Compressive time-lapse seismic monitoring of carbon
storage and sequestration with the joint recovery model
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Carbon capture and storage
Sleipner project

Arts, R. J., et al. "Ten years' experience of monitoring CO2 injection in the Utsira Sand at Sleipner, offshore Norway." First break 26.1 (2008).



Seismic response
Sleipner project
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Arts, R. J., et al. "Ten years' experience of monitoring CO2 injection in the Utsira Sand at Sleipner, offshore Norway." First break 26.1 (2008).



Seismic imaging of CO2 plume in a realistic setting to
» mitigate risk of CO2 leakage by early detection
» lower cost of seismic monitoring
» develop publicly available open source software framework
Build industry-scale reproducible system to
» design & evaluate sensitivity of seismic monitoring for CCS
» accelerate rate of innovation

Establish a workflow
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Jones, C. E., et al. "Building complex synthetic models to evaluate acquisition geometries and velocity inversion technologies." European Association of Geoscientists & Engineers, 2012.
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Conve rSion | acoustic wavespeed [km/s]
velocity — permeability

Converted with v, Tkm/s T=> K1.63mD 1

» K permeability

>V, compressional wave speed
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Costa, Antonio. "Permeability-porosity relationship: A reexamination of the Kozeny-Carman equation based on a fractal pore-space geometry
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CO2 dynamics
two-phase flow equations

mass balance equation:

%(¢Sz’pi) +V-(pv) =pg, 1=12
inject CO» to replace water

S +S,=1

Darcy’s law:

Kk, |
V, = (VP,—gp;VZ), i=1,2

l ~

Hi

Corey model:

kri(Si) — S12

fluid pressure:

Symbol Meaning
K permeability
¢ porosity
k.. relative permeability
S; fluid saturation
P; fluid pressure
PC capillary pressure
\F Darcy’s velocity
P fluid density
U fluid viscosity
q; injection/production rate
g gravity constant
/ vector of vertical direction




https://github.com/lidongzh/FwiFlow.jl

CO2 dynamics

two-phase flow simulation

grid spacing 25m, time step 20 days
stop injection at 60th year

model extends 1.6km In perpendicular

direction
CO2 movement driven by buoyancy
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CO- saturation
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B ./B bulk modulus of rock fully
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Per Avseth, et al. Quantitative seismic interpretation: Applying rock physics tools to reduce interpretation risk. Cambridge university press, 2010.
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Idealized acquisition
replicated dense surveys
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Ideal time-lapse signal

5 X direct subtraction
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Practical challenges

time-lapse seismic monitoring of CCS

Seismic monitoring of CCS is challenging because
» seismic acquisitions NOT replicated amongst different surveys
» amplitude of time-lapse signal is very low
» noise corrupts the time-lapse signal
Existing approaches
» double & central differences
» low-cost time-lapse data acquisition & imaging w/ joint recovery model

» joint sparsity recovery for denoising




Seismic Imaging
least-squares reverse-time migration
Linearized modeling sd; = v&# @m)om; for j={1.2,n)}

LS-RTM  minimize ||6d; — VZ (m,)ém;|5

VF j(ﬁj) linearized forward modeling operator

od; linearized data

m; background model (different for each survey)
om; model parameter perturbation

n number of surveys




Lorenz, Dirk A., et al. "A sparse Kaczmarz solver and a linearized Bregman method for online compressed sensing." 2014 |IEEE international
conference on image processing (ICIP). IEEE, 2014.
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Linearized Bregman

sparsity-promoting least-squares migration

For each survey, solve

1
min A||Com||; QHC(SmHg
subject to ||[6d — VFém|5 < o

w/ linearized Bregman iterations for k= {1,2,---, niter}

uk ub — PV R (VFRSmP — §5dF)

om”~ 1 C'S,(CuFt!)

» C curvelet transform, S, soft thresholding

» Works on random subsets of shots (inversion cost (1.5 — 2) X RTM)
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SPLS-RTM on linear data




Independent imaging

Independent recovery

VFi(m;) 0 0 0
A _ 0 VFy(my) O 0
0 O 0
0 0 0 VF, (m,, )
T - 1T
x =[x/, x| b=[6d],0d], - dd,,

» vintages are not connected to each other

» image-domain coherent artifacts due to non-replicated acquisition, etc., can be
wrongly attributed to time-lapse signal
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Felix Oghenekohwo, Rajiv Kumar, Ernie Esser, and Felix J. Herrmann, “Using common information in compressive time-lapse full-waveform inversion”, EAGE, 2015.

