the more robust the velocity model
becomes. Thus, a low-resolution 3D model was calculated from a subset of the ISOR travel time picks from
January 2021 to September 2022. Using only the 12 permanent stations keeps the computation time low, while
taking advantage of the large amount of travel time picks. From these 3,700 events, a robust low-resolution 3D
model is calculated with an inversion grid of 500 m spacing, a damping factor of 3 and laplacian smoothing in x
and y direction of 0.5 and in z direction of 1. These parameter settings, except for the gridding, were used in all
further inversions, since they also yielded the best results when combining the networks.

The velocity variations retrieved from the large-scale data set are quite smooth (Figure 3a), but differences in the
velocity values are still substantial enough to highlight preliminary rough structures. Nevertheless large parts of
the uppermost kilometer of the central volcano are not covered by rays and the velocity structures there can not be
resolved.

3.2.2. Parameter Setting for the High-Resolution Model

The first low-resolution 3D model is in turn used as an input velocity model for locating the 193 picked events
with the 98 nodes and the 12 stations. Computing the tomography with the data from the two networks running in
parallel yields high-resolution 3D P- and S-wave velocity models. Also, for this second step, different ways of
combining the two data sets are possible. Either the networks are used independently, where only the data of the

GLUCK ET AL.

7 of 20

35UBD|17 SUOWILIOD SAIERID 3ded!|dde au) Ag pausenob a.e sapiie YO ‘38N JO sain. oy Aeiqiaunjuo A8|1m uo (Suoiipuod-pue-stuseluod As|im Areiq1put|uo//:sdiny) Ui IpuoD pue swd L 8yl 885 *[Gz0z/TT/TT] uo Aeigiauliuo A(1m ‘ABul A Szy0e0ary0e/620T 0T/10p/wod Ao Azelq1putjuosgndnBe//sdny wouy papeojumoq G ‘G20z ‘9SE669TC



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth

10.1029/2024JB030425

Effect of the dataset combination
on the resolution ability

Effect of the dataset combination
on the Vp model

:22 LR Vp model el ) Synthetic Anomalies for recovery test e2)

1D-3D LR
(12 sta)

wnw i ese | | wnw
1km

- -
=n—

-16.80 -16.78  -16.76 -16.74 -16.84 16.82 -16.80 -16.78 -16.76 -16.74 -16.72 -16.84 16.82 -16.80 -16.78 -16.76 -16.74 -16.72
Longitude Longitude Longitude

HR Vp mod erent

b Recovered anomalies
dataset combinations ﬂ) f2)
—_
(] - T——— s S Pl
; whw i ESE whw ESE
. o
gat
= =
VY
- I
[=]
1km
(4 —_ .
-16.82  -16.80 . 46.780‘ 1676 -16.74 -16.84 16.82 -16.80 -16.78 -16.76 -16.74 -1672  -16.84 16.82 -16.80 -16.78 -16.76 -16.74 -16.72
ongitude Longitude Longitude
= g1) 92)
Bs ————————— 1
o
o~ W0
£
a R .
B> o
w-x o
[N =1
= =
a g8
Il
o g s
= 1680 -1678 -16.76 -16.74 1684 16.82 -16.80 -16.78 -16.76 -16.74 -16.72  -16.84 16.82 -16.80 -16.78 -16.76 -16.74 -16.72

Longitude Longitude Longitude

h1) h2)

PN N T

W ese || a5t

2-Step
1D - 3D LR (12 Sta)
-3D HR (110 Sta)

1km
0 .
1680 -1678 1676 -16.74 -16.84 16.82 -16.80 -16.78 -16.76 -16.74 -16.72  -16.84 16.82 -16.80 -16.78 -16.76 -16.74 -16.72
Longitude Longitude Longitude
NN S —
3.0 40 5.0 6.0 R oy Fro iavered oo,
Vp in km/s Anomaly rom layere 1D
model in %

