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Summary  

Based on the previous surface-wave full-waveform inversion (FWI). A full-waveform inversion 
using trench-deployed surface waves and two wells’ Vertical Seismic Profiling (VSP) data was 
conducted to generate a high-resolution S- and P-wave velocity models of the near surface at 
Newell County Facility in Alberta. In this preliminary inversion, a sequential inversion was 
conducted by firstly inverting Vs using surface-wave FWI, and secondly inverting Vp using the 
VSP FWI. There are two datasets collected in August 2022 for the main CO2 monitoring line, line 
13. They possess the same frequency range, with linear and low-dwell sweep, respectively. In 
this study, we compared these two datasets in detail. The inversion results are from the DAS data 
generated using the low-dwell sweep. Optical transport method was adopted to mitigate the cycle 
skipping problem mainly in surface wave inversion. 
 

Workflow and Method 

The Containment and Monitoring Institute Field Research Station (CaMI-FRS), whose name is 
recently updated as Newell County Facility, in Alberta, Canada, is a unique facility designed to 
support the development of monitoring and verification technologies related to carbon capture 
and storage, and other containment and conformance requirements (such as CO2 enhanced oil 
recovery) (Lawton et al., 2019). At the FRS, small and controlled amounts of CO2 are being 
injected into the shallow Basal Belly River Sandstone Formation at 300 m depth. A variety of 
geophysical sensing technologies have been deployed at or near the surface of the 1 km by 1 km 
facility, or within one of the two observation wells, to facilitate development of monitoring methods. 
This includes a 3D array of 3C geophones (Lawton et al., 2015); 3 permanent mounted vibratory 
sources (Spackman and Lawton, 2018); 7 broadband seismic stations (Stork et al., 2018); and a 
5 km loop of both straight and helically-wound distributed acoustic sensing (DAS) fiber, and 2 
observation wells (Gordon and Lawton, 2017, 2018; Hall et al., 2017; Lawton et al., 2018; Hall et 
al., 2018). 
 
DAS is a novel technology for seismic acquisition that measures phase changes of back-scattered 
laser pulses (Rayleigh scattering) induced by transient vibrations incident on optical fibers (Posey 
et al., 2000; Masoudi et al., 2013). The phase changes are proportional to axial strain changes 
along finite segments of the fiber, referred to as gauge length. Therefore, strain rate (or strain) 
changes along the fiber are recorded. Compared to standard geophones, DAS has a series of 
advantages including dense spatial sampling, low-cost, easy installation, etc. Recent studies also 
revealed that the optical fibers show high sensitivity to low-frequency signals (Lindsey et al., 2017; 
Jin and Roy, 2017). It is particularly useful for real-time, high-resolution, and long-term seismic 
monitoring applications. For examples, DAS has been successfully applied to down-hole reservoir 
monitoring (Masoudi et al., 2014; Daley et al., 2016), near-surface characterization and S-wave 
velocity VS imaging (Dou et al., 2017; Ajo-Franklin et al., 2019), illuminating seafloor faults and 
ocean dynamics (Lindsey et al., 2019). 



 

 

GeoConvention 2023 2 

The DAS fiber includes a 1.1 km horizontal section in a trench that is considered in our work. In 
2018, a surface wave data set was recorded for source positions along the 1.1 km trenched 
segment of the DAS fiber. These data provide us with an opportunity to study the estimation of S-
wave velocity models using multiple surface wave modes, sensed by the DAS fiber, by applying 
a TD Bayesian inversion methodology. In august, 2022, more datasets were collected from the 
field data tests. Over 100 shots were collected from the line 13 using both linear sweep VP and 
low-dwell sweep VP, with the frequency range of 2-150 Hz. 10 shots with high Signal-to-Noise 
Ratio (SNR) were selected from these data.  
 

 
Figure 1. The location of CaMI Field Research Station. 

 
In a typical FWI formulation, model parameters are iteratively updated by minimizing the direct 
waveform-difference (WD) between the synthetic data ui and observed seismic data di, which can 
be formulated as a L-2 norm misfit, e.g., 

 Φ(𝑚) =
1
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∑𝑁𝑟
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2𝑑𝑥𝑑𝑡, (1) 

where m is the model vector, xr indicates the rth receiver location with a maximum number of Nr, 

t0 is the maximum recording time and V denotes the whole volume containing all subsurface 

positions x. In purely elastic media without considering anisotropy and attenuation, VS sensitivity 

kernel (or gradient) of the misfit function can be calculated by cross-correlating the forward and 

adjoint wavefields based on the adjoint-state method (Liu and Tromp, 2006; Plessix, 2006): 

