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Abstract: CO2 capture and underground storage, combined with geothermal resource exploitation,
are vital for future sustainable and renewable energy. The SUCCEED project explores the feasibility
of re-injecting CO2 into geothermal fields to enhance production and store CO2 for climate change
mitigation. This integration requires novel time-lapse monitoring approaches. At the Hellisheiði
geothermal power plant in Iceland, seismic surveys utilizing conventional geophones and a perma-
nent fiber-optic helically wound cable (HWC) for Distributed Acoustic Sensing (DAS) were designed
to provide subsurface information and CO2 monitoring. This work details the feasibility study and
active seismic acquisition of the baseline survey, focusing on optical fiber sensitivity, seismic modeling,
acquisition parameters, source configurations, and quality control. Post-acquisition signal analysis
using a novel electromagnetic vibrating source is discussed. The integrated analysis of datasets
from co-located sensors improved quality-control performance and geophysical interpretation. The
study demonstrates the advantages of using densely sampled DAS data in space by multichannel
processing. This experimental work highlights the feasibility of using HWC DAS cables in active
surface seismic surveys with an environmentally friendly electromagnetic source, providing also a
unique case of joint signal analysis from different types of sensors in high-temperature geothermal
areas for energy and CO2 storage monitoring in a time-lapse perspective.

Keywords: seismic monitoring; geothermal; CCUS; HWC-DAS; sustainability

1. Introduction

Carbon capture and storage (CCS) is crucial to enable reducing greenhouse gases
as well as the utilization of renewable energy like geothermal power, which allows the
reduction of CO2 emissions; in the context of the European Green Deal, CCS plays a key
role to deal with climate change and clean energy topics [1]. In fact, the adoption of
the European Green Deal, the European Climate Law, and the subsequent proposals to
increase energy and climate targets for 2030 have made carbon management technologies
an important part of the EU decarbonization effort. Distributed Acoustic Sensing (DAS) is
becoming increasingly popular in industry and academia for a variety of studies. There
are many successful applications of DAS using existing telecommunication fibers, both on
land and at sea. DAS has been used to record earthquakes [2–5], to reconstruct subsurface
structures [6,7], to identify fault zones [8], to analyze oceanic microseismicity and tides [9],
and to record thunderstorms [10], among others. High spatial and temporal resolution is
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helpful, but one of the main advantages of DAS is the ability to install fibers in boreholes
and record seismic signals at depth. Continuous sampling along the trajectory of the
borehole is possible with minimal disruption to operations; such resolution is difficult to
achieve with conventional borehole tools [11]. DAS is used also for passive and active
seismic monitoring applications. The directional sensitivity of standard fiber (acting as a
single-component measurement) for DAS measurements is a critical issue when the cable is
used for surface seismic surveys. The innovative helically wound cable (HWC) optimizes
the measurement response in this situation, due to its broadside sensitivity.

Seismic monitoring has been used both in geothermal areas [12–15] and for CO2
storage purposes [16,17]. Recently, Tsuji et al. [18] proposed a system based on small
seismic sources and distributed acoustic sensing (DAS) to keep monitoring CO2 storage in
geothermal reservoirs. The research project entitled “Synergetic Utilization Of CO2 Storage
Coupled With Geothermal Energy Deployment” (SUCCEED) proposed to investigate
the reinjection of CO2 produced by a geothermal power plant and to develop innovative
monitoring techniques for coupled geothermal and CO2 storage [19,20]. The project focused
on two geothermal sites, one at the Kizildere geothermal site in Turkey [21] and one at
the Hellisheiði geothermal site in Iceland, on which this study is focused. The project
combined various scientific methods, including fieldwork to collect reference rock samples,
and analogous outcrops, laboratory experiments on the rock samples [22], numerical
seismic modeling [20], and seismic monitoring of CO2 injection, as key geophysical tools
to investigate subsurface structural settings and conditions. The purpose was to provide
subsurface seismic information for reservoir characterization, imaging, and monitoring
as the CO2 mineralization increases within the reservoir in a time-lapse perspective. To
fulfill SUCCEED scope, in addition to passive monitoring [20], active seismic monitoring
was performed using surface sources and multi-tool receivers. This multi-sensor seismic
survey was recently described in a paper by Bellezza et al. [23] with specific focus on
the data processing, while in this work we focus on the feasibility study and on the
acquisition activities for the baseline survey, including fiber sensitivity modeling, seismic
modeling, benchmarks among the different types of sensors, and pre-processing steps. The
active seismic acquisition configuration included one main permanent fiber-optic helically
wound cable (HWC) line with co-located auxiliary geophones and one orthogonal line of
geophones only. The latter was used to measure the expected seismic response in the plane
indicatively orthogonal to the interpreted fault, which is sub-parallel to the main recording
line. Due to restrictions of available field paths for the source, the orthogonal line was
mainly used for energizing a few active shots at its ends and crossing point and for passive
seismic approaches [24,25]. As a conceptual basis for the survey design at Hellisheiði,
the project team evaluated the capability of the different systems to detect different wave
components; the demonstration of their performance was one of the targets of the study by
a subsequent signal processing study [23]. The Hellisheiði active seismic acquisition was
planned and focused on the improved recognition and use of both P-waves and S-waves,
as well as converted components in the reservoir area by using the innovative broadside
sensitivity HWC Distributed Acoustic Sensing (DAS). After preliminary on-field scouting to
verify the paths constrained by the environmental access conditions, the seismic acquisition
layout was designed according to the expected illumination conditions in the subsurface.
This analysis included as key aspects the responses of the different acquisition systems by
employing a novel electric vibrator source (E-Vibe) and the HWC DAS technology along
with conventional geophones.

