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 ABSTRACT 

 

Active time-lapse seismic monitoring technology is essential for carbon storage projects due to 

its ability to track the CO2 plume evolution in space and time. The standard industry 

monitoring approach (known as 4D seismic) is to acquire one 3D seismic survey before 

injection (baseline) and a series of monitor surveys during and after injection. Assuming that 

nothing in the subsurface has changed except CO2 reservoir properties, a comparison of 

baseline and monitor surveys is supposed to highlight the presence of CO2. However, such 

surveys can interfere with other land users and require crew and equipment on site, which 

becomes expensive over years or decades of monitoring.  These factors limit the frequency of 

repeat surveys to one or a maximum two per year – and this may miss critical processes such 

as CO2 leakages or fault re-activations. 

These limitations may be addressed by a permanent seismic reservoir monitoring (PRM) 

system with permanent sources and receivers, which can track subsurface changes in near 

real-time over decades. Permanent sources can be installed on the surface or in shallow 

boreholes. Permanent receivers can be buried in trenches or also installed inside wells. 

Borehole installations are often preferred as this approach minimises the influence of weather 

and variable near-surface on sources and receivers. Permanent installation minimises land 

access requirements, allows automatisation of the system (crew is not required), and as such 

can be frequent (in some cases – daily). However, main PRM limitation is high installation cost 

as a lot of equipment is required to run the project in the first place.  

Permanent monitoring is still in its infancy and as such, no standard PRM design exists. This is 

mainly due to the different tasks and different available equipment each project has. As such, 

there is no standard way to automate the acquisition, storage and processing of the data - 

each project can have some unique new features. The work of this thesis aimed to develop 

automated data acquisition, storage, processing and interpretation of PRM data acquired at 

the CO2CRC Otway Stage 3 project with the main focus on data processing. The work is 

published in five publications. 

The first paper describes the acquisition setup, on-site data storage solution, processing and 

assessment of PRM’s initial repeatability. The initial data processing compresses the data from 

1.3 TB/day to 500 MB/day and provides good repeatability over the half-year period. The 

second publication describes the improvement of the initial workflow, and presents 
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monitoring results and their comparison with a high-lateral-resolution 4D VSP data. We 

detected the CO2 plume on the second day of injection and monitored its evolution over more 

than a year of monitoring. As the data were recorded by a rather new tool – distributed 

acoustic sensing (DAS) – it was important to compare its sensitivity versus a standard 

geophone tool. The results of the third publication shows that DAS is more sensitive to rock 

stiffness changes than geophones which needs to be taken into account. 

The forth paper studies the effect of mispositioning on 4D VSP repeatability. We found, that 

for surface 4D VSP data even a few meter mispositioning can lead to strong non-repeatability 

due to highly-varying near-surface. The last publication explores a tube wave excited by a 

permanent seismic source in a horizontal pipeline transpherring CO2 to the injector well. The 

tube wave velocity and amplitudes vary over a period of injection and we assume it could be 

used as a flow monitoring tool.  
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 INTRODUCTION AND OVERVIEW 

1.1 BACKGROUND AND MOTIVATION 

Carbon capture and storage (CCS) is a technology that involves capturing carbon dioxide (CO2) 

emissions from industrial processes or power plants, transporting the CO2 to a storage site, 

and injecting it deep underground for long-term storage. CCS technology is a key component 

of energy transition designed to mitigate climate change caused by anthropogenic carbon 

emissions. CCS technology allows capturing carbon dioxide from a refinery, iron, steel, 

petrochemical and concrete industries, and only CCS can reduce emissions generated by fossil 

fuels (IEA 2015). CCS is predicted to account for 13% of the total CO2 emission reduction by 

2050, storing 6 billion tonnes of CO2 per year (IEA 2015). “Many models could not limit likely 

warming to below 2°C if bioenergy, CCS, and their combination (BECCS) are limited” (Pachauri 

and Meyer 2014).  

1.1.1 Carbon Capture and storage projects 

CCS projects have been successfully applied to capture CO2 all around the world. As of 2022, 

196 CCS projects are in operation and 61 new CCS facilities are announced, which capture 244 

million tonnes of carbon dioxide per annum. While most of these projects capture carbon 

dioxide from industry, some capture CO2 from power plants (Mattos 2018).  

A typical CCS project includes CO2 capture, transportation, injection and monitoring. CO2 is 

captured from stationary CO2 emitting facilities (power plants, industrial facilities or natural 

gas fields with high CO2 concentration), cooled down and compressed to a liquid state, and 

transported via pipelines or vessels to the storage facility. CO2 is then injected into the 

reservoir through a borehole. There are several possible types of storage reservoirs: saline 

aquifers, depleted oil and gas reservoirs, producing oil/gas reservoirs that use injected CO2 for 

enhanced oil recovery.  

