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Presenter Notes
Presentation Notes
Good afternoon. This presentation focus on the development of a seismic monitoring technology for long-term plume tracking using permanent surface sources and fiber-optics sensing. This presentation is the first one of a sequence of presentations for the project Core Carbon Storage and Monitoring Research. This is Task 2 of the CCSMR project, which aims to develop technologies for the monitoring of CO2. 



Project Overview: Goals and Objectives

• Project Goal: 

○ To build a cost-effective technology for long-term timelapse seismic acquisition 
using autonomous seismic sources and receivers (SOV-DAS).

○ To improve the performance of SOV-DAS by trialing new field hardware and data 
processing methodologies. Develop best practice and guidance for incorporating 
SOV-DAS into permanent reservoir monitoring programs.

○ Leverage from active seismic and passive seismic components of the DAS 
acoustic data.

• This project will be considered a success if it is able to improve SOV-DAS performance 
such that it provides equal or better quality data as compared to current state-of-the-art 
approaches to seismic acquisition.
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Presenter Notes
Presentation Notes
Before I dive in, I would like to acknowledge the contributors for most of the work I will be showing today. The seismic monitoring in the Otway Project is led by the Curtin university group in Australia, with support from CO2CRC which is the site operator and manager. LBNL has been working for years on the different applications of fiber-optics sensing for geophysical monitoring, and in particular on developing autonomous and continuous sources. The permanent source technology I will be showing today is a results of years of from led by Barry Freifeld and Thomas Daley.



Subsurface Monitoring with SOV-DAS
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SOV-DAS permanent monitoring system
Temporally dense / Spatially sparse

Conventional campaign-based systems
Temporally sparse / Spatially dense

Surface orbital vibrator (SOV)

Distributed acoustic sensing (DAS)

Presenter Notes
Presentation Notes
So what is the motivation for permanent continuous seismic monitoring?
Well, true continuous seismic monitoring has never seen its full realization due to the high costs and complexity of conventional campaign-based systems.
The conventional approach of seismic monitoring is highly invasive on the land, not so easy to be mobilized regularly, so as a result what we see in time-lapse surveys is that monitoring is done on a yearly basis, sometimes longer
We want to provide an easy low cost platform that is specially interesting for long-term monitoring operations
For this we propose using surface orbital vibrators (SOV) and distributed acoustic sensing (DAS)
The use of fiber-optic sensing and SOVs, so both of these technologies, they are complimentary because they both allow for on-demand acquisition, continuous acquisition, and they both offer high repeatability necessary for time-lapse applications
Ultimately, we can use these technologies to enable real-time data processing for optimization and analysis, which could lead to fast decision making
Also, the ability to have the continuous acquisition and thus the high temporal sampling enable the detection of small changes that otherwise could go unnoticed.



What is a surface orbital vibrator (SOV)?

[Correa et al 2021, Geophysics]

1st generation SOV
8-80 Hz

An SOV can rotate clockwise (CW) 
or counter-clockwise (CCW)

Rotation of eccentric mass 
=> force ~ 𝑓𝑓2

3C Reference geophone buried 3 m 
below records a sweep

2nd generation SOV
8-105 Hz
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Presentation Notes
-Surface Orbital Vibrators developed in LBNL
-The main motivation for using these sources is that they are permanent sources, removing one of the biggest of repeatability which is the source position uncertainty
They also allow for remote acquisition, so they are ideal for long-term operations, such as what we expect in CCS
They are orbital sources that generate circularly polarized waves as a rotation of eccentric weights
We have used these sources in several other project, so if you have any question, feel free to reach out to me
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Objectives of experiment:

• Demonstrate continuous 
and automated seismic 
acquisition using DAS/SOV 
system

• Demonstrate automated 
seismic processing for rapid 
plume evaluation

• Decrease acquisition 
footprint and societal 
impact from seismic 
acquisition

Seismic coverage from DAS/SOV permanent system

(Isaenkov et al., 2021)

SOV/DAS demonstration: Otway Project Stage 3

Presenter Notes
Presentation Notes
The Otway project is located in Australia, in the state of Victoria. The seismic monitoring during Stage 3 of the Otway Project has the objective of demonstrating fully continuous and automated seismic acquisition by using mainly DAS and SOVs.
And with this, by fully automating seismic acquisition, the aim was to build a quasi-real-time monitoring and rapid evaluation of the plume evolution in the subsurface. Also, with the sparse source we would be able to hopefully decrease the acquisition footprint and societal impact on the nearby farm area.
So to monitor the evolution of the CO2 in subsurface, we would have an array of SOV sources on the surface coupled with DAS permanently installed in wells. In total we have 9 SOV sources and five wells with DAS installed permanently, and each source/well pair would generate a 2D transect of the plume so then we would be able to detect its movement in various directions.



