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Quantum computing and subsurface prediction

Quantum computing has vast potential to reshape subsurface evaluations, providing capabilities and advanced
geoscience analyses that are orders of magnitude faster and superior to any computer system that exists today.
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sometime between 2055 and 2060 (United Nations, 2022). This growth in world population will accentuate energy demands and force a
continuing and evolving subsurface evaluation of the earth. This subsurface evaluation will require exploration and development of oil and gas;
carbon capture and storage; geothermal energy; and any other process where the interpretation of geology is paramount.

Addressing these needs is not going to be easy. A conflicting issue is that over the last decade, the geoscience workforce has decreased for
multiple reasons: fluctuating hydrocarbon prices contributing to poor retention rates at oil companies; a considerable drop in geoscience
majors in universities; and a staffing transition referred to as “The Great Crew Change,” where the large population of the baby-boomer
generation is retiring and leaving industry. The only way to compensate for this workforce gap and meet the world's future energy demands
requires companies to take advantage of technological advancements, such as artificial intelligence/machine learning and computing power.
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Fig. 1. Explanation of the symbiotic relationship between deep learning, neural networks, machine learning and artificial intelligence with benefits and capabilities.

Role of AlI/ML. Artificial intelligence (Al) is any technique that enables computers to mimic human behavior, whereas machine learning (ML), a
component of Al, refers to techniques that give computers the ability to learn without being explicitly programmed, Fig. 1. The advancements
in AI/ML are directly related to the increase in computer power. The future of geoscience technology will be driven by computer power and
associated Al/ML algorithms. In Michio Kaku's 1997 book (Visions), he predicted that Moore’s Law, which surmises that computer power
doubles roughly every 18 months, would end sometime after 2020. However, we are arguably reaching the limit to etch ever-smaller transistors
onto silicon wafers because, at the molecular level, quantum effects prevail, and Newtonian mechanics no longer apply.

Quantum computing. Many experts indicate that within a decade, a new form of computing, called quantum computers, will be fundamentally
operational. Quantum computing is based on the laws of quantum mechanics, where subatomic levels of physical matter exhibit properties of
both particles and waves. Hardware for quantum computers leverages this behavior. Classical processors use bits (0 or 1). Quantum
computers employ qubits (0, 1, or a superposition of both). It is estimated that 500 qubits can represent the same information as 2 to the five
hundredth power of normal bits. This enables the computation of multidimensional quantum algorithms (especially AlI/ML). It is estimated that
quantum computers will be many orders of magnitude faster than conventional computers.
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Fig. 2. Traditional sequential approach to geoscience interpretations of the subsurface.

Applications to geoscience interpretation workflows. Today, most geoscience interpretations of the subsurface are done in a serial fashion,
where the interpretation processes are performed essentially one at a time. Figure 2 outlines a typical interpretation workflow used by the
industry to explore for hydrocarbons. Since the late 1980s, seismic interpretation has evolved from 2D to 3D to 4D data (3D surveys through
time), coupled with important advances in seismic data acquisition and processing, and the use of workstations, which has enabled consistent
evaluations and more accuracy in the interpretation process.

However, there have been no dramatic step changes in the interpretation process itself, with the exception of machine learning in the last few
years. Machine learning has enabled interpreters to handle very large amounts of data simultaneously, determine relationships of numerous
(>3) types of data, discover nonlinearities not known from theory, improve efficiency and accuracy over time, and provide for the automation of
interpretation processes.

Some of these machine learning approaches—including deep learning (convolutional neural networks), self-organizing maps, and semi-
supervised methods—have been applied to solve many geological challenges. A few of the more successful applications of machine learning
include fault/fracture delineation; defining stratigraphic facies distributions; lithofacies classification; well log correlation and prediction; and
identifying seismic direct hydrocarbon indicators (DHIs).