Figure 3. Resolution testing, cross-section along P1 of Figure 1: (a) Low-resolution (3D LR) Vp model, (b) Vp model from 1-
step workflow (layered 1D directly to high-resolution 3D (3D HR)), (¢) Vp model from 2-step workflow (layered 1D to 3D
LR to 3D HR from 98 nodes), (d) V» model from 2-step workflow (layered 1D to 3D LR to 3D HR from 12 Stations + 98 nodes),
Resolution test: (el) Synthetic anomalies: West—2 X 2 X 2 grid cells per positive/negative anomaly, East—?2 grid cells in the
latitude and step-shape in longitude direction, (e2), Synthetic anomalies: West—1 X 1 X 1 grid cell per positive/negative
anomaly, East—1 grid cell in the latitude and step-shape in longitude direction, (f1) and (f2) recovered synthetic anomalies with
the 1-step approach, (g1) and (g2) recovered synthetic anomalies with the 2-step approach (second step with 98 nodes), (h1) and
(h2) recovered synthetic anomalies with the 2-step approach (second step with 98 nodes + 12 stations). The wells colored by
formation temperature and seismicity (ISOR catalog in white, locations with the temporary network in yellow), are shown in the
subfigures (a)—(d) for comparability with Figure 7.

98 nodes is taken to compute the high-resolution velocity model, or the data sets of both networks are combined
for the events recorded during the period where both networks were running in parallel. The first possibility
results in a velocity model that is de-coupled from the low-resolution model with very sharp velocity contrasts,
which are not necessarily in accordance with the low-resolution model.

The latter option includes the permanent stations in the second step, where the temporary network is not used
separately, but rather densifies the permanent network in the central part of the caldera during the time of
experiment. This combination allows a better comparability of the low- and high-resolution models and an
improved azimuthal station coverage. For the high-resolution model, inversion griddings of different cell size
were tried. A grid spacing of 250 m seems the best choice, since structures sized within of the expected resolution
are discretized appropriately, while keeping the computation time reasonable (L-curve and variation reduction:
Text S7 and Figure S7 in Supporting Information S1).
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3.2.3. Resolution Testing

Most of the velocity anomalies in the high-resolution model are larger than the theoretical maximum resolution
according to the first Fresnel zone (600—1,000 m) (Section 3.1.1). However, we seem to be able to resolve smaller
structures. To test the reliability of the resulting models and to check if there are differences in the resolution
abilities of the various combination possibilities, a resolution test with differently sized anomalies (250 m—1 km)
was performed for the 1-step and for both 2-step approaches with the low-resolution 3D model as initial velocity
model and the re-located events as fixed sources (Figure 3). Synthetic anomalies (+/— 20% of V,, in the 1D
layered model—Figures 3el and 3e2) were placed in areas where the strongest anomalies in the inverted high-
resolution model were found. To keep the resolution test close to the anomalies found in the real data, the
high velocity anomalies are overlain by low velocity anomalies, to check how much smearing might affect strong
velocity contrasts.

The 1-step approach shows a high amount of smearing especially to the outer stations and thus little ability to
recover the exact location of the small scale structures (Figures 3a, 3b, 3f1, and 3f2). The 2-step approach with the
de-coupled data sets is not able to retrieve the lower high velocity anomaly in the same quality as the upper low
velocity anomaly, since there are, due to the lack of remote stations, less rays traveling through the deeper parts
(Figures 3c, 3g1, and 3g2). For the same reason most of the ray paths are oriented vertically, smoothing out the
low and high velocity contrasts, especially for the small synthetic anomalies. When the two data sets are combined
for the high-resolution imaging, the result still contains some smearing, but the anomalies and especially the
velocity contrasts can be retrieved quite clearly, even for the small synthetic anomalies, due to the addition of the
remote stations of the permanent network (Figures 3d, 3h1, and 3h2). This model is referred to in the following
sections as the high-resolution 3D model.

3.3. Earthquake Location With Different Velocity Models

With the different velocity models that are now available, the layered 1D and the low-/high-resolution 3D models,
the question arises, which of them should be used for locating earthquakes. The ability of the various models to
reliably locate events with the different network settings is checked by comparing the mean residual at each
station from running locations with NLL for the same event subset of June—July 2022 with the different velocity
models and network configurations, where they can offer insights if velocities close to the stations are over- or
underestimated. However, the station-wise residuals are generally used to apply a station correction on the
location for which the mean station residual is subtracted from each pick time before re-running the location
procedure to eliminate velocity structures close to the stations that are not included in the velocity model. Text S4/
S6 and Figure S4/S6 in Supporting Information S1 gives details on the location process, the calculation of the
RMS and station residuals.

