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Summary 
Time-lapse vertical seismic profiling (VSP) is one of the technologies for 

monitoring of hydrocarbon production and CO2 geosequestration. This methodology 

has become more attractive in recent years due to the introduction of distributed 

acoustic sensing (DAS), which uses fiber optic cables instead of more traditional 

geophones as seismic receivers. Despite these technological advances, using 

traditional quantitative interpretation methods of time-lapse VSP data is challenging 

due to the irregular distribution of source-receiver offsets, which is not an issue for 

surface seismic where these methods are used. One way to overcome this challenge is 

to use full waveform inversion (FWI), which does not require regular offsets. I present 

a workflow of elastic FWI applied to offset vertical seismic profile data for the purpose 

of identification and estimation of time-lapse changes. Application of this workflow 

to both synthetic and field geophone VSP data shows that elastic FWI is able to detect 

and quantify the time-lapse anomaly in P wave velocity with the magnitude of 100–

150 m/s introduced by the injection of CO2.  

Standard FWI algorithms are developed for use on data corresponding to 

particle velocity, often measured along the three dimensions. DAS, however, measures 

a single quantity, which is an approximation of the strain or strain rate along the fiber. 

Thus, the application of these methods to DAS data requires conversion of DAS data 

to particle velocity along the fiber. I present a filter that converts DAS VSP data into 

an estimate of particle velocity along the fiber. Field measurements show that the 

conversion result is close to vertical particle velocity as measured by geophones. I 

apply the earlier proposed FWI workflow to a multioffset DAS data set acquired at the 

CO2CRC Otway Project site in Victoria, Australia. FWI reveals salient subhorizontal 

layering consistent with the known geology of the site. Tests on synthetic data show 

that DAS can be used together with permanent sources for permanent monitoring using 

FWI. Tests also show that the results of such monitoring can potentially be improved 

using alternative FWI strategies. 

  



Introduction 
Time-lapse seismic is an established technology for monitoring hydrocarbon 

production and CO2 sequestration. Onshore seismic monitoring is mostly conducted 

using surface 3-D seismic surveys, which are sometimes complemented with 

offset/walkaway/3-D vertical seismic profile (VSP) surveys (Daley et al., 2008). VSP 

has a number of advantages over surface seismic, as the receivers are placed closer to 

the target and the level of noise on VSP data is significantly lower. However, 

quantitative interpretation (QI) of VSP data by established methods, such as 

amplitude-variation-with-offset (AVO) inversion, is challenging, due to irregular 

offset distribution. One way to overcome this challenge is to apply full waveform 

inversion (FWI), which does not require regular illumination of the target. 

Furthermore, VSP data have certain properties that make it particularly suitable for 

FWI. VSP gathers are generally low noise and contain no surface waves, which are 

difficult to model and may not be repeatable due to variations of near-surface 

properties. Also, the presence of strong transmitted waves on VSP data provides a 

reliable starting tomographic model and a constraint on velocity changes, so that the 

data can be successfully inverted without very low frequencies (Neklyudov et al., 

2013). 

The objective of this work is to create a 2D FWI workflow that is capable of 

detecting localized changes in the subsurface, such as a small amount of injected CO2, 

using VSP data. In recent years, the VSP method is receiving more attention due to the 

introduction of Distributed Acoustic Sensing (DAS) (Parker et al., 2014) – a novel 

acquisition technology, which allows one to use fibre-optic cables as seismic receivers 

suitable for VSP. Relatively low price and the suitability for permanent installation 

makes DAS a promising solution for monitoring, so this FWI workflow needs to be 

applicable to DAS VSP data, as well as to traditional geophone VSP data. 

This document is a short abstract of the thesis that I prepared to complete the 

joint PhD program between Lomonosov Moscow State University and Curtin 

University. This abstract contains the main results of the research conducted during 

the PhD and uses the text and figures from the published papers and abstracts. The 

thesis is in the Russian language.  

  



Chapter 1 Current state of time-lapse Vertical Seismic Profile 
VSP is a seismic exploration method that involves placing the seismic receivers 

in a well, while the sources remain on/near the surface of the Earth. Originally, the 

idea of measuring the seismic wavefield in wells was expressed in a patent by 

Fessenden (1917). Seismic datasets acquired with VSP geometry had been used since 

then (Levin and Lynn, 1958), but the method only acquired its English name and 

gained popularity after the translation of the “Vertical Seismic Profiling” textbook into 

English by Galperin and White (1974).  

