Geophysical Journal International

Geophys. J. Int. (2025) 241, 756-769
Advance Access publication 2025 February 21
GJI Seismology

https://doi.org/10.1093/gji/ggaf072

Improving passive reflection seismic imaging in complex geological
settings through site effect reduction: application to Krafla volcano,
Iceland

Regina Maass ', Ka Lok Li ™ and Christopher J Bean

Geophysics Section, Dublin Institute for Advanced Studies, Merrion Square North D02Y 006, Dublin, Ireland. E-mail: maass@cp.dias.ie

Accepted 2025 February 17. Received 2025 February 14; in original form 2024 October 2

SUMMARY

Reflection imaging at volcanoes presents significant challenges due to the highly heterogeneous
subsurface, which generates complex wavefields characterized by substantial wave scattering.
These scattered waves obscure coherent energy, such as reflections from geological structures
in the subsurface. In this study, we develop processing strategies to address the limitations
of high-frequency (5-20 Hz) passive reflection imaging at Krafla, a volcanic caldera in NE
Iceland. Krafla is among the few locations worldwide where magma has been encountered at
2.1 km depth when drilling the IDDP1 borehole. We analyse over 300 local microearthquakes
and industrial noise recorded during five weeks in the summer of 2022. We show that wavefields
lack coherency even between stations spaced at 30-m intervals due to the dominance of site
effects beneath the stations. However, data coherency improves in the common-station domain,
where different earthquakes recorded by a fixed station are analysed, thereby stabilizing the
site effect. Spectral analyses in this domain reveal that site effects are partly due to resonances
at the stations, likely caused by lava flows and cavities in the heterogeneous near-surface.
By constructing a resonance removal filter, we successfully deconvolve resonance effects
from the data, revealing previously masked coherent energy. We further reduce site effects
by applying linear stacking of clustered earthquake traces and nonlinear amplitude weighting.
Our approach significantly enhances coherency between stations and enables the identification
of reflections in microearthquakes likely originating from the known magma-rock interface
beneath the IDDP1 borehole.

Key words: Volcanic structure; Scattering; Spectral analysis; Seismic waves; Earthquakes;
Magma.

In contrast, reflections of seismic waves depend on the gradient

I INTRODUCTION of seismic velocities. When the interface between two geological

Seismic imaging of the Earth’s crust is a widely utilized technique
for visualizing and monitoring subsurface geological structures. At
volcanoes, knowledge of magma chambers, fault systems and fluid
pathways is essential for understanding their structure and dynam-
ics, improving natural hazard assessment and optimizing geother-
mal energy exploitation. Numerous case studies have demonstrated
the success of tomographic imaging in visualizing these features,
using both earthquakes (e.g. Aloisi et al. 2002; Jaxybulatov et al.
2011; Pavez et al. 2019; Rezacifar et al. 2024), and ambient seismic
noise (e.g. Stankiewicz et al. 2010; Obermann et al. 2016; Urra-
Tapia et al. 2023). However, seismic tomography integrates data
from multiple seismic waves travelling along different ray paths
between sources and receivers and thus depends highly on the ray
coverage, defined by the distribution of sources and receivers at the
surface. This averaging process often smooths out finer geological
features, resulting in a broader, less detailed subsurface image.

materials is sufficiently sharp in seismic impedance, an incident
wave will reflect off that interface, producing a detectable signal in
seismograms recorded on the Earth’s surface (e.g. Yilmaz 2001).
Reflections carry high-resolution information about the internal
structure of volcanoes, including local faults, magma pockets and
other details that may be blurred out by seismic tomography or
attenuation studies. However, reflection imaging at volcanoes is
particularly challenging due to the complexity of the wavefields,
caused by extensive wave scattering within a highly heterogeneous
subsurface. Both vertical and horizontal resolution depend on the
wavelength (1): as a rule of thumb, two reflectors at different depths
should be separated by at least A /4 to be distinguishable (e.g. Sher-
iff 1977; Okaya 1995). The Fresnel zone of a wave represents the
area over which seismic wave energy is averaged horizontally. Its
first radius is given by /Az/2, where z is the depth of the reflector
(e.g. Thore & Juliard 1999). Thus, high frequencies are needed to
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obtain a high-resolution image of the subsurface. However, the total
scattering intensity increases with increasing frequency, as small
wavelengths are more likely to interact with small-scale hetero-
geneities such as fractures and voids. These scattered waves can
mask coherent reflections in the data, complicating data analyses
and interpretation. Despite these challenges, the controlled-source
seismic community has extensively explored and demonstrated the
effectiveness of reflection imaging for achieving high-resolution im-
ages of the subsurface at volcanoes (e.g. Dello Iacono ez al. 2009;
De Barros et al. 2012; Matsumoto et al. 2012; Bruno et al. 2017,
Barison et al. 2023).

Using passive sources (i.e. earthquakes and ambient seismic
noise) is advantageous because it eliminates the need for costly and
resource-intensive seismic wave generation, but also introduces ad-
ditional challenges due to the often unknown, less predictable and
more variable characteristics of the sources. Nonetheless, several
studies demonstrate the potential of passive reflection imaging at
volcanoes. For example, Thurber et al. (1989) analysed reflected
phases in microearthquake seismograms and found evidence of a
0.8 km-thick low-velocity layer at 11.5 km depth beneath Mauna
Loa volcano, Hawaii, which they interpreted as marine sediments.
Matsumoto & Hasegawa (1996) used S wave reflections to delineate
a thin (< 100 m) magma body between 8 and 15 km depth beneath
Nikko-Shirane volcano, Japan. Byerly et al. (2010) identified sev-
eral geological layers between 6 and 19 km beneath Montserrat
by investigating reflections in microearthquakes recorded by 5 Hz
geophones. Blondel ef al. (2018) and Giraudat ef al. (2024) ap-
plied seismic interferometry to retrieve Green’s functions between
geophones. They then constructed reflection matrices encapsulating
the body wave propagation information contained in the retrieved
transfer functions. Through various matrix operations and iterative
time reversal, they unveiled the 3-D structure of Mt. Erebus volcano
in Antarctica and La Soufri¢re volcano in Guadeloupe.