3.3.1. Location With the Combined Permanent and Temporary Networks

Event picks always include a certain amount of noise from picking errors. If a high number of picks is used to
determine a source location, these picking errors can lead to larger variations in the residuals. This seems to be the
case here, where the histograms of the residuals for the 110 stations imply, that a more detailed velocity model
does not lead to a reduction of the residuals. However, the station-wise residuals show that for the combined
network, the high-resolution model does add information in the location process. The station residuals are lowest
when the 3D high-resolution model is used (Figure 4 and Text S8 and Figure S8 in Supporting Information S1),
and thus an application of a station correction will remove near-surface site effects instead of correcting for
unresolved path effects as is the case for the less detailed models.

By using the 110 stations and the high-resolution model the location of the events is improved, even if the RMS
and the histograms of the residuals seem to imply differently.

3.3.2. Location With the Permanent Network

Locating the same data set with only the 12 stations of the large-scale permanent network, the use of more detailed
velocity models leads to a significant reduction of the residuals. As for the high- and low-resolution 3D velocity
models, they both have much smaller but rather similar values for P-pick residuals compared to the layered 1D
model (Text S8 and Figure S8 in Supporting Information S1). This similarity in the residuals for both 3D models
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Figure 4. Station residuals for the different networks. Top row: Interpolated P-pick station residuals for the different input
velocity models for the location with the ISOR data set. Middle row: Interpolated P-pick station residuals for the different
input velocity models for the location with the combined 110 stations. Bottom row: Normalized distribution of all travel time
residuals according to the velocity model for the 12 permanent (orange) and the combined 110 stations (blue). Dashed lines:
standard deviation, black line: Zero residual.
can be explained by the fact that the 12 stations are not sensitive enough to the small-scale features that the high-
resolution velocity model includes.
To monitor the seismicity over time with the permanent network, the 3D low-resolution model is chosen, because
the residuals are slightly lower (Figure 4 and Text S8 and Figure S8 in Supporting Information S1), but also
because the simpler of the two models that explains the data with the same accuracy is preferred. For imaging
purposes, the temporary network adds valuable information that can not be resolved by the permanent network.
3.3.3. Monitoring Seismicity With the Permanent Network
Above, the residuals were used to determine how well each model performs the location of seismicity. Here, we
compare the effect on the event locations for when the layered 1D model or the low-resolution 3D model is used,
each with and without correcting for the station residual (Figure 5). The locations with the layered 1D velocity
model without the station correction have a much higher RMS than the other location trials and the events are
located about 300 m shallower. The station correction for the 1D model appears to have a similar effect on the
RMS as using a 3D model, with the seismicity having a lower RMS and being shifted downwards. When using the
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Figure 5. Earthquake locations (2021-2022) and RMS histograms for the layered 1D (top) and the low-resolution 3D
(bottom) velocity models with (right) and without (left) station corrections. Bottom right panel: Final location of earthquakes
in Krafla from 2021 to 2022, (a), (b), (c), and (d) refer to the different clusters of seismicity discussed in chapter 4.1. and P1—
P3 mark the profiles shown in Figure 7.

low-resolution 3D model, the station correction does not affect the RMS or location much, except causing the
seismicity pattern to be slightly less diffuse. Anyhow, the station corrected 3D background model is preferred to
the station corrected layered 1D velocity model, since the correction applied to the 1D model removes mean path
effects instead of near-surface anomalies. These however, are resolved in the 3D background model and the
subtracted mean residuals are mainly due to unresolved near-surface site effects.

4. Results
4.1. Seismicity Pattern

The final locations of the events from 2021 to 2022 are calculated with the low-resolution 3D model and the 12
stations using picks corrected for the station residuals, with a mean horizontal and vertical error margin of 250 m.
The seismicity can be divided into three main spatial clusters and a fourth smaller cluster (Figure 5). The largest
and easternmost cluster is located 1-2.5 km b.s.l. (Figure 5, cluster a) with its lower NW-SE dipping boundary
hosting the deepest seismicity almost 500 m deeper than in the center of the cluster. In the northern part, the
deepest seismicity is at 1.5 km b.s.1.

There are two smaller clusters north (Figure 5, cluster b and c¢) and south of Leirhnjikur, that are limited to the
west by the Myvatn eruptive fissure and are only connected by minor seismicity to the eastern part. Both clusters
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Figure 6. Horizontal depth slices of the high-resolution velocity model for V,,, V, and V,,/V,. The velocities are shown as

-20 0 20

Anomaly from layered 1D model in %

anomalies relative to the layers of the 1D velocity model (values for the layers are given in the gray boxes). Orange triangles:
ISOR stations, gray points: seismicity in the ISOR catalog, black lines: well trajectories, black circle: bottom of the
respective well, black crosses: well location at the depth of the horizontal slice. A1-C3 mark the rough location of the
anomalies and P1-P3 mark the location of the cross-sections shown in Figure 7.

are located from 1.4 km to almost 2 km b.s.l. with a seismically quiet zone between them. Cluster d is located

south of c at depths of 2.5-4 km b.s.l.