Given these premises, in this paper, with reference to the first stage (baseline) of
the time-lapse monitoring at Hellisheiði geothermal field, we aim to discuss the pre-
acquisition feasibility study, supported by 2D full-waveform seismic modeling to determine
the source-receiver configuration and the optimal acquisition parameters. We also evaluate
the performance and penetration power of a new electromagnetic source (used in the
vertical vibration mode) and the response of the optical fiber receiver line compared for
validation with that of the geophones. Furthermore, we describe the synthetic simulation
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of the seismic data to support the design of the acquisition layout in the feasibility study.
Finally, we discuss in-field and remote quality control (QC) along with post-acquisition
signal analysis to highlight the different features of the recorded signals.

2. Materials and Methods

Seismic active monitoring in complex geothermal areas is a critical issue, due to the
commonly poor-quality seismic data in volcanic environments [26]. Novel time-lapse
monitoring approaches need to be developed and tested.

In this work, the objective is to demonstrate the effectiveness of the use of HWC cables
for active seismic surveys in complex areas, combined with a novel electromagnetic vibrat-
ing source as innovative tools in subsurface characterization and monitoring approaches.
To achieve this objective, we analytically studied the fiber sensitivity, provided seismic
modeling as a part of the feasibility study, compared HWC field data with conventional geo-
phones data, and suggested a specific processing approach taking advantage of the dense
spatial sampling of DAS. For data arrangement from different systems and pre-processing,
we utilized proprietary software and a database developed by OGS.

2.1. DAS Fibers Sensitivity

A standard straight fiber has its highest sensitivity to P-waves when the angle of
incidence ϑ of the wave is 0 degrees; it decreases as cos2(ϑ) as the angle of incidence
increases, reaching its minimum when the wave propagation is orthogonal to the fiber [27].
The broadside sensitivity of HWC is instead flatter with the angle of incidence of a P-
wave [28,29] (Figure 1a), depending on the wrapping angle, i.e., the angle between the
wound fiber axis and the plane normal to the cable axis. Conversely, the HWC sensitivity
response to S-waves is variable with the wave impact angle as sin2ϑ. It is maximum at
incidence angles of 45 degrees, and it is zero at 0 and 90 degrees [28]. Figure 1 shows
the theoretical curves calculated for a fiber with wrapping angles of 60 degrees (used for
this survey) and, for a comparison with results shown in literature, 30 degrees, perfectly
coupled without sliding (modified after Kuvshinov [28]). These curves change in function
of the cable and formation properties, which, in this example, are VP = 1500 m/s, density
ρ = 1600 kg/m3, and VP/VS = 3, while the fiber properties are those used by Kuvshinov [28].
The bold line in Figure 1a is the normalized strain sensitivity to P-waves obtained with a
wrapping angle of 60 degrees, plotted vs. wave incidence angle. The dashed line is the
sensitivity of a linear DAS cable, i.e., with a wrapping angle of 90 degrees, to P-waves. The
dashed–dotted curves correspond to a wrapping angle of 30 degrees. Figure 1b shows the
corresponding sensitivity curves to S-waves. Note that the maximum magnitude of their
response is at 45 degrees for all the curves. The examples shown in Figure 2 show that the
responses are sensitive to VP/VS, in this case, with a wrapping angle of 60 degrees and
different values of VP/VS. These curves do not include gauge-length effects. The gauge
length adopted by the fiber to record the seismic data acts as a spatial filter, with effects
on the sensitivity of the fiber depending on the signal wavenumber, and, in turn, on the
incidence angle for a wave with a given signal frequency [30]. Local responses, such as
coupling and local near-surface inhomogeneities with effects for an HWC fiber-optic cable
buried in a trench dug ad hoc, can influence the results.

Conversely, the P-wave sensitivity response for a vertical geophone is cos(ϑ). The basic
difference between the DAS and geophone transducers is that the native output signals of
the DAS cable and of the geophones are obtained from measurements of different physical
quantities, usually strain rate and particle velocity, respectively. In view of their responses,
the HWC DAS cable offers the advantage of using large broadside receiver arrays at the
surface [31].
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Figure 2. HWC sensitivity curves to (a) P-waves and (b) S-waves calculated with a wrapping angle
of 60 degrees and different values of VP/VS.

From a conceptual point of view, in Figure 3a, we represent in polar coordinates the
sensitivity results shown in Figure 2a,b. The sensitivity curves are calculated with the
parameters of the examples shown in Figure 2, using the results obtained with wrapping
angles of 60 and, for comparison, 30 degrees and VP/VS = 3. The angle of the polar
representation is the incidence angle of the wave relative to the fiber cable, horizontal in
Figure 3. The angle of 0 degrees means coaxial, while 90 degrees means orthogonal to the
cable. With the adopted parameters, the variation in the sensitivity to P-waves (dashed
lines) is low for a wrapping angle of 30 degrees (purple line) and the broadside variable
with a wrapping angle of 60 degrees (black line). The sensitivity changes for variations in
VP/VS. Conversely, the sensitivity to S-waves (bold lines) has prominent lobes with their
maxima for example at 45 degrees and −45 degrees (315 degrees), with different amplitude
for wrapping angles of 60 and 30 degrees. This means that the HWC fiber enhances shear
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events with intermediate inclinations between those of the vertical Z and horizontal in line
X geophone components. As discussed earlier, these polar sensitivity responses do not
include directional effects introduced by the gauge length, which reinforces signals with
vertical travel paths normal to the fiber.
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Figure 3. (a) Normalized strain polar sensitivity of HWC to P-waves (dashed lines) and S-waves (bold
lines). The cable axial direction is horizontal. The black and purple lines are calculated with wrapping
angles of 60 and 30 degrees, respectively. The curves are calculated with formation P-wave velocity
VP = 1500 m/s, density 1600 kg/m3, and VP/VS = 3, and using the Kuvshinov [28] parameters for
the fiber. (b) X-Z geophone components combination scheme for the sensitivity to S-waves, with the
maximum sensitivity direction at incidence angle +45 degrees. We assume an unbounded medium.

