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Abstract: Geothermal power production may result in significant CO2 emissions as part of the
produced steam. CO: capture, utilisation, subsurface storage (CCUS) and developments to exploit
geothermal resources are focal points for future clean and renewable energy strategies. The
Synergetic Utilisation of CO:z Storage Coupled with Geothermal Energy Deployment (SUCCEED)
project aims to demonstrate the feasibility of using produced CO: for re-injection in the geothermal
field to improve geothermal performance, while also storing the COz as an action for climate change
mitigation. Our study has the aim to develop innovative reservoir-monitoring technologies via
active-source seismic data acquisition using a novel electric seismic vibrator source and
permanently installed helically wound cable (HWC) fibre-optic distributed acoustic sensing (DAS)
system. Implemented together with auxiliary multi-component (3C and 2C) geophone receiver
arrays, this approach gave us the opportunity to compare and cross-validate the results using
wavefields from different acquisition systems. We present the results of the baseline survey of a
time-lapse monitoring project at the Hellisheidi geothermal field in Iceland. We perform
tomographic inversion and multichannel seismic processing to investigate both the shallower and
the deeper basaltic rocks targets. The wavefield analysis is supported by seismic modelling. The
HWC DAS and the geophone-stacked sections show good consistency, highlighting the same
reflection zones. The comparison of the new DAS technology with the well-known standard
geophone acquisition proves the effectiveness and reliability of using broadside sensitivity HWC
DAS in surface monitoring applications.

Keywords: COz injection monitoring; geothermal reservoir; CCUS; surface seismic processing;
distributed acoustic sensing (DAS); geophones

1. Introduction

Geothermal energy derives from the Earth’s core and it is stored in rocks and fluids
in the subsurface. Natural displays of geothermal energy are volcanoes, fumaroles and
geysers. Generation of electricity from geothermal power dates back to the beginning of
the 20th century. Electricity production started at Larderello, Italy, in 1904 with an
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experimental 10 kWe generator. In 2020, the electricity production worldwide had reached
95,098 GWh. For an historical overview and future scenarios of the use of geothermal
energy, see [1]. Although geothermal energy is generally considered a clean energy source
in terms of environmental impact, large-capacity geothermal power plants may emit
significant amounts of CO: as part of the produced steam. Carbon capture, utilisation and
underground storage (CCUS) and developments for the utilisation of geothermal
resources are focal points for the future clean and renewable energy strategies. The main
objectives of the SUCCEED project [2] are to explore and demonstrate the feasibility of
utilising produced CO: for re-injection to enhance geothermal performance, while also
storing the CO: as an action for climate change mitigation. The studies have been carried
out in two existing facilities, at Kizildere in Turkey [3] and Hellisheidi in Iceland, that
present a uniquely active geology and natural conditions suitable for geothermal energy
production. This multidisciplinary project includes geochemical, geomechanical and
geophysical studies, fluid flow modelling, as well as the development and use of
innovative seismic monitoring techniques and hardware tools (including an electric
seismic vibrator and DAS systems) for CCUS purposes. This study, focused on the
Hellisheidi geothermal field, includes laboratory analysis [4] and field monitoring
campaigns and describes the processing results.

More than ten years ago, the CarbFix Pilot Project [5,6] tested the feasibility of in situ
mineral carbonation in basaltic rocks as a way to permanently and safely store CO2[7,8].
The CO: was captured from the Hellisheidi geothermal power plant and injected,
dissolved in water, at the CarbFix pilot injection site. The verification of CO:
mineralisation in the subsurface was achieved by tagging the injected CO: with
radiocarbon (*C) and using SFsCFs and amidorhodamine G as conservative tracers to
monitor the transport of the injected CO2-charged water [9]. Details about the geothermal
power plant and the projects performed over the years can be found in the literature (e.g.,
[10-13]). In the framework of the SUCCEED project, active and passive seismic
approaches were used as complementary tools to investigate the behaviour of the injected
CO:z in geothermal reservoirs [14], with helically wound cable (HWC) distributed acoustic
sensing (DAS) as seismic sensors. For this purpose, it is important to have high-resolution
images of the subsurface. Often, a limiting factor for this is the requirement to have a
sufficiently dense deployment of seismic sources and receivers at the surface and/or
boreholes. The new developments in recent years of fibre-optic sensing of acoustic and
seismic wavefields address the challenge of sufficiently dense receiver sampling. The DAS
technology offers dense spatial and temporal sampling, less than 1 m and up to 100 kHz,
respectively; measurements can be made on a single cable up to tens of km long. Another
advantage of the fibre-optic technology over traditional seismic instruments (geophones)
is that cables with polyimide coatings enable DAS measurements in high temperatures up
to 300 °C, as often experienced in geothermal environments [2]. Fibre-optic sensing cables
have been shown to be suitably robust for extended duration installations in geothermal
fields [15], making them ideal to test and assess monitoring techniques at the Hellisheidi
geothermal field to improve the long-term repeatable monitoring with a permanent
installation.

Passive monitoring of geothermal reservoirs is widely used. In fact, microseismic,
local, regional and teleseismic events can all provide useful information about a
geothermal area on various scales (e.g., [16]). In recent years, passive monitoring of
geothermal fields utilising linear and HWC fibre-optic DAS, deployed at the surface, has
been analysed [14]. Recently, some authors used vertically installed fibre-optic cable in a
geothermal injection well to record strain rates and detect earthquakes for monitoring
purposes [17]. Standard DAS cables are not optimal for surface seismic acquisitions. In
fact, a standard DAS has its highest sensitivity to P-waves when the angle of incidence 9
of the wave is 0 degrees. The sensitivity decreases as cos *(9) as the angle of incidence
increases, reaching its minimum when the wave propagation is orthogonal to the fibre
(e.g., [18]). The broadside sensitivity of HWC is significantly improved with the angle of
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incidence of a P-wave [19-21]. The use of HWC DAS for monitoring purposes in
geothermal areas using an active source is still a topic under investigation, with the aim
to understand its sensitivity to the different wavefields that can be recorded in a complex
environment. Understanding the HWC DAS signals response could be of relevant
importance for the development of a monitoring system in geothermal areas.

