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Summary

Effective monitoring of subsurface CO, migration requires seismic methods that combine high
spatial resolution with dense temporal sampling. Active-source time-lapse full-waveform inversion
(FWI) can image CO,-induced velocity changes with high fidelity; however, repeat surveys are
typically conducted at sparse time intervals due to operational and economic constraints, leaving
critical phases of plume evolution poorly constrained. Injection-induced microseismicity, which
can be continuously recorded by downhole distributed acoustic sensing (DAS) arrays, provides a
quasi-continuous passive wavefield capable of bridging these temporal gaps. In practice, however,
passive-source FWI is strongly limited by source uncertainty, which often leads to unstable
inversions and cycle skipping. We propose a joint active—passive time-lapse FWI framework for
quasi-continuous CO, monitoring that integrates sparse active surveys with dense passive
microseismic observations. Active-source FWI is used to establish reliable baseline and final
monitor models, while passive microseismic data provide intermediate time-lapse updates. To
mitigate the impact of source uncertainty, we develop a robust source-independent FWI strategy
that significantly reduces sensitivity to wavelet mismatch. Numerical experiments across six CO,
injection stages demonstrate that the proposed approach stably recovers the primary CO,-related
velocity anomalies and their migration trends, even under strong source mismatch. The results
indicate that microseismic wavefields, when incorporated through source-tolerant formulations,
can effectively complement active surveys and provide a practical pathway toward quasi-
continuous seismic monitoring of geological CO,, storage.

Method

FWI has become an established tool for recovering detailed subsurface models (Virieux and
Operto, 2009; Prieux et al., 2013; Pan et al., 2020; Huang et al., 2021; Vigh et al., 2023; Hu et al.,
2023). When applied to vertical seismic profile (VSP) data, FWI benefits from strong well-log
constraints that reduce parameter non-uniqueness (O’Brien et al., 2004; Asnaashari et al., 2013;
Aragao and Sava, 2020; Cai et al., 2024; Hu et al., 2024; Zhang et al., 2025). Active-source time-
lapse FWI has demonstrated the ability to image CO,-induced velocity changes with high spatial
resolution (Egorov et al., 2017; Isaenkov et al., 2022); however, repeat surveys are typically
separated by months to years. As a result, important phases of plume evolution—such as early
breakthrough and subsequent migration—remain undersampled. Recent advances in rapid-
repeat active-source monitoring have shown that denser temporal sampling can capture short-
term CO, plume dynamics (Cai et al., 2025). Nevertheless, maintaining continuous repeat
acquisition requires activating controlled sources at rates that are operationally and economically
difficult to sustain. This limitation motivates the need for an alternative source of quasi-continuous
seismic information that can complement, rather than replace, repeat active surveys.

To address this challenge, we adopt a joint active—passive time-lapse FWI framework. Active-
source FWI is first performed on baseline data to construct a reliable background velocity model.
During CO, injection, microseismic events—quasi-continuously recorded by downhole DAS
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arrays—provide time-dense passive wavefields that supplement the active-source constraints.
Finally, active-source FWI of the monitor data is used to resolve the cumulative CO, plume
anomaly. This joint strategy exploits the complementary strengths of the two data types: active-
source FWI provides high-resolution and stable model updates, while passive microseismic
observations enable dense temporal sampling without additional acquisition cost.

For the active-source component, we employ an L1 waveform-difference misfit, which is more
robust to noise and less sensitive to amplitude and arrival-time mismatches, thereby reducing the
risk of cycle skipping. In contrast, passive-source FWI differs fundamentally from active-source
inversion in that the source properties are not controlled. For microseismic events, the source
wavelet, origin time, and sometimes even the source location are only approximately known.
Uncertainty in these parameters introduces phase and amplitude inconsistencies between
observed and modeled data, which can severely degrade conventional waveform-based inversion.
To mitigate source uncertainty in passive microseismic FWI, three source-independent or source-
tolerant inversion strategies are considered and compared in this study. The first approach
employs an envelope-based misfit, which replaces waveform amplitudes with their envelopes. By
suppressing phase sensitivity, this formulation reduces the impact of wavelet and origin-time
mismatch and primarily recovers low-wavenumber velocity updates, improving stability at the
expense of spatial resolution. The second approach adopts Choi’s source-independent objectives
that eliminate explicit dependence on the source wavelet. This strategy further weakens source-
related effects and enhances kinematic consistency compared with envelope-only objectives,
while remaining independent of an accurate source estimate. The third approach is the proposed
method, which is also source-independent but is formulated using a symmetric cross-correlation
structure that explicitly exchanges the role of the source wavelet between modeled and observed
data. Rather than removing the source term implicitly, the method introduces a weighted
convolution in which the estimated wavelet from one dataset is applied to the other, and vice
versa. This exchange mechanism balances source effects between the two wavefields and
suppresses source-induced asymmetry in the misfit.