The HWC fiber does not separately record the Z and X events. However, they are
available in the geophone data. Their combination can be used to steer the signal com-
ponents pointing the sensitivity to desired directions, 45 and −45 degrees (Figure 3b). In
Figure 3b, the 0 degrees for the incidence angle corresponds to the −Z component direction
(blue vector). Its sensitivity to S-waves is sin(θ) (blue dashed lobe). The 90-degree angle
corresponds to the X component direction (red vector). Its sensitivity to S-waves is cos(θ)
(red dashed lobe). Using a linear combination of X and Z, we simply rotate the lobes,
pointing to the desired direction. This is a linear combination of geophone components,
and the shape of its lobe does not change, it only rotates. In other words, we point to the
same sensitivity lobe direction with HWC DAS and geophone signal combination, but
with different shapes, as can be expected for a comparison of geophones and a strain-rate
transducer. Obviously, a refined steering of the pointing vectors by a weighted combination
of the field signals would benefit from the processing of the wavefields with an evaluation
of the paths of the emerging rays in the seismic model, not included at this stage of the
analysis. Conversely, the sensitivity response to P-waves is flatter in the HWC DAS data,
as shown in Figure 3a, dashed line. These results are calculated in an unbounded medium.
With measurements at the shallow surface, the presence of Rayleigh waves should also
be considered.

2.2. Feasibility Study

The Hellisheiði geothermal field (Figure 4) is situated in the southern part of the
Hengill volcanic system, near Reykjavik, Iceland. This area lies at the intersection of the
Reykjanes Volcanic Belt, the Western Volcanic Zone, and the South Iceland Seismic Zone,
which contributes to its complex geological structure. The Hengill system is characterized
by a central volcano and a fissure swarm with a graben structure. The bedrock predomi-
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nantly consists of hyaloclastite, including tuffs, breccias, and pillow lavas formed during
glacial periods, along with intrusive rocks and lavas from interglacial periods. Tholeiitic
basalt is the main magma type, but more silicic rocks are also present, particularly in the
central volcano. The geothermal field itself reaches temperatures above 300 ◦C at a depth
of 1000 m below sea level [32], making it one of Iceland’s largest and most productive
geothermal areas.
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The need for a feasibility study arose from geophysical characterization aspects and
operational reasons. The absence of borehole seismic data in the reservoir wells and of a
reliable preliminary seismic model demanded efforts to define the basic starting model for
the analysis. The proper use of the novel E-Vibe and the broadside sensitivity HWC DAS
with the available project resources required the evaluation of the expected wavefields in
the 2D seismic data and of the reservoir illumination conditions. The numerical simulation
of the active seismic wavefields provided information useful to determine the acquisition
parameters (e.g., source geometry, spatial sampling, etc.), as well as data useful for signal
recognition during the in-field Quality Control (QC) in this complex area. The numerical
simulation also provided synthetic data for full-waveform analysis after acquisition, to
support the wavefield interpretation as a starting point of the seismic processing. Because
at the initial stage of the project, the available seismic-model information was poor, for the
acquisition planning we computed synthetic 2D elastic propagation using the geological
model (provided by TU Delft) along a section approximately orthogonal to the main seismic
acquisition line, from which we extracted a model (Figure 5) including the seismic acquisi-
tion area (Figure 4). This reduction was performed to better fit the available computational
resources and resolution requirements.
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ated lithological units.

In fact, in this preliminary phase, we were interested in understanding the seismic
response in this area, and the orthogonal model (the only one available at that moment)
suited the purpose well enough. We assigned compressional wave velocity (VP) and density
to each individuated lithological layer (Figure 6), using initially averaged values derived
from the literature according to their depth [33–35]. Then, we adjusted the P-wave model
according to laboratory analysis results. The corresponding shear-wave velocity model was
computed from the VP model using the ratio VP/VS = 1.8. This averaged estimation was
derived from the 1D compressional- and shear-wave velocity profiles calculated during the
COntrol SEISmicity and Manage Induced earthQuakes (COSEISMIQ) Project [35].
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The P-waves seismic model along the line is reported in Figure 6 and it points out the
different velocities of the basaltic layers.

We used this model to evaluate the variations in the P-waves and S-waves sensitivity
responses, analytically represented in Figure 2, keeping into account the shallow seismic
properties along the main seismic line [23].

2.3. Synthetic Seismograms

Synthetic seismograms were calculated for the active seismic data using a point force
and geophone receivers, and simulated pressure signals. A staggered grid finite-difference
elastic 2D propagation code was used to compute the synthetic seismograms using the
seismic model shown in Figure 6. This model was discretized for different tests with
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squared pixels of 5 m, 2 m, and 1 m sided to properly analyze the response and the
frequency content of the simulated signals. Common-source seismograms were generated
by a full-waveform elastic simulation of the 2D wavefields emitted by the source at the
central position in the model. We calculated the results with different discretization, using
2 m × 2 m, and 1 m × 1 m grids. The source was a Ricker wavelet with peak frequencies
of 25 Hz and 40 Hz, respectively. The source mechanism was applied both as a vertical
force and a horizontal force. Nevertheless, in the field acquisition, we used only the
vertical source mode, invoking reciprocity common-source results obtained by a vertical
source, and horizontal receiver components can be interpreted as common receiver gathers
obtained with horizontal sources and a vertical receiver. With these source configurations,
we recorded both the vertical and the horizontal components of the receivers (particle
velocity, thus providing geophone signals). Moreover, using the Vs velocity model, we
calculated acoustic seismograms by a pressure source and pressure receivers to simulate
the SH wavefields, thus avoiding P–S-wave conversions in the results. The choice of
recording both the vertical and horizontal synthetic components, in addition to enabling a
better characterization of directional events recorded by geophone signals, is even more
important because the broadside HWC DAS deployed at the surface is sensitive to vertical
and horizontal in-line waves [28,29] (Figures 1 and 2). The horizontal line-orthogonal
components were also included in the study to detect the possible presence of SH waves.