Monitoring and verification are necessary for CO2 geosequestration to manage storage 

performance and risks (Jenkins 2020). Active seismic monitoring has successfully been applied 

in several industrial-scale geosequestration projects (Ajayi, Gomes, and Bera 2019). Compared 
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to other remote sensing methods, active seismic monitoring has better spatial coverage and 

spatial resolution (Johnston 2013).  

Examples of CCS projects with monitoring and verification program are numerous (Jenkins, 

Chadwick, and Hovorka 2015). The projects are distributed widely around the globe: Otway, 

Australia (Cook 2014); US projects: Decatur (Finley, 2014b), Aquistore (Worth et al. 2014); 

Nagaoka (Kikuta et al. 2005) from Japan; Ketzin, Germany (Martens et al. 2013), Lacq, France 

(Prinet et al. 2013) and Snøhvit, Norway (Hansen et al. 2013), In Salah, Algeria (Eiken et al. 

2011). 

1.1.2 Time-lapse monitoring of CCS 

Time-lapse seismic can detect a relatively small amount of gas (Isaenkov et al. 2022), track gas 

propagation within geological media and identify leakages. Time-lapse seismic monitoring 

consists of 2D/3D surface seismic or 3D vertical seismic profiling (VSP) surveys repeated 

periodically (e.g. each year). Subsurface changes are then tracked by comparing surveys prior 

and after injection.  Such an approach is common for oil and gas projects (Johnston and 

Laugier 2012; Onuwaje et al. 2009; Amoyedo, Slatt, and Marfurt 2011); however this approach 

can be too expensive for CCS projects, especially because these projects may require very 

frequent monitoring to detect unforeseen events such as CO2 leakages from the primary 

reservoir or fault reactivation. Hence, reducing operational costs is essential for effectively 

implementing seismic monitoring on CCS projects (Correa et al. 2018).  

Moreover, onshore time-lapse seismic monitoring survey operations can be time-consuming 

(several weeks or months) and land-invasive (installation of receivers and operating seismic 

sources), and may be disruptive to other land uses. Permanent seismic reservoir monitoring 

(PRM) can address some of these issues. Permanent installations can reduce the time of a 

single survey to a few days, enable automation of acquisition and processing, and allow for 

more frequent surveys (Zwartjes et al. 2015; Isaenkov et al. 2021). In the PRM approach, 

receivers and sources are often installed in trenches and/or shallow wells, which minimises 

the land disturbance. 

Repeatability is a crucial parameter for a time-lapse seismic method. It defines how small 

time-lapse signal can be detected. For a given PRM system, repeatability would be defined by 

the chosen sources and receivers types, installations and near-surface conditions. Schisselé et 

al. (2009) compared surface, mixed, and buried permanent installations of sources and 

receivers, and showed that a buried installation has the best possible repeatability. Also, 

different near-surface conditions can result in different levels of repeatability. For example, 
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varying groundwater levels or migrating dunes can affect permanent source or receiver 

performance, resulting in seasonal variations of repeatability (Kashubin et al. 2011; Jervis et al. 

2012). 

Permanent sources can be installed on the surface or in wells for better repeatability, 

however, the latter is more expensive. Orbital vibrators (Nakatsukasa et al. 2017; Wang et al. 

2020; Dou et al. 2017) can be installed on the surface or in shallow wells (Lopez et al. 2015). 

Permanent receivers can be buried in the trenches below the surface (Pevzner et al. 2015) or 

installed in wells (geophone strings or fibre optics sensors) (Pevzner et al. 2021; Bakulin et al. 

2012).  

Distributed acoustic sensing technology (DAS) enables to convert a well equipped with fibre 

optics into a distributed array of dynamic strain sensors (Parker, Shatalin, and Farhadiroushan 

2014) with up to 25 cm channel spacing. The main limitation of using DAS is its directivity 

pattern. The sensitivity of straight DAS cables decreases as cosine squared of an angle of 

incidence for P-waves (Kuvshinov 2016). Straight fibres are not practical for surface seismic 

implementations as reflected P-waves will arrive predominantly at near-normal incidence to 

the fibre. On the other hand, for borehole deployments, DAS is a competent tool for near-

offset VSP methods where target P-waves generally travel along the bore/fibre. For example, 

the 4D DAS VSP approach provides sufficient data quality in deep-water conditions (Mateeva 

et al. 2017). 