Results

We first present results from conventional repeat active-source VSP FWI to establish a reference
for time-lapse CO, monitoring. Using a fixed and known source wavelet (Figure 1), the baseline
and final monitor inversions accurately recover the large-scale velocity structure as well as the
COz-induced AV, anomaly. The inverted time-lapse model (Figure 2) closely matches the true
plume geometry, and the misfit curve (Figure 3) decreases smoothly and stabilizes, indicating a
well-conditioned inversion.We next examine passive microseismic FWI under idealized conditions
in which the passive-source wavelet is assumed to be perfectly known. Six synthetic CO, injection
stages are considered to represent progressive plume migration (Figure 4). Under this
assumption, passive-source FWI (Figure 5) consistently recovers the dominant AV, anomaly at
all stages, capturing both the spatial extent and migration direction of the plume.

f r:U

Figure 1. Source wavelets. From left to right: active-source wavelet; true passive source wavelet used for generating
synthetic microseismic data; incorrect passive-source wavelet used in inversion.
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Figure 2. Active-source FWI results. Top row from left to right: true baseline velocity, true monitor velocity, and true
time-lapse A Vp anomaly due to injected CO2. Bottom row from left to right: inverted baseline model, inverted monitor
model, and inverted time-lapse anomaly.
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Figure 3. L1-norm misfit evolution for the active-source FWI of the monitor survey.
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Figure 4. True time-lapse AV, models for the six CO2 migration stages.
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Figure 5. Passive-source FWI results using the true wavelet with two receiver wells: (1) one well 20 m left of the injector
and (2) an additional well at x = 1000 m on the right side of the model.
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To evaluate performance under more realistic conditions, passive-source FWI is repeated using
an incorrect source wavelet (Figure 1), while the data are generated using the true wavelet. In
this case, conventional passive waveform-based inversion fails (Figure 6). The recovered models
are dominated by strong artifacts and cycle skipping, and the resulting A, distributions do not
correspond to the true CO, plume geometry or its stage-to-stage evolution. These results
demonstrate that, even when the underlying time-lapse signal is relatively strong, source
mismatch alone can dominate the inversion and prevent reliable recovery of CO,-induced velocity

changes.

To mitigate source mismatch, three source-tolerant inversion strategies are applied to the same
passive dataset. The envelope-based inversion (Figure 7) improves stability relative to
conventional waveform misfits and recovers the general location of the CO,-induced AV, anomaly;
however, the results remain spatially diffuse with poorly defined plume migration and boundaries.
Choi’'s source-independent objectives (Figure 8) further reduce dependence on the unknown
source wavelet and yield improved spatial localization with fewer coherent artifacts and migration
trend, but the recovered plume still poorly defined plume boundaries. In contrast, the proposed
method (Figure 9) produces the most stable and consistent results across all six injection stages,
recovering the primary CO,-related velocity anomaly with clear spatial localization, coherent
stage-to-stage migration, and substantially reduced artifacts, indicating superior robustness to
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strong source mismatch.

Figure 6. Passive-source FWI results when the inversion uses the incorrect wavelet while data are generated with the
true wavelet. These artifacts reflect cycle skipping and phase inconsistency induced by the incorrect wavelet.
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Figure 7. Passive-source FWI results using the envelope FWI.
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Figure 8. Passive-source FWI results using Choi’s source-indepdent FWI.
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Figure 9. Passive-source FWI results using the proposed FWI method.

Conclusions

This study demonstrates that microseismic data can provide valuable time-lapse constraints for
quasi-continuous CO, monitoring when integrated within a joint active—passive FWI framework.
While active-source time-lapse FWI delivers reliable high-resolution imaging, its temporal
sampling remains inherently sparse, and passive microseismic observations are strongly
influenced by source uncertainty. Numerical results show that conventional passive-source FWI
fails under realistic source mismatch conditions, whereas source-independent and source-
tolerant formulations substantially improve inversion stability. Among the approaches examined,
the proposed method achieves the most consistent recovery of CO,-related velocity changes
across multiple injection stages, successfully capturing plume geometry and migration trends
despite significant wavelet mismatch. These findings indicate that robust passive FWI can
effectively complement sparse active surveys and enable more frequent updates of subsurface
CO, evolution, offering a practical pathway toward quasi-continuous seismic monitoring of
geological CO, storage.
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