Sample shots calculated using the model discretization grid 2 m × 2 m and a source
peak frequency of 25 Hz are shown in Figure 7 for different types of sources and receiver
components. The data simulations showed that different events can be potentially in-
terpreted for the relevant markers, which are basalt and hyaloclastite formations, with
differences in the wavefields due to their radiation conditions and nature: P-wave arrivals
and reflections, S-wave (SV) arrivals and reflections, converted P–S and S–P-waves. In
Figure 7a–c, we can observe the apex of the P-wave reflection from the uppermost interface
between basalt and hyaloclastite at about 200 ms in the near-offset traces. We also interpret
the P-wave reflection interface between the deeper basaltic layer and hyaloclastite at about
500 ms. In the near-offset traces, the P-wave reflection from the shallower hyaloclastite and
basalt interferes with the first S-wave reflection at about 360 ms. The S-wave reflections
are clearly visible in the uncoupled S-wave propagation shown in Figure 7d. The P-wave
reflection from the deepest basaltic layer, expected near the source at about 820 ms, is
better visible in the vertical-receiver component (Figure 7a,c). The investigation of these
wavefields will be the object of future processing. This kind of analysis is important for
signal recognition in field data.

We calculated the synthetic data with different trace interspacing, according to the
grid used to discretize the model. Reflection seismic data are generally of poor quality
in volcanic environments because of diffraction and scattering, attenuation, and static
problems [26]. To overcome this problem, we ran simulations of array patterns that can be
used to boost reflections and improve the S/N in the real data. The steering of the arrays
makes it possible to steer the directivity of the patterns, which in this phase was mainly
used to reinforce the reflection arrivals with vertical travel paths. The acquisition receiver-
array pattern can be effectively simulated with synthetic data calculated with refined grids
and with real data, thanks to the DAS dense spatial sampling. Figure 8a shows the synthetic
signal (vertical component) by a punctual single-trace (2 m) representation, and Figure 8b
shows the simulated horizontal surface-receiver arrays (each trace was obtained with a
pattern of 50 m), for a vertical force source. This type of array-pattern simulation has been
successfully used in the processing of the seismic sections of the real data [23].



Sustainability 2024, 16, 7640 9 of 23Sustainability 2024, 16, x FOR PEER REVIEW 9 of 23 
 

 

Figure 7. Synthetic signals obtained with a vertical-force source, recorded by (a) vertical and (b) 

horizontal in-line receivers. (c) Signals obtained with a horizontal-force source, recorded by vertical 

receivers. (d) Signals obtained with a pressure source using the S-wave velocity model, recorded by 

pressure receivers. 

 

Figure 8. (a) Synthetic signal (vertical component) by punctual single-trace (every 2 m) and (b) sim-

ulated horizontal surface-receiver arrays (each trace obtained with 50 m pattern). 

Figure 7. Synthetic signals obtained with a vertical-force source, recorded by (a) vertical and (b) hor-
izontal in-line receivers. (c) Signals obtained with a horizontal-force source, recorded by vertical
receivers. (d) Signals obtained with a pressure source using the S-wave velocity model, recorded by
pressure receivers.

Sustainability 2024, 16, x FOR PEER REVIEW 9 of 23 
 

 

Figure 7. Synthetic signals obtained with a vertical-force source, recorded by (a) vertical and (b) 

horizontal in-line receivers. (c) Signals obtained with a horizontal-force source, recorded by vertical 

receivers. (d) Signals obtained with a pressure source using the S-wave velocity model, recorded by 

pressure receivers. 

 

Figure 8. (a) Synthetic signal (vertical component) by punctual single-trace (every 2 m) and (b) sim-

ulated horizontal surface-receiver arrays (each trace obtained with 50 m pattern). 

Figure 8. (a) Synthetic signal (vertical component) by punctual single-trace (every 2 m) and (b) simu-
lated horizontal surface-receiver arrays (each trace obtained with 50 m pattern).



Sustainability 2024, 16, 7640 10 of 23

Even if not all these calculated components were used during the early interpretation
phase, and despite the provisional nature of the seismic model because of the limited
knowledge of the seismic properties before acquisition, the synthetic seismic results pro-
vided confirmations for the capability of the subsequent acquisition campaign to detect
signals useful for the reservoir monitoring, in terms of signal arrival times, event shapes,
and interference of wavefield components.

2.4. Seismic Acquisition at Hellisheiði Geothermal Field

The acquisition control was carried out both on-site and in the office, via remote
connection. The area investigated in this study covers the surface projection of a fault,
identified near the OR-Reykjavìk Energy Geothermal Plant located in Hellisheiði. The
shallow and deep targets of the survey are located at approximately 0.7 km and from 2 km
depth below the surface. The design of the receivers and sources acquisition lines was
prepared considering the complex surface logistics, topographic, and access conditions of
the area.

The active source used for the survey was the STORM-10, an electromagnetic seismic
vibrator (E-Vibe) developed by Seismic Mechatronics. Although this source can be re-
configured from the vertical vibration mode to the horizontal vibration mode, during the
survey the vibrator was operated only in the vertical mode. The vibration points (VP)
(with positions indicated by white circles on the map of Figure 9) closely follow the path
of an approximately 2 km long trenched linear tactical (conventional) and HWC DAS
line installed by Silixa for passive- and active-monitoring purposes [20]. The line of the
vibration points was extended at the ends of the line where the topographic conditions
allowed. This solution was adopted to increase as much as possible the coverage of the
recordings and the fold in the final stacked sections. The HWC type of DAS cable was
chosen because of its broadside sensitivity, suited for detection of wave fields emerging
from deep structures [31]. At the same time, the active data obtained with this setting were
used also to analyze the properties of the shallow layers by inversion of the first arrivals [23].
The results were then utilized to update the estimation of the formation properties.