4.2. Velocity Structures of the Multi-Scale Model

The obtained velocity structures of V), and V, show significant contrasts, ranging in the upper 2 km from 3,500 to
6,000 m/s for V,,, and from 1,500 to 3,500 m/s for V, (Figures 6 and 7). The V,/V, ratio was not inverted
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Figure 7. Cross-sections through the velocity models along with the formation temperature in nearby wells. The location of
the profiles, wells, major eruptive fissures and L, Lb, S, and Vm are shown in Figure 1. The red ellipses indicate the points at
which magma was encountered in IDDP-1 and K-39 wells. Yellow points show seismicity during the 2022 experiment that
were used for the high-resolution tomography, gray points show the seismicity from 2021 to 2022. Orange triangles: ISOR
stations, light blue line: extent of the temporary network. Note that the colorscale is different for each column of Vp, Vi,
and V,/V,.

separately, but was derived by dividing the two velocity models. Even though a smoothed model was used, it is
possible that structures independently derived for P- and S-velocity models are not resolved with the same ac-
curacy or exact location due to the sampling of the rays. This might induce some strong artificial contrasts in the
V,/ V ratio. Therefore this has to be interpreted with care and always in comparison with the original V,, and V

models.

Our models show several bodies with different velocity properties, their potential nature will be discussed later.

They are grouped and numbered as A, B and C, according to their V,,/V; ratio (Figures 6 and 7):

o Al—anorth-south elongated high V), (and high V,,/ V) structure located in the center of the caldera to the west
of IDDP-1 at shallow depths. V; is also elevated in the whole area but not as localized as V,,. In the southern
part, the anomaly is cone-shaped and reaches almost 1 km b.s.l., while to the north, the anomaly is not as

distinctly shaped and cuts off to the west almost vertically;

e Bl and B2—to east and west of A1, low V), is dominating, while the Vy is not affected by this change, with the
low V,,/ V structure surrounding the high V,,/V, cone. This low V,, zone is reaching almost 2 km b.s.I. in the
Sudurhlidar region, dipping toward the southeast. This results in a very pronounced low V,/V; ratio, as V;

increases in the same area;

e Cl—ahigh V, zone underneath the low velocity zone B1. V, however is decreasing, leading to high V,,/V

values;

e (2—a second high V), zone (up to 6 km/s) underneath Leirhnjikur from 1 to 2 km b.s.l, about a kilometer

wide, which V; is not sensitive to, resulting in high V,,/V, values.

e C3—another high V), zone north of Leirhnjikur that starts to appear from 2 km b.s.1, which V; is again not

sensitive to. It is located at the edge of the area covered by rays.
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5. Discussion
5.1. V,/V, Behavior

What physical parameters in a geothermal system like the one at Krafla are likely to affect the V,,/V; ratio?
Assuming an elastic medium, V,, and V, are defined by the bulk modulus x, an inverse measure of the
compressibility of a material, which itself depends on the density p and the shear modulus y, which is independent
from p and equals zero in both gaseous and liquid fluids:

3k+ 4
v, = y and V, = \/E (1)
VD) p

Higher densities are usually accompanied by higher bulk modulus, which increases V,,, while higher densities
decrease V. For a porous rock saturated with fluids of different densities and compressibilities, the behavior of
V,, Vs and V,,/V, can give insights into the nature and phase of the fluid mixture.

If a rock is filled with gas, or if it is only partly saturated with liquid, the bulk modulus, and with it V,,, decreases,
as gas is more compressible than liquid, while V; increases slightly due to the lower density. However, in a
volcanic area, liquids can be not only water or brine, but also magma, which has a higher bulk modulus than the
former two. The same percentage of liquid present in a rock matrix, due to saturation with for example, water or
due to partial melting, leads to very different velocities. With denser and less compressible fluids, V,, is higher in
the presence of magma compared to water, while V is lowered.