The work presented in this study focuses on Krafla, an active,
10 km-wide volcanic caldera in northeast Iceland (Fig. 1). The
most recent eruptions, known as the ‘Krafla fires’, occurred between
1975 and 1984 along elongated fissures (e.g. Bjornsson et al. 1977,
Tryggvason 1994). Krafla is an important site for geothermal energy
production in Iceland and has received worldwide attention as one
of the few places where magma was encountered through drilling
operations. In 2008, quenched silicic glass retrieved from well KJ-
39 indicated the presence of magma at a depth of 2.6 km (e.g.
Mortensen et al. 2010). Subsequently, in 2009, rhyolitic magma was
unexpectedly encountered at the IDDP1 borehole at 2.1 km depth
(e.g. Elders et al. 2011). Because of its importance for geothermal
energy, it is an extensively studied volcano. However, despite mul-
tiple imaging studies (e.g. Einarsson 1978; Brandsdottir & Menke
1992; Arnott & Foulger 1994; Brandsdottir et al. 1997; Onacha et al.
2005), both magma pockets remained undetected before the drilling,
but were addressed in several studies afterwards (e.g. Schuler et al.
2015; Kim et al. 2017). Kim et al. (2020) analysed reflections in
microearthquake seismograms at Krafla and identified several re-
flectors around the IDDP1 borehole at the depth where magma was
encountered.

During the summer of 2022, we conducted a 5-week long field
campaign at Krafla, deploying more than 110 seismic stations in a re-
flection seismic configuration centred around the IDDP1 borehole.
Our objective was to improve passive reflection imaging in complex
media, using the known magma-rock interface beneath IDDP1 as
a benchmark for our investigations. Here, we present a systematic
investigation of limitations associated with shallow reflection imag-
ing in complex settings and explore strategies to overcome them.
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We first demonstrate that recorded wavefields at Krafla due to more
than 300 local earthquakes are dominated by site effects, causing a
lack of coherency even amongst stations spaced at 30-m intervals.
We then show that site effects are partly due to seismic resonance ef-
fects underneath the stations and demonstrate their mitigation using
a resonance removal filter. We further enhance the signal-to-noise
ratio (SNR) of coherent phases through stacking and weighting
techniques. Finally, we apply the established workflow to the area
around the IDDP1 borehole. Our workflow considerably enhances
coherency in the data and facilitates the detection of reflections
likely originating from the magma-rock interface at 2.1 km be-
neath the IDDP1 borehole. The main goal of this work is to develop
and refine methods for enhancing coherency in heavily scattered,
incoherent seismic data, in order to enable the robust extraction of
reflections from geological structures. Krafla serves as an optimal
site for testing these methods, because the location of the magma
pocket is precisely known through drilling.

2 DATA AND SEISMIC SOURCES

As part of the IMPROVE project, we deployed a network of 114
seismic stations during ~5 weeks between June 17th and July 26th
in 2022 (Fig. 1). Our setup comprises 104 short-period (5 Hz) seis-
mic nodes, spaced at 30 m intervals along two profiles. Profile
L1 consists of 33 stations labelled from northwest to southeast as
‘L1001, L1002,..., L1033’ and spans approximately 1 km. Profile
L2 comprises 71 stations labelled from north to south as ‘L2001,
L2002,...,L2071°, covering roughly 2 km. Most stations only record
the Z-component (1C), while 36 nodes in the northern areas of the
profiles record three components (3C) of the ground motion. The
sampling rate was 250 Hz. We also deployed ten 3C-short-period
(1 Hz) seismometres as a circular array (ARR) with an aperture of
150 m, recording data at a sampling rate of 200 Hz. After a few
days of recording, four stations were removed from the southern
end of L2 and redeployed at selected locations outside the profiles
and array. The maximum difference in elevation within the seis-
mic network is 90 m. Iceland GeoSurvey (ISOR) kindly provided
a seismic event catalogue for our recording period, along with 1-D
velocity models for P and S waves in the Krafla region (Gudnason
etal. 2023, and references therein). More than 300 local earthquakes
occurred during our time period of analysis (Fig. 1b). Uncertain-
ties for latitudes and longitudes are of the order of 0.5 km. Local
magnitudes range between —0.47 and 1.45. Depths vary between
0.67 and 3.31 km b.s.1., with the majority occurring between 1 and
2 km. Depth uncertainties exceed 1 km for shallow events, but are
generally of the order of 0.5 km. Throughout this work, instrument
response-corrected data from the two profiles L1 and L2 will be
shown.

3 LIMITATIONS OF REFLECTION
SEISMIC IMAGING AT KRAFLA

Fig. 2 presents the earthquake with the largest local magnitude
(M = 1.45 £ 0.34) in the data set, recorded by all 33 stations of line
L1. The event occurred at a depth of 1.78 &+ 0.40 km b.s.1.. Vertical
(Z) components, and, if available, radial (R) components (rotated
towards the epicentre) are shown to provide an initial assessment
of wavefields on both the vertical and one horizontal component.
Time-series were filtered between 5 and 20 Hz using a second-
order Butterworth band-pass filter. To enhance weak phases in the
earthquake coda, an automatic gain control (AGC) (e.g. Dondurur
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Figure 1. Study area. (a) Seismic network (yellow triangles) and earthquake locations (red dots) plotted onto a hillshade digital elevation model retrieved from
https://atlas.lmi.is/mapview/?application=DEM. The grey thick line represents a road, and the black squares are the main buildings of the geothermal plant.
The location of Krafla volcano in Iceland is indicated in the small map in the right corner of the image. (b) Detailed setup shown in the Cartesian coordinate
system used in this study. The seismic network comprises two profiles (L1, L2) that intersect at the IDDP1 borehole and a circular array (ARR). The borehole
trajectory at the IDDP1 where magma was encountered during drilling in 2009 is schematically indicated. Earthquake locations were determined and provided

by ISOR (Iceland GeoSurvey).