We present the results of the active-source seismic data acquisition performed at
Hellisheidi and of the processing of the surface seismic monitoring data. The signals were
generated by a novel electric seismic vibrator source (E-Vibe) and recorded using
permanently installed HWC fibre-optic DAS, together with auxiliary multi-component
geophone receiver arrays, the latter being used to validate the signals from the HWC DAS.
This multi-receiver configuration was used for the baseline campaign (conducted in July
2021) of the planned time-lapse monitoring project. The integration of datasets from
different types of sensors resulted in improved quality control (QC) performance and
confirmed the consistency of the collected data [21]. The subsequent analysis compares
the signal-to-noise ratio (S/N) and the sensitivity in the broadside HWC DAS
measurements with the prediction and recognition of multi-component events in
multichannel seismic data of the HWC DAS and co-located geophone systems. The aim
of our study is to investigate whether the use of HWC DAS cable, combined with the novel
eco-friendly E-Vibe, can be considered to be an effective monitoring tool in geothermal
areas.

In this interdisciplinary study, laboratory results, in particular seismic velocity
measurements [4] from Delft University of Technology (TUD) after geological field
campaigns at Hellisheidi, were used as an input for the seismic modelling and as a support
in the processing of the seismic data. We built a static model using the scarce information
available for the larger area [22] and our own laboratory measurements results on samples
from the particular area we study [4,23]. By using the results from the field seismic data,
and after a joint analysis with the laboratory results, the seismic model was updated to
provide synthetic seismograms as a support for the events interpretation in field data. This
joint analysis helped both the assessment of the shallower formation properties and
deeper settings in the reservoir zone and included the subsurface model calibration along
the main 2D monitoring line provided by the trenched HWC DAS sensors for the
characterisation and the time-lapse reservoir monitoring.

We describe the processing workflow applied to the data acquired in the seismic
campaign at Hellisheidi in July 2021. The investigated area covers the surface projection
of a fault which has been identified close to the Reykjavik Energy Geothermal Plant
located in Hellisheidi. Multichannel seismic processing of the data, including tomographic
inversion, was performed to better characterise the subsurface and improve the velocity
model. In addition, a benchmark among the seismic responses from the different types of
sensors was performed and the different wavefield contents highlighted. Thus, the
multidisciplinary features of the studies carried out at Hellisheidi offer an extraordinary
opportunity for a joint analysis of the different types of acquired data, aiming at the
characterisation of the site and enabling the development of a methodology to improve
the efficiency of the monitoring campaigns.

2. Geological Overview

The tectonic and volcanic structures that characterise Iceland derive from its position
on the Mid-Atlantic Ridge, a divergent plate boundary, and on a hotspot or a mantle
plume. The consequences are the presence of a thick crust and a more complex
deformation zone than somewhere else on the ridge [24,25], with thirty active volcanic
systems identified within the volcanic zones. They consist of a fissure swarm, a central
volcano or both [26]. The different ridge segments, volcanic zones and volcanic systems
can be seen on Figure 1a.

The Hellisheidi geothermal field (Figure 1b) is located in the southern part of the
Hengill volcanic system (Figure 1a,b) in the southwest of Iceland, close to the city of
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Reykjavik. The Hengill volcanic system is constituted by a central volcano and a fissure
swarm with a graben structure that extends to the northeast and southwest (e.g., [27-31]),
and it is located at the junction of the Reykjanes Volcanic Belt (RVB), the Western Volcanic
Zone (WVZ) and the South Iceland Seismic Zone (SISZ) (Figure 1a).

The bedrock in the Hengill volcanic system consists mainly of hyaloclastite (tuffs,

breccias and pillow lavas) formed during glacial periods with the presence of intrusive

rocks and lavas formed during interglacial periods that flowed downhill [30]. Tholeiitic

basalt is the main magma type but more silicic rock can be found within the Hengill cen-

tral volcano. The central volcano itself is a hyaloclastite massif composed of tuyas and
tindars. Volcanic activity in the system during the Holocene is characterised by effusive
eruptions on the flanks of the central volcano and on the fissure swarm. The two last erup-
tions occurred 1900 and 5800 years ago [32].

The Hengill area extends over an area of about 112 km? and it is one of the largest
geothermal areas in Iceland [33,34]. The geothermal activity is also present on the surface
as extensive thermal alteration that correlates with faults and fissures [30]. The Hellishei®i
geothermal field has a temperature higher than 300 °C at a depth of 1000 m below sea
level [35] and the steam combined heat and power plant is one of the biggest in the world
with an installed production capacity of 303 MWe and 210 MW'th of energy.

Volcanic systom

fissure swarm

central volcano
summit crater

or caldera

Bl ertory Basat Fomnation @ Piate boundary - propagating it
I siopreistocens Fomnation Py ' Plate boundary - frecture zones
[ Upper Pieistocene Formation ;

7 Irtraplate volcanic belts

ISNET N (km)

Plate boundary
- axial riftsivolcanic zones

@)

376 378 380 382 384 386 388
ISNET E (km)
(b)

Figure 1. (a) Active volcanic systems among volcanic zones and belts in Iceland (after [36]). Abbre-
viations are as follows: RR, Reykjanes Ridge; RVB, Reykjanes Volcanic Belt; SISZ, South Iceland
Seismic Zone; WVZ, West Volcanic Zone; MIB, Mid-Iceland Belt; EVZ, East Volcanic Zone; NVZ,
North Volcanic Zone; TFZ, Tjérnes Fracture Zone; KR, Kolbeinsey Ridge; OVB, Oreefi Volcanic Belt;
and SVB, Sneefellsnes Volcanic Belt. The black dashed circle shows the approximate centre of the
Iceland mantle plume/anomaly (after [37]). (b) Location map of the Hellisheidi Geothermal Field.
The red rectangle indicates the survey acquisition area shown in Figure 2 (modified after [35]).
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Figure 2. Surface seismic monitoring layout. Line/geometry overview (2C TUD geophones are 20 m
down-shifted for display purposes only). The topographic profile of the shot point line is shown in
the top-right corner. The map coordinate system is WGS 84/UTM zone 27 N in km.

