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ABSTRACT

The oil and gas industry has experienced a profound transformation due to advancements in technology,
with 4D seismic technology—also known as time-lapse seismic—playing a pivotal role in this evolution.
This paper examines the development, applications, benefits, and challenges of 4D seismic technology,
which involves acquiring and analysing multiple 3D seismic surveys of a reservoir over time to monitor
changes in subsurface conditions. Initially implemented in the 1990s, 4D seismic technology has evolved
significantly, integrating with Permanent Reservoir Monitoring (PRM) systems and advanced analytics
like machine learning and artificial intelligence. Key applications of 4D seismic technology include
optimizing well placement, monitoring fluid movements and sweep efficiency, and managing reservoir
pressure and geomechanical effects. Case studies from the Gullfaks field in the North Sea and the Marlim
field in Brazil illustrate the technology's substantial impact on recovery rates, production efficiency, and
economic value. Despite its advantages, 4D seismic technology faces challenges such as ensuring data
repeatability, managing high costs, and interpreting complex reservoir changes. Looking forward,
advancements in acquisition and processing technologies, along with the integration of machine learning,
promise to enhance the effectiveness and efficiency of 4D seismic applications. Addressing existing
challenges will be crucial for realizing the full potential of this technology. As the industry navigates the
shift towards a more sustainable energy future, 4D seismic technology will be instrumental in optimizing
resource recovery while minimizing environmental impact.

Keywords: 4D seismic technology, Reservoir Management, Oil & gas, Permanent Reservoir Monitoring
(PRM)

INTRODUCTION

In recent decades, the oil and gas sector has experienced a profound transformation, driven by
technological innovations that have fundamentally altered exploration, production, and reservoir
management practices. Among these advancements, 4D seismic technology—also referred to as time-
lapse seismic—has emerged as one of the most influential. This state-of-the-art method has introduced a
new era in monitoring and managing reservoirs, offering unparalleled insights into subsurface dynamics
and fluid movements over time [1].

4D seismic technology involves conducting multiple 3D seismic surveys of a reservoir at various stages:
initially, before production starts, and then periodically throughout the life of the field. By comparing
these sequential surveys, geoscientists and engineers can identify and analyse changes in the reservoir’s
characteristics, such as fluid saturation, pressure, and temperature, which result from production activities
[2]. This advanced data facilitates more informed decision-making, enhances production strategies, and
improves overall recovery rates.

This article will delve into the transformative impact of 4D seismic technology on reservoir management.
We will explore its development, key applications, and benefits, as well as the challenges it presents and
prospects. Additionally, we will review case studies that illustrate the profound effects of this technology
across different geological environments and production scenarios, highlighting how it has reshaped the
industry’s approach to managing and optimizing reservoir performance.
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Fig 1. 4D seismic image of North Sea Gullfaks

THE EVOLUTION OF 4D SEISMIC TECHNOLOGY

Historical Context

The concept of time-lapse seismic monitoring dates to the early 1980s when researchers began exploring
the potential of repeated seismic surveys to detect changes in reservoir properties over time. However, it
wasn't until the 1990s that 4D seismic technology gained significant traction in the oil and gas industry
[3].

The first commercial application of 4D seismic technology took place in the North Sea in 1995, as part of
a joint project between Statoil Hydro (now Equinor) and Schlumberger. This groundbreaking initiative
aimed to identify drained and undrained areas in the Gullfaks field, marking the beginning of a new era
in reservoir management [4].

Technological Advancements

Over the past three decades, 4D seismic technology has undergone rapid development, driven by
advancements in data acquisition, processing, and interpretation techniques. Key improvements include:
1. Enhanced data acquisition: The introduction of ocean bottom nodes (OBN) and permanent reservoir
monitoring (PRM) systems has significantly improved the quality and repeatability of seismic data
acquisition, particularly in offshore environments [5].

2. Advanced processing algorithms: The development of sophisticated algorithms for noise attenuation,
time-shift analysis, and 4D attribute extraction has enhanced the ability to detect subtle changes in
reservoir properties [6].

3. Integration with other data sources: The integration of 4D seismic data with well logs, production
data, and reservoir simulation models has enabled more comprehensive and accurate reservoir
characterization [7].

4. Improved visualization techniques: The advent of advanced visualization tools and software has
facilitated better interpretation and communication of 4D seismic results among multidisciplinary teams

[8].
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Fig 2. 4D seismic technology (Ericvisser)

Key Applications of 4D Seismic Technology
4D seismic technology is widely applied across various aspects of reservoir management, enhancing
efficiency and effectiveness in decision-making. Here are some of its primary applications:

A.. Monitoring Fluid Movements
A fundamental use of 4D seismic technology is to track how fluids move within a reservoir over time. By
analysing changes in seismic attributes from repeated surveys, geoscientists can discern:

1. Water Encroachment: The advancement of water into oil-bearing zones, which can impact
production.

2. Gas Cap Dynamics: The expansion or contraction of gas caps that affect reservoir pressure and

fluid distribution.

