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Abstract 

Geothermal energy originates from the Earth's core and is stored in rocks and fluids underground. Although 

geothermal energy is generally considered a clean energy source in terms of environmental impact, large-capacity 

geothermal power plants can emit significant amounts of CO2 as part of the generated steam. Carbon capture, 

utilisation and underground storage (CCUS) and developments for the use of geothermal resources are priorities for 

future clean and renewable energy strategies. One of the main objectives of the SUCCEED (Synergetic Utilisation of 

CO2 storage Coupled with geothermal EnErgy Deployment) project is to provide a state-of-the-art, cost-effective, and 

low-environmental impact geothermal CO2 storage monitoring technique. The feasibility of this system has been 

demonstrated at the Reykjavik Energy (OR) Hellisheiði geothermal field in Iceland, where re-injection of produced 

CO2 is taking place to permanently store the CO2 in the basaltic reservoir formation through mineralisation.  

In this work, we focus on the time-lapse active seismic-reflection survey carried out at the Hellisheiði field. The 

baseline and the time-lapse surveys were conducted during the summers of 2021 and 2022, respectively. The aim of 

the time-lapse (4D) survey was to detect possible seismic differences that can be related to the migration of the CO2 

in the reservoir, demonstrating the effectiveness of a new, low-environmental-impact, electric seismic vibrator (E-

Vibe) specially designed for the survey, and Helically Wound Cable (HWC) Distributed Acoustic Sensing (DAS) as 

a tool for CO2 monitoring in a time-lapse perspective. This is a challenging task as conventional seismic-reflection 

techniques commonly deliver poor quality data in volcanic environments because of scattering, attenuation and static 

problems.  
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1. Introduction 

Geothermal energy derives from the Earth’s core and it is stored in rocks and fluids in the subsurface. Generation 

of electricity from geothermal power dates back to the beginning of the 20th century and reached 95,098 GWh 

worldwide in 2020[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 CO2 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 are to explore and demonstrate the feasibility of utilising produced CO2 for re-injection to enhance 

geothermal performance, while also storing the CO2 as an action for climate change mitigation. The studies have been 

carried out in two existing facilities, at Kizildere in Turkey [2] and Hellisheiði 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, laboratory analysis (Janssen et 

al., 2022) as well as the development and use of innovative seismic monitoring techniques and hardware tools 

(including an electric seismic vibrator and Distributed Acoustic Sensing systems) for CCUS purposes.  

Fibre-optic sensing cables (DAS) have been shown to be suitably robust for extended duration installations in 

geothermal fields [3], making them ideal to test and assess monitoring techniques at the Hellisheiði geothermal field 

to improve the long-term repeatable monitoring with a permanent installation. In fact, the DAS technology offers 

dense spatial and temporal sampling and 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 [4], with the great advantage that DAS cables can be used also in borehole seismic surveys.  

First applications of DAS technology in geothermal reservoirs focused on passive monitoring., as microseismic, 

local, regional and teleseismic events can all provide useful information about a geothermal area on various scales 

(e.g., [5]).  Recently, some authors used vertically installed fibre-optic cable in a geothermal injection well to record 

strain rates and detect earthquakes for monitoring purposes [6]. 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 𝜗 of 

the wave is 0 degrees. The sensitivity decreases as 𝑐𝑜𝑠2(𝜗) as the angle of incidence increases, reaching its minimum 

when the wave propagation is orthogonal to the fibre (e.g., [7]). A broadside sensitivity version of the fibre optic cable 

is the Helically Wound Cable (HWC), where the sensitivity is significantly improved with the angle of incidence of a 

P-wave [8,9]. In recent years, passive monitoring of geothermal fields has been analysed utilising linear and HWC 

fibre-optic DAS deployed at the surface [10]. 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. 

This work is focused on the Hellisheiði geothermal field and includes the description and the results of the active 

seismic monitoring campaigns, where the innovative HWC DAS system together with the electric seismic vibrator 

(E-Vibe) were used. We mainly focused on the time-lapse survey performed in June 2022, to investigate the capability 

of time-lapse seismic data to provide a reliable tool to highlight the migration of the CO2 plume (dissolved in brine) 

in the reservoir, by the comparison with the baseline survey performed in July 2021. 

 

 

 

2. Seismic surveys description 

The Hellisheiði geothermal field is located in the southern part of the Hengill volcanic system in the southwest of 

Iceland, close to the city of Reykjavik. The Hengill volcanic system is constituted by a central volcano and a fissure 
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swarm with a graben structure that extends to the northeast and southwest (e.g. [11]), and it is located at the junction 

of the Reykjanes Volcanic Belt, the Western Volcanic Zone and the South Iceland Seismic Zone. The area we 

investigate in this study covers the surface projection of a fault close to the Reykjavìk Energy Geothermal Plant in 

Hellisheiði. The DAS array used as a seismic sensor consisted of approximately 1.5 km of HWC and 350 m of linear 

tactical cable, permanently installed (Figure 1). For the baseline survey only, one line of 48 10 Hz geophones recording 

the vertical and horizontal components (2C), spaced 10 m apart, and a line of 92 SmartSolo® 3C geophones, spaced 

20 m apart, were deployed along the main HWC line and the recorded data were used (Figure 1). The auxiliary well-

known geophones were used as a benchmark to validate the signals from the innovative HWC [12]. Passive seismic 

approaches to study the behaviour of injected CO2 in geothermal reservoirs using HWC have been described in [10]. 