3. Materials and Methods

This work combines multidisciplinary methods, including laboratory experiments
[38], 2D elastic full-waveform seismic modelling, fieldwork to collect reference rock sam-
ples, seismic data acquisition and data processing for seismic monitoring of CO: injection,
as a key geophysical tool to investigate subsurface structural settings and conditions. Ac-
tive-source acoustic transmission measurements have been performed at field-representa-
tive stress conditions in the laboratory [4,38] to estimate the seismic response characteris-
tics of the reservoir formations present at Hellisheidi. Seismic reference velocity models
were created along the 2D acquisition line [4]. The seismic properties of the lithological
units were estimated initially from average values available in the literature and updated
with the laboratory values. Seismic models were used as input for the simulation of 2D
seismic wave propagation to define a subsurface model representing the project site. The
seismic simulation results were used to design the source-receiver configuration, deter-
mine and optimise the operational parameters for the field acquisition and support the
QC interpretation and validation of the seismic-monitoring survey results. Early on, the
wave-propagation simulation was useful to support the initial analysis of field data. After
the QC and the production phase, the acquired data were formatted for processing, in-
cluding tomographic inversion to improve the built velocity model and multichannel seis-
mic processing to better characterise the site at depth. For the arrangement of the data
from the different systems and for the pre-processing, we used proprietary software and
a database developed by OGS. The seismic processing was performed using open-source
Seismic Unix software (CWPROOT 44R0) and Vista® SLB commercial software 2023.

3.1. Active-Source Seismic Acquisition

The area we investigate in this study covers the surface projection of a fault close to
the Reykjavik Energy Geothermal Plant in Hellisheidi. There are two main targets: the first
one aims at monitoring the injected COz in the basaltic rocks of the volcanic system at 700
m depth, while the second one is the deeper target of basaltic rocks from a depth of about
2 km, where the injected CO: is expected to migrate to. The design of the receivers and
sources acquisition lines was carried out while considering the complex surface logistics,
topographic and access conditions. Due to the surface (environmental and topographic)
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constraints, the main 2D seismic line was nearly parallel to the interpreted faults system
(Figure 2).

The active source is the STORM-10 E-Vibe developed for the purpose of the project
by Seismic Mechatronics and operated in vertical mode during this survey. The E-Vibe is
an electrically powered seismic source for seismic acquisition, free from the negative as-
pects of any traditional Vibroseis truck, such as the unwanted vibrations induced by the
motor during operations, the higher maintenance costs, higher power consumption and
subsequent pollution. The STORM-10 used in this survey weighs 1000 kg, and it operates
10 KN of peak force in the frequency range of 3.6-240 Hz (full drive). The only concern
during operations is to keep an appropriate duty cycle that allows the batteries to recharge
properly. In this case, a safe duty cycle of 25% was used, resulting in 45 s of recharge after
every 15 s of operation. The highly repeatable signals and low internal harmonic distor-
tion result in an environmentally friendly, high-quality active seismic source.

The parameters for the source sweeps were decided after evaluating the initial QC
results in the field, by the analysis of the S/N in relation to the number of stacks per shoot-
ing point, to set the spacing of the vibration points (VPs), while also considering the op-
erational resources available for the field campaign. The VPs follow the path of the ap-
proximately 2 km long trenched linear tactical and HWC DAS fibre-optic cable (Figure 2).
The cable used in Hellisheidi has a pitch angle of 30 degrees (i.e.,, wrapping angle of 60
degrees), 25 mm diameter and was buried at a depth of about 70 cm. Supported by the
Reykjavik Energy partners, the DAS cable was installed by Silixa and is suitable for pas-
sive- and active-source monitoring [14,39,40]. The choice of using the HWC cable for ac-
tive data acquisition aims to improve the broadside sensitivity to P-waves [19], since the
standard DAS cable is sensitive mainly to longitudinal strain. In fact, the active-source
seismic target was to detect the compressional (P) wavefields expected to emerge with
near-vertical travel paths from deep structures and to provide possible information on
shear (S) components. In the framework of the active-source seismic campaign, the con-
figuration focused on the recognition of the reflected P- and S-waves for the investigation
of the deeper formations. Moreover, the active-source data obtained with the same setting
used for the passive seismic survey [14,39,40] were successfully used for velocity analysis
purposes via inversion of the first-arrival times of the signals travelling with slant travel
paths in the shallow layers.

Simultaneous recording was carried out using co-located geophones (Figure 2), with
multi-component sensors deployed for auxiliary signal analysis, enhanced monitoring
and QC based on prompt data interpretation, assisted by remote support from headquar-
ters in relevant time. We used two different types of sensors. One line of 92 SmartSolo® 3C
(SmartSolo Inc., Calgary, Canada) geophones spaced 20 m apart was installed along the
entire 1500 m length of the HWC fibre-optic cable. A second, shorter line (470 m), consisted
of 48 10-Hz 2C geophones (hereafter called TUD), recording the vertical and in-line hori-
zontal components, at 10 m intervals.