Today, in most cases, traditional seismic imaging methods are applied to VSP 

data, such as Kirchhoff migration (Dillon, 1990) and more modern reverse-time 

migration (Shi and Wang, 2016). QI of VSP data is rarely performed. If QI is 

performed, it is, in most cases, a modification of AVO used to determine the properties 

of the reservoir (Leaney et al., 1999). The application of traditional QI methods to VSP 

is complicated due to the uneven illumination of the target. 

Recent years showed a rise of interest towards FWI of VSP data as an 

alternative to the existing QI methods. There are a number of published examples of 

successful elastic FWI applications to VSP (Charara et al., 1996, Owusu et al., 2016). 

However, there are very few cases of FWI of VSP data being used for seismic 

monitoring. In one example, Liang et al. (2013) were able to quantify the changes in 

the medium introduced by the steam injection in a heavy oil field using acoustic FWI. 

Yang et al. (2014), however, were unable to detect the time-lapse difference in 

velocities introduced by the CO2 injection using FWI, which was partly attributed to 

the survey geometry (the receivers were placed above the target, which was therefore 

illuminated only by reflected waves). 

To this day, there are no published examples of QI of VSP data acquired with 

DAS sensors. Several successful applications of DAS VSP as a tool for subsurface 

imaging have been reported, particularly for reservoir monitoring (Mateeva et al., 

2014). 

  



Chapter 2 Time-lapse FWI strategies and the preprocessing 

workflow 
For the time-lapse inversion of the field VSP data, a strategy needs to be chosen 

and the field data preprocessing flow needs to be developed. These two problems are 

explored in the separate sections of this chapter. This chapter contains material from a 

paper submitted to the Geophysical Prospecting journal, but not yet published. 

2.1. Comparison of different strategies for time-lapse full waveform inversion 

Full waveform inversion (Virieux and Operto, 2009) involves finding the 

minimum of an objective function that measures misfit between measured and 

modelled data: 

min ( )mC     (2.1) 

The goal of FWI lies in finding a model of the subsurface that explains the 

observed data. The objective function acts as a measure of similarity between the 

observed and modelled datasets. In most cases, the least-squares objective function is 

used: 
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where m is the model vector, Δd is the data misfit vector, i.e. the difference between 

the observed and modelled datasets, s denotes summation over all sources and * is 

conjugate transpose. Here, for simplicity, no weighting is applied to the misfit between 

the modelled and field data. 

In traditional FWI, minimization is performed using local iterative gradient-

based techniques, the gradient is obtained using the adjoint-state method (Plessix, 

2006). For optimization, steepest descent, conjugate gradient, L-BFGS, Gauss-Newton 

or Truncated Newton methods can be applied. Forward problem can be solved using 

finite-difference or finite-element methods. 

A few approaches exist for the estimation of time-lapse changes using FWI. In 

most cases, the inversion of baseline and monitor datasets is being conducted 

separately and sequentially. The difference between the baseline and monitor inversion 

results is considered to be the time-lapse difference. The result of baseline inversion is 

almost always taken as the initial model for the monitor inversion. The inversion of 

the monitor dataset is sometimes modified by introducing an alternative misfit, such 

as double-difference (Denli and Huang, 2009): 
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Here B and M denote baseline and monitor datasets respectively. The 

advantage of the double-difference strategy is that it prevents the inaccuracy of the 

baseline model from influencing the time-lapse image. Sometimes, the changes 

introduced by FWI are restricted to a certain localized region (Asnaashari et al., 2015), 

which is called “target-oriented” or “localized” FWI. In this thesis, I perform 

sequential inversion of baseline and monitor datasets. The monitor data is inverted 

both with the traditional least-squares misfit and with the double-difference misfit. 

There are also examples of joint inversion of baseline and monitor data (Maharramov 

et al., 2016), but these methods are currently out of scope of our research. 

To assist FWI in computing the time-lapse image, I suggest using constrained 

optimization methods for the monitor inversion, such as L-BFGS-B (Byrd et al., 1995). 