2.5. Receiver Line Configuration and Data Merging

Figure 9 shows the map of the multi-tool experiment during the baseline active-source
seismic campaign at Hellisheiði. The acquisition layout of the seismic receivers consisted
of the HWC DAS line, with about a 1.5 km long active trenched HWC recording section,
with approximately 1 m receiver spacing and 10 m gauge length [20]. The HWC cable
pitch angle is 30 degrees, corresponding to a 60-degree wrapping angle, the cable diameter
is 25 mm, and the depth of the trench is around 0.5 m. The natural frequency of the
DAS system ranges between 0.001 Hz and 50 kHz. The DAS data were recorded with a
1000 Hz sampling frequency and 20 s recording length for the individual seismic records.
In addition to the HWC DAS section, a conventional (tactical) DAS cable approximately
350 m long ran from the HWC section to the fiber-optic DAS interrogator unit.
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Figure 9. Map showing the experiment layout, in which different acquisition systems were used,
including fiber-optic HWC DAS and tactical cable, 2C GEODE, and 3C SOLO geophones co-located
along the main (HWC) line (IN-line); the SOLO geophones were also disposed along a perpendicular
(yellow dots) line (X-line). The source positions are marked with white bullets. The arrow at the
bottom indicates the North.

Along the HWC DAS line, a total of 48 2-C, 4.5 Hz geophones (TUD geophones of a
GEODE system), for a total line-section length of 470 m, were deployed with 10 m spacing
for the detection of P and SV waves, i.e., with the horizontal axis of the sensor oriented
in-line. The TUD field data were recorded with a sampling frequency of 500 Hz and 20 s
recording length.

To cover all the HWC line, a total of 92 3-C, 5 Hz SmartSolo® remote geophone stations
(from here on denoted as SOLO) were deployed with 20 m spacing, in the proximity
and along the HWC DAS line. Another line of 56 3-C SOLO units was deployed along a
cross-line (also indicated as x-line), with the same receiver spacing (20 m). Their sampling
frequency was 1000 Hz and the recording length was 20 s.
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The role of the SOLO and the TUD geophones was to compare and validate the
results obtained by the HWC DAS line during the baseline survey and, in view of the
different responses and nature of the recorded signals, to analyze the different wavefields
contained in the strain-rate and particle-velocity output signals recorded by the DAS and
the geophone components, respectively, and using different layouts.

Because of the considerable amount of data produced by the DAS system, and the
consequently long conversion time required to retrieve and uniform the formats of all the
records, we developed a multi-tool approach and dedicated custom-made software. This
tool was effectively used to enhance the monitoring and QC, and to enable a detailed com-
parative signal analysis and a nearly real-time data interpretation with remote assistance
from headquarters. The daily data output was one standard SEGY file with the collection of
all the daily records, including the E-Vibe pilot signals, recorded with a sampling frequency
of 4000 Hz and a 15 s sweeping line. Only the DAS and GEODE geophone data, together
with the source pilot signals, were available for continuous QC purposes during the ac-
quisition. Conversely, the data from the remote SOLO geophone stations were retrieved,
and downloaded from the station’s memory, re-formatted, and analyzed only after the end
of the survey. At the end of the merging procedure, for each shot, all the recorded traces
were re-sampled with the same 1 ms sampling interval, and gathered into a single field
record, to facilitate QC with data comparison and joint processing of traces obtained from
different systems.

2.6. Vibrator-Source Parameters with Focus on the Pilot Signal

The active source used for this survey is the electromagnetic vibrating seismic source
(E-Vibe) recently developed by Seismic Mechatronics, specifically designed and adapted for
the SUCCEED project. The vibrating mass is entirely mounted, together with its power and
control electronics, on a robust telehandler, capable of accessing in the difficult terrain nearly
all the designated VPs (Figure 10). The seismic source was operated in the vertical-vibration
mode, i.e., with the mass vibrated vertically.
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Figure 10. Electric seismic source (E-Vibe). Baseplate and reaction mass.

With respect to the expected source radiation properties (apart from possible SH effects
produced by lateral inhomogeneities), the vibration source operated in the vertical mode
radiating P- and SV-waves, as well as converted PS- and SP-waves in the signals recorded
with offset. All these aspects were considered in the planning and preparation of the field
demonstration phase.

The total number of VPs was 59, including a few shot points energized at the ends and
of the crossing line to obtain common-shot data with reciprocal geometry. One relevant as-
pect is the high repeatability of the E-Vibe source, tested in this semi-continuous acquisition
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experiment. Besides the analytic (synthetic) signal provided by the Vibrator control system,
we recorded and used acceleration components of the baseplate and vibrating mass that
allowed us to estimate ground force (Figure 11) and we used it as a reference signal for
correlation as well [36]. Figure 12 shows the Fourier frequency spectra of the reference and
ground-force signals.
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Figure 11. Example of source pilot signals, time traces. From left to right: recorded measured
reference, reaction mass 1, baseplate 1, reaction mass 2, baseplate 2, external reference, and the
calculated ground force. The sweep length was 15 s and the total recording time was 20 s.
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Figure 12. Examples of source pilot signals, and frequency spectra: (a) Reference signals between
2 and 240 Hz, (b) 2 and 150 Hz, and (c) ground-force signals between 2 and 240 and (d) 2 and
150 Hz, respectively.

A signal processing analysis was performed to investigate the penetration range of
the recording system in the area. Consistent DAS results were obtained with geophone and
fiber-optic data. These receiver tools record in different frequency ranges, and the vibrator
source is able to produce signals starting from a few Hz up to 250 Hz.