This comparison allows to interpret the resulting V,,/'V, values accordingly. For gas saturated or dry rock, V,,/ V, is
the lowest, while the presence of water or brine increases the ratio. Thus, a transition from steam to liquid should
be a transition from low to high V,,/V; (Ito et al., 1979). Values for V,,/V, are highest in the presence of magma
(Watanabe, 1993), which might also be of different composition than the surrounding rock in case of an intrusion,
though in general, both velocities are lower in the presence of melt (Hammond & Humphreys, 2000; Poletto
et al., 2018).

Temperature and pressure are the parameters that govern the phase of the fluids (Poletto et al., 2018). The boiling
point curve (James, 1970) allows to evaluate when pure liquid, pure steam or 2-phase conditions are encountered.
However, velocities of the rock matrix are also influenced by temperature and pressure; increasing temperature
leads to a decrease in velocity, while increasing pressure has the opposite effect. In the following discussion, we
neglect the influence that alteration or cementation might have on velocities.

5.2. Velocities Versus Well Log Data
5.2.1. The Well Log Data

For Sudurhlidar and Leirbotnar, in situ information is available, such as formation temperature data for a number
of wells, along with lithology and alteration logs. In addition, mapped feed zones from Mortensen et al. (2014) for
IDDP-1 can be used to robustly interpret our velocity models. The formation temperature logs displayed in
Figure 8 are from wells IDDP-1, K-16, K-19, K-27, and K-35 (locations: Figure 1). In the cross-sections of
Figure 7, the formation temperature for K-18 is also shown. For K-39, the other well that encountered magma
during drilling, the well trajectory is shown. The boiling-point curve presented in Figure 8 is derived from in situ
pressure measurements. There are difficulties to directly compare the very finely sampled log data with velocity
values averaged over 250 m and limited by the resolution from the LET, not to mention that the wells are usually
drilled across fissures (Mortensen et al., 2015) that are also boundaries in the velocity structures. However, the
major changes in the logs can be associated to our observed velocity changes (Figure 8) allowing a more robust
interpretation of the imaged structures.

5.2.2. The Relationship of Seismic Velocities and Temperature at Krafla

The phase of fluids present in the rock matrix at Krafla is likely to affect the seismic velocities. From the
comparison of the high-resolution velocity models with the formation temperatures and the boiling point curves, a
qualitative description of the velocity-temperature relationship can be approached. Since there are either single-

GLUCK ET AL.

14 of 20

35UBD|17 SUOWILIOD SAIERID 3ded!|dde au) Ag pausenob a.e sapiie YO ‘38N JO sain. oy Aeiqiaunjuo A8|1m uo (Suoiipuod-pue-stuseluod As|im Areiq1put|uo//:sdiny) Ui IpuoD pue swd L 8yl 885 *[Gz0z/TT/TT] uo Aeigiauliuo A(1m ‘ABul A Szy0e0ary0e/620T 0T/10p/wod Ao Azelq1putjuosgndnBe//sdny wouy papeojumoq G ‘G20z ‘9SE669TC



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2024JB030425

IDDP -1 K-35 K-27 K-19 K-16

mean Vp/Vs ratio
A

Form. Temp. in °C

160 200 300 200 300 200 300 200 300

Isothermal conditions

with proportional

185 Vp and Vs increase
N

v 4

°
Feed zones

-250

single phase systems with
increasing liquid saturation

-500

Depth b.s.l.inm
4
o
g
asing

Pressure dependent
1.704 boundary of 1-or
. 2-phase systems

Vp/Vs ratio

-1000

Wells  Depth b.s.I

-1250
1.65{ |*FKie Okm

K19

AN 0.5km
+ W27 ©
apas @ Tkm
1.60 { [ WiDDP1 4 15km

steam fraction

Ju0d 6uos_ ===

-1500

aaund yulod Bullicd

2-phase boiling conditions with i

[ e

3 |
20 30 4.0 5.0 Vp(km/s) 36 4. 36 4

o

0 100 200 300 400
Temperature in °C

2]

1:65 1.75 185 195 Vp/Vs = 174 1:83 1.79 1:82 1.64 1.70 171 1.75

Figure 8. Well logs versus model velocities: Left: Well logs with formation temperature in red (for IDDP-1 only starting
112 m below the well head), theoretical boiling point curve (black) and the velocities (Vp—blue, Vg—yellow, Vp/ V¢—pink)

of the high-resolution model along the wells and for IDDP-1 including the depth of the nearby relocated seismicity (blue
histogram), lithology, alteration and mapped feed zones from Mortensen et al. (2014). Right: Behavior of formation temperature
with V,,/ V for the different wells. The markers, different for each well, show the depth dependence of the temperature-velocity
relation.

phase liquid or 2-phase boiling conditions present, these wells can be used to interpret the velocities according to
the fluid phase present in the rock matrix.