1.1.3 CO2CRC Otway Project 

CO2CRC Otway International Test Centre (OITC) is an extremely well-characterised CCS site 

with over 16 history years of research (CO2CRC 2023). My research is a part of CO2CRC Stage 

3. The OITC is located in the Australian state of Victoria, 150 km west-southwest of the city of 

Melbourne. The Otway project intends to develop new techniques and advance existing 

methods in CCS. The development of an automated PRM technique to monitor a small-scale 

CO2 injection is one of the main objectives of the Stage 3 Otway project. 

CO2CRC Otway Project is the first Australian demonstration project of carbon dioxide 

geological storage. The Otway project is divided into three stages: Stage 1 (2004-2009) was 

focused on safe CO2 transportation, injection and storage into the depleted gas reservoir; 

Stage 2 (2009 – 2019) was focused on risk reduction during safe injection into a saline aquifer 

and monitoring of its evolution, and Stage 3 (2017 – 2022) on development of cost-effective 

subsurface monitoring.  
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The monitoring program for Stage 3 is based on the results of Stage 2C experiments and field 

trials conducted from 2015 to 2018 to study the sensitivity in detecting a small leakage by a 

time-lapse surface seismic (Pevzner et al. 2017; Pevzner et al. 2020; Cook 2014). During Stage 

2C, 15 kilotons of CO2/CH4 supercritical mixture had been injected into Lower Paaratte 

formation at approximately 1500 m depth via the CRC2 injection well.  

The main component of Stage 2C 4D seismic monitoring was a permanently deployed 

geophone array buried 4 m below the surface (Pevzner et al. 2020). One baseline and five 

monitor 3D seismic surveys were acquired during this stage (Popik et al. 2020). Also, 3D VSP 

was acquired in the CRC1 well with a ten-level geophone tool deployed at about 900 m depth. 

Additional five offset VSP surveys were acquired after each monitoring 3D seismic survey. The 

main finding during this stage, which contributed to Stage 3 design, were: 

1. Seismic properties of the Lower Paaratte formation are sensitive to the presence of 

supercritical CO2/CH4 mixture 

2. Time-lapse seismic detected the signal at every stage of monitoring starting from as 

minimum as five kt (Glubokovskikh et al. 2016; Pevzner et al. 2017; Popik et al. 2020) 

3. 4D VSP plume image agrees with surface time-lapse seismic results 

4. SOVs were proven to be a reliable seismic source with a repeatable signature and 

sufficient bandwidth 

5. Weather effects on the near-surface conditions are the primary source of the time-

lapse noise in the data (Yavuz et al. 2019)   

The first dataset with an SOV was acquired in March 2016 and showed a frequency content of 

up to 80 Hz and good repeatability (below 20% NRMS and below 0.1 ms time discrepancy) 

(Dou et al. 2017). This confirmed the feasibility of SOV as a permanent source for monitoring 

applications. However, there are two limitations related to such sources. The lack of phase 

control reduces the repeatability of the rotating eccentric masses. The produced signal 

amplitude is proportional to the square of frequency due to the rotational nature of the 

motion (centrifugal force is proportional to the angular velocity squared). This results in lower 

energy content at low frequencies. However, the source phase can be compensated during 

processing using a signal recorded by a pilot 3-component geophone buried 3 m below the 

SOV. Stacking several sweeps increases the signal-to-noise ratio, including low frequencies. 

Thus, these SOV limitations can be minimised with tailored survey design and processing. 

After the completion of the injector CRC3 well and its instrumentation with DAS fibre cable 

cemented behind the casing, several experiments were performed before Stage 3: 
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1. Correa et al. (2017) analysed geophones and engineered DAS fibre data and showed 

that DAS and geophone data are comparable for up to 1 km offset for the reservoir 

interval 

2. Egorov et al. (2018) successfully calculated and interpreted the results of FWI data for 

time-lapse DAS data 

3. Correa et al. (2018) showed a successful application of DAS VSP with an SOV for the 

detection of CO2  

Based on the successful trials of DAS VSP with an SOV, the Stage 3 PRM design is based on 

installing several permanent SOVs and wells equipped with DAS fibre to monitor injection of 

15 kt of supercritical gas was injected into the same Lower Paaratte formation via the CRC3 

well located 650 m downdip westwards from the CRC2 well. Five wells about 1600 m deep 

were equipped with enhanced back-scattering fibre-optic cables, and nine SOVs were installed 

on the surface over an area of about 1 km2. The SOVs operated every second day with DAS in 

the wells recording continuously, allowing the acquisition of a monitor vintage every second 

day.   