Today, the necessary computer power and associated architecture for machine learning are basically centered around CPU and GPU
configurations, high-performance computing, and the cloud. The potential of employing quantum computers to solve machine learning
processes produces visions of streamlined automation, combining numerous different types of machine learning and applications of digital
twinning.

For example, many, if not all, of the interpretation workflow steps in Fig. 2 could be automated, with the geoscientist providing minimal
direction and quality control of the process. It is possible that quantum computing could help identify and combine many different types of
machine learning to provide more accurate answers or even find geological elements undiscovered in our scientific data.

The use of synthetic data sets and digital twins with quantum computing could produce simulations of extremely complex systems,

incorporating components that could never be applied presently. Even quantum simulations for prospects and drilling portfolios can perform

risk analvsis more accuratelv and optimize investment decisions beyond anything possible today. It is a well-known fact today that rock
Connect with World 0il a ™ seismic reflection data are not unique. However, the application of quantum computing may enable the
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calibration and corroboration of seismic data with ground-truth data from well boreholes to limit the risk of non-uniqueness.

Applications to seismic processing. One of the largest requirements for computer power today is related to 3D prestack depth migration
seismic processing for the oil and gas industry. Seismic processing companies typically employ some of the largest supercomputers in the
world. Even with extensive computing facilities, including cloud computing, the processing of enormous amounts of data with the latest
algorithms can be limiting. For example, to image beneath the salt in the Gulf of Mexico requires the application of Full Waveform Inversion
(FWI) and the most advanced wave equation migration algorithms, such as Least Squares Reverse Time Migration (LSRTM). FWI was created to
develop a velocity model of the earth’s subsurface that fully explains the seismic wavefields recorded in the seismic data. (Monk, 2020).

However, most seismic processing today utilizes only the reflection component of the recorded data. Due to the iterative nature of FWI and the
computational requirements for accurate simulation, FWI is highly compute-intensive and therefore limited by today's compute environment.
LSRTM is an inversion-based migration algorithm that minimizes the data misfit between observed seismic recordings and forward-modeled
synthetic data. (Wang et al., 2021). In most cases, LSRTM requires a very accurate velocity model and has a high computational cost.

The common limitation to applying these advanced processing approaches is obviously computer power. With the development of quantum
computers and associated new processing algorithms, the limitation of computer power will be eased. Since advanced processing algorithms
like FWI and LSRTM require iterations with models, quantum computers will be able to get to an optimum solution in a fraction of the time.
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Fig. 3. The use of quantum computing will enable geophysicists to use full elastic wavefield data in seismic processing, seismic imaging, which includes all the waves
generated by a source.

The use of quantum computing will even enable geophysicists to accomplish the “holy grail” of seismic processing, seismic imaging using full
elastic wavefield data (Fig. 3) that include all the waves generated by a source, such as primary reflections, transmitted waves, converted modes
and their multiples. (Huang et al., 2021). The fundamental assumption of employing full elastic wavefield data is that the various modes of the

‘nique rock, fluid and sequence information across stratigraphic intervals. (Hardage et al., 2011).
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Using these new modeling techniques, we can finally image the earth as an anisotropic elastic solid. If quantum computing enables these types
of advances in seismic processing, then seismic acquisition and design must evolve also, such as routine application of long offset Ocean
Bottom Nodes. It will be necessary to collect required low- and high-frequency ranges, full-azimuth multi-component data, appropriate
sampling and advances in acquisition equipment to truly accomplish what quantum computing can provide in seismic processing
advancements. Al/ML technology, coupled with quantum computing, is a unique, exciting combination that will allow analysis and recognition
of seismic reflection patterns across various sedimentary basins. Moreover, companies will have the capacity to fully integrate their case
histories of successes and failures. Optimum decision analysis, overseen by strong geoscientists and savvy managers, will draw within reach.

Applications to carbon capture and storage. Geological storage involves injecting liquid CO2 into deep porous rocks and then monitoring
that rock system to ensure that the injected CO2 remains in a liquid state in the rock interval where it is placed. Quantum computing should be
invaluable in geological CO2 storage. The key factor that causes quantum computing to be critically important in CO2 storage is the calendar-
time extent of collecting, processing and interpreting the data required for rigorous CO2 monitoring.