The first configuration of the source parameters was set with higher emission fre-
quencies in the initial tuning phase. However, the analysis of the signal content during
the ongoing survey, given the survey target and the operational resources, suggested a
reducing the maximum frequency for the subsequent survey production phase. In the
initial testing phase, we used the following source parameters: sweep type upsweep, sweep
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length 15 s, and frequency range 2–240 Hz. The driving force was set to 2100 lbf, i.e., 93%
of the maximum peak force of 2250 lbf of the source, in order to operate the device with
a safe margin of tolerance for a high number of repetitions. The tests took place on three
different shot points, to evaluate the S/N as the number of repetitions increases up to more
than 30. From these tests, we observed a plateau of the S/N after stacking 16 records.

In the production stage, we adjusted the sweep frequency range to 2–150 Hz in order to
improve the depth penetration. The source spacing during production was 40 m acquiring
16 records per VP position.

In the early pilot correlation tests, we used both the external synthetic reference sweep
(Figure 11, trace 6) and the ground force (Figure 11 trace 7) calculated by a weighted sum of
the reaction mass and baseplate signals [36] as the pilot signals for the correlation with the
seismic signals. The ground force was used to take into account the variations in the seismic
signals obtained with the VPs along the vibration path. Assuming that the signature of
the radiated signals from a vertical force is the time derivative of the ground force [37], we
used the following approximated approach. We express the pilot signal by iωP(ω)eiφ in
the Fourier frequency domain, where P and φ are the amplitude and the phase spectra
(we omit for convenience the frequency–time dependency). To avoid instabilities in the
results, instead of deconvolving the seismic signals by the time derivative of the estimated
ground force, we cross-correlated the seismic signals using the ground force P(ω)eiφ. Then,
we time-integrated the ground force cross-correlation result by –iω. The difference with
deconvolution is that with this approach, we obtain the estimation of the signal power
spectrum as Pe(ω)P(ω), where Pe(ω) is the effective ground force signal, instead of using
Pe(ω)/P(ω) ≃ 1, while the phase difference is the same in the correlated and deconvolved
results. The choice of this approach was based on the observation that the amplitude
spectra of the calculated ground force are reasonably flat (Figure 12d). The cross-correlation
results obtained with the ground force and with the synthetic sweep for a selected shot
recorded by the geophones of the cross-line are compared in Figure 13.
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Figure 13. Example of deferred-relative-to-acquisition wavefield analysis, using the receiver traces
of the VP EP8041 recorded by the Z component of the SOLO geophones of the SOLO cross-line.
Cross-correlation results obtained with (a) the synthetic external pilot signal and (b) the ground-force
pilot signal.

3. Results and Discussion
3.1. In-Field and Remote QC from Headquarters

The project team provided both in-field and remote (at Headquarters) support during
the test and acquisition phases, with prompt technical assistance to speed up the collection
of records during the early QC test phase. The remote QC was performed in near-real time;
i.e., the relevant time to make prompt decisions on acquisition parameters (to optimize
the use of the resources and the acquisition quality). The main target of the QC was to
optimize the acquisition parameters for the assessment of the desired penetration and
resolution for the reservoir characterization, in consideration of the in-field response and
of the operational resources available for the field campaign. The initial QC determined
the choice of vibration parameters, energization interval, number of records in the stacks,
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sweep mode, frequencies, and length. The acquisition was tuned during the survey, based
on sweep and seismic signal sample tests, after the initial tests performed at the beginning
of the survey for the assessment of the optimal S/N in the data. For this purpose, the pilot
traces were recorded shot-by-shot by the source unit. The pilot signals were made available
at the end of each day in SEGY format. Essential for the QC was the merging, formatting,
and editing of the different datasets with the same recording parameters (20 s record length,
1 ms sampling interval), to be usable in a relevant time during acquisition. Examples of
field-QC on common-shot gathers obtained with the same source are shown in Figure 14,
where we compare the results obtained by the TUD, SOLO, and HWC receivers located in a
common line interval. The higher spatial sampling of HWC signals is evident in Figure 14c,
resulting in a higher spatial resolution.
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Figure 14. Examples of QC during acquisition. The shot signals are obtained with different recording
systems along the same main-line interval: (a) TUD geophones vertical (Z) component, (b) for
comparison SOLO geophones, Z components, and (c) HWC DAS signals after optical noise removal
(Figure 15). The TUD and DAS signals were routinely available and used for QC during acquisition.
Red bullet indicates the surface source position. The traces are cross-correlated with the reference
source pilot and stacked for the same source position using 16 records per shot point.

3.2. Post-Acquisition Signal Analysis

All the data, including the SOLO signals, were available for the deferred signal-
analysis stage. Advanced steps of pre-processing were applied to the datasets at the
headquarters, with formatting and editing of the complete active-source seismic dataset,
including positioning of the receiver traces of the different systems. Further processing was
performed on the complete dataset [23], and is currently ongoing with the aim of improving
the S/N in the data, and evaluating the seismic wavefields. Particular attention is given
to the characterization of the DAS signals and of the source emission, by analyzing and
processing the seismic wavefields in the different recordings to produce reliable subsurface
images of the reservoir zone of interest. The wavefield processing steps included seismic
signal analysis with the support of synthetic modeling, multi-component and S/N analysis,
multichannel data processing to investigate deep structures, and analysis of the source
performance and the depth of penetration, while further analysis will include imaging by
seismic-interferometry approaches.