The main limitation of the proposed PRM system is a limited coverage. The one well-SOV pair 

images an area along one 2D transect. To verify the results of the permanent monitoring, 

additional 4D VSP monitoring was acquired. One baseline survey was acquired before the 

injection, the first monitor after five kilotons of CO2 injected and the second after the end of 

the injection (15 kilotons CO2). 

Unlike 4D seismic with a mobile source such as vibroseis, the PRM design has a small number 

of permanent sources, resulting in lower fold, coverage and repeatability. On the other hand, 

PRM can operate almost continuously, producing vintages every day. The processing 

successive vintages simultaneously can improve repeatability (Mateeva et al. 2020). However, 

the number of PRM projects with frequent acquisition is relatively small, and standardised 

processing tools for such data are yet to be developed. 

The thesis addresses seven different problems related to permanent borehole seismic 

monitoring using DAS: 

o Store enormous amounts of data daily recorded by DAS system; a 

sophisticated network and storage capabilities are required to operate such a 

system 
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o Automate the processing of such a large volume of data was one of the main 

objectives 

o Utilise data features (VSP, orbital vibrators, densely spaced vintages) for 

tailored processing to improve repeatability 

o Trace CO2 plume migration and cross-check with 4D DAS VSP data 

o Analyse the effect of source mispositioning on 4D VSP repeatability  

o Analyse the effect of rock stiffness on DAS amplitudes in a well 

o Detect and study a tube wave in a gathering line transporting CO2 to the 

injection well 

1.2 THE OBJECTIVES AND OUTLINES 

The overall objective of this thesis is to explore the methodology and processing of continuous 

borehole seismic to monitor carbon dioxide geosequestration with the help of DAS 

technology. Five publications explore PRM survey design and results, rock stiffness's effect on 

DAS, source mispositioning's effect on repeatability, and study tube waves in a CO2 gathering 

line. Below I outline more details about each objective: 

Objective 1. Develop the PRM monitoring system, automate acquisition and processing, 

develop a data storage and processing facility, study initial data repeatability. 

As discussed in the Background section, the number of PRM projects worldwide is relatively 

small. Currently, there is no common standard in the design of such projects, and every 

project has unique features. For a PRM project to run successfully, it requires reliable 

equipment and communication network, sufficient data storage, fast remote access (the 

Otway site is located in Victoria, while the operating team was in Perth, Western Australia).  

The outlined problems are addressed in Paper 1 - An automated system for continuous 

monitoring of CO2 geosequestration using multi-well offset VSP with permanent seismic 

sources and receivers: Stage 3 of the CO2CRC Otway Project. In this paper, we explain the 

monitoring system design, present the equipment connection diagrams and descriptions, and 

the data handling procedures. Initial 1.3 TB of daily data are converted to about 500 MB 

during the automated processing workflow and sent to the cloud storage to be downloaded in 

the Perth office for further processing. Images of the data at different processing steps are 

provided. The initial repeatability study shows that different SOVs have a different levels of 

repeatability, while all the wells have a relatively similar level of repeatability. Repeatability 
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decreases over time with a different rate for different SOVs and is linked to seasonal 

variations.  

Objective 2. Improve processing algorithm utilising data features (VSP, orbital vibrators, 

densely spaced vintages), detect and trace CO2 plume migration. Confirm monitoring results 

with 4D VSP.  

DAS-VSP monitoring produces 45 2D transects every 2 days and can be processed 

independently as standard offset-VSP data. However, the acquired data have several unique 

features that can be utilised to improve processing results. In Paper 2, Advanced time-lapse 

processing of continuous DAS VSP data for plume evolution monitoring: Stage 3 of the 

CO2CRC Otway project case study, we use some of these features to advance processing. VSP 

data allow the deterministic wavelet estimation using the direct wave. Knowing the wavelet 

for every vintage improves repeatability by correcting the wavelet for the effects of seasonal 

variations. Orbital vibrators can rotate in different directions, clockwise and counterclockwise, 

producing the P-wave wavefields with similar polarisations and oppositely polarised S-wave 

wavefields. We found that stacking these rotations together improves the P-wave signal and 

attenuates S-wave wavefield.  

The most important advantage of prolonged acquisition is having multiple baseline vintages, 

so that different baselines can be chosen for different monitor vintages to minimise the effect 

of near-surface variations and enhance repeatability. 