The important concept that must be kept in mind regarding the monitoring of sequestered CO2 is “CO2 storage must be permanent.” This
permanent requirement means that the monitoring of sequestered CO2 at each worldwide CO2 storage site must span many millennia of
calendar time. The volume of data that accumulates in monitoring each CO2 storage site will thus build to magnitudes that are immense and
beyond what geoscientists have ever experienced. Quantum computing will, therefore, be essential for managing and utilizing CO2-storage
activities.

Both P and S seismic reflection data are needed to monitor a CO2 storage reservoir. P-wave fading above a storage reservoir detects CO2
escaping in gaseous form. S-wave data need to be segregated into fast-S and slow-S images, because slow-S data are the first type of seismic
data to detect emerging fractures that are harbingers of impending structural failure of a reservoir.

VSP data need to be acquired in addition to 3D3C surface-receiver data. 3C data will provide both P-SV and SV-P modes, which allows two
versions of fast-S and slow-S data to be utilized. Versions of SV-P and P-SV images should be created, which will require that five seismic images
be depth-registered (P-P, fast-S via P-SV, fast-S via SV-P, slow-S via P-SV, slow-S via SV-P).

The digital size of seismic databases involved in monitoring sequestered CO2 at only one storage site will quickly go beyond what geophysicists
have ever used. Each reservoir database also must be expanded to include all well-log data and all core data that are acquired across a
reservoir area, and all data that are recorded by stress sensors deployed at numerous downhole locations. The size of a database assembled at
only one CO2 site over several millennia will grow to a size that database managers have never encountered to date.

The importance of new computer strategies, such as quantum computing, will be mandatory. This is true, if a CO2 reservoir manager in
gnnnratinn 1N nnande +nvanrh hack and include all previous 3D seismic data volumes acquired by generations 1 to 9, to be included in an
Connect with World Oil a onditions that describes the chronological behavior of reservoir stability.
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Challenges ahead. While the potential applications of quantum computing for subsurface evaluations are promising, there are still many
challenges that need to be addressed. One of the biggest is the development of quantum algorithms that can effectively solve the problems
faced in interpreting geology. The development of these algorithms requires expertise in both quantum computing and geophysics, making it a
complex and challenging task. Additionally, the current state of quantum hardware is still in its infancy, with limited qubit counts and high error
rates. That makes it difficult to apply quantum computing to large-scale problems, such as seismic analysis.

Conclusions. Despite challenges, there have been some extremely promising developments in the field of quantum computing and seismic
analysis. In 2019, researchers at IBM developed a quantum algorithm for FWI that was able to solve a simplified version of the problem, using a
quantum computer. While the algorithm was not able to outperform classical algorithms on the same problem, it demonstrated the potential of
quantum computing in seismic analysis. Similarly, researchers at the University of Texas at Austin have developed a quantum-inspired
algorithm for RTM that has shown promising results on synthetic data.

At this time, we can only speculate how practical advantages will be utilized to fully model seismic wave motions in the earth, how seismic
patterns that reveal geology will be better appreciated, and how the decision process will improve to get better answers quicker.
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Fig. 4. The increased analytical power of quantum computing has vast potential to fulfill future requirements for exploring and developing hydrocarbons, CCS and the
search for geothermal, helium and hydrogen.

Dramatic increases in computer power are necessary to fulfill future requirements for exploring and developing oil and gas resources, carbon
capture and storage, and the search for geothermal energy, helium, and hydrogen, Fig. 4. Taking advantage of quantum mechanical effects,
quantum computing can process millions of calculations concurrently. It is this quantum phenomenon that occurs at the sub-atomic level that
provides encouragement that quantum computers will take geologic subsurface interpretation beyond anything we can imagine today and will
be a major contributor to meeting the world’s energy needs.
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