2018) with a window length of 1s was applied, and traces were
normalized by their maximum absolute value. Theoretical arrival
times for direct P- and S-waves were computed through ray tracing
with the CREWES Matlab toolbox (Margrave 2000), based on 1-D
velocity models (Fig. 2b). The Z- and R-components clearly show
the onsets of direct P and S waves, demonstrating a reasonable match
between theoretical arrival times and real data. Coherent phases can
be observed in the P-wave coda. Following the S-wave arrival,
both components record a scattered and incoherent wavefield. This
occurs despite hypocentral distances being larger than 2 km, far
exceeding the interstation distance of 30 m. Consequently, the ray
paths of waves travelling from the hypocentres to the stations are
nearly identical, differing significantly only in the final segment
beneath the stations. The lack of coherency in the S-wave coda
therefore indicates that waveforms are predominantly influenced by
site effects within the near-surface beneath the stations. Analysis of
the frequency content of the waveforms supports these observations.
Fig. 2(d) shows power spectral densities (PSDs) of Z-component
records for six neighbouring stations. The PSDs are derived from
the filtered data without AGC applied and normalized relative to the
maximum PSD value among all traces. PSDs vary in both magnitude
and shape. All power spectra display distinct sharp peaks at specific
frequencies. Four stations (L1013, L1014, L1015, L1016) feature
single, dominant resonance peaks at different frequencies, while
the other stations display multiple, more evenly distributed peaks.
Thus, the earthquake produces a broad range of frequencies, but
the energy distribution varies considerably across adjacent stations.
These analyses suggest that site-specific conditions and structural

features of various sizes underneath the stations trap and amplify
different frequencies in the wavefields.

Another limitation arises from our station-earthquake configura-
tion. Because of the limited extent of our study area (2 km x 1 km),
the moveout of different phases across the profiles is similar. For
example, in Fig. 2(c), both the P and S waves arrive at the stations
with nearly identical apparent velocities. Coherency-based methods
which aim to enhance the SNR of specific wave phases, typically
rely on phases arriving with distinct apparent velocities to achieve
constructive interference of the desired phase and destructive inter-
ference of others. However, in our scenario, because of the minimal
differences in apparent velocities and the finite frequency content
of waves, summation along a specific moveout does not result in
destructive interference of other phases. This makes the application
of commonly used coherency-based imaging methods challenging.

Overall, challenges of passive reflection imaging at Krafla are
related to (i) the geological and physical properties of the subsurface
and (ii) the geometry of our problem. While the latter arises from
the specific station-earthquake configuration used in our study, the
complexity of wavefields due to wave scattering and site effects is a
common characteristic of geologically intricate environments (e.g.
Martini & Bean 2002; O’Brien & Bean 2009; Bakulin ez al. 2023).
Reflections would be expected to appear as coherent energy in the
coda of seismograms—the long wave trains following the direct
waves (e.g. P and S waves). However, heterogeneous geological
conditions and a dominance of site effects cause a severe lack of
coherency in the coda, obscuring coherent energy reflected from
layer boundaries of interest.
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Figure 2. (a) Location of the earthquake (red star) shown in (c) and seismic stations (black dots). (b) 1-D velocity models provided by iSOR, used to compute
theoretical arrival times for direct P and S waves. (c) Waveforms recorded by all stations along the approximately 1 km-long line L1 due to an earthquake on
2022-07-04 at 23:07:19 pm at a depth of 1.78 £ 0.40 km b.s.1., with a local magnitude of M = 1.45 & 0.34. The northernmost station is on the left, and the
southernmost station is on the right. Vertical and, if available, radial components (rotated towards the epicentre), are shown. The x-axis displays station names.
Theoretical arrival times for direct P and S waves (yellow lines) align well with onsets in the real data. (d) Power spectral densities (PSDs) as a function of
frequency for the six neighbouring traces inside the red box in (c). Spectral characteristics vary considerably across the stations.

4 RESONANCE EFFECTS AS PART OF
THE SITE RESPONSE

Certain earthquake traces show a distinct, pronounced resonance
peak in their power spectra. In Fig. 2, one earthquake recorded by
different stations is shown, in the following this is referred to as
a ‘common-earthquake-gather’ (CEG). Data can also be analysed

in common-station-gathers (CSG), where different earthquakes are
recorded by a fixed station. Fig. 3 shows an example of a CSG
for station L1013 on profile L1, which displays > 50 events within
an earthquake cluster in the south-east of our study area. These
events were selected based on their spatial proximity and limited
to a specific number for visualization purposes. Traces are sorted
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Figure 3. (a) Common-station gather (CSG), in which >50 events recorded by the fixed station L1013 are plotted next to each other. Vertical (Z), radial (R)
and transverse (T) components are shown. Bandpass filtering (5-20 Hz) and automatic gain control with a window length of 0.8 s were applied to the data and
traces are normalized by their peak amplitude. Selected earthquakes have similar backazimuths and traces are sorted according to their hypocentral distance,
as illustrated in the bottom plot. The yellow lines are theoretical traveltimes of P and S waves, calculated using 1-D velocity models (see text). The arrows
indicate times at which coherent arrivals are registered across multiple events. (b) Averages of power spectral densities (PSDs) computed for all traces shown in
(a) (black lines) as well as for industrial noise from the geothermal plant (yellow lines). Standard deviations are not plotted for better visual comparison. Noise
and earthquake traces show similar spectral curves. (c) Locations of the fixed station (yellow triangle) and locations of earthquakes included in the analysis

(red dots).

by hypocentral distance to produce smooth moveout curves for di-
rect waves and enhance the visibility of coherent phases. Data are
filtered between 5 and 20 Hz with a second-order Butterworth band-
pass filter. Automatic gain control with a 0.8 s window was applied
to enhance the visibility of weak phases, and traces are normalized
by their maximum absolute amplitude to compensate for amplitude
differences between traces caused by factors such as event magni-
tudes. In comparison to the CEG, wavefields are more coherent and
show distinct phases in addition to direct P and S waves, for example

at 3 s on all components. At 2 s, a coherent phase is registered on
the radial component. It is unclear if this phase is also recorded on
the Z-component. The presence of wave reverberations is evident.
For example, shortly after the S-wave arrival, amplitudes increase on
the Z-component, followed by reverberations at a distinct frequency
with decreasing amplitude over time. A similar pattern is observed
after 3 s. Overall, time-series exhibit a monochromatic character,
with a single frequency dominating the wavefield (despite applying
a broad-band filter between 5 and 20 Hz).
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Figure 4. Power spectral densities (PSDs) of events from different geo-
graphical locations, calculated for the same station as in Fig. 3. The red,
blue and black lines are averages of PSDs calculated for events in the east,
centre and west of our study area, respectively. Similar frequency character-
istics, resonance peaks and associated resonance frequencies are obtained
independently of the backazimuth of the earthquakes. Standard deviations
are not plotted for better visual comparison.