3.2. On-Field Operations and Remote QC

The remote QC of the acquired data was carried out in near-real-time, enabling rapid
decisions on acquisition parameters with the aim of optimising resources. QC included
the choice of source vibration parameters: VP interval, number of stacks per VP, sweep-
mode frequencies and length, which were tuned during the survey based on the sweep
and seismic results of the sample tests conducted at the start of the survey. For this pur-
pose, Seismic Mechatronics provided the source pilot signals. Cross-correlations of the
data with the pilot traces were computed and then stacked vertically for QC purposes to
provide interpretable data during the field operations. This process, including data con-
version, usually took several hours due to the large amount of data from the HWC DAS,
which was densely sampled both in space and time (one optical receiver per metre and a
sample rate of 1 ms). Figure 3 shows an example of a pilot signal QC for one record of the
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Time (s)

vibration point 8041, which enables monitoring of the source performance and highlight-
ing of any problems during the source vibration.

Trace number
2 3 4 5 6 7
Figure 3. Example of a pilot signal QC. The traces from left to right represent the recorded measured
reference (trace 1 in the figure), first recorded reaction mass (acceleration, trace 2), first recorded
baseplate (acceleration, trace 3), second recorded reaction mass (acceleration, trace 4), second rec-

orded baseplate (acceleration, trace 5), the external reference (trace 6) and the calculated ground
force (trace 7) as a weighted sum of the reaction mass and baseplate values for a selected vibration.

Time (s)

The remote QC was focused on validating the preliminary field seismic results by
evaluating the frequency spectrum of the signals, the quality of the pilot signals and the
quality of the correlated data (seismic response and overall S/N).

During the QC phase, only the data from the HWC DAS and the TUD geophones
were used because the data from the SmartSolo® stations were self-stored and not availa-
ble in real-time. Therefore, we could compare the SmartSolo® data with the HWC DAS
and the TUD data only after the end of the acquisition in order to highlight their similarity
and/or the difference in sensitivity in wavefield recording. The signal analysis confirmed
the good consistency of the data from different types of sensors [21]. As an example of the
consistency of the data, taking into account the different spatial density of the receivers,
Figure 4 shows (a) the in-line horizontal component of SmartSolo® geophones, (b) their
vertical component and (c) the HWC DAS signal for the vibration position 8041. The HWC
fibre does not separately record the Z and horizontal in-line events, but they combine in
the recording [21].

Trace number o Trace number i Trace number

Time (s)
Time (s)

(b)

Figure 4. (a) In-line horizontal component of SmartSolo® geophones, (b) their vertical component
and (c) the HWC DAS signal for the vibration point 8041.

The production parameters, selected as the results of the in-field and remote QC are
described below.
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Recording parameters. The seismic source was operated for the production survey
by Seismic Mechatronics in P-wave mode, i.e., it vibrated vertically. The source spacing
during production was 40 m and stacked 16 times per VP. The sweep of the E-Vibe was
15 s long, sampled at 4000 ps, with a frequency range from 2 to 150 Hz and a start cosine
taper of 0.3 s and an end taper of 0.6 s. The record length for DAS, TUD and SmartSolo®
was of 20 s, with a sampling rate of 1000 us, 500 ps and 1000 ps, respectively.

Real-time on-line data. HWC DAS data were acquired on the entire cable length us-
ing the Silixa iDAS system and shot data were provided in SEGY format. TUD were ac-
quired using the GEODE system. The output is a standard SEGY file with the collection
of the entire daily records.

Deferred-time memory data. Memory data from the SmartSolo® geophones were re-
trieved only after acquisition, downloaded from the stations’ memory and then formatted
and analysed at the office.

The seismic campaign produced a large amount of data: 59 VPs, 16 stacks per VP in
the production phase, and 944 records of 20 s each for a total of 4225 Mega-traces, corre-
sponding to 770 GB of data.

3.3. Numerical Modelling

We calculated synthetic seismograms for feasibility studies prior to acquisition to
evaluate and plan the acquisition parameters such as source geometry and spatial sam-
pling, with the aim of supporting the seismic monitoring campaign with active and pas-
sive sources in the area under investigation. Synthetic simulations during and after base-
line acquisition were computed to provide data to support QC and to help the field data
analysis. The velocity model was updated step by step with the new incoming information
from laboratory analysis, tomographic inversion and seismic velocities from processing.

We performed the seismic elastic wavefield modelling with fourth-order in space and
second-order in time using a two-dimensional finite-difference scheme based on a stag-
gered grid formulation (modified after [41]). We started with an initial 2D model roughly
designed along the DAS and SmartSolo® acquisition lines using a stratigraphic section
close to the seismic line [4]. The model —4 km long and 3 km deep—was discretised with
square pixels of 2 m on each side. After the acquisition, the initial geological model pro-
vided by TU Delft was georeferenced with higher accuracy and the topography was up-
dated according to the elevation of the sources and receivers (Figure 5).

SW NE

On line distance (m)
0 2000 4000

0 Lithological Units | Velocity

Basalt 2415 m/s
Hyaloclastite | 1768 m/s
Basalt 2600 m/s

Basalt 2975 m/s

1000

Depth (m)

2000 Hyaloclastite | 1820 m/s

Basalt 4830 m/s

N[Ol AN =

3000 Hyaloclastite | 4430 m/s

. Air Hyaloclastite O Basalt

. Intrusion —=— iDAS receiver cable

Figure 5. Hellisheidi field site geological model used for seismic simulations where the topography
was updated according to the elevation of the receivers. The main lithologies are indicated in the
legend and the receiver cable position is marked with a red dashed line. The table lists the average
velocities for the layers.

To study the wavefields propagating in the subsurface, we simulated data using a
vertical and a horizontal point source excited by a Ricker wavelet with a peak frequency
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of 20 Hz. We recorded both the synthetic vertical and the horizontal particle velocity com-
ponents.