Constrained optimization imposes box constraints on the solution of the problem (2.1), 

which can be expressed as follows: 

l m u       (2.4) 

Depending on the a priori sign of parameter change, the baseline inversion 

result is set as a lower or upper L-BFGS-B bound for the monitor inversion. If the 

baseline inversion result is set as a lower bound, the monitor inversion is not allowed 

to decrease the parameter. If the baseline inversion result acts as an upper bound, the 

monitor inversion is not allowed to increase the parameter. 

To determine the amplitude and direction of changes in subsurface properties, 

accurate analysis of the expected time-lapse response is usually performed before 

conducting the field seismic survey (Caspari et al., 2015). However, such analysis is 

not required for the presented method. In this study, only the general knowledge about 

the sign of the changes of elastic parameters acts as prior information. 

Below, a comparison of the discussed methods is displayed using a simple 

horizontally-layered model. The inverted frequency band is 8-36 Hz, multiscale 

approach is applied for the inversion (Bunks et al., 1995). Baseline inversion results 

are shown in Figure 2.1. To model the time-lapse response, I place a 30 m thick CO2 

plume at ~1100 m depth. The small thickness of the plume together with rather narrow 

frequency band allows me to display the advantages of the bound constrained time-

lapse inversion. The differences in the subsurface properties introduced by the CO2 

plume are as follows: dVP=-200 m/s, dVS=35 m/s, dρ=-80 kg/m3. 



The monitor inversion results are compared to the true differences in properties 

in Figure 2.2. The sequential inversion results shown in the second column are 

contaminated by the time-lapse noise, which is caused by the inaccuracies of the 

baseline model. If the double-difference objective function is used, the events that were 

not explained by the baseline inversion are removed from the misfit, which makes the 

double-difference monitor inversion (Figure 2.2, third column) less sensitive to the 

inaccuracy of the baseline model (Asnaashari et al., 2015). 

In both the sequential and double-difference results, dVP is underestimated, dρ 

is overestimated and dVS is slightly overestimated. All around the main image of the 

plume, secondary maxima/minima with the opposite sign of time-lapse changes can 

be seen. Application of the bound constrained inversion (Figure 2.2, fourth column) 

helps to get rid of these secondary maxima/minima in the time-lapse image. 

 
Figure 2.1. Baseline inversion result. VP (a-c), VS (d-f) and density (g-i) models: true (a, d ,g); 
initial (b, e, h) and inverted (c, f, i). Walkaway VSP geometry is used, sources and receivers 
are displayed. 

This study shows that sequential inversion with conventional L2 misfit is 

feasible only when the misfit of the baseline inversion is small relative to the time-

lapse difference (i.e. baseline inversion is accurate). Double-difference and bound-



constrained double-difference strategies can improve the inversion results 

significantly. 

 

 

 
Figure 2.2. True difference in subsurface properties compared to time-lapse inversion results. 
VP (a-d), VS (e-h) and density (i-j): true differences (a, e, i); sequential FWI results (b, f, j); 
double-difference FWI results (c, g, k); double-difference FWI results with bounds (d, h, l). 

2.2. Preprocessing of time-lapse VSP for time-lapse full waveform inversion 

This section contains the preprocessing flow that I developed specifically for 

the purposes of the time lapse VSP FWI, which looks as follows: 

1) Correlation 
2) Orientation of horizontal components 
3) QC 
4) Noise removal 
5) Regularization 
6) Converting the zero-phase vibroseis data to minimum-phase 
7) Wavelet estimation 
8) Deconvolution (optional) 



9) Conventional processing steps: setting maximum inversion time, 
resampling, top muting 

10) Conversion to 2D amplitudes 
11) Data windowing for the inversion 
12) Quality control of the starting model 

Most of the procedures in the workflow are conventional for VSP processing. 

Here, we focus only on the stages of the workflow that are unconventional or 

particularly important. 

The quality control of the data is critical for successful application of FWI. Bad 

traces, if not removed, introduce noise into the misfit gather (Figure 2.3), which may 

influence the reconstructed models. 

 
Figure 2.3. Field gather with bad traces (a), synthetic gather at the first iteration (b) and their 
misfit (c). The highest amplitudes in the misfit occur at the locations of bad traces. These high 
values of misfit will deteriorate the inversion results unless the traces are removed. 

The deconvolution, though it is the only optional step in the flow, helps to 

highlight and control the time-lapse changes in the data (Figure 2.4). 