At the end of the paper, we confirm the results of the PRM by comparing them with 4D VSP 

data. Moreover, the greater level of repeatability in PRM data compared to the 4D VSP 

approach allowed the detection of previous Stage 2C plume remobilisation. This previous 

plume was injected into the same formation five years before the current Stage 3 commenced 

into the CRC2 well, which is 650 m up-dip to the east. 

Objective 3. Study and correct the effect of rock stiffness on DAS amplitudes. 

As noted in the Background, DAS is a relatively new sensor technology and differs from its 

predecessors (geophones). Most DAS interrogators measure strain rate along the fibre while 

the geophones measure the particle velocity. These differences are explored in the peer-

reviewed extended conference abstract (Paper 3) - Effect of rocks stiffness on observed DAS 

VSP amplitudes. We showed that the difference in amplitudes between the geophones and 

DAS is quite significant and can reach up to 2.2 times over a 1300 m interval. This needs to be 
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accounted for before any amplitude analysis. For this purpose, we developed a formula to 

calculate the correction coefficient based on the rock density and P-wave velocity. 

Objective 4. Study the effect of mispositioning on 4D VSP repeatability. 

In Paper 2, we compared the PRM approach against the 4D VSP seismic. During the 4D VSP 

monitoring survey, several shot points were shifted from the original baseline shot point 

locations, resulting in poorer repeatability. The number of studies of onshore mispositioning 

effect on 4D VSP repeatability is very limited. Paper 4, Effect of Source Mispositioning on the 

Repeatability of 4D Vertical Seismic Profiling Acquired with Distributed Acoustic Sensors, 

outlines such a study. It utilises data acquired during the Otway Stage 3 4D VSP experiment 

and another experiment conducted at the Curtin/National Geosequestration Laboratory (NGL) 

research facility, specifically designed to study the effects of mispositioning on the 

repeatability of 4D VSP data. We found out that spatial near-surface variations can be a strong 

source of non-repeatability when source mispositioning exceed 1-2 meters. 

Objective 5. Study a tube wave induced by a permanent seismic source in the gathering line 

during CO2 injection. 

While monitoring the carbon dioxide geosequestration at the Otway site during Stage 3, we 

detected a pellicular tube wave generated by an SOV and recorded by a surface fibre optical 

cable installed in the same trench as the gathering line. The tube wave appeared when the 

injection started and disappeared several months after the injection stopped. The properties 

of this tube wave (apparent velocity and amplitude) vary over the monitoring period and can 

probably be used for CO2 flow monitoring purposes. The design of the experiment and some 

results are described in the peer-reviewed extended conference abstract (Paper 5) Continuous 

DAS recording with permanent seismic sources reveals peculiar tube waves associated with 

the fluid flow. 

1.3 THESIS PUBLICATIONS AND THEIR RELATION TO THE THESIS TOPIC 

1. Isaenkov, R., Pevzner, R., Glubokovskikh, S., Yavuz, S., Yurikov, A., Tertyshnikov, K., 
Gurevich, B., Correa, J., Wood, T., Freifeld, B., Mondanos, M., Nikolov, S., 
Barraclough, P., 2021. An automated system for continuous monitoring of CO2 
geosequestration using multi-well offset VSP with permanent seismic sources and 
receivers: Stage 3 of the CO2CRC Otway Project. International Journal of Greenhouse 
Gas Control 108, 103317. 

 
Paper 1 describes the permanent seismic monitoring system based on a combination of 

permanent seismic sources and borehole fibre optic sensors. A permanent automated 
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continuous seismic CO2 geosequestration monitoring system was installed at the CO2CRC 

Otway Project site (Victoria, Australia) in early 2020. The system comprises five deviated 

~1600 m deep wells equipped with distributed acoustic sensing (DAS) acting as seismic 

receivers and nine seismic orbital vibrators (SOV) as permanent seismic sources. DAS recording 

is performed continuously by three iDASv3 units. Each SOV operates for 2.5 h at a time; all 

SOVs operate sequentially (during daytime only), producing a single vintage every two days. 

Each vintage consists of 45 offset VSP transects covering predicted CO2 plume migration paths 

over ~0.7 km2. An automated data processing implemented on-site reduces data volume from 

~1.3 TB/day to ~500 MB/day, with the results automatically transmitted to the office daily. 

The repeatability analysis based on pre-injection data (acquired from May to October 2020 

before the injection started in December 2020) shows that variability of SOV performance is 

the primary source of non-repeatability, while borehole measurements are pretty stable. An 

SOV waveform could reach NRMS value from 20 to 100 % within a few days. However, 

deconvolution of the seismograms with the waveform estimated from the direct wave reduces 

the repeatability to NRMS values within 10–15 %. 