During the different phases of the analysis, we tested several seismic models, chang-
ing the seismic properties of the layers. In the earlier stage, we used a model with average
P-wave velocities (Vp) assigned to each lithology according to their depth (e.g., [18-20]);
the density was calculated using Gardener’s relationship [42]. S-wave velocity (Vs) was
derived using a Vr/Vs ratio of 1.8, an average value estimated using the 1D P- and S-wave
velocity profiles calculated during the Control SEISmicity and Manage Induced earth-
Quakes (COSEISMIQ) Project [43]. This value is in agreement with results reported in the
literature for this area (e.g., [42-45]). We updated the P-wave velocity model by compari-
son of the field and synthetic data. Refs. [4,38] presented the results of elastic laboratory
experiments performed on several rock samples from various fresh outcrops in the area
around the Hellisheidi geothermal site, including hyaloclastites, dikes/intrusions and bas-
alts with varying porosities. The velocity model was further calibrated using the seismic
velocities from these laboratory experiments and the results of the tomographic inversion
of the first arrivals (Figure 6). Figure 6a shows the final P-wave velocity model updated
with the tomographic results and estimated properties from the laboratory measure-
ments. Figure 6b shows the S-wave velocity model updated with the laboratory results [4]
and Figure 6¢c shows the model with superimposed tomographic results, which highlight
a high-velocity body approximately in the position of the first buried basaltic layer. Figure
7 shows the comparison between the horizontal (Y) and vertical (Z) components of the
SmartSolo® data for common-shot gathers 8050 and 8041 and the corresponding synthetic
particle velocity components computed on the velocity model in Figure 6a using a vertical
point source. The comparison between synthetic seismograms and the field data had the
aim to cross-validate the laboratory results. This comparison shows a better agreement of
synthetic and real data than the previous synthetic simulations based on velocities from
the literature (e.g., [44,46,47]). In fact, Figure 7 shows qualitatively similar trends of se-
lected events (e.g., first arrivals and possible reflections), as indicated by the dotted lines
in the vertical component of the shots.
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Figure 6. SW-NE-oriented models: (a) final compressional velocity model; (b) shear velocity model
updated using the results from the laboratory transmission experiments. (¢) A blow-up of the shal-
lower part of the model (up to about 1500 m depth) in (a) with the superimposed result of the first-
break tomography. The velocity scale is the same as in (a), but a transparency has been applied to
highlight the superimposed result.
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Figure 7. Common-shot gathers: comparison between the horizontal and vertical components of the
SmartSolo® geophones and the corresponding synthetic particle velocity components for shots 8050
(top) and 8041 (bottom). Synthetic data are computed using the velocity models of Figure 6a and a
vertical point source with a 20 Hz peak frequency. As an example, the dotted lines in the vertical
components of the shots highlight the qualitative similar trends of selected events.

3.4. Signal Pre-Processing

The HWC DAS data present variable levels of S/N; moreover, coherent noise events
were identified; therefore, before proceeding with further signal analysis and multichan-
nel data processing of the 2D seismic line, some pre-processing steps were applied to im-
prove the S/N of the HWC DAS data.

The inspection of the field data showed that the HWC DAS dataset was affected by
optical noise through the whole shot records. This noise is interpreted as being originated
by the optical fibre system itself. This kind of noise consists of horizontal stripes of corre-
lated noise in the correlated data (Figure 8a) that sometimes severely mask the seismic
signal, and they are also at shorter offsets. The coherent feature of the noise and its con-
stant amplitude allowed us to develop a tool and analysis procedure to successfully clean
the signals and improve the S/N (Figure 8b). This tool performs the estimation and sub-
traction of the noise. The optical noise in the raw HWC DAS data (i.e., before correlation
and stacking) was estimated by selecting a section strongly affected by noise for each rec-
ord. The common-shot stacking of these noisy traces provides a representative trace of
optical noise for the entire gather. This trace can be replicated by building a noise gather
which is subtracted from the corresponding HWC DAS original gather. The cleaned raw
data are then correlated with the corresponding noise-free pilot signals, i.e., the vibrator
sweep, and stacked for the same VP.



Sustainability 2024, 16, 877

11 of 21

Trace number 2200 600 Trace number 2200

(b)

Figure 8. (a) Common-shot gather 8041 from HWC DAS recordings affected by optical noise (hori-
zontal stripes). (b) The same shot gather after optical noise removal and signal recovery. Data are
not filtered.

3.5. Shallow Seismic Signal Inversion

Achievement of high-quality seismic data in a volcanic environment can prove ex-
tremely difficult. This limitation is not new, and in spite of significant operational efforts,
conventional seismic reflection techniques commonly deliver poor quality data because
of diffraction and scattering, attenuation and static problems [48]. For example, the as-
sumption of laterally homogeneous media used in standard velocity analysis fails in on-
shore volcanic areas, causing degradation of common midpoint (CMP) stacking and inac-
curate background velocity models for migration techniques (e.g., [49]). Previous research
has concluded that the poor quality of most seismic reflection images within and beneath
basalts can be attributed to reverberations caused by the large contrast in the elastic prop-
erties of the interbedded clay and basalt [50].