 
Figure 2.4. Field VSP gathers (vertical component) for baseline (a, d) and monitor (b, e) 
surveys and their difference (c, f) before (a-c) and after (d-f) deconvolution. The arrow on the 
difference between gathers after deconvolution shows a reflection from the CO2 plume. 



The inverted field data has 3D geometrical spreading, while 2D FWI involves 

2D wave propagation with 2D geometrical spreading. I apply the conversion strategy 

described by Pica et al. (1990) due to its simplicity and suitability for VSP geometry. 

At the first iteration (which means on the lowest frequency of the low-pass 

filter in the multiscale approach), one can check the quality of the VP and VS starting 

models by comparing (and overlaying) both components of the preprocessed field 

gathers and the synthetic gathers calculated in the starting model. If the gathers were 

preprocessed correctly and the signal was estimated correctly, the wavelet shapes of 

the direct P wave on the synthetic and field gathers will be identical. If there is little to 

no cycle skipping (e.g. Figure 2.5, where the cycle skipping does not occur in both P- 

and S- waves apart from the direct S-wave on shallow receivers), then the starting 

models are good enough. 

 
Figure 2.5. The quality control of starting models for the vertical (a) and horizontal (b) 
components. Field gathers are shown in color, synthetic gathers are shown as traces. Almost 
no cycle skipping is observed for the direct waves. The red in the field data almost always 
corresponds to the black wiggles in synthetics (within half a period). 

  



Chapter 3 FWI of VSP datasets acquired with geophones 
The following chapter is based on the paper by Egorov et al. (2017) and the 

abstract by Egorov et al. (2018b). It borrows figures and text from both the paper and 

the abstract. 

We conduct time-lapse FWI of synthetic and field VSP datasets in order to 

acquire an image of the time-lapse changes introduced by the CO2 injection. Only 

offset VSP geometries are considered due to the fact that they record direct waves, 

which facilitate the FWI workflow (Neklyudov et al., 2013). Seismic receivers are 

placed both above and below the CO2 plume. 

Synthetic datasets were computed using a model of the Otway site in Victoria, 

Australia (Glubokovskikh et al., 2016, Caspari et al., 2015). Field time-lapse VSP 

datasets we invert were acquired during Stage 2C of the Otway project. Stage 2C of 

the Otway project involved an injection of 15,000 tons of CO2/CH4 gas mixture into 

a saline aquifer at ~1500 m depth. Offset VSP, walkaway VSP and 3D VSP surveys 

were acquired. Here, we use only offset VSP data. There are four offset VSP shot 

points on the site. Six surveys were conducted – a baseline and five monitors. For this 

study, we use a baseline dataset and a dataset from the monitor survey acquired directly 

after the end of 15,000 t injection. 

We conduct elastic time-domain FWI implemented in an open-source 

inversion package (Köhn, 2011, Köhn et al., 2012). We first update the baseline 

velocity model using the baseline dataset. In order to mitigate the nonlinearity of the 

inverse problem, the multiscale approach by Bunks et al. (1995) is applied, that is, the 

baseline inversion is carried out from low to high frequencies by applying high-cut 

Butterworth filters to the inverted data. The high-cut filter slope for the first iteration 

is placed at 12 Hz frequency. When the misfit change between two consequent 

iterations is small enough, the slope is progressively shifted to 80 Hz in steps of 1 Hz. 

To obtain the time-lapse image, sequential strategy is used, i.e. baseline inversion 

result is taken as input to the monitor inversion. As the misfit of the baseline inversion 

is small, inversion strategies with the conventional L2 misfit and double-difference 

misfit produce similar results, so the results for the conventional L2 misfit are shown. 

In Figure 3.1, baseline inversion results for single-offset VSP geometry are 

displayed. The synthetic data being inverted was generated using a 2D finite-difference 

code. In Figure 3.2, time-lapse image of the difference in VP obtained by the inversion 



is compared to the true VP difference between the baseline and monitor models. 

Sources and receivers are displayed on the models. Maximum receiver depth is 1800 

m. 

 
Figure 3.1. Single-offset VSP baseline inversion results: true VP model (a), initial VP model 
(b), inverted VP model (c), inverted VS model (d), inverted density model (e). 

 

 
Figure 3.2. Single -offset VSP time-lapse inversion results: true change in VP (a), inverted 
change in VP (b). 