3.3. S/N Improvement in the Optical Signals

From the preliminary analysis during the QC phase of raw and cross-correlated data
emerged the presence of some optical noise in the recorded signals. This noise, known
as common mode noise (CMN) and sometimes called horizontal noise [27], consisted
of time-aligned events, which affect the variable extents of the results obtained from
both uncorrelated and correlated data. This noise is caused by sound entering the DAS
interrogator and contaminating all channels of the recorded seismic data with an identical
set of noise. All possible precautions must be implemented to reduce the CMN, such as
using anti-vibration tables placed under the interrogator.
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For the S/N analysis, the availability of the non-stacked individual records was
important since it allowed the selection and editing of the noisy field records. For this
purpose, we applied noise estimation and reduction procedures based on aligned noise
recognition algorithms developed ad hoc, as discussed in subsequent works [23]. Figure 15
shows the effectiveness of the adopted noise reduction approach on a stacked common-shot
gather cross-correlated using the ground-force signal. This preprocessing analysis was then
applied to all the HWC DAS data.
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(b) DAS HWC common-source record after CMN optical-noise removal. In (b) the S/N is significantly
improved. The cross-correlated signals are obtained using the ground-force pilot.

3.4. Tuning of the Synthetic Model by Field Results

The seismic model used in the feasibility study was then modified, and periodically
updated using new available information, to match with the subsurface structure under
the main HWC line; this updated model is described in detail in the processing study
reported by Bellezza et al. [23]. Numerical simulations were then calculated to compare the
synthetic and field data wavefields. Using the preliminary results of the baseline active
seismic campaign (see also Bellezza et al. [23]), we performed a calibration of the seismic
model with a revision of the velocity profiles. These data were used for QC of the acquired
data after the acquisition. Synthetic seismograms of the vertical (Z) and horizontal in-line
(X) components were calculated with a 2D finite-difference elastic code (modified after
Levander [38]). The model grid was discretized using 1 m × 1 m pixels. The source is a
vertical force, according to the vibration mode of the field source.

We used a Ricker wavelet with 20 Hz peak frequency, and P-wave velocity derived
from the laboratory measurements [22], an average VP/VS ratio of 1.8, and Gardner’s
relation [39] to calculate the formation density. Figure 16 shows the horizontal receiver
components in (a) synthetic and (b) SOLO field data, which highlights similar trends for
the observable events, confirming that the model fits the data quite well.
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Figure 16. Hellisheiði (a) synthetic and (b) field results for the horizontal (Y) geophone component
(SOLO). Data are used for preliminary signal recognition and interpretation of observable events at
depth. The cross-correlated signals are calculated using the ground-force pilot signal.

3.5. Analysis of HWC DAS and Multi-Component Geophone Signals

Deferred processing was performed at the Headquarters to analyze the signal wave-
fields from the three recording systems. We jointly analyzed the wavefields in the multicom-
ponent geophone data deployed along the main HWC line and in the single-output trace
of the broadside HWC DAS signals. The results of the TUD and SOLO geophone systems
are consistent, despite their different responses and spatial sampling along the receiver
line. Figure 17 compares the signals of the TUD geophone components with the HWC
signals recorded along an interval of approximately 400 m, where these co-located data are
available. Figure 17a,b show the TUD vertical and TUD horizontal (in line) components,
respectively. Figure 17c shows the HWC DAS signal. The CMN optical noise in the HWC
DAS data was removed by pre-processing (Figure 17c).
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Figure 17. (a) TUD vertical component, (b) TUD horizontal in-line component, and (c) HWC DAS
after noise removal, selected for the TUD line length (470 m).

After S/N improvement, the HWC signal is clearly interpretable at the larger offset dis-
tances from the source vibration point (VP), with S/N comparable to that of the geophone
results. We may observe that in these results there are correspondences and differences, as
can be expected from measurements of different physical quantities (strain rate and particle
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velocity) and using different components, i.e., one receiver component vs. two components
for signal comparison. Similar events can be interpreted, however, with different distribu-
tions in the different wavefields. Moreover, different sensitivity responses are expected
for these signals, as discussed in the introduction of this paper. The result highlights the
consistency of the signals between the different types of sensors and better continuity of
the HWC DAS than TUD geophones. To better characterize the investigated wavefields,
we extend the analysis to the entire main seismic line; for a comparison between the HWC
and geophone signals along the main line, we used the SOLO components, although these
receivers are less densely sampled in space than the TUD ones, since the TUD line does not
cover the complete extension of the main HWC line.

Based on considerations made in Section 2.1, in order to compare the HWC and SOLO
geophone signals in field data and focusing on the S-wave components, we calculated as
a first approximated approach the bulk Z ± X using the SOLO geophone components of
the field data. In view of the different nature of the recorded signals and the different trace
spacing used for the geophone and optical lines, the agreement of the wavefield’s trends
in the results shown in Figure 18 appears interesting and encouraging for the wavefield
interpretation. We can observe that the Z-X combination, still with differences, better
matches the HWC signals, more than the separated individual components, as with the
TUD data (Figure 17). Further analysis with the comparison of the stacked sections of
the SOLO and HWC data obtained with the same model and processing parameters, but
with different spatial sampling, are discussed by Bellezza et al. [23]. They evaluated a
comparison with passive seismic results using the DAS lines by Stork et al. [24] and HWC
lines compared to SOLO [25].
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Figure 18. Example of deferred-relative-to-acquisition wavefield analysis using the traces of a single
shot: (a) SOLO geophones Z-X (vertical and in-line) components combination. (b) DAS HWC
line after optical noise suppression to improve S/N. In these examples, the correlated signals are
calculated using the ground-force pilot.

This provisional example shows interesting corresponding events in the geophone and
fiber-optic data, validating the effectiveness of the HWC DAS, which has been the unique
sensor type used for monitoring in the planned time-lapse survey and for depth imaging.

3.6. Source Penetration

The E-Vibe source penetration in the context of the survey was estimated during the
project, using seismic section results obtained in the deferred phase after the initial QC.
Figure 19 shows details of an HWC DAS seismic section obtained during the deferred
seismic processing phase [15].
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Figure 19. Detail of an HWC DAS seismic section, with events at about 1.5 s TWT and more.