Point A in Figure 8 marks the transition from single phase liquid to boiling conditions, after which the steam
fraction in IDDP-1 increases with depth. This transition results in a decrease of V,,/V,, due to a lower bulk
modulus of steam compared to liquid. Point B in Figure 8 marks the opposite transition toward the liquid phase in
K-16, resulting in increasing velocities. With the assumption that the saturation remains similar, while the lower
temperature only allows for single phase liquid conditions, the increase of V,,/V; is most likely due to a higher
bulk modulus. However, from point C, K-16 encounters almost isothermal conditions and decreasing V,/V

ratios, possibly due to decreasing fluid saturation.

Thus, decreasing V,,/ V; values might be related to a decrease or absence of liquid phase fluids, due to a higher
fraction of steam in a 2-phase system, or simply a lower degree of saturation. High and increasing V,,/ V, values
can be attributed to an increase in liquid phase. This can be attributed to low temperatures, as it is the case for the
isothermal zone, for example, in IDDP-1, or to increasing pressure that allows for a higher fraction of liquid phase
in a 2-phase system.

5.2.3. High V,/V, Zones and Low Temperature Conditions

Region Al (Figures 6 and 7) has an increased V,/V; ratio due to elevated V),. It suggests the presence of a
saturated zone with liquid phase fluids, which is consistent with the mapped feed zones in this area (Figure 8,
IDDP-1 log) (Mortensen et al., 2014). The formation temperature logs from wells IDDP-1, K-27 and K-35 show
isothermal conditions beneath the boiling-point when crossing the area of A1, which can also be observed in the
temperature-velocity relationship. The proportional increase of V,, and V; leads to constant, higher V,,/V, values
between 1.80 and 1.83, characterizing Al.

Based on the alteration degree of basalts encountered in A1 by various wells (e.g., IDDP-1 in Figure 8), Arna-
son (2020) suggests that the isothermal part of the system must have cooled down from once boiling conditions,
probably due to an increase in permeability generated during rifting episodes. We can therefore assume that
within A1, the high permeability in the direction of the fissure swarm favors isothermal conditions in the system.
The high V), within A1 can thus be a result of cooler water circulating in the more permeable layers down to almost
1,000 m b.s.l.
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5.2.4. Low V,/V, Zones and High Temperature Conditions

When wells are drilled in boiling conditions, like K-19, the upper part of K-16, and the lower part of K-35, the
temperature-velocity relationship (Figure 8) depends mainly on the liquid phase saturation and depth (pressure).
All those wells exhibit a similar behavior. First, V,/ V| is decreasing with depth, indicating an increasing steam
fraction in the boiling conditions, which is highest where the V,/ V; ratio reaches its minimum. With increasing
depth and pressure, the liquid phase fraction becomes more dominant again, presumably resulting in a rise of
V,/ V. Even though the velocity-temperature pattern is similar for those wells, the values vary, which could be
explained by differing saturation degrees, or to a smaller extent by changes of the lithology and fracturation
(Gritto et al., 2023).

The zones of Bl and B2 exhibit a low V,,/V; ratio due to low V,,, an indicator for the existence of a 2-phase or even
single vapor phase fluid, similar to the steam zones found at the geothermal fields of the Geysers and Lardarello
(De Matteis et al., 2008; Delliansyah et al., 2015; Gunasekera et al., 2003). This can be interpreted as upflow
zones of the geothermal system. The formation temperature in well IDDP-1 reaches boiling conditions at the same
depths at which V,,/V; is starting to decrease, at around 1 km b.s.I., as the well reaches B1 in the Leirbotnar
geothermal sub-field. At Sudurhlidar, evidence of the geothermal system can be observed at the surface with high
temperatures and degassing (Bini et al., 2024). The velocity-temperature behavior of K-19 supports that boiling
conditions with different amounts of steam and liquid fractions are encountered from the surface on, which are
characteristic for B1. The eastern boundary of B1 could be imaged through increasing V,,/ V; values at depths. It
corresponds to the formation temperature reversal and phase transition observed at K-16 at 500 m b.s.1. (Figure 8).
Well K18, even further east, is already outside of B1 with colder temperatures.