Here, we describe the time-lapse active seismic approach for the monitoring of complex geothermal environments 

using HWC and the innovative eco-friendly E-Vibe. The advantage of HWC, besides the dense spatial and temporal 

sampling, is its broadside sensitivity, which makes it suitable for recording wavefields from deep structures, which is 

an objective of the study. There are, in fact, two main targets: the first one aims at monitoring the injected CO2 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 CO2 is expected to migrate to. 

 

 

Fig. 1. Map of the seismic lines, including HWC, 2C and 3C geophones. 

 

 

The baseline survey confirmed the consistency of the signal among the different kinds of sensors, validating the 

use of HWC [12] combined with the E-Vibe. After the baseline survey, about 12000 tons of CO2 were injected in the 

reservoir, before the scheduled time-lapse survey. Figure 2 shows the comparison of the same shot gather (EP8041) 

from HWC recorded during the time-lapse and the baseline survey, before and after optical-noise removal. HWC 

baseline data were affected by optical noise, typical in DAS data, requiring an ad-hoc procedure to remove it in the 

pre-processing phase [12]. No optical noise removal was needed for the time-lapse data, accounting for less anthropic 

noise during the time-lapse acquisition. 
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Fig. 2. (a) HWC time lapse gather (recorded in June 2022), (b) baseline gather (recorded in July 2021), (c) baseline gather after optical noise 
removal. 

 

Time-lapse seismic monitoring approach, including a baseline survey and a second (in general, more than one) 

survey performed after the injection of CO2, whose migration must be detected, presents critical issues and precautions 

should be applied to avoid those that can be managed. Commonly, conventional seismic reflection techniques deliver 

poor quality data in volcanic environments due to diffractions, scattering, attenuation and static problems [13]. The 

repeatability of the baseline and the time-lapse surveys is of key importance in the acquisition phase. 

Common events affecting the repeatability are: 1) different weather conditions, 2) different coupling of the seismic 

sources and receivers, 3) possible errors in the positioning of sources and receivers, 4) different S/N ratio due to 

environmental/anthropogenic noise. The use of permanent fibre optic installation avoids issues of receivers coupling 

and positioning. The data processing should be the same for both surveys, preserving amplitude and their relative 

ratios. Since it is impossible to recreate the identical environmental conditions (ambient noise) during acquisition over 

time, at least the denoising operations will differ in the two datasets. The seismic response data to the injected CO2 is 

obtained by the difference of the time-lapse and baseline data. Unfortunately, results coming from subtraction of pre- 

and post-injection HWC data in this complex volcanic environment are of difficult interpretation, due to both the poor 

quality of seismic data in these areas and the non-perfect data repeatability (at least for weather/environmental 

conditions), notwithstanding the efforts done to replicate the same acquisition conditions. 

3. Data analysis by non-standard approach 

The poor quality of the HWC data recorded in this volcanic environment led to poor stacked sections, mainly due 

to the difficulties in picking the coherence spectra in the velocity analysis, to obtain reliable stacking velocities. To 

try overcoming these difficulties, we develop a new specific approach for such a challenging dataset.  

As highlighted in the previous paragraph, in a time-lapse approach a first fundamental aspect is the repeatability of 

the baseline and time-lapse surveys, and a second important aspect is that both surveys’ data need to be processed 

identically. As a metric of similarity between the two surveys we chose the normalized root mean square difference 

(NRMS), calculated trace by trace within a given temporal window, and expressed as a percentage [14]: 

  

 

where 𝑡𝑙𝑡 𝑎𝑛𝑑𝑏𝑡 are the time -lapse trace and the baseline trace, respectively. 
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We applied the NRMS to the data, using both all the trace length and a selected temporal window. The results show 

that there is low similarity between the two surveys. Subtracting the two dataset, residual differences that are 

independent of changes in the subsurface conditions can be expected. These differences can be caused by different 

weather conditions during the two surveys, affecting in a different way the coupling of the source with the terrain, by, 

even small, errors in the positioning of the source, or by possible different environmental/anthropogenic noise. The 

collected data are, generally, affected by random and coherent noise. High signal amplitude differences are present 

inside every single shot and also among different shots. So, a critical point for the processing of these data is their 

normalization, keeping in mind that a true amplitude processing is desirable. To maintain as much as possible the 

amplitudes, we applied a normalization to the whole panel of each shot and the compensation for the spherical 

divergence only. Moreover, we tried an array simulation analysis thanks to the high dense spatial sampling of the 

HWC records. Array simulations enable to reduce noises and, consequently, improve the signal to noise ratio (S/N). 