We calculate the averages of PSDs of all filtered earthquake traces
included in Fig. 3(a) (without AGC applied) and for industrial noise
from the geothermal power plant in the same frequency range, de-
fined as 4 s-long time windows prior to each earthquake in the CSG.
The results are shown in Fig. 3(b). Both noise and earthquake mean
curves were normalized by the respective maximum PSD value
across all components. The transverse component has the largest
PSD values, followed by the radial and Z-components. A sharp
resonance peak at 9.5 Hz on the Z-component and several nearby
resonance peaks around 6 Hz on the horizontal components reflect
the monochromatic character and reverberations in the time domain.
Mean PSD curves for earthquakes and noise are similar, showing
nearly identical resonance peak frequencies. This is despite the fact
that noise is produced at the surface in the geothermal power plant
(Fig. 1), whereas earthquake waves propagate from deeper sources,
following different ray paths until converging beneath the stations.
To ensure that the earthquake resonance peaks—and correspond-
ing resonance frequencies are not unique to the selected earthquake
cluster and to further exclude source effects, we repeat the anal-
yses for other backazimuth ranges. Fig. 4 demonstrates that sim-
ilar, nearly identical resonance peaks (and resonance frequencies)
are obtained regardless of the geographical location of the events.
Hence, in contrast to the CEG in Fig. 2, where adjacent stations only
30 m apart displayed significantly different frequency responses for
the same earthquake, the frequency responses of a fixed station for
different earthquakes spread over an area larger than 3 km x 3 km
are nearly identical.

Resonance peak frequencies are independent of the source mech-
anism and geographical location. These observations confirm that
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resonance effects predominantly arise in the shallow subsurface lay-
ers directly beneath each station due to the local structure interact-
ing with the incoming wavefield, resonating at specific frequencies.
Cuttings from the IDDP1 well show that the uppermost ~ 1.4 km
of the subsurface consists of alternating layers of basaltic lava and
hyaloclastites (Mortensen et al. 2014), which are a heterogeneous
mixture of different rock types like breccias and tuffs. Therefore,
the observed resonances and scattering are likely due to combina-
tions of loose volcanic rocks, cavities and subsurface layering with
significant impedance contrasts. These geological features, varying
in size and extent, result in different resonance frequencies across
stations and station components, contributing to site effects and
the lack of coherency in common-earthquake gathers (Fig. 2). In
the common-station domain, however, fixing the station ‘stabilizes’
the site effect, allowing for coherent arrivals to be observed across
multiple events recorded at the same station.

5 REDUCTION OF SITE EFFECTS IN
THE DATA

We investigate whether site effects can be reduced to reveal po-
tentially coherent energy in the underlying wavefields. First, we
introduce a resonance removal filter to reduce the influence of wave
reverberations discussed in the previous section. This is followed
by linear stacking of earthquake traces and nonlinear amplitude
weighting. Here, we exemplify the processing with the Z-component
records of station L1013 (Fig. 3a and Fig. 6).

5.1 Resonance removal filter

A seismogram A(t) recorded on the surface can be modelled as the
convolution of the source time function s(¢), the Green’s function
G(¢) that describes wave propagation from source to receiver, and
the instrument response r(¢), with added incoherent (e.g. instru-
mental or ambient) noise #n(¢). This is mathematically expressed as
A(t) = s(t) » G(t) »r(t) + n(t) where = denotes convolution. The
propagation term can be split up into the main propagation compo-
nent G,,(¢), which accounts for the propagation of seismic waves in
the medium between the source and the site, and a site-specific term
G,(t), which represents the transfer function describing wave prop-
agation through the medium immediately beneath the station. In
this scenario, and after deconvolution of the instrumental response
(which is typically known), the convolutional model can be written
as

A'(t) = 5(t) x G(t) » Gy (t) + n'(1), (M

with A'(t) = A(t) »r~'(¢) and n'(t) = n(t) » r~'(¢). Because site
effects dominate the wavefields at Krafla, G(¢) is the governing
term in eq. (1). The coherency in the common-station domain sug-
gests that the information contained in common-station gathers can
be used to address resonance effects and, consequently, part of the
site term G,(¢) in eq. (1). The goal is to subsequently deconvolve
G,(t) from eq. (1) to isolate the primary propagation term G, (?),
which encompasses the Earth’s main propagation effects, includ-
ing refractions and reflections from deeper geological structures of
interest.

A commonly used method to reduce the influence of monochro-
matic signals is spectral whitening (e.g. Bensen et al. 2007; Weem-
stra et al. 2014; Tauzin et al. 2019; Fichtner et al. 2020). This tech-
nique smooths the amplitude spectrum either by equalizing spectral
amplitudes or by applying a running mean average over a set number
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of points. However, spectral whitening alters amplitudes across the
entire frequency range of a signal, leading to a loss of true amplitude
information. In marine seismology and receiver function analyses,
resonance removal filters have been used to mitigate reverberations
within sedimentary layers and water columns (e.g. Backus 1959;
Akuhara & Mochizuki 2015; Yu et al. 2015; Cunningham & Lekic
2019; Zhang & Olugboji 2021, 2023). These filters have the form
of a complex exponential function in the frequency domain

Fee(f) =1+ Adexp(=27ift), 2

where [ is frequency, A4 represents the reverberation strength and
to is the two-way traveltime of the reverberation. This approach as-
sumes that reverberations can be modelled by waves trapped within
a low-velocity waveguide, repeatedly reflecting between the sur-
face and its lower boundary due to strong impedance contrasts and
an amplitude decay depending on the reflection coefficients (e.g.
Backus 1959). In the frequency domain, these reverberations man-
ifest as sharp peaks at the fundamental resonance frequency and
its overtones (e.g. Zhang & Olugboji 2021). The filter represented
by eq. (2) essentially acts as the inverse of the reverberation re-
sponse with notches at the resonant frequencies and an amplitude
scaled by the strength of the reverberation, effectively suppress-
ing the reverberations and mitigating their impact on the seismic
signal. For a detailed derivation of eq. (2), we refer the reader to
Backus (1959), Yu et al. (2015) and Zhang & Olugboji (2021).
We evaluate the effectiveness of this filter for reducing site ef-
fects in our data. In addition, we test a filter design based on a
—(/;;mez

Gaussian function Fg(f) =1 — Aexp < ), where fj is the

resonance frequency and o the standard deviation of the Gaussian
distribution. For easier parametrization, we replace o and express
the Gaussian function in terms of its full-width at half maximum

w = 20,/21In(2), yielding
—4In(2)(/ — fo)2>_

w2

Fg(f)zl—AeXp( ©)