2. Isaenkov, R., Pevzner, R., Glubokovskikh, S., Yavuz, S., Shashkin, P., Yurikov, A., 
Tertyshnikov, K., Gurevich, B., Correa, J., Wood, T., 2022. Advanced time-lapse 
processing of continuous DAS VSP data for plume evolution monitoring: Stage 3 of 
the CO2CRC Otway project case study. International Journal of Greenhouse Gas 
Control 119, 103716. 

 
Paper 2 explores the advantages of the PRM dataset acquired with permanent borehole DAS 

receivers and SOVs at the Otway site to monitor the injection of 15 kt of CO2 into a saline 

aquifer. The data reveal seasonal repeatability variations, mainly created by seasonal 

variations in precipitation levels. We showed that for each monitor dataset, the optimal 

baseline is the one acquired during the same season. The wavefield decomposition of P and S 

waves further improves the signal-to-noise ratio. The consistency of the source signature is 

improved using Wiener filtering. These algorithms improve the data repeatability from about 

15–20% to 10–15% of NRMS values. With such a high level of repeatability, the CO2 plume 

signal is detected on the second day of the injection. Moreover, the system detected 

remobilisation of the CO2 plume injected into the same formation 650 m up-dip five years 

earlier during Stage 2C of Otway project. The remobilisation is the result of interaction with 

CO2 injected during Stage 3. 

Furthermore, the subsequent time-lapse changes of a stable CO2 plume injected in the same 

reservoir 650 m up-dip five years earlier as a part of the previous Stage 2C were detected. 
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3. Isaenkov, R., Glubokovskikh, S., Tertyshnikov, K., Pevzner, R., Bona, A., 2020. Effect 
of Rocks Stiffness on Observed DAS VSP Amplitudes, EAGE Workshop on Fiber Optic 
Sensing for Energy Applications in Asia Pacific. European Association of Geoscientists 
& Engineers, pp. 1-5. 

 
Paper 3 examined a factor affecting amplitudes in downhole seismograms - dependence on 

rock stiffness and density at the receiver location. Unlike surface seismic scenarios, in VSP, 

there is usually a systematic change of receiver conditions as rocks naturally become stiffer 

with depth due to compaction. Thus, we expect a trend in the intensity of the seismic signals 

on both geophones and DAS, which will be more pronounced on the latter. Thus, amplitudes 

should be corrected for that effect before any quantitative amplitude analysis or migration of 

VSP data. We outline an analytical model relating the DAS measurements to rock stiffness and 

validate it using full-waveform elastic simulations. We illustrate the theory using zero-offset 

VSP data. 

4. Isaenkov, R.; Tertyshnikov, K.; Yurikov, A.; Shashkin, P.; Pevzner, R, 2022. Effect of 
Source Mispositioning on the Repeatability of 4D Vertical Seismic Profiling Acquired 
with Distributed Acoustic Sensors.  24. 

  
Paper 4 explored the mapping of the CO2 plume using 4D VSP data. Due to local activity, some 

of the monitor surveys’ shot points were shifted, resulting in strong mispositioning and a 

decrease in repeatability. Here, we study the effect of mispositioning on the repeatability of 

borehole time-lapse seismic. While the mispositioning effect has been extensively studied for 

surface 4D seismic, the number of such studies for VSP is limited. To study the impact of 

source mispositioning on data repeatability, we performed two VSP experiments at two 

onshore sites with a vibroseis source. The first study was carried out at the Otway site and 

showed that the effect of source mispositioning on repeatability is negligible in comparison 

with the effect of temporal variations of the near-surface conditions. To avoid these 

limitations, we conducted a same-day controlled experiment at the Curtin University site. This 

second experiment showed that the effect of source mispositioning on repeatability is 

controlled by the degree of lateral variations of the near-surface conditions. Unlike in marine 

seismic measurements, lateral variations of near-surface properties can be strong and rapid 

and degrade the repeatability noticeably for a few meter shifts of the source. The greater the 

mispositioning, the higher the chance of such significant variations. When the near-surface 

conditions are laterally homogeneous, the effect of typical source mispositioning is small, and 

in all practical monitoring applications, its contribution to non-repeatability is negligible. 

5. Isaenkov, R., Yurikov, A., Tertyshnikov, K., Gurevich, B., Pevzner, R., 2022. Continuous 
Das Recording with Permanent Seismic Sources Reveals Peculiar Tube Waves 
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Associated with the Fluid Flow, EAGE GeoTech 2022 Third EAGE Workshop on 
Distributed Fibre Optic Sensing. European Association of Geoscientists & Engineers, 
pp. 1-4. 