The main goal of the acquisition and processing of the HWC DAS, SmartSolo® and
TUD data was to obtain detailed geophysical information about the subsoil of the complex
basaltic study area and to demonstrate the feasibility and application of the DAS technol-
ogies for the monitoring campaigns. The acquisition with three types of sensors gave us
the opportunity to compare the results from different acquisition methods and to validate
the results from the new HWC DAS tool (Silixa Ltd., London, UK) with those of the well-
known geophones. The dense spatial sampling of the HWC DAS along the main line pro-
vides suitable data for tomographic inversion of the first breaks. The analysis used a high
number of HWC DAS traces recorded with an optical gauge length of 10 m and a spatial
sampling of 1 m. In fact, the HWC DAS traces were suitable for refined signal analysis,
while the geophone traces were available with less dense spacing. The inversion results of
the picked first arrivals were obtained using the CAT3D OGS software program and pro-
vide velocity information and imaging of the shallower formations that were used to build
the final model, as shown in Figure 6, and to calculate the static corrections for sources
and receivers. The tomographic method is based on a ray tracing algorithm [51] for the
direct model and the iterative method SIRT (simultaneous iterative reconstruction tech-
nique) [52] for the travel time inversion. A model optimisation technique based on the
staggered grid method was also used in the first break tomography. By summing multiple
tomographic solutions obtained from a well-conditioned (low null space) base grid shifted
in the X and Y directions, the resolution of the final inversion model is increased while the
reliability of the tomographic solution corresponding to the base grid is maintained. The
resolution of the final tomographic models is 33 m in the horizontal direction, starting
from a base grid of 100 m and from 12 to 20 m in depth.
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After the inversion, the reliability of the tomographic solution was checked by ana-
lysing the time residuals (difference between the observed time and the time calculated
on the final model). The RMS value of the residuals was about 5% with respect to the
observed times, corresponding to about 6 ms, while the averaged velocity residuals com-
puted on the model pixels was about +/- 50 m/s.

The main results are shown in Figure 9.
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Figure 9. Compressional velocity section obtained from inversion of first arrivals (top), using the
simultaneous iterative reconstruction technique (SIRT) algorithm [52]. Red crosses are the shot
points. The bottom panels show the smoothed applied static corrections (yellow solid line) and
punctual static corrections (blue) for sources (left) and receivers (right), respectively.

3.6. 2D Reflection Seismic Processing

Below, we describe the processing of the HWC DAS, SmartSolo® and TUD surface
seismic reflection. The results, their comparison and the discussion of the outcomes are
provided in the next section.

Apart from the initial processing dedicated to S/N improvement, the three datasets
were processed using the same multichannel processing flow for a more reliable compar-
ison of the results. However, some steps, like trace editing and noise removal, were cali-
brated to the specific characteristics of the survey. Since the southernmost common-shot
gathers are strongly noisy, we considered only the VPs from 8020 to 8057 for HWC DAS
and SmartSolo® datasets. Because the TUD line has a shorter extension than the other two
lines, as shown in Figure 2, we selected only the VP positions from 8038 to 8053 to ensure
adequate CMP fold in the TUD dataset. The resulting maximum fold coverage of the HWC
DAS, SmartSolo® and TUD lines is 44, 22 and 14, respectively.

The HWC DAS signal was spatially sampled with a 1 m trace interval, with 1605
traces per VP. The single traces of each VP gather presented large amplitude variations
versus offset. To fix them, we individually pre-processed each VP gather. First, we nor-
malised the dataset by dividing the traces amplitudes by the RMS values calculated on
the entire gather. To strengthen the signals in the shots, we simulate a pattern of geo-
phones via a weighted moving average. The dense array of receivers provided by the
HWC DAS allows simulation of the geophone arrays in this survey by mixing, after a
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certain number of S/N trials, an adequate number of traces estimated in 45 traces using a
tapered array. Finally, we applied a time exponential power of 1 to recover the spherical
divergence in the seismic signals at higher times (Figure 10).
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Figure 10. HWC DAS gather (top) for the common-shot gather 8041 before (a) and after (b) balanc-
ing. The blue lines in the bottom of the figures are the corresponding frequency spectra.

Once the amplitudes in the common-shot gathers were balanced and recovered, the
first step of the processing was to define the geometry of the line by designing a crooked
line that smoothed the acquired 2D line, with a CMP spacing of 5 m. We decided to apply
a wider CMP spacing with respect to the 50 cm that should be used for a trace interval of
1 m to make the final stacked section more comparable with the SmartSolo® stacked sec-
tion, which has a CMP interval of 10 m, and the TUD section with a CPM interval of 5 m.

The static elevation corrections are required to correct the difference in the arrival
times due to the relevant variation in the topography (up to 150 m; see Figure 2) and in
the velocity of the shallow layers. To obtain the static values at each geophone and VP
position, we used the interval shallow velocities obtained from the tomographic inversion
of the first-break picking (Figure 9).

Before CMP stacking, we applied an exponential gain correction to compensate for
the signal attenuation and absorption in the subsoil, which is high in this volcanic envi-
ronment [53]. A band-pass filter (5-16-60-70 Hz) was used to reduce the noise components
of the signals.

We applied pre-stack predictive deconvolution, using an operator length of 400 ms
with the second zero crossing of the autocorrelation as prediction lag, and then repeated
the same band-pass filter. The next step was velocity analysis, which is also one of the
crucial points in seismic data processing, especially in volcanic environments. Through
the combined analysis of the constant velocity stacks (CVS) and the semblance analysis
applied to CMP gathers, we obtained a stacking velocity profile (Figure 11) versus time
that was used to calculate the normal moveout (NMO) corrections in the CMP gathers and
obtain the time-stacked sections (see Section 4), although the low S/N and high absorption
by the subsurface lithology made the identification of the stacking velocities non-trivial.
The HWC DAS velocities displayed in Figure 11 turned out to be the most reliable, com-
pared to the velocities obtained from SmartSolo® and TUD data, in terms of better coher-
ence in the velocity spectra, probably due to the higher spatial density of sensors of HWC
DAS. For this reason, we used these velocities for the NMO correction of the three datasets
we processed.
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Figure 11. 2D stacking velocity section calculated from the HWC DAS dataset.