The required parameters for the filters are determined by means
of autocorrelation. At first, autocorrelations of all traces included
in the CSG from Fig. 3(a) and their amplitude spectra are calcu-
lated. To increase the robustness of the analysis, we smooth the
mean spectral curve using Konno-Ohmachi smoothing (Konno &
Ohmachi 1998) with a bandwidth of 60 points. Smoothing is par-
ticularly recommended in cases where limited data are available
and data quality is poor, for example, when monochromatic noise
sources generate spikes in the amplitude spectrum with amplitudes
exceeding those of the resonance peak. Additionally, smoothing
is beneficial when multiple closely spaced resonance peaks with
comparable amplitudes are present, such as those observed on the
horizontal components in Fig. 3(b). In such cases, smoothing ef-
fectively averages over the peaks, preventing the algorithm from
targeting only the peak with the higher spectral amplitude and fail-
ing to detect and properly deconvolve the other one. Alternatively,
and generally if multiple resonance frequencies are present, the al-
gorithm can be applied iteratively to isolate and process individual
spectral peaks sequentially.

The resonance frequency ( fy) is identified as the frequency with
the peak spectral amplitude in the smoothed mean spectral curve,
and the width of the spectral peak (w) corresponds to the distance
between the frequencies at which the function reaches half of the
peak amplitude. Figs 5(a) and (b) demonstrate that the autocorre-
lation process smooths out frequencies higher and lower than the

resonance frequency. Fig. 5(c) illustrates that the stack of autocorre-
lations in the time domain exhibits multiple minima and resembles
a decaying sinusoid. By fitting a decaying sine curve to the stack,
A and t, can be determined as the absolute amplitude of the first
minimum in the sine curve and the corresponding lag time (Cun-
ningham & Lekic 2019). Note that the fitted decaying sinusoid can
be interpreted as the average site response accounting for seismic
resonance effects at the station, and thus as part of the transfer
function G4(#) in eq. (1). Crucially, all parameters needed for the
design of the filters can be determined without relying on a priori
knowledge of the elastic properties of the reverberant structures.

Using these parameters, the filters are designed according to
eqs (2) and (3) (Fig. 5d). Both the complex exponential (Fcg) and
Gaussian (Fy) filters exhibit a local minimum at the resonance peak
frequency. Unlike the complex exponential filter, the Gaussian filter
maintains a flat amplitude response on either side of the resonance
frequency. We multiply the original complex spectrum of each trace
from the CSG (Fig. 3a) with the designed filters to deconvolve the
resonance peak from the data. The outcomes for an example trace
are shown in Figs 5(e) and (f). Both filters are effective in reducing
the resonance peak and preserving the general shape of the am-
plitude spectrum. The choice between the Gaussian filter and the
complex exponential filter depends on the data characteristics and
the specific objectives of the study. The Gaussian filter has a nar-
rower pulse width, and its application leaves the frequency content
largely unchanged except at the resonance frequency and its direct
vicinity. In contrast, the complex exponential filter, with its broader
pulses and periodic nature, also amplifies frequencies both above
and below fj, leading to more significant modifications of the true
amplitudes. However, it is advantageous in its ability to account not
only for the fundamental mode but also the overtones of the rever-
berations and may therefore be more appropriate in cases where
higher frequency resonance components are prominent in the data.
In this study, however, we focus on stations where a single, dominant
resonance peak is observed. Overtones, which occur at odd mul-
tiples of the fundamental frequency, are either strongly attenuated,
obscured by other earthquake signal components at higher frequen-
cies or lie outside the analysed frequency range. For instance, on the
horizontal components in Fig. 3, where the fundamental resonance
frequency is approximately 6 Hz, no significant spectral amplitude
increase is observed at the expected overtone frequency of 18 Hz.
On the vertical (Z) components, the overtone at 28.5 Hz falls out-
side the analysed frequency range (5-20 Hz). Therefore, to ensure
the least distortion of true amplitudes within the analysed frequency
range, we choose the Gaussian filter for further analyses.

The filtered spectra are now transformed back into the time do-
main using the inverse Fourier transform. The result is shown in
Fig. 6(b). The deconvolution successfully reduces reverberations in
the CSG, for example after the arrival of the direct S wave and after
the coherent phase at 3 s. The arrival at 2 s on the radial component,
whose presence on the Z-component was previously speculative
(Section 4), is now clearly discernible. Another arrival, previously
masked by reverberations, can be detected at about 3.5 s.

5.2 Linear stacking and nonlinear amplitude weighting

In order to further reduce site effects and incoherent scattering, we
employ two additional processing steps which exploit the lateral
coherency of traces in the CSG. At first, we apply linear stacking to
the data. This is achieved by using a running-mean average, where
each trace in the CSG is redefined as the mean of a number of
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Figure 5. Procedure for constructing the resonance removal filters. (a) Amplitude spectra of all traces from the CSG (Fig. 3a) and their mean. (b) Amplitude
spectra of all autocorrelations of traces and their mean after applying Konno-Ohmachi smoothing (see text). The small inset provides a more detailed view of
the resonance peak. The red dashed line marks the resonance frequency fo = 9.5 Hz. The grey dashed lines indicate the full-width at half maximum (w) used
in designing the Gaussian filter (F5). (c) Positive lag times of the mean of all autocorrelations in the time domain (black line) resembling a fitted decaying
sine curve (red line). The reverberation strength 4 corresponds to the absolute amplitude of the first minimum in the sine fit, and its corresponding lag time #
is the two-way traveltime of the reverberation. (d) Filter designs in the frequency domain. Both the complex exponential filter Fcp and the Gaussian filter Fg
exhibit a minimum at the resonance frequency. (e—f) Comparison between the original and filtered amplitude spectra of an arbitrary event from Fig. 3(a). The

resonance peak is clearly reduced in the filtered data.

neighbouring traces

i+Ns/2

Y. a0, (4)

J=i—=Ns/2

a;(t) = Nl
where a; is the amplitude of trace number i in the CSG at time ¢
and N, + 1 the number of stacked traces. To further enhance the
SNR of coherent phases, amplitudes are weighted in a nonlinear
fashion: for a given trace a;(t), the previous processing step (linear
stacking) is repeated to obtain a stack over a pre-defined number

of traces a(t) = IHNwZ (). Then, the envelope of the

Ny+1 £—j=i—Nuy/2 7]

stack is calculated €] (¢t) = \/a/(t)*> + a/(t)*, where a(t) denotes
the Hilbert transform (e.g. Liu 2012) of a;(¢). This envelope is
multiplied with a/(¢)

a]'(1) = aj(0)e] (1)

= al(0\/a) (07 +a] (1P 6

The selection of parameters N; and N, depends on the data
quality and the objective of the study. Higher values of N, and
N,, enhance coherent phases across multiple earthquakes in the
CSG, revealing the structure seen on average by the events, but
smooth out fine details contained in individual earthquakes. At the
edges of the CSG, the calculation of the means according to eq. (4)
is adjusted to account for the limited number of traces available.