Bypassed Oil: Identification of oil that remains unproduced due to flow inefficiencies or barriers.

4. Compartmentalization and Flow Barriers: Detection of natural or induced barriers that affect fluid
movement and reservoir connectivity.

(98]

These insights are essential for optimizing production strategies, planning additional drilling operations,
and managing injection programs to enhance reservoir performance.

B Pressure Monitoring
4D seismic technology provides valuable data on pressure changes within a reservoir, which is critical
for:

1. Identifying Pressure Compartments: Understanding distinct areas within the reservoir that have
different pressure regimes.

2. Optimizing Well Placement: Strategic placement and design of wells to enhance production and
minimize formation damage.

3. Managing Reservoir Pressure: Keeping reservoir pressure within optimal ranges to avoid potential
damage.

4. Detecting Geomechanical Issues: Monitoring for problems such as subsidence or fault movement
that could affect reservoir stability.

C. Enhanced Oil Recovery (EOR) Monitoring
In EOR projects, 4D seismic technology plays a crucial role in:
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1. Tracking Injected Fluids: Observing the movement and distribution of fluids like COa, polymers,
or steam that are injected to improve oil recovery.

2. Evaluating Sweep Efficiency: Assessing how effectively injected fluids are sweeping through the
reservoir.

3. Identifying Breakthroughs: Detecting early signs of unexpected fluid movement that could lead to
reduced recovery efficiency.

4. Optimizing Injection Rates: Fine-tuning the rates of fluid injection and production to maximize
recovery and improve operational efficiency.

D. Well Planning and Reservoir Characterization
The use of 4D seismic data greatly enhances:

1. Infill Well Placement: Determining the best locations for additional wells to boost recovery and
efficiency.

2. Reservoir Characterization: Understanding the variability and connectivity within the reservoir to
refine models and improve predictions.

3. Updating Reservoir Models: Incorporating new seismic data into both static and dynamic models
for more accurate forecasting.

4. Reducing Reserve Uncertainty: Providing more reliable estimates of remaining reserves by
refining geological and operational models.
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Fig. 3. Application of 4D seismic technology on sand loop ( Maui 4D NZPC 7-10 March 2004)

Benefits of 4D Seismic Technology
The integration of 4D seismic technology into reservoir management has brought about several significant
benefits:

Increased Recovery Rates

By offering a detailed view of reservoir dynamics, 4D seismic technology allows operators to refine their
production strategies and increase recovery factors. Research indicates that the use of 4D seismic can lead
to an additional recovery of 2-10% of the original oil in place (OOIP).
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Cost Savings

While the initial investment in 4D seismic technology can be substantial, the long-term savings are
considerable. The technology helps reduce field development costs by 5-20% by optimizing well
placement, minimizing the number of dry wells, and improving overall production efficiency.

Risk Reduction
The detailed insights provided by 4D seismic data help in identifying and mitigating various risks
associated with reservoir management, such as:

1. Early Detection of Water Breakthrough: Preventing or addressing water encroachment that can
affect production.

2. Unexpected Pressure Drops: Identifying sudden pressure changes that could impact reservoir
performance.

3. Fault Reactivation: Monitoring and managing the potential reactivation of faults that may
compromise reservoir integrity.

4. Caprock Integrity: Ensuring the stability of caprock in CO, storage projects to prevent leaks and
maintain storage effectiveness.

Enhanced Decision-Making
4D seismic technology supports more informed and timely decision-making by providing a real-time view
of reservoir behaviour. This leads to:

1. Better Production Forecasts: Improving the accuracy of future production predictions.

2. More Precise Reserve Estimates: Offering refined estimates of available reserves.

3. Optimized Field Development: Streamlining planning and development activities based on current
data.

4. Improved Facility Integration: Ensuring that subsurface data aligns with surface operations for
better overall management.

CASE STUDIES

To illustrate the transformative impact of 4D seismic technology, we present two case studies from
different geological settings:

Case Study 1: Gullfaks Field, North Sea

The Gullfaks field, operated by Equinor, was one of the first to implement 4D seismic technology on a
large scale. Since its initial application in 1995, the field has undergone multiple 4D seismic surveys,
providing valuable insights into reservoir dynamics.

Key outcomes:

- Identification of undrained compartments, leading to successful infill drilling campaigns

- Optimization of water injection strategies, resulting in improved sweep efficiency

- Detection of gas cap expansion, enabling better gas management

- Incremental oil recovery of approximately 5% OOIP attributed to 4D seismic-driven decisions

Case Study 2: Marlim Field, Campos Basin, Brazil

The Marlim field, operated by Petrobras, is a deepwater turbidite reservoir that has benefited significantly
from the application of 4D seismic technology.