Figures 3, 4 and 5 show the NRMS calculated both for the entire trace length and within a time window for data with 

no array simulation applied and for data with different array (pattern) simulations applied. We tried several array 

simulations, and eventually decided for a pattern simulation of 40 m (Figure 5). 

 

 

 

 
 

Fig. 3. NRMS of the data with no pattern simulation, calculated with the entire trace and within a window. 
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Fig. 4. NRMS of the data with pattern simulation of 20 m, calculated with the entire trace and within a window. 

 

 

Fig. 5. NRMS of the data with pattern simulation of 40 m, calculated with the entire trace length and within a time window. 

 

Thus, we focus our efforts on noise reduction with the objective to observe possible differences by comparison of 

the seismic response in selected areas of the two stacked sections, paying attention to preserve the relative amplitudes 

of the signals. A great advantage coming from the high spatial density of HWC DAS, about 1m, is the possibility to 

design array simulations, not possible with typical intertrace distances of conventional geophones. As previously 

stated, array simulations are beneficial for improving S/N, for example, in complex environments like volcanic areas. 

We performed identically the 2D seismic processing of the HWC DAS baseline and time-lapse surveys, using 

the data with a pattern simulation of 40 m. We tried several other techniques for noise reduction, in different domains, 

but, due to the weak presence of reflected energy, they did not provide the expected results. To obtain the stacked 

sections, we did more than one velocity analysis, trying to spot and enhance the weak reflections, also supported by 

numerical modelling and laboratory measurements [15]. The velocity field applied to CMP is shown in Figure 6. The 

baseline and time-lapse stacked sections are shown in Figure 7. 
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Fig. 6. Baseline velocity field (a) and time-lapse velocity field (b). 
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Fig. 7. Baseline stacked section (a) and time-lapse (b) stacked section, with amplitude normalization on CDP before stack. 

Stated that the trace-by-trace subtraction of the baseline and time-lapse stacked sections would not be effective and 

reliable, the aim of the analysis figured to detect in the time-lapse stacked section one or more differences in the 

seismic response with respect to the baseline stacked section. A S/N analysis was performed in the sections to select 

the zones corresponding to a higher S/N, where the data analysis is more reliable. The results showed that the northern 

part of the section presents a higher S/N than the southern part. In the northern part of the line the events are better 

visible and so we focused on this area. We analysed the baseline and time-lapse sections, identically normalizing the 

data in a time window, to preserve the relative amplitude.  

Some interesting differences emerge from the comparison of a detail of the two sections as shown in Figure 8. In 

the time-lapse section the red arrows indicate events between 0.9 s and 1.1 s that are not visible in the baseline survey. 

This is an important result, because it proves the effectiveness of the seismic method using HWC DAS to detect 

differences in the seismic response for monitoring purposes in time-lapse surveys. It also confirms the importance of 

the high spatial sampling of the HWC DAS cables, in order to improve the seismic signal enabling the pattern 

simulation, extremely important in complex environments as the volcanic ones. Moreover, the broadside sensitivity 

HWC DAS sensors have been validated by the comparison of the signals with the standard co-located sensors [12], 

commonly used in seismic campaigns.  

 

Fig. 8. Selected window of the time lapse (top) and baseline (centre) stacked sections. Red arrows show differences in the seismic response. At 
the bottom, the yellow dashed rectangle indicates the part of the seismic line shown in the seismic sections and the blue circle at the right shows 

the projection at the surface of the injection well bottom. 
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4. Conclusions 

This study presents the results on the use of an environmentally friendly broadband active source (E-vibe) and 

HWC DAS for time-lapse monitoring purposes at a combined geothermal-CCUS power plant. Repeated seismic 

surveys provide valuable insight into how the reservoir changes through time, enabling fluid migration monitoring. 

Reservoir changes, however, have only a small impact on the seismic data and can be masked by environmental and 

other kind of issues of repeated surveys. Complex volcanic environments commonly led to seismic poor-quality data 

due to diffractions, scattering, attenuation and static problems. In this setting, the subtraction of the time-lapse and 

baseline sections to highlight seismic differences in not effective due to the low repeatability of the surveys confirmed 

by the NRMS analysis. We focused on improving the S/N ratio of the data through the array simulation technique, 

applied to the data of both surveys, which is possible due to the higher spatial sampling of the HWC compared to 

conventional geophones. The two stacked sections, obtained with the same processing steps, have been compared in 

a selected window where we identified a higher S/N ratio. The comparison shows differences in the seismic response 

of the two stacked sections. Considering the strongly noisy data and the different environmental conditions during the 

acquisitions, the meaning of these differences should be taken with caution, and it requires further investigations with 

an integrated approach with other types of data (i.e., well logs, petrophysical information, dynamic models) to validate 

the results. From a rough depth conversion, the penetration of the source turned out acceptable, confirming the 

effectiveness of the E-Vibe and HWC pairing as a monitoring tool.  
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