Specifically, when the centre trace i lacks sufficient neighbouring
traces on one side, the stack is computed using the available traces.
For example, if N; = 2, the leftmost (or rightmost) trace in the CSG
would be calculated using itself and the adjacent trace to its right
(or left). Due to the reduced trace count at the edges, the overall
SNR and coherence of phases may be lower for events at these
positions compared to those in the centre of the common-station
gather.

Figs 6(c) and (d) illustrate the effect of linear stacking and non-
linear amplitude weighting with Ny =2 and N,, = 4 on the data.
Coherent phases stand out more clearly in the processed CSG and
the overall SNR is improved. Both linear stacking and nonlinear
amplitude weighting suppress incoherent scattering and noise (rep-
resented by n’(¢) in eq. (1)). Note that our approach assumes an
infinite apparent velocity across the traces included in the stacks.
In our setting, due to the spatial proximity of events within the se-
lected earthquake cluster and the sorting by hypocentral distance,
we found that traveltime differences between phases in adjacent
traces were negligible, justifying this assumption and eliminating
the need for trace alignment before stacking. However, if signifi-
cant traveltime differences are observed, alignment techniques (e.g.
cross-correlation) should be applied before stacking to ensure con-
structive interference of coherent phases during the stacking pro-
cess.
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Figure 6. Processing scheme for enhancing coherent arrivals in common-stations gathers. The CSG for station L1013 is shown (same as in Fig. 3a). Data are
sorted according to the hypocentral distance and earthquakes have similar backazimuths (BAZ), as shown in the bottom plots. (a) Original data. (b—d) Data
after application of the resonance removal filter, linear stacking according to eq. (4) and nonlinear amplitude weighting according to Section 5 (see text).

6 EARTHQUAKE REFLECTION
IMAGING AT THE IDDP1 BOREHOLE

We now demonstrate that the developed processing strategies en-
hance coherency between the stations and facilitate passive reflec-
tion imaging at Krafla. Our goal is to extract reflections from the
recorded wavefields to image the subsurface around the IDDP1
borehole, using the known magma-rock interface encountered in
2009 at a depth of 2.1 km (1.5 km b.s.l.) as a reference point.
We examine seventeen earthquakes close to the IDDP1 borehole,
recorded by all twenty-one 3C-stations from profile L2 (Fig. 7a).
These events are chosen because their proximity to each other and
to the IDDP1 borehole ensures that seismic waves sample simi-
lar subsurface structures and predominantly provide insights into
the area around IDDP1. Moreover, by reducing the distance the
seismic waves travel from the hypocentres to the target area, we
minimize scattering and distortions that occur as the waves propa-
gate through the volcano. Stations near the borehole on line L1 lack
three-component recordings (Fig. 1), and are therefore excluded
from this analysis. Event depths range from 1.35 to 1.66 km b.s.l.
with uncertainties between 0.4 and 0.7 km, placing them either just

below or slightly above the magma-rock interface at 1.5 km depth.
However, the substantial depth uncertainties suggest that all events
could potentially occur above the interface. In addition, variations in
the velocity model could influence the event locations. For instance,
slightly lower seismic velocities than those assumed in the local ve-
locity model would shift events that occur below the interface to
positions just above it.

Primary reflections—waves travelling directly from the source
to the interface and then to the stations—are only generated by
events located above the interface. However, isolating these reflec-
tions in our data set is challenging. For events near the interface,
primary reflections would arrive almost simultaneously with the
direct waves, complicating their separation in the wavefields. For
shallower events, the reflection may be indistinguishable from near-
surface reverberations. Thus, even though primary reflections are
generally preferred for reflection imaging due to their shorter ray
paths, their presence in the wavefields is uncertain and their isola-
tion challenging. For these reasons, we focus on multiple reflections,
which arrive later in the seismograms. In particular, we investigate
‘ghost reflections’—waves travelling from the hypocentre to the
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Figure 7. Setup for imaging the area at the IDDP1. (a) The selected twenty-one 3C-stations on profile L2 (black dots) and seventeen earthquakes (red dots)
are shown. Results for the four indicated events are shown in Fig. 8. The area covered by bounce points of ghost reflections from an interface at 2.1 km depth
is marked in blue. (b) Schematic ray path of ghost reflections bouncing off at a flat interface at 1.5 km b.s.l. (2.1 km below the surface).

surface, down to the interface, and up to the station (Fig. 7b). This
wave type is generated independently of the source location. We
compute expected arrival times of direct phases and ghost reflec-
tions using 1-D velocity models and the ray tracer introduced in
Section 3 by assuming a flat interface at 1.5 km depth b.s.l.. We
consider various phase combinations: pure P and S wave ghost
reflections (P-P-P and S-S-S), as well as P-to-S converted phases
(P-P-S and P-S-S). We also calculate X and Y coordinates of bounce
points at 1.5 km depth b.s.1.. Fig. 7(a) shows that the bounce points
computed for all considered ghost reflections fall within the blue-
shaded area and are thus located within and north of the IDDP1
borehole area.