In Figure 3.3, we show the FWI result obtained by inverting a baseline field 

single-offset VSP dataset (offset 1035 m) from Stage 2C of the Otway Project. In 

Figure 3.4, we compare the time-lapse images of the CO2 plume obtained by the FWI 

of shot points 1 (offset 825 m), 2 (offset 1035 m) and 3 (offset 1082 m). The quality 

of the inversion result for shot point 3 is lower due to lower repeatability of seismic 

data for this shot point. Still, all three images produced by FWI are easier to interpret 

than the result of conventional processing of time-lapse VSP data (Figure 3.5). 



 
Figure 3.3. Field single-offset VSP baseline inversion results: initial VP model (a), initial VS 
model (b), initial density model (c), inverted VP model (d), inverted VS model (e), inverted 
density model (f). 

 
Figure 3.4. Field single-offset VSP time-lapse inversion results. Images of CO2 plume 
identified by the inversion of VSP data from different shot points: shot point 1 (a), shot point 
2 (b) and shot point 3 (c). 

 
Figure 3.5. Field single-offset VSP time-lapse processing results. Images of CO2 plume 
identified by conventional processing of time-lapse VSP data from different shot points: shot 
point 1 (a), shot point 2 (b) and shot point 3 (c). 

  



Chapter 4 FWI of VSP datasets acquired with DAS 
The following chapter is based on the paper by Egorov et al. (2018c) and 

borrows figures and text from the paper. 

Distributed acoustic sensing (DAS) is a novel field acquisition solution, a 

technology that enables recording of seismic data using fibre-optic cables instead of 

traditional receivers such as geophones and hydrophones. Since permanent installation 

of DAS cable is possible, it can be conveniently used for reservoir monitoring. In most 

published studies DAS VSP data are analysed using conventional VSP imaging 

techniques. Our objective is to apply elastic 2D FWI to a field onshore VSP dataset 

acquired with a DAS recording system and a seismic vibrator source. Existing FWI 

methodologies use input pressure or particle velocity recordings, and hence cannot be 

directly applied to DAS measurements. While a new inversion technology may be 

developed that will directly use the strain measurements supplied by DAS 

(Podgornova et al., 2017), we opt for converting DAS recordings to vertical 

component of particle velocity instead. 

DAS systems measure strain or strain rate, a temporal derivative of strain 

(Parker et al., 2014). Figure 4.1 shows a schematic diagram of a DAS measurement. 

 
Figure 4.1. Schematic of DAS measurement. G  is the gauge length, L  is the pulse width. 

We come up with a conversion filter that transforms the DAS response into 

particle velocity: 
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z axis follows the fiber and kz is the vertical component of the wavenumber. The filter 

is to be applied after the Fourier transform along the fiber. As the filter might have 



zero values in the denominator, it is convenient to regularize it as follows (Hatton et 

al., 1986): 
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Or, if in the given wavenumber band at least one of the sine functions in the 

denominator has negative values, as follows: 
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An example of such a conversion applied to a DAS seismic gather acquired in 

the field for different values of γ is presented in Figure 4.2. A geophone gather is shown 

as a reference. It can be seen that quite an accurate conversion is possible. Only the 

events with near-infinite apparent velocity are not reconstructed (green rectangle), 

which remains the only limitation of the proposed algorithm. This limitation is related 

to the fundamental physical constraints of DAS systems. Choosing the regularization 

coefficient is subjective. The process of choosing this parameter is outlined by (Correa 

et al., 2017). It involves starting with a very small  (almost unregularized) and 

increasing it gradually. 

After DAS gathers are converted to the vertical component of particle velocity, 

they can be inverted with the traditional least-squares FWI (Virieux and Operto, 2009, 

Köhn et al., 2012). Our FWI workflow is similar to the workflow we use for the 

inversion of geophone VSP data (Egorov et al., 2017). We apply conventional elastic 

FWI to the converted data excluding the source-generated S-wave from the field data 

inversion (Figure 4.3). In the field data, these waves lack high frequencies, possibly 

due to complex wave propagation in the near-field of the source. Not including this 

wave into the inversion leads to poor quality of recovered S-wave velocity and density 

models. However, the workflow still provides a realistic estimate of P-wave velocity. 

The P-wave velocity model estimated by FWI of field VSP dataset acquired with DAS 

recording system contains salient subhorizontal layering, which matches with other 

data available for the site. The match between the recovered P-wave velocity model 

and the P-wave velocity log is affected by the fact that this FWI workflow is not 

constrained by the log data, but it is still reasonable in most parts of the available log. 