For the western geothermal field, at Leirhnjtkur, there is no well data available, except the lower part of K-35,
which is deviated westwards from Leirbotnar to the south of Leirhnjikur. After crossing the isothermal zone of
A1, K-35 exhibits the same behavior of V,,/V for boiling conditions as for example, K-19 (Figure 8). With B2
having similarly low V,/V, values as Bl and being located underneath geothermal surface manifestations with
high surface temperatures (Bini et al., 2024) (Profile 1 and 3 in Figure 7), boiling conditions are expected at
Leirhnjukur from the surface down to 1 km b.s.1., similar to the upflow system at Sudurhlidar.

5.2.5. High V,,/V, Zones and High Temperature Conditions

Beneath B1 and B2, high V,,/V, ratios with extremely high V,, values, are encountered in the zones C1, C2, and
more to the north at the edge of the ray coverage, C3 (Figure 7). With such a high bulk and rather low shear
modulus, these anomalies might be the signature of magma batches acting as a heat source for the upflow systems
B1 and B2. For instance at Akutan volcano in Alaska, Koulakov et al. (2021) interpreted high V,,/ V, beneath low
V,/'V, zones as magmatic chambers underlying possible steam zones. The C2 and C3 zones at Krafla have not
been drilled into, but IDDP-1 and K-39 reached at least the vicinity of the C1 zone. These in situ observations
strengthen the interpretation of very high V,/V; in volcanic areas as an indicator of magma batches.

5.3. Active Structures and Upflow Zones

The main cluster of seismicity seems to be located at the upper boundary of C1, where it is partly within the high
V,/ V, area that is possibly linked to magma and therefore a ductile area. This apparent contradiction could be
explained by the limited precision in earthquake locations, or by the existence of small lenses of magma rather
than large magma batches. In Leirbotnar, IDDP-1 encountered magma at 2.1 km depth, where high V,, values are
observed. However, the V), and V,,/V, values are not as high as they are in the Sudurhlidar region, therefore the
velocity signature of the magma sampled by the IDDP-1 well is averaged out and can not be resolved with LET.

It was already suggested by Schuler et al. (2016) that the shallower seismicity around IDDP-1 is located above the
magma batch encountered during drilling. Considering the horizontal and vertical location error of 250 m of the
seismic events presented here, this suggestion remains plausible, since the main seismicity around IDDP-1 ranges
between 1,400 and 1,600 m b.s.l. (Figure 7).

Well K-39 was drilled into magma south-east of zone C1 at 2.6 km depth (Figure 7, Profiles 1 and 2). The magma
was found just outside our ray coverage, so no velocity values are available in this region. However, if the lines of
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high V), gradient observed in Profiles 1 and 2 are extrapolated, they meet the bottom point of K-39. Just as for
IDDP-1, the seismicity is located at similar levels as the encountered magma.

If the melts encountered by wells IDDP-1 and K-39 have a common source, as suggested by the geochemical
analysis of the rock samples (Rule, 2020), the southeast dipping seismicity aligning with the steep, also southeast
dipping gradient of V), could outline the boundary of a magmatic intrusion or an area hosting multiple magma
batches acting as a heat source for the upflow system located underneath Sudurhlidar and Leirbotnar.

For the western geothermal field, Profiles 1 and 3 in Figure 7 show that the seismicity is not located above the heat
source as is the case in the eastern part, but below the C2 structure. Assuming that magma was emplaced there as a
batch or sill, it may be thin enough to create conditions for brittle failure underneath. In contrast to the eastern part,
the boundary separating C2 and B2 is seismically quiet. This might be due to different stress conditions and/or the
fact that this potential heat source and upflow zone is not utilized for geothermal energy production. This suggests
that the mechanisms triggering seismicity are different at Leirhnjikur from the ones at Sudurhlidar or Leirbotnar.

5.4. Comparison With the Previously Available Velocity Model

The comparison of the seismicity and velocity model presented in Schuler et al. (2015) and the results from the
high-resolution models presented here for the central area of the Krafla caldera lead to different or even con-
tradicting interpretations. Since the well data are in situ measurements, they are the key for interpreting the
velocity structures in the models. Both models show alternating low and high V,,/ V areas with depth though they,
just as the depth of the seismicity, seem to be shifted downwards 500—1,000 m in Schuler et al. (2015), leading to a
different association of in situ measurements with the velocity values in the models. The main difference is, that in
the velocity model presented here, the sampled magma batches are in the vicinity of very high V,,/V; areas, while
in the previously published model they are located above very low V,,/V areas. This shift might be attributed to
an overestimation of the velocities in the upper central part of the geothermal system in Schuler et al. (2015), that
can now be resolved better with the high-resolution velocity model presented here. However, the previous ve-
locity model, though with less resolution, extends well beyond the caldera boundaries, unlike the ones presented
here. Thus, the models can be seen as complementary and merging the data sets, similar to the workflow used for
this study which might make the results more comparable.