The processing of data is carried out in the common-station do-
main for each station individually. At first, we create CSGs for
every station, with each gather containing the seventeen selected
earthquakes. The traces are sorted by their hypocentral distances
to minimize traveltime differences between coherent phases on ad-
jacent traces within the CSGs. We apply a zero-phase Butterworth
bandpass filter between 5 and 20 Hz. Frequencies below 5 Hz are ex-
cluded due to interference of noise from the geothermal plant, while
frequencies above 20 Hz resulted in image degradation from high
levels of scattering. We remove the mean and linear trends from the
time-series. Then, we apply the Gaussian resonance removal filter
(Section 5.1) to each CSG to mitigate wave reverberations beneath
the stations. Following this, we apply linear stacking and nonlin-
ear amplitude weighting with parameters N; =4 and N,, =4 to
boost the SNR of coherent phases in the CSGs. These values were
chosen after testing various parameters, as they improve the SNR
of coherent phases across multiple events while preserving details
from individual earthquakes. After applying the processing steps
to all twenty-one CSGs, the traces are reorganized into common-
earthquake gathers (CEGs). Fig. 8 compares the radial components
of the processed CEGs for four events, whose epicentres are shown
in Fig. 7(a), to the original data. The original data were only band-
pass filtered between 5 and 20 Hz and detrended, with no further
processing applied. An automatic gain control (AGC) with a win-
dow length of 1 s was then used in both the original and processed
CEGs to improve the visibility of weak phases in the earthquake
codas.

In the original data, extended monochromatic wave trains dom-
inate the wavefields. These reverberations were discussed in detail
in previous sections. While some consistent arrivals are visible,

such as in the northernmost part of the profile (stations L2001 to
L2004), the data lack clear, distinct phases that can be isolated from
the rest of the time-series, impairing the reliable identification of
phases for subsurface imaging. While the processed data remain
complex, the impact of monochromatic wave reverberations is sig-
nificantly reduced. A distinct phase emerges near 2.5 s, most clearly
visible in events three and four. To get an estimate of the average
signals recorded by all stations, we compute the mean of all (twenty-
one) time-series contained in each processed (but not gained) CEG,
resulting in a total number of seventeen stacks. These stacks are pre-
sented in Fig. 9 for all components. AGC with a window length of
0.8 s was applied to the stacks and traces are normalized by their re-
spective maximum absolute amplitude. Theoretical traveltimes for
direct P and S waves as well as for ghost reflections are indicated
with arrows. We present two versions of the figure: one without the
traveltime curves of modelled waves to avoid visual bias, and one
with the traveltime curves to compare the theoretical moveouts with
the real data.

The stacks highlight the coherency of the processed wavefields,
with several distinct arrivals visible on each component. The arrival
around 2.5 s on radial components is pronounced in all stacks of
radial components. Its moveout aligns closely with the theoretical
traveltime curve for a P-S-S ghost reflection. Another arrival at ap-
proximately 2 s matches the predicted traveltime curve for a P-P-S
ghost reflection. At about 2.75 s, at the expected arrival time for an
S-S-S ghost reflection, a coherent phase is also visible on the radial
components, although its moveout does not match the modelled
curve as precisely as the earlier arrivals. On the Z-components, sev-
eral phases are evident within the P- and S-wave codas, including a
coherent phase arriving at the predicted traveltime for a P-P-P ghost
reflection. Another coherent phase appears shortly after 2 s, arriving
slightly later than the potential P-P-S ghost reflection observed on
the radial components. Its similar moveout suggests it may corre-
spond to a near-surface conversion of the P-P-S ghost reflection.
Coherency is also observed on the transverse components, with
the most prominent phase arriving at approximately 2.2 s. To sum-
marize, multiple distinct and coherent phases are observed across
all components, likely representing refractions and reflections from
subsurface geological structures. Notably, several arrivals align well
with theoretical traveltime predictions for P-P-P, P-P-S, P-S-S and
S-S-S ghost reflections, modelled for a flat interface at a depth of
2.1 km below the surface (or 1.5 km b.s.l.). These arrivals are
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Figure 8. (a) Original and (b) processed CEGs (radial components) for four selected events whose epicentres are indicated in Fig. 7(a). A bandpass filter
retaining frequencies between 5 and 20 Hz and AGC with a window length of 1 s was applied to both original and processed data (see text). The processed

data show reduced reverberations and an arrival at 2.5 s.

therefore consistent with expected reflections from the known
magma pocket beneath the IDDP1 borehole. In Section 7.3, we
will further discuss and interpret our findings.

7 DISCUSSION

7.1 Common-station versus common-earthquake domain

In Section 3, we demonstrated that data lack coherency even be-
tween adjacent stations separated by 30 m. However, as shown in
Section 4, data were more coherent in the common-station domain.
By analysing multiple earthquakes recorded by the same station,
we stabilized the site effect, resulting in more coherent wavefield
characteristics compared to the more commonly analysed common-
earthquake domain. We also found that similar resonance peak fre-
quencies were obtained regardless of the backazimuth of the events
(Fig. 4). Thus, in the case of the strong resonance observed here,
applying the resonance removal filter does not require seismicity
to be organized in clusters. Instead, it can be diffuse, with individ-
ual events occurring at different backazimuths. When clusters of
seismicity are available, allowing waves to sample similar subsur-
face structures, stacking and weighting techniques in the common-
station domain can be applied to enhance the average response due
to structure, thereby reducing incoherent scattering in the data (Sec-
tion 5.2). Our analyses highlight the benefits of studying seismic

data in the common-station domain. We therefore suggest the analy-
ses of seismic data in the common-station domain at volcanoes and
in complex geological settings where site effects strongly influence
the wavefields. Especially when clusters of seismicity are available,
the common-station domain offers multiple options for enhancing
the SNR of coherent phases. However, even if seismicity is more
diffuse, the common-station domain helps to reduce the impact of
site effects in the data, revealing previously masked phases.

7.2 Distortion of true amplitudes and preservation of
polarities

Amplitudes and polarities of reflections are important wavefield at-
tributes which provide information about subsurface conditions at
the reflector. High amplitudes are caused by large impedance con-
trasts, indicating sharp lithological changes. Polarities of reflections
depend on the sign of the reflection coefficient. A change in polar-
ity is expected for P and SV waves if the layer below the reflector
has lower impedance than the upper layer. Thus, both amplitudes
and polarities carry crucial information about rock types, density,
porosity and fluid saturation at the interface. At volcanoes, inter-
preting amplitudes and polarities can be challenging. High levels of
intrinsic and scattering attenuation lead to significant energy loss,
necessitating artificially boosting amplitudes. Also, the heavily scat-
tered, complex wavefields often obscure phase onsets, hindering the
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Figure 9. The seventeen stacks of all twenty-one time-series from each processed CEG (vertical, radial and transverse components), representing the average
signal produced by the respective earthquakes. AGC with a window length of 0.8 s was applied to enhance the visibility of weak phases in the wavefields.
Yellow arrows and lines mark expected arrival times of direct P and S waves, and green arrows indicate expected arrival times for different types of ghost
reflections (see text). Two versions of the same plot are provided in (a) and (b), one without and one with traveltime curves.