 
Figure 4.2. Comparison of DAS and vertical geophone gathers. Raw DAS gather (a); vertical 
geophone gather (b); DAS gather after conversion with 0  (c), 0005.0  (d), 05.0  
(e); DAS gather after conversion with 0005.0  matched to geophone gather using a 
Wiener filter (f); difference between the geophone gather 4b and corrected matched DAS 
gather 4f decimated to geophone trace interval (g); and comparison of average amplitude 
spectra of gathers displayed in subplots 4b, 4d and 4f (h). The green box outlines an S-wave 

event which is not correctly recovered by the regularized conversion due to its low zk  value. 



 
Figure 4.3. Inversion of field data. Initial (a-c) and inverted (d-f) VP (a, d), VS (b,e), and density 
(c,f) models of the subsurface and a comparison of inverted VP model 5 m away from the well 
with the available log data (g). In (g), VP log is a dashed blue line, VP log smoothed to 
approximate resolution of the inversion is a solid blue line, VP starting model is shown in red 
and the VP inverted model is shown in green. Receiver locations are overlayed on the models. 

Here, we are only interpreting the P-wave velocity model obtained from our 

measurements. The improvement of S-wave velocity and density models will be the 

subject of our future work. Reliable estimation of S-velocity is essential for making 

quantitative interpretation of VSP data. 

Our study shows that FWI of DAS VSP data is feasible. As DAS is often used 

for reservoir monitoring, the presented workflow can be applied to build the baseline 

model of the subsurface.  



Chapter 5 A perspective of permanent monitoring using FWI of 

VSP data 
The following chapter is based on the abstract by (Egorov et al., 2018a). It 

borrows figures and text from the abstract. 

In surface seismic/Vertical Seismic Profile (VSP) monitoring projects, the 

quick turnaround time is one of the key components. It is important to make quick 

decisions based on the image of the changes in the subsurface. Consequently, 

acquisition and processing of seismic data needs to be as fast as possible. Currently, it 

is conventional to conduct monitoring surveys once in a few months with data 

processing, in case of an established workflow, taking a few days or weeks. While 

such acquisition and processing speed is often sufficient, it can be further improved 

using permanent source and receiver installation. DAS sensors (Parker et al., 2014) 

can be cemented behind the well’s casing and used as permanent receivers. For 

permanently deployed sources, several options were developed recently (Dou et al., 

2017, Kasahara et al., 2013). 

During the upcoming Stage 3 of the Otway project (Jenkins et al., 2017) it is 

planned to conduct monitoring of the CO2 injection using a number of permanent 

sources and DAS systems. Here, we perform a feasibility study of such monitoring 

using 2D elastic FWI on two synthetic datasets. We suggest building baseline models 

of seismic properties using a multi-offset VSP survey potentially acquired with 

conventional vibroseis sources. After that, we aim to obtain the time-lapse image of 

the changes in the subsurface using a sparse subset of permanent sources (2 or 3 in our 

synthetic examples). In order to facilitate the time-lapse inversion, we apply double-

difference and localized inversion strategies introduced in Chapter 2. 

We apply conventional elastic time-domain FWI based on L2 norm and 

multiscale approach with VP-VS-density parameterization (Köhn, 2011, Köhn et al., 

2012). We model and invert the vertical component of particle velocity gathers 

acquired with a vertical force source. In real life, the vertical component of particle 

velocity can be obtained by applying a conversion filter to the field DAS data. Such a 

conversion filter is introduced in Chapter 4 of this dissertation. 

We use the model displayed in Figure 5.1 to demonstrate the usability of 

different time-lapse FWI strategies for permanent monitoring. Figure 5.1 shows the 

true initial and inverted models for the baseline inversion. 



 
Figure 5.1. Baseline FWI results. VP (a-c), VS (d-f) and density (g-i) models: true (a, d, g), 
initial (b, e, h) and inverted (c, f, i). 

To mimic CO2 sequestration conditions, the changes in VP and density were 

introduced in the monitor model. The comparison of time-lapse VP anomalies 

identified by different inversion strategies is shown in Figure 5.2. Sequential FWI 

strategy produces a smeared image of the anomaly in case of 3 sources (Figure 5.2c). 