In this complex volcanic area, we observe events at two-way times (TWTs) of 1.5 s and
more. The corresponding depth, assuming a P-wave average velocity of 3500 m/s from the
stacking interval velocity functions, is of the order of more than 2600 m, which includes the
monitored reservoir.

The part of the seismic section shown in Figure 19 only serves to illustrate the pene-
tration of the source, while the analysis and interpretation of the entire seismic section are
discussed in detail in Bellezza et al. [23], where the horizons are interpreted.

3.7. Considerations on Mathematical Optimization Frameworks for Survey Design

The 2D seismic survey described in this work was constrained about the path (spatial
position) the different sensors could occupy, which was related to the logistics and accessi-
bility. The parameters we could optimize were those linked to the source (sweep, number
of VPs, VPs per position, etc.) and the spatial density of the sensors. The use of HWC DAS
in seismic acquisition allows a huge number of channels at a relatively low cost compared
to traditional sensors, especially for deployment on long arrays. Recently, some authors
faced the general issue of enhancing the seismic acquisition design by considering some
mathematical optimization frameworks for optimal survey design with traditional sensors.
Zhang et al. [40] showed how techniques from graph theory can be used to optimize
acquisition geometries for low-cost sparse 4D seismic, a fundamental aspect of modern-day
reservoir management and monitoring of geological carbon storage, which requires costly
time-lapse seismic data collection. Guo et al. [41] stated that seismic acquisition costs are
directly associated with the number of sensors used in the survey. Limiting the number
of sensors in a seismic survey can be beneficial, especially when sensors are expensive
to purchase, deploy, and maintain. Their work explores an optimal design method for
ocean bottom node (OBN) detector deployment, based on a reinforcement learning (RL)
approach. Kumar et al. [42] observed that full-waveform inversion (FWI) has delivered
significant improvements in velocity and image quality but can be compromised due to
the acquisition parameters and associated costs required to optimize FWI. To reduce the
acquisition cost, simultaneous acquisition is preferable, which requires a source separation
framework. The authors propose generating an optimal survey design using the spectral-
gap-based rank minimization, termed as generalized survey optimization with constraints.
The proposed technique is computationally efficient and uses realistic environmental and
instrumental constraints to generate source and/or receiver locations, where the acquisition
is constrained with random time dithers.

The previously described studies confirmed how the optimization of seismic surveys
will become even more important as the monitoring applications for CO2 and energy stor-
age are increasingly requested in the efforts of global decarbonization. In this framework,
the use of DAS turns out to be a cost-effective solution.
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4. Conclusions

In this work, a feasibility study and data acquisition of an active seismic survey in a
geothermal site by means of a multi-tool approach has been described, including numerical
analysis, quality control, and preliminary pre-processing steps. The baseline active seismic
monitoring was completed in July 2021 at the Hellisheiði geothermal field site, where brine
and CO2 were injected for performance enhancement of the power plant. The acquisition
layout was designed and planned to accomplish site characterization and monitoring by
means of helically wound cables (HWC), distributed acoustic sensing (DAS) cables, and
auxiliary surface geophones, along with an innovative continuous electromagnetic E-Vibe
source. The fiber-optic HWC DAS cable was selected for its broadside sensitivity, to record
up-going signals coming from deep reflectors, the target of the monitoring. The active
source E-Vibe vibrator acquisition was operated in the vertical-vibration mode along the
same line path as the HWC DAS sensors. The analytic study about fiber sensitivity pro-
vided a deeper understanding of the expected wavefields recorded during the acquisition
compared to the wavefields collected by the geophones, which record separate components
of a specific wavefield. Synthetic seismograms modeled by means of finite-difference 2D
propagation codes were successfully used to simulate the wavefields expected in real data
and to support wavefield analysis and interpretation. In-field and remote quality control of
data enabled the acquisition parameters to be optimized, while deferred signal analysis
allowed the complete seismic dataset to be inspected. The benchmark of broadside HWC
DAS cable and TUD GEODE/SmartSolo® geophones responses pointed out comparable
results in terms of sensitivity and a good kinematic match of the different seismic phases. A
drawback of the HWC DAS is the common mode noise, which is caused by sound entering
the DAS interrogator and contaminating all channels of the recorded seismic data with
an identical set of noise. This noise masks the signal and must be removed or at least
attenuated before the processing phase with an ad hoc procedure. Moreover, the HWC
fiber does not record separately the vertical and horizontal components of the wavefields,
and this could affect the wavefield recognition compared to 3C geophone data. Given
the low quality of the collected data, conducting the analysis of the different wavefields
was not trivial (highlighting the challenges of the applied approach); so, from this point
of view, seismic modeling takes on even more importance in the analysis of the data. In
non-volcanic environments, in general, more suitable for seismic methods, we expect the
quality of the HWC DAS data to be improved. Despite the previously described issues that
must be dealt with, the use of fiber-optic sensors highlighted the advantage of providing,
besides permanent installations of easy deployment, a dense array of receivers, regularly
spaced in this survey with inter-trace distance of approximately 1 m, which is particularly
suited for monitoring purposes; moreover, the high spatial sampling allows the simulation
of array patterns that can be used to boost reflections and improve the S/N in the real data.
The preliminary comparative analysis among signals of these different types of sensors
confirmed that an HWC DAS cable can be used to effectively image the subsurface in active
seismic surveys also combined with an environmentally friendly electromagnetic source.
Overall, this experimental work represents a unique case of a joint and comparative signal
analysis of detected wavefields recorded by different sensors in high-temperature complex
geothermal areas, and it highlights the feasibility of this approach for characterization and
monitoring of subsurface, for instance, in the frame of energy and CO2 storage, and also
from a time-lapse monitoring perspective.
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