reliable interpretation of polarities. In this work, we applied linear
stacking and nonlinear amplitude weighting. These techniques boost
the SNR of coherent phases but average out amplitude variations,
leading to a loss of detailed amplitude information. Additionally,
we employed AGC, which normalizes amplitudes within a moving
time window to enhance weak phases in the seismograms. While
AGC improves the visibility of these weak phases, it distorts true
amplitudes. Consequently, several processing steps were applied
that prevent the direct interpretation of amplitudes of reflections in
our data. In contrast, our workflow preserves polarities of phases.
Figs 6 and 8 show that SNRs of coherent phases in the processed
wavefields are enhanced, which facilitates accurate polarity iden-
tification and interpretation. These improvements extend beyond
reflection imaging, as there are several applications in seismology
where accurate earthquake phase detection is required (e.g. in seis-
mic tomography studies).

7.3 Geological implications and non-uniqueness of
identified phases

In Section 6, several coherent phases were identified. Given the
good agreement between modelled ghost reflections and real data,
it seems reasonable to interpret these arrivals as reflections from
the magma pocket at 2.1 km depth at the IDDP1. In that case, the
magma body would extend at least from ~ 170 m south to ~ 500 m
north of the IDDP1, with a width of at least ~ 200 m, but definite
conclusions regarding the size of the reflector cannot be drawn, as
bounce points sample only a restricted area at the IDDP1 (Fig. 7a).
A larger extent of the magma pocket is suggested by Kim et al.

(2020), who identified several reflectors in the area of the IDDP1
around the depth where magma was encountered, some extending
over 1 km.

However, the arrival time of a phase may correspond to different
wave types that follow various paths through the Earth but arrive
simultaneously at the receivers. Especially volcanoes are expected to
produce a wide range of complex ray paths due to multiple scattering
and reflections at heterogeneities and subsurface layers. We illustrate
this with a simple example: assuming primary reflections, we use
ray tracing and the aforementioned 1-D velocity models to calculate
the depth of a reflector that would create a seismic reflection arriving
at 2.5 s on the horizontal components. Previously, this arrival was
interpreted as a P-S-S ghost reflection (Section 6). We find that
either a P-to-S converted wave reflecting at 4.4 km b.s.1. or a pure
S-S phase reflecting at 3.7 km b.s.l. would yield an arrival time of
2.5 s on the radial component. Interestingly, several studies suggest
the presence of a 2—-6 km wide low-velocity body beneath the Krafla
caldera, with its upper boundary at approximately 3 km depth and a
thickness of 0.75 to 1.8 km (e.g. Einarsson 1978; Brandsdottir et al.
1997).

Our simple example highlights the need for caution in interpret-
ing seismic phases. Usually, when multiple stations are deployed,
the moveout, or the apparent velocity of waves at the receivers can
help to discriminate between different wave types. However, in our
setting moveouts of waves are very similar due to the limited extent
of our study area (Section 3). This complicates phase discrimination
based on apparent velocity. In addition to apparent velocity, polar-
ities of phases can help to differentiate between reflected phases.
For example, the impedance contrast between the subsurface rock
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and air at the free surface results in a negative reflection coefficient
for a P-wave ghost reflection, causing a polarity reversal and thus
an opposite polarity compared to primary reflections.

In addition to the discussed arrivals aligning with modelled ghost
reflections, other consistent phases are present in the data (Figs 8
and 9). These phases could correspond to refractions and reflections
from various depths, as well as to upper and lower boundaries of ge-
ological structures, potentially providing insights into the thickness
of the magma pocket. Future investigations will focus on the anal-
ysis of phase polarities and on the inversion of additional phases to
distinguish reflected phases, strengthen the geological interpretation
and gain deeper insights into the subsurface structure at Krafla.

8 CONCLUSION

In this work, we investigated the limitations of passive reflection
imaging in complex geological settings and proposed strategies to
overcome them. We analysed high-frequency (5-20 Hz) seismic
data from over 300 local microearthquakes (M < 1.5) and noise
from the geothermal plant, recorded by a dense network of seis-
mic stations at Krafla volcano, NE Iceland. Our findings can be
summarized as follows:

(i) Although clear P- and S-wave onsets are recorded at Krafla for
most events, the time-series and spectral characteristics following
the S-wave arrival lack coherency between closely spaced (30 m)
stations. This highlights the main limitation of passive reflection
imaging in complex settings: the heterogeneous subsurface and the
dominance of site effects in the wavefields.

(i1) Data are more coherent in the common-station domain, where
fixing the station stabilizes the site effect. This allowed us to ad-
dress, characterize and subsequently reduce the impact of site ef-
fects and incoherent scattering in the data. We therefore recommend
data analyses in the common-station domain in complex geological
settings where site effects strongly influence the wavefields.

(iii) Site effects are partly due to seismic resonance effects within
the heterogeneous near-surface underneath the stations. Through
autocorrelation techniques, we constructed transfer functions ac-
counting for these resonances and designed a resonance removal
filter that efficiently deconvolves them from the data. We propose
the resonance removal filter, which does not rely on a priori knowl-
edge of the elastic properties of the subsurface, as an effective
method to address near-surface resonance effects in seismic data
from volcanoes and other complex media. Linear stacking and non-
linear amplitude weighting are additional techniques that reduce
incoherent scattering and enhance the signal-to-noise ratios of co-
herent phases.

(iv) We applied our workflow to the area at the IDDP1 borehole
at Krafla, where rhyolitic magma was unexpectedly encountered
in 2009 during geothermal drilling. The processed data revealed
several coherent phases which are possible reflections from the
known magma-rock interface at 2.1 km depth.

In future work, we plan to investigate amplitudes and polarities
in detail and integrate our workflow with additional imaging meth-
ods, in order to deepen our understanding of the Krafla geothermal
system.
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Seismic data used in this study were collected during the 2022
IMPROVE field campaign at Krafla and are available on Zen-
odo (Maass et al. 2024). This data set includes (i) the earthquake
recorded by profile L1 shown in Fig. 2, (ii) the earthquake traces
used to generate the common-station gather in Fig. 3 for station
L1013 and (iii) the seventeen earthquakes at the IDDP1 borehole
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