 
While monitoring the CO2 injection at the Otway site, we observed a peculiar tube wave 

generated in a horizontal pipeline that transferring CO2 to the injector well. We explored 

several seismic parameters that could potentially benefit fluid flow monitoring. If further 

studies are successful, gathering pipe monitoring can be a valuable part of future PRM 

projects. 

1.4 CONCLUSIONS AND OUTLOOK 

1.4.1 An automated system for continuous monitoring of CO2 injection 

The monitoring system designed to monitor a small-scale CO2 injection at Otway acquires a 

seismic vintage every two days and requires almost no human effort on site. Such a system 

can coexist with industrial or farm areas as it produces a tolerable level of noise and operates 

within the allowed schedule. Moreover, the borehole design minimises land use and thus 

minimises disruption with landowners. 

The repeatability analysis shows that the receivers are not affected by varying near-surface 

conditions, which improves repeatability. The wavelets emitted by the permanent sources can 

be reconstructed from the data recorded by borehole receivers. These wavelets are then used 

to correct for non-repeatability of the sources caused by varying near-surface conditions 

mainly due to seasonal weather variations. Initial wavelet repeatability after deconvolution 

achieved 10-15 % of NRMS. 

The short turnaround time (2 days) allows acquiring 180 vintages per year. This amount of 

vintages allows representing data in 3D (receiver depth - recording time (seconds) - recording 

date (days)). This new dimension (slow time) opens new possibilities for processing. 

Potentially, we could develop a machine learning algorithm to use such datasets to predict a 

more stable time-lapse signal and reduce amount of time-lapse noise. 

Krull, Buchholz, and Jug (2019) proposed Noise2Void self-supervised machine learning 

algorithm to suppress random noise on images. It utilises the ability to predict a pixel signal 

based on neighbour pixels but not the noise (if noise is random and cannot be predicted). 

Birnie et al. (2021) expanded Noise2Void application to process seismic data. Its applications 

seems promising for Otway SOV data, as neighbour vintages contain similar time-lapse signal 
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but time-lapse noise at least partially random. This could improve the detection of smaller 

scale signals. 

The system is designed for each SOV to operate for 2.5 hours one after another and thus it 

takes two days to run all SOVs to acquire a full vintage. Potentially, several SOVs can run 

simultaneously if operated at different frequencies. The recorded data will contain signal from 

several SOVs but the data can be deblended in frequency domain. For example, if two SOVs 

could be run simultaneously, we could acquire a full vintage a day or use this data to improve 

signal-to-noise ratio by about 1.4 times. 

Seismic monitoring program for Stage 3 was designed to monitor a small-scale injection, much 

smaller than any commercial size CCS projects. However, all of the components used in Stage 

3 are ready to be deployed to monitor larger-scale injections.  

4D VSP with DAS has already been successful in reservoir monitoring in oil & gas industry 

(Mateeva et al. 2017). The Otway site was the first site instrumented with engineered fibres 

for DAS sensing, but this can be directly translated to any other projects. Furthermore, 4D VSP 

on land can potentially be replaced with a near surface array comprised of buried 

omnidirectional DAS cables or a series of shallow instrumented wells. This is an important 

subject of future research.  

SOVs are powerful enough to be used as permanent seismic sources for large offsets. The 

downside of the SOVs is relatively poor repeatability. Stage 3 explicitly benefited from VSP 

geometry, which allows compensation of the recorded signal for seasonal variations of the 

SOV signature (similar problems are likely to arise with conventional seismic sources). As such, 

we believe that even if SOVs can be paired with a surface receiver array, there has to be a 

downhole array in the vicinity of SOV to control the far-field signature. 

The range of problems and the type of monitoring appropriate for a large-scale injection that 

can be solved using DAS/SOV pair is somewhat different compared to Stage 3. Most likely, the 

role of this type of surveys will be in conformance monitoring or a “perimeter” monitoring 

where a ‘fence’ of wells and SOVs can be monitoring critical transects. 

1.4.2 Advanced time-lapse processing of continuous PRM data 

Analysis of a year-long dataset with two days of sampling in slow time shows that seasonal 

changes in the near-surface are the primary source of non-repeatability. The difference can be 

as much as 40 % NRMS. These variations are mainly created by weather changes in different 

seasons, affecting soil physical properties. We created several techniques to minimise the 
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effect of these variations on time-lapse data. We stack clockwise and counterclockwise 

rotations of the orbital vibrator to reduce the non-repeatable shear-wave wavefield. This 

works by decomposing circular polarisation of the source into vertical and horizontal 

components. The vertical component contains mainly P-wave energy while the horizontal 

component produces mainly S-waves. Thus, the vertical component has significantly less S- 

and SP- wave energy compared to original data. This procedure involves stacking which, also 

improves the signal-to-noise ratio by about 40%. 