24/08/2021
~10 month after injection 
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[Pevzner et. al. 2021]

CO2
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Presenter Notes
Presentation Notes
- This array of five wells and nine permanent sources produce 45 offset-VSP transects crossing the plume, every two days



Baseline and difference seismograms after migration
Detection of CO2 plume after 580 t injection
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[Pevzner et. al. 2021]

580 t 3600 t 10050 t

Presenter Notes
Presentation Notes
This figure shows the same dataset after processing, where you can see the plume corrected for its location
..



Current Status of Project and Accomplishments 

• Otway planned a shallow release experiment through a 
known fault to understand the viability of different 
monitoring methods for detecting leakage

• In preparation to the experiment, we assisted remotely our 
collaborators with the maintenance of the SOVs – some 
locations had ant infestation inside the electronic board 
which caused the power to trip

• VSP data was acquired with DAS and SOVs – in the next 
FY we plan to analyze the surface waves generated by the 
SOVs to look for changes in velocity due to the CO2

leakage

Leakage detection and cap integrity monitoring using
DAS/SOV

SOV8 computer with ants infestation.
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Current Status of Project and Accomplishments 

• The Otway Project plans to inject an additional 10 kt in 
December 2024 as part of Stage 4 of the project

• LBNL is installing one more SOV location – field work for 
installation starts on the third week of August 2024 

• LBNL sent three motors to the site (2x 10 tf and 1x 15 tf) 
and one electronic board/VFD

• SOV10 location will be towards the south of the field site 
to monitor the plume migration, which current monitoring 
techniques suggests its movement towards SE

Otway Project Stage 4 preparation

Curtin University on 
site location 

scouting

Planned 
SOV10 
location
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Current Status of Project and Accomplishments 

• Over 20 microseismic events were 
detected with DAS (Glubokovskikh et al. 
(2023))

• Most events occurred at injection 
interval – we wanted to understand if we 
could use MEQs as imaging sources for 
the CO2 plume

• Previous work on using MEQ during 
hydraulic fracturing for imaging has 
shown successful results on delineating 
fractures (Ma et al., 2024)

Feasibility of subsurface imaging using injection induced microseismic events

Observed and predicted travel times plotted on record sections for event 5.
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Current Status of Project and Accomplishments 

• Update observed P- and S-wave picks for 
microseismic events with ID 5, 6, 7, 11, 13, 20 
and 21 described in Glubokovskikh et al. 
(2023)

• Inversion  of the observed arrival times using 
tomoDD (Zhang and Thurber, 2003). The initial 
1D model was assumed to be a smooth version 
of the model used in Glubokovskikh et al. 
(2023)

• Forward modeling using the 4th order accurate 
finite difference based seismic wave 
propagation software SW4 (Sjogreen and 
Petersson, 2012)

• We perform two sets of forward modeling –
one for the background 1D model and one for a 
model with a circular disc shaped seismic 
anomaly centered on the CRC3 well 
representing the CO2 plume

Feasibility of subsurface imaging using injection induced microseismic events

(a) Final 1D velocity model. (b) Initial and final microseismic event locations.

Computational domain showing a 
hypothetical negative Vp anomaly 
around CRC3 at depth 1457 m. 
Black star marks event 5.
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Current Status of Project and Accomplishments 

• We compare the real event with the simulation

• The difference plot (right panel) shows 
reflected PP and PS, demonstrating we can 
potentially use these reflections for imaging 
the CO2 plume

• The real event (left panel) is considerably 
noisier, which makes it difficult to identify 
which reflection is associated with the plume

• However, we can see reflection on the real 
event close to the plume interval which could 
be potentially used for imaging

Feasibility of subsurface imaging using injection induced microseismic events

On the left, real MEQ event as observed on DAS in CRC3 well. On the middle, the 
simulated seismogram shows the baseline response using the background 1D model. 
The right panel shows the difference plot between the simulations of the baseline and 
after plume. The green curves are P and S travel time predictions from ray-tracing. 
Waveforms are filtered 10-40 Hz.
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Current Status of Project and Accomplishments 

SOV/DAS amplitude response to the repeated seismic signals in-situ
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Presenter Notes
Presentation Notes
Axial strain at the boundary may be discontinuous.  Like the situation that I am showing here. 