6. Conclusion
6.1. Different Network Combinations for Different Purposes

The permanent large-scale and the temporary small-scale seismic networks running in parallel enabled us to use
the two data sets, depending on the purpose, either together or separately. For both networks, the same workflow
was applied, resulting in comparable low- and high-resolution V), and V; models.

For both aims, that is, structural imaging and seismic event location, the event- and station-wise residuals were
considered. To relocate the seismicity from the ISOR catalog a combination of the low-resolution velocity model
and the picks from 12 permanent stations is chosen, since it does not include velocity structures that the permanent
network is insensitive to.

However, the high-resolution velocity model obtained from the combined networks performs the relocation better
than the low-resolution model does with 110 stations, and is thus considered more reliable in terms of structural
imaging.

For an optimal network design for future multi-scale experiments, better results could probably be obtained by
considering how the permanent network can contribute in the most efficient way. In the target region, a high
density of stations is useful, but both networks should be linked with a number of stations to avoid gaps in the
station coverage, particularly for remote permanent stations.

6.2. High-Resolution Structural Imaging of Krafla

The results of the LET and seismicity together with the additional well log data allow a comprehensive study of
velocity structures at the center of Krafla caldera at scales of 250-500 m.
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The comparison of available well log data and the obtained velocity model shows that the main reason for velocity
variations is not so much due to lithology, but rather the (anisotropic) permeability, the saturation degree and the
phase/composition of the fluid. The eastern and western geothermal fields at Krafla each have an upflow system
at boiling conditions (low V,,/V,) with varying fractions of steam and liquid reaching the surface. They are
separated by a boundary structure, characterized by higher V,, and lower temperatures, the result of a higher

permeability allowing the inflow of colder fluids.

Both upflow zones seem to have distinct heat sources (high V,/ V), that could be of magmatic origin. The one
beneath Leirhnjikur is located at shallower depths than the one beneath Sudurhlidar and Leirbotnar, which is
dipping downwards from 1.5 to 2.2 km b.s.1. in the southeast direction, triggering seismicity at its upper boundary.
Two wells, IDDP-1 and K-39 encountered magma during drilling close to where a dipping continuous high V,,/ V
structure was imaged, indicating that the same magma source might have been sampled.

6.3. Outlook

For gaining a better understanding of the velocity structures in the upper layers of Krafla, imaging by ambient
noise tomography can be considered. Depending on the quality of the cross-correlations, a surface wave velocity
model might yield more insights on near-surface structures. By using not only local earthquakes or ambient noise,
but the whole waveform, waveform equation tomography or even full waveform inversion could help image
subsurface structures in more detail.

However, to interpret any tomographic result on seismic velocities at Krafla, other imaging methods should be
included in the interpretation to remove ambiguities. Within the MSCA-IMPROVE project, magnetotelluric,
electrical resistivity, gravity and geochemical data are available. By jointly interpreting the results, the conceptual
model of Krafla might become more robust. Modeling those parameters may also allow for a more quantitative
understanding of their relationship with temperature, pressure, saturation and fluid phase.

The 10-year earthquake catalog from ISOR offers the opportunity to track changes in the seismicity patterns over
time. Combining this with tracking changes of seismic velocities in sub-fields of the geothermal system, as well as
changes in the stress field and seismicity patterns can improve our understanding of how Krafla is evolving over
time due to internal processes like inflation/deflation or external factors like regional seismicity or anthropogenic
influences from geothermal utilization.

Data Availability Statement

Cut-out waveforms (7 s snippets in.mseed format) of the seismic events used in this study and the manually picked
traveltimes of the nodal array along with the code designed to compute the NonLinLoc input files and the Wadati
diagram (for a fast quality check of the picks) are made available in Gliick et al. (2024). The formation tem-
perature was published in Berthet et al. (2016). Software: Onset picking: Pyrocko application Snuffler (Hei-
mann et al., 2017). Earthquake localization: NonLinLoc (Lomax et al., 2000, 2009). LET: TomoTV (Virieux
et al., 2015). Maps were created with GMTS (Wessel et al., 2013).
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