To minimise the effect of seasonal variations, we developed a ‘smart’ baseline selection 

processing workflow. We select the best matching vintage from the extended 90 vintage 

baselines for each monitor vintage to account for the seasonal variations in the data. This 

reduces NRMS from 15% to about 12 % NRMS on average. For future applications, I would 

recommend to have a longer baseline – a year in our case – to record most of the possible 

weather variations. The length of the baseline is likely to be dependent on the climate of the 

area and near-surface conditions. Also, it is possible to employ a neural network to select a 

linear combination of all base vintages to create the best-matching baseline. It would improve 

the current implementation of a single-vintage baseline or several-vintages baseline, whose 

selection is based on a single attribute. 
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1.4.3 Despite the low fold of the data in the continuous offset VSP setup, due to high level of 

repeatability the CO2 plume was detected as early as two days after the start of the 

injection. Furthermore, the data reveal possible re-mobilisation of a pre-existing plume 

created by a previous injection in the same reservoir. Potentially, such a system can be 

employed for CO2 dissolution monitoring. Gradual dissolution of CO2 in the brine will 

result in changes of P wave velocity and density, however these changes are likely to be 

quite small. However, the monitoring system with high enough repeatability can 

potentially detect it. Effect of rock stiffness on observed DAS VSP amplitudes 

Receiver sensitivity depends on local stiffness and density of rocks at the receiver location, 

leading to systematic spatial variations changes of the measured strains. It is thus crucial to 

consider this variation when analysing seismic imaging or amplitude. The effect of rock 

stiffness on DAS sensitivity is higher than that of geophones, with field experiment data 

indicating a maximum difference of almost 7 dB (2.2x times) over a 1300 m interval. To avoid 

significant errors, this effect must be taken into account during DAS amplitude processing and 

interpretation. 

The conversion filter from particle velocity to DAS reveals that DAS is not precisely a strain 

rate. It behaves like a strain rate at low wavenumbers and small gauge and pulse lengths but 

differs under other circumstances. Despite various perspectives in the literature, it is still 

unclear what DAS measures due to internal interrogator processing. To create an appropriate 

filter for rock stiffness effect compensation, understanding the output units of DAS is 

necessary. Thus, further research on the recorded units of DAS is required.  

1.4.4 Effect of source mispositioning on 4D VSP repeatability 

We studied the effect of mispositioning on repeatability based on two experiments. The 

experiment at Otway shows domination of seasonal repeatability variation effect on 

mispositioning. The second same-day experiment was designed to avoid seasonal variations 

and simulated mispositioning from tens of centimiters to tens of meters.  

We observed zonal distribution of repeatability, which is related to spatial variations of near-

surface conditions. The effect of near surface on repeatability is significantly larger than the 

one from mispositioning. However, in presence of strong lateral variations in near surface 

conditions, source mispositioning as small as several meters can lead to a significant decrease 

in repeatability. Thus, we suggest keeping mispositioning as small as possible, preferably 

within the 1-2 meters to avoid strong non-repeatability. 
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We studied only the effect of mispositioning on repeatability, not the processing techniques to 

improve repeatability in such a case. In our study, all the shot point were correlated with the 

same synthetic sweep signal. Possibly, correlation with the on-plate sweep recording or 

signature deconvolution could partially recover repeatability. Such a study would be of a great 

interest. 

1.4.5 Continuous DAS recording with permanent seismic sources reveals peculiar tube waves 

associated with the fluid flow 

The transportation of CO2 through pipelines is an important component of CCS technology, 

which involves capturing CO2 from industrial processes and storing it underground. During the 

injection of CO2 into an underground reservoir, seismic sources are commonly used to monitor 

the propagation of the CO2 plume. However, these seismic sources can also excite tube waves 

in the horizontal pipeline, which can affect the properties of the CO2 flow. 

Our results show that the tube wave parameters, such as the wave velocity, vary over time 

during the injection of CO2 into the pipeline. We assume that these variations are linked to the 

properties of the CO2 flow, such as the flow rate, pressure, and temperature. However, 

theoretical and physical modelling are required to prove this hypothesis. If successful, a 

combination of DAS and permanent seismic source can be used for continuous monitoring of 

the CO2 flow. 
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