Introducing a priori information by localizing the search in the layer from 450 to 700 

m assists the inversion significantly (Figure 5.2d), and the double-difference inversion 

helps to produce a clearer image (Figure 5.2e). 

 
Figure 5.2. True time-lapse anomaly in VP (a) compared to the anomalies identified by 
different FWI strategies: sequential with all sources (b), sequential with 3 permanent sources 
(c), target-oriented sequential with 3 permanent sources (d), target-oriented double-difference 
with 3 permanent sources (e). Maximum frequency is 80 Hz. 

The workflow is further validated using a realistic 3D full-earth model of the 

Otway site that was created using the available log and field seismic data 

(Glubokovskikh et al., 2016). A monitor model for the planned Stage 3 injection was 

obtained using fluid flow simulations. We extract a vertical slice of the baseline and 

monitor models that passes through the DAS-equipped CRC-3 well and the planned 

location of two permanent sources to create a 2D model. Using this model, we 

calculate synthetic VSP gathers. For this particular feasibility study, we only perform 

a monitor inversion using the true baseline model as the initial model. In Figure 5.3, 

we compare the true VP difference and the images of the CO2 plume that can be 

obtained using 16 sources (with ~50 m interval from -35 to 740 m) and two permanent 



sources (15 m and 615 m offsets). Target-oriented inversion strategy is used in both 

cases (inversion takes place in a layer with depths from 1425 to 1650 m). It can be 

seen that the images of the time-lapse anomaly are comparable, the permanent-source 

image has slightly smaller amplitude. 

 
Figure 5.3. Monitor VP model (a), true VP difference (b), VP difference obtained by FWI of 16 
sources (c), VP difference obtained by FWI of 2 permanent sources (d). Maximum frequency 
is 130 Hz. 

However, in this case, the amplitude of the inverted VP difference is lower than 

the true VP changes. This is due to the small thickness of the layer, in which the 

changes occur. First, the amplitude of the anomaly is not recovered because of the 

limited frequency range. Second, due to small thickness of the layer, there is a crosstalk 

between VP and ρ for high wavenumbers (Pan et al., 2018). To take into account the 

crosstalk, one can either convert the inverted changes of VP and ρ into changes in 

seismic impedance IP (Figure 5.4), or conduct the inversion with impedance 

parameterization from the outset. 

Overall, this study shows that it is possible to conduct permanent monitoring 

of injected CO2 using a DAS cable in the injection well and a small number of 

permanently installed sources. Different time-lapse inversion strategies, i.e. double-

difference and target-oriented inversion, facilitate the reconstruction of time-lapse 

changes in the subsurface. 



 
Figure 5.4. Differences in VP (a-b) and IP: true (a,c) and inverted (b,d). 

  



Conclusions 
This study proposes a FWI workflow and a preprocessing sequence for FWI of 

VSP data. It shows that FWI of offset VSP datasets is a suitable tool for seismic 

monitoring. FWI applied to offset VSP provides quantitative estimates of time-lapse 

changes in P-wave velocity introduced by the CO2 injection. FWI applications to field 

data prove that this technique is applicable to real-life monitoring scenarios. 

Comparison of FWI results for different offsets provides new information about the 

geometry of the CO2 plume injected during Stage 2C of the Otway project. 

I also investigate the topic of applying FWI to the data obtained with DAS 

sensors. The results of the conducted studies show that VSP data obtained with DAS 

systems can be transformed into seismic gathers of particle velocity along the cable. 

An algorithm for such a transformation is presented. The main limitation of the 

presented algorithm is the inability to reconstruct the waves with near-infinite apparent 

velocity, which is a consequence of low sensitivity of DAS to such waves. Despite this 

limitation, the quality of the conversion makes it possible to conduct FWI of the 

transformed data to determine the properties of the medium. 

Using DAS in conjunction with permanent sources allows the creation of a 

permanent monitoring system. Tests on synthetic data show that, with the help of such 

a system, an assessment of time-lapse changes in the properties of the subsurface 

associated with the injection of CO2 can be made. 

I demonstrate using synthetic datasets that the results of time-lapse inversion 

can be further improved by constrained optimization methods. Using the sign of 

change of the properties of the subsurface as a priori information allows one to specify 

the upper and lower bounds of the inverted properties. With a synthetic data example, 

I show that the proposed strategy makes it possible to more reliably estimate the 

changes. 
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