The SmartSolo® data presented the similar high-amplitude values and variability as
those seen in the DAS dataset. To compensate for differences due to the different acquisi-
tion system and number of channels, we applied an ad hoc balancing to the common-shot
gathers in the pre-processing phase. We balanced the amplitude values in the common-
shot gather data by applying a time power gain and an RMS balancing (Figure 12). The
geometry of the line resulted in 143 CMPs spaced at 10 m, since the geophone spacing was
20 m, with a maximum fold coverage of 22.
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Figure 12. SmartSolo®s common-shot (top) for the common-shot gather 8041 before (a) and after (b)
balancing. The blue lines in the bottom of the figures are the corresponding frequency spectra.

The elevation static-correction values to be applied at each geophone position were
calculated using the tomographic velocity model from the HWC DAS dataset (see Figure
9). The static-correction values for the source positions are the same as used for the HWC
DAS data. After balancing, the dataset still contained some spikes, i.e., traces with high
amplitude, which we have removed shot-by-shot using an automated de-spiking tool.
Also, in this case, we ran specific editing to reduce or remove other noise components
from the data, e.g., the air wave. The next steps of the processing sequence were the same
as used for the HWC DAS dataset (i.e., band-pass filter, predictive deconvolution and
stacking), with the same processing parameters and velocity section (Figure 11).
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The TUD line presented the high amplitudes seen in the SmartSolo® dataset; there-
fore, we used the same pre-processing steps to recover and balance the seismic signal (Fig-
ure 13). Then, we applied the processing previously described for HWC DAS and Smart-
Solo® data. Results are discussed in the next section.
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Figure 13. TUD common-shot gather (top) for the common-shot gather 8046 before (a) and after (b)
balancing. The blue lines in the bottom of the figures are the corresponding frequency spectra.
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4. Results and Discussion

The project aimed to develop and use innovative seismic monitoring techniques and
hardware tools for CCUS purposes. To successfully accomplish the monitoring with an
innovative and continuous E-Vibe source together with HWC DAS, the acquisition layout
was carefully designed and planned, according to the environmental conditions and site
logistic restrictions. The fibre-optic HWC DAS cable configuration was selected for its
broadside sensitivity to record up-going signals, enabling detection of the variations in
the P-wave reflection coefficients possibly caused by the fluid replacement, and its moni-
tor targeting. The results have shown the effectiveness of the HWC DAS to record sub-
vertical up-going reflections from deep horizons, as shown in Figure 14 where deep re-
flections are observable up to 1600-1800 ms TWT. The stacked result obtained with the
HWC DAS data was band-pass filtered, keeping mainly the lower frequencies (5-16-45-50
Hz) to better highlight the reflectors and boosted by applying a weighted mix among the
traces (0.6,1,1,1,0.6). An automatic gain control (AGC) of 500 ms was applied for display
purposes only. Reflected events shown by green arrows are observable between 500 and
700 ms TWT and at about 1300-1500 ms TWT (Figure 14), which tentatively represent the
reservoirs under investigation. The final stacked time section obtained using the Smart-
Solo® data is shown in Figure 15 after application of AGC of 500 ms for display purposes
only. The final stacked time section obtained using the TUD data is shown in Figure 16
after application of AGC of 500 ms for display purposes only.

The different lateral coverage is clearly visible in the time stacked sections from the
three different acquisitions (Figures 14-16) while showing a good agreement for the same
reflected events. Despite the complex environment, some reflected energy is visible at
about 300-400 ms two-way travel time (TWT), between 500 and 700 ms TWT and at about
1300-1500 ms TWT. In agreement with [40], who analysed passive seismic data, the layers
between 700 ms TWT and 1450 ms TWT are identified as the reservoir level where we
expect the injected CO2 (after the baseline survey) to be stored. The geothermal power
plant is working and there are several injection and production wells operating on the
reservoir, which is known. Consequently, notwithstanding the poor quality of the active
surface seismic data, this tentative interpretation is consistent with the location of the res-
ervoir, after a rough time-depth conversion has been computed (not shown in this paper).
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Figure 14. Band-pass-filtered (5-16-45-50 Hz) HWC DAS stacked time section after post-stack mix
and AGC for visualisation purposes only. The green arrows and the dashed lines indicate the ex-
pected reservoirs in two-way travel time (TWT).
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Figure 15. Band-pass-filtered (5-16-45-50 Hz) stacked time section, with post-stack mix and AGC for
visualisation purposes, of the SmartSolo® data (vertical component). The green arrows and the
dashed lines indicate the expected reservoirs in two-way travel time.

QOOCE

Figure 16. Band-pass-filtered (5-16-45-50 Hz) stacked time section, with post-stack mix of the TUD
data (vertical component) and AGC for visualisation purposes. The green arrows and the dashed
lines indicate the expected reservoirs in two-way travel time.

The joint use of the auxiliary traditional surface sensors (SmartSolo® and TUD geo-
phones) provided precious data to validate the new HWC DAS technology for monitoring
purposes, showing the consistency of the HWC DAS recording signals with those of the
multicomponent geophones. The benchmarking among the three stacked sections, taking
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into account that the TUD stacked section covers a shorter path, shows a good consistency
of the same reflected events. A great advantage of the fibre-optic line is to provide, besides
permanent installations of easy deployment useful for monitoring purposes, a dense array
of receivers, spaced here with an inter-trace distance of 1 m, with gauge length of 10 m,
which allows simulation of geophone arrays in the survey by mixing an adequate number
of traces estimated, in this case, at 45.

To obtain useful information from the stacked sections (Figures 14-16) required a
processing flow capable of improving the S/N and to attenuate the strong optical and co-
herent noise. We developed a tool, based both on estimation and subtraction of the noise,
to successfully clean the signals from optical noise and improve the S/N (Figure 8b). After
array simulation, we improved the data quality to process the data, carry out the velocity
analysis and obtain the time stacked section of Figure 14 for the DAS data.