 𝐾𝑉𝑆 = −∑𝑁𝑟
𝑟=1 ∫

𝑡′

0 ∫𝑉 2𝜌𝑉𝑆
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†(𝜕𝑖𝑢𝑗 + 𝜕𝑗𝑢𝑖) − 2𝜕𝑖𝑢𝑖
†𝜕𝑘𝑢𝑘]𝑑𝑥𝑑𝑡, (2) 

where ρ is the mass density, u†
i indicates the adjoint displacement wavefield, the subscripts i, j 

and k take on the values of x and z for 2D media. In equation (2), we ignore the dependence of 



 

 

GeoConvention 2023 3 

wavefields on time, space and receivers for sake of compactness. We apply l-BFGS optimization 

and line search methods to calculate the search directions and step lengths (Nocedal and Wright, 

2006) for updating the model iteratively. In this study, the waveform-difference misfit function is 

applied to surface-waves recorded on surface-trenched fibers at CaMI.FRS for obtaining a near-

surface VS model. 

Results  

The Newell County Facility (NCF) is located 190 km southeast of Calgary, near Brooks, Alberta. 

Figure 1 shows the location map of NCF. The region is dominated by the Upper Cretaceous Belly 

River Group, including the Foremost, Oldman and Dinosaur Park formations. The Foremost 

formation is composed of inter-bedded sandstone, siltstone, carbonaceous shales and coal 

seams. The water-bed sandstone reservoir at depths of 295-301 m approximately, corresponding 

to the Basal Belly River Sandstone (BBRS) formation, is currently used as the target for CO2 

sequestration. The BBRS consists of several stacked composite regressive cycles dominated by 

shoreline sandstones and is directly overlain by mudstones, coals and fine sandstones of the 

McKay Coal Zone, which forms the cap rock for the reservoir. The dataset collected from linear 

sweep VP of a typical shot, which include data collected from the straight fiber, the helical fiber, 

two well straight fiber, and one well helical fiber is shown in Figure 2. The dataset of a low-dwell 

sweep VP is shown in Figure 3. 

 

Figure 2. The DAS data collected for line 13 using linear sweep VP. 
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Figure 3. The DAS data collected for line 13 using low-dwell sweep VP. 

From the seismograms, we can find there is no obvious waveform differences between these two 

datasets. The recording time of low-dwell dataset is a bit later than the linearsweeping one. 

The geometry of the ten shots data selected are shown in Figure 4. 

 

Figure 4. The geometry of the selected ten shots and corresponding DAS fiber. 

In this figure, the fiber used for recording data is on the right of the three wells shown in green 

squares. 
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Figure 5. The frequency spectra comparison of these two datasets. 

The data collected using linear sweep and low-dwell sweep are quite similar in waveforms and 

frequency spectra, as shown in Figure 3 and Figure 5. However, low-dwell sweeping data contain 

low frequency components with stronger energy which helps the imaging illumination to some 

extent. Thus, we conducted FWI using the low-dwell data. 

After data preprocessing including data conversion and filtering, we implemented the FWI with 

several steps. 

 
Figure 6. The initial model for surface-wave FWI. 
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Figure 7. The inverted Vs model of surface-wave FWI. 

At first, we conducted surface-wave full waveform inversion using the fundamental-mode 

Rayleigh waves with optimal transport method. The initial model and inverted Vs model is shown 

in Figure 6 and Figure 7. 

 

Figure 8. The inverted Vp model of VSP FWI. 

Based on the obtained the Vs model, a VSP FWI was conducted using the DAS data collected 

from the straight fiber in the two wells. The inverted Vp model is shown in Figure 8. 0 shown in 

the x-axis represents the NE end point of the DAS trench fiber. These are the preliminary inversion 

results of the surface-wave FWI and VSP FWI. Given more time, a more detailed and through 

real data processing will be implemented. 
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Conclusions 

For surface-deployed straight fiber, only single-component high-amplitude surface wave data are 
collected. Thus, a rough Vs profile with limited depth can be obtained through a surface-wave 
FWI. However, engineering and researchers are more interested in the Vp profile in some cases. 
The straight-fiber DAS data collected from the wells can help invert the Vp profile with a high 
resolution. In this study, we adopted a sequential inversion strategy to firstly invert the Vs using 
surface-wave FWI with optical transport. Secondly, we conducted VSP FWI using the DAS 
datasets from the two wells to invert Vp based on the Vs profile obtained from the first round FWI. 
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