Joint Imaging

joint recovery model

New imaging/monitoring paradigm:
» time-lapse signal assumed to be “localized”
» exploit information shared amongst different vintages
» monitoring benefits from differences in acquisition
» more robust w.r.t. noise

» recover more repeatable images




Felix Oghenekohwo, Haneet Wason, Ernie Esser, and Felix J. Herrmann, “Low-cost time-lapse seismic with distributed compressive sensing—Part 1: exploiting
common information among the vintages”, Geophysics, vol. 82, pp. P1-P13, 2017.
Felix Oghenekohwo, Rajiv Kumar, Ernie Esser, and Felix J. Herrmann, “Using common information in compressive time-lapse full-waveform inversion”, EAGE, 2015.

Joint Imaging

joint recovery model

- LV F (m;) VFi(m) 0 0

A — %Vfg(mz)
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Felix Oghenekohwo, Haneet Wason, Ernie Esser, and Felix J. Herrmann, “Low-cost time-lapse seismic with distributed compressive sensing—Part 1: exploiting
common information among the vintages”, Geophysics, vol. 82, pp. P1-P13, 2017.
Felix Oghenekohwo, Rajiv Kumar, Ernie Esser, and Felix J. Herrmann, “Using common information in compressive time-lapse full-waveform inversion”, EAGE, 2015.

Forward model

joint recovery model

AV (M) VA@m) 0 0 0 -
' LV 7 () 0  Vi(m,) O 0
o .. 0 0 0
_%VFn’U (mnv) O O O V'an (mnv )_
T T
7 — [zg,le, 7Z;zrv] b= |od, ,od,, ,od,,

» common component observed & build by all vintages =—improved images

» innovation components will also be well recovered
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Comparison
Independent vs joint monitoring

Experimental set-up:
» linearized data (inversion prime)
» fixed sparse ocean bottom hydrophones (250m spacing)
» non-replicated dense sources with varying tow-depth (12.5m spacing)
» source-receiver reciprocity
» ultra-low memory gradients w/ random trace estimation
Compare repeatability quantitatively w/ NRMS values

200 X RMS(Xl — Xj)
RMS(Xl) —I—f{]\f‘SY(XJ)7

NRMS(Xl,Xj) —

j:27...’n?}.

» small NRMS values =— better repeatability




Independent recovery
poor repeatability (NRMS > 15 %)

NRMS 18.38% NRMS=15.74%
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Joint recovery
acceptable repeatability (NRMS

NRMS=9.07% NRMS=8.83%
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CO:2 plume monitoring
leakage through fault

Location of fault

Synthetic 12-year CCS project 09

p fault above injection wellw/
12.5m width 0.50

) fault opens when pressure  _
exceeds 10” Pa

p fault closes after 3 years
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Pressure induced CO2 leakage
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Realistic seismic imaging

Imaging complications:
» free surface multiples — Born modeling w/ free-surface BC
» density variations — inverse scattering imaging condition
» nonlinear data — subtract forward simulation in background model
» inconsistent system — anti-chattering
» incorrect background model at CO2 plume — focus on top of the plume
» ultra-low memory gradient — approximation w/ random trace estimation

» random noise — joint recovery model




Noisy seismic surveys
band-limited noise (SNR = 0.0 dB)
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Joint recovery
difference between baseline & last monitor survev (NRMS = 6.92%)
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Low-cost acquisition & imaging scenarios are feasible
Joint recovery model
» improves repeatability w/o insisting on replicating surveys
» robust w.r.t. noise
Working on extension to 3D in collaboration w/ Azure
Part of development open-source framework to
» assess seismic detectability of CO2 plumes on industry scale
» reduce costs of seismic monitoring systems

» mitigate risk of CCS



Related material

Extension work by Felix J. Herrmann at W-12 Geophysical Challenges in Presalt Carbonates

Website https://slim.gatech.edu
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Our examples are reproducible located on GitHub at

> https://github.com/slimgroup/Software.SEG2021

» https://qgithub.com/slimgroup/CompassTimelapseCCS
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