For the shallow formations analysis, the comparison between the velocities from
tomographic inversions, obtained using the HWC DAS gathers cleaned from the optical
noise, and the seismic model updated with the laboratory results highlights an area of
high velocity (Figure 9) where a shallow basaltic body has a P-wave velocity higher than
the one from laboratory measurements. One reason for this higher velocity might be the
heterogeneities of the basalts. In addition, the shallow hyaloclastite unit also seems to ex-
hibit higher velocities than the values from the laboratory measurements.

The geological model assumes that a relevant part of reservoir rocks in the studied
area are basalts and basaltic hyaloclastites. Laboratory results [4] reveal that basalt poros-
ity ranges between 22% and 51%, reflecting different depths within the subsurface, while
hyaloclastite and intrusion porosities were measured to be around 47% and 9%, respec-
tively. According to [54], the basaltic hyaloclastites are highly permeable due to their clas-
tic and very porous structure. Permeability can range between 1 x 10° mD and 6.4 x 10+
mbD. Moreover, the petrophysical analysis shows extremely variable density and P-wave
velocity values. The density ranges from 1.2 to 2.34 g/cm? and the P-wave velocity ranges
from 900 to 4050 m/s. A previous petrophysical study in Southern Iceland provided a clas-
sification of the Hjorleifshofoi hyaloclastite sequence [55]. The petrophysical and seismic
properties of the basalts are also highly variable; therefore, it would be beneficial to have
further data, for example from borehole geophysics, to calibrate and interpret the acquired
reflection seismic data and to better characterise the reservoir and the faith of injected COs.

As a second phase of the project, the same acquisition was repeated in June 2022
(time-lapse survey) using only the HWC DAS. The repeatability of the baseline and the
time-lapse surveys is of key importance in the acquisition phase; therefore, efforts were
made in repeating, as precisely as possible, the base acquisition survey parameters and
conditions. The aim of the time-lapse survey was to detect seismic differences that can be
referred to the migration of the CO2in the reservoir. Other targets for future work are the
investigation of the different wavefields in the DAS signals (acting as strain rate sensors)
and in the geophone signals (acting as velocity transducers), as well as an accurate depth
conversion of the time sections. These sections, according to the velocity profile in Figure
10, are provisionally estimated to range between the surface and depths greater than 2
km.

The work on the time-lapse survey is still ongoing and the processing of the time
lapse data is outside the scope of this paper.

5. Conclusions

This study presents the baseline active seismic acquisition using an innovative elec-
tric source (E-Vibe) and a helically wound cable (HWC) distributed acoustic sensing
(DAS) system, and the data processing for seismic imaging and monitoring purposes for
CO:2 re-injection at the Hellisheidi geothermal field in Iceland, in the framework of the
SUCCEED project. To successfully accomplish the monitoring with an innovative E-Vibe
source together with HWC DAS and auxiliary surface sensors (geophones), the acquisi-
tion layout was carefully designed and planned according to the environmental
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conditions and site logistics restrictions. The main HWC DAS line, used also for passive
monitoring purposes, was deployed by burying in a trench dug along an existing hillside
path. The fibre-optic HWC DAS configuration was selected for its broadside sensitivity to
record up-going signals, enabling detection of the variations in the P-wave reflection co-
efficients caused by the fluid replacement, which is the target of the monitoring. The active
source E-Vibe acquisition was performed in the vertical vibration mode along the same
line path of the HWC DAS. The great advantage of the fibre-optic line is to provide, be-
sides permanent installations of easy deployment, a dense array of receivers spaced in this
survey with an inter-trace distance of 1 m, with gauge length of 10 m. In the baseline sur-
vey accomplished in July 2021, a network of co-located geophones was used to character-
ise the HWC DAS seismic response via analytic comparison with multicomponent geo-
phone recordings. Signals from two geophone types were acquired alongside the HWC
DAS, 10-Hz 2C geophones and 3C SmartSolo® geophones. The comparison showed good
consistency between the different datasets: between HWC DAS and geophones and be-
tween geophones. The analysis has shown that the HWC DAS data contain wavefields
observable both in the vertical and horizontal components, thus confirming that HWC
DAS records both P-wave and S-wave signals, as well as converted waves, making them
suitable for monitoring purposes of deep reservoirs. The results obtained from the three
stacked sections from the different types of sensors highlight the same reflection zones
and agree with the results from a passive body-wave survey, where the possible storage
level is identified between 700 ms and 1450 ms. The analysis of the shallow formations
was performed by tomographic inversion of the first breaks, providing the reconstruction
of the velocity model in the shallower layers.

Synthetic modelling was used, starting from the early feasibility-study phase to sup-
port the acquisition and, later, during the seismic data processing phase. The synthetic
model was integrated from the beginning of the survey activities with results from labor-
atory transmission measurements on outcrop samples. In the subsequent phases, the
modelling was used to tune the velocity fields by comparison with the field common-shot
data, and subsequently for time-lapse simulation with the hypothesis of low changes in
percentage of the compressional velocity in the porous layer where the fluid substitution
was assumed in a preliminary analysis. During the second survey at Hellisheioi, the re-
cording parameters of the first survey were replicated to ensure repeatability for the sub-
sequent time-lapse analysis. The aim of the time-lapse survey is to detect seismic differ-
ences that can be related to the migration of the COz in the target formation.

The results of the Hellisheidi surveys indicate that the applied innovative seismic
method provides results in accordance with the available information and can provide
subsurface information during injection of CO2 and brine. It could thus be used as an ef-
fective characterisation and monitoring tool even when low quality of the surface seismic
data would not allow for a detailed characterisation. This study highlighted new and pre-
cious insights on the capabilities of HWC DAS and the new E-Vibe in volcanic areas used
for geothermal energy production.
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