Therefore, DAS amplitudes feature jumps at the boundaries




Repeat Logging: SOV/DAS amplitude vs Rock Stiffness
DAS anomalies are clear in the direct wave

∆t (ms)

[Pevzner et. al. 2021, https://doi.org/10.1190/geo2021-0404.1]

After time-lapse deconvolution the difference 
seismograms have a strain anomaly in the plume
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Presenter Notes
Presentation Notes
The plume also manifests itself in the amplitudes of seismic signals received inside the plume. DAS provides a continuously sampled distribution of strain along the borehole. When CO2 is present, the formation as a whole becomes softer and thus, strain induced by the same incident seismic signal becomes higher
Here we show how the amplitude of the direct P-wave changes over time. You can see how the amplitudes instantly get blue once the CO2 is injected. And stays that way later. This field observation agrees with the modeling (red curve)




https://doi.org/10.1190/geo2021-0404.1


Repeat Logging: SOV/DAS amplitude vs Rock Stiffness
Scattering integral formalism to model DAS amplitude anomalies

[Glubokovskikh et al. (2024) Geophysics, accepted]

Benefits of the scattering integral (Born)

• Valid for the majority of subsurface scenarios

• DAS does not need calibration

• Easy to compute using BEM

• Easy to approximate analytically

• Underlies conventional imaging, so can do a 
joint inversion
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What we were able to do is to develop this idea into a methodology for quantitative interpretation of the DAS amplitude anomalies observed in the field 

This is an important slide and we will spend some time here.

we used a single-scattering approximation, called Born approximation

Please take this integral equation as a cartoon. We just need to know the baseline wavefield, which we do observe directly. And then, we can compute compute the deficit of density and stiffness inside the plume so that they would match the observed time-lapse changes of the DAS amplitudes

For the majority of subsurface operations the single-scattering approximation is valid. Changes of saturation and pressure do not produce drastic changes unless we are in a loose sand

Born approximation may even describe scattering on HF, where huge contrast is confined to a thin object compared to the wavelength.

Another benefit is that the method has been around for a century since Max Born proposed it. We have great practical methods for both analytical and computational treatment

And finally, Born approximation, this same integral expression, can be used for inversion of the reflected signal outside of the plume. So that we may do a joint inversion of the phase and amplitude of the DAS measurements



Repeat Logging: Microseisms vs Rock Stiffness
Modeling the baseline wavefield is challenging!!!
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• Not 1D for a 10-km range
• Averaging out multiple sources/locations
• Accurate deeper crust?

Incident Rayleigh wave 
Model vs Reality

[Glubokovskikh et al. (2024) SRL, submitted]

140 mHz
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And here is the great match that we were able to obtain. 

So let us first admit that we cannot capture the low frequency part of the spectrum and I will talk about it in a minute

However we see that the high frequency part is captured well enough

Depending on the radius of the plume, we get closer and closer to the observed values

And the overall character is the same S-shaped curve

But the characteristic frequency of the anomaly is shifted

And the amplitude of the peaks is drastically underestimated.

The reason for this is that we cannot model the low frequency Rayleigh wave

Here I compare the simulations and observations, PSD of 140 mHz with depth

Look at the big difference at depth. For the modelled values the baseline amplitude is so small that its tiny change causes a big difference. And this anomaly is indeed division by 0, where the peaks are smeared by noise

We cannot model the baseline Rayleigh wave appropriately.

And we have three excuses for that

The medium is not 1D. Transition to from the ocean crust to continental crust is close to the Otway site

Even if it is 1D what do we know about the deep crust velocities? Very little and with a very poor resolution

Also, we average out signals that are coming from all over, storms in the Atlantic, Pacific and Southern oceans

Thus, microseisms are good detectors of changes. But quantitatively it requires more work to model them






Key findings

• Maintenance of SOV-DAS involves tightening bolts on the motors and keeping up with 
pest control

• Forward seismic modeling of MEQ event during injection shows a PP and PS reflection 
due to plume, which can be potentially used for imaging

• At the Otway Project, we saw a clear change of DAS amplitudes within the CO2 plume

• DAS amplitude analysis within the plume enable repeat sonic logging for free
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Presentation Notes
To conclude my presentation: if your perception of cost-effective monitoring may afford for five deep wells, than multi-well DAS monitoring system is excellent
You can closely track daily evolution of the CO2 plume using permanent seismic sources and vibroseis trucks
You can characterize the microearthquakes produced by the injection. 
However, microseismic analysis still faces an issue of how DAS amplitudes may be translated to into calibrated magnitudes.
Then, one can use the passive/active monitoring data to history-match the injection data and get a hi-res subsurface model.



Lessons Learned and Accomplishments to Date

• Take away message: Cost-effective, long-term and continuous seismic monitoring 
of a CO2 injection can be successfully achieved with SOV/DAS 

• Detection of the injected CO2 plume with volume as low as 580 ton using the 
SOV/DAS data)

• Continuous operation for over 3 years with minimum down-time

• Remote operation and acquisition of SOV/DAS for quasi-real time monitoring

• Simultaneous passive monitoring for joint active/passive interpretation
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Next Steps

• Field work for SOV10 installation beginning in two weeks

• Injection of 10 kt starting on December 2024

• Continue to provide assistance with SOV maintenance and continuous operation

• Leakage detection test: analysis of velocity variation through surface waves on 
SOV/DAS

• Use reflections identifies on MEQ event for imaging

Continuous seismic acquisition with SOV/DAS
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