Key outcomes:

- Identification of bypassed oil accumulations, leading to successful sidetrack wells

- Optimization of water injection patterns, resulting in improved sweep efficiency

- Detection of unexpected pressure compartmentalization, enabling better reservoir management

- Estimated value creation of over $1 billion attributed to 4D seismic-driven decisions
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CHALLENGES AND LIMITATIONS
Despite its numerous benefits, 4D seismic technology faces several challenges and limitations:

1. Data quality and repeatability: Ensuring consistent data quality across multiple surveys can be
challenging, particularly in areas with complex geology or difficult acquisition conditions.

2. Cost: The implementation of 4D seismic programs requires significant upfront investment, which
may be prohibitive for smaller operators or marginal fields.

3. Interpretation complexity: Distinguishing between production-induced changes and noise or
acquisition artifacts requires sophisticated processing and interpretation techniques.

4. Integration with other data sources: Effectively integrating 4D seismic data with other reservoir
characterization tools and simulation models remains a challenge.

5. Applicability in certain geological settings: 4D seismic technology may have limited effectiveness
in certain environments, such as carbonate reservoirs or areas with strong attenuation.

PROSPECTS AND EMERGING TRENDS

As 4D seismic technology continues to evolve, several emerging trends and prospects are shaping its
trajectory:

1. Continuous reservoir monitoring: The development of permanent reservoir monitoring systems, such
as fiber-optic sensing technologies, promises to provide near-real-time 4D seismic data, enabling more
responsive reservoir management.

2. Machine learning and artificial intelligence: Advanced algorithms are being developed to automate
and enhance 4D seismic data processing, interpretation, and integration with other data sources.

3. Integration with other geophysical methods: Combining 4D seismic with other time-lapse
geophysical techniques, such as electromagnetic surveys or gravity measurements, may provide more
comprehensive reservoir insights.

4. Application in unconventional reservoirs: Ongoing research is exploring the potential of 4D seismic
technology in monitoring and optimizing production from shale and tight oil reservoirs.

5. Environmental applications: 4D seismic technology is increasingly being applied to monitor CO>
storage projects and assess the environmental impact of subsurface operations.

APPLICATIONS AND CASE STUDIES

Optimizing Well Placement and Infill Drilling

One of the most impactful applications of 4D seismic technology is in optimizing well placement and
infill drilling strategies. By providing high-resolution images of fluid movements and pressure changes
over time, 4D seismic enables engineers to identify bypassed pay zones and undrained compartments
within the reservoir [9].

A notable case study comes from the Gullfaks field in the North Sea, where 4D seismic surveys conducted
between 1996 and 2003 revealed previously undetected compartmentalization. This led to the drilling of
15 new production wells, resulting in an additional recovery of over 60 million barrels of oil [10]. The
economic impact was substantial, with the value of the incremental oil far exceeding the cost of the 4D
seismic program.

Similarly, in the Girassol field offshore Angola, 4D seismic data acquired between 2002 and 2004 guided
the placement of four infill wells, leading to an increase in oil production by 30,000 barrels per day [11].
These examples underscore the transformative potential of 4D seismic in maximizing reservoir recovery
through strategic well placement.

Monitoring Fluid Movements and Sweep Efficiency

Another critical application of 4D seismic is in monitoring fluid movements and evaluating sweep
efficiency in waterflood and enhanced oil recovery (EOR) projects. The technology allows engineers to
visualize the progression of injected fluids and identify areas of poor sweep or early breakthrough [17].
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In the Ekofisk field in the North Sea, 4D seismic surveys conducted between 1989 and 1999 revealed
significant variations in water saturation across the reservoir. This information led to optimized water
injection strategies, resulting in improved sweep efficiency and an estimated incremental recovery of 130
million barrels of oil [12].

The Norne field in the Norwegian Sea provides another compelling example. Here, 4D seismic data
acquired between 2001 and 2006 enabled the identification of unswept areas and guided the repositioning
of injection wells. This led to a 5% increase in oil recovery, equivalent to approximately 20 million barrels
[13].

Pressure Management and Geomechanical Monitoring

4D seismic technology has proven invaluable in monitoring pressure changes and geomechanical effects
within reservoirs. This is particularly crucial in fields prone to compaction or where pressure maintenance
is critical for production sustainability.

The Valhall field in the North Sea exemplifies the importance of 4D seismic in geomechanical monitoring.
Repeated seismic surveys between 2003 and 2011 revealed significant reservoir compaction and
overburden subsidence. This information guided well placement strategies to avoid areas of high
compaction risk and informed facility management decisions [14].

In the Sleipner CO: storage project, also in the North Sea, 4D seismic has been instrumental in tracking
the migration of injected CO within the saline aquifer. Surveys conducted between 1994 and 2008
provided valuable insights into the behavior of the CO> plume, ensuring the integrity and effectiveness of
the storage operation [15].

TECHNOLOGICAL ADVANCEMENTS AND FUTURE DIRECTIONS

Permanent Reservoir Monitoring (PRM) Systems

The evolution of 4D seismic technology has led to the development of Permanent Reservoir Monitoring
(PRM) systems. These systems involve the installation of permanent seismic sensors on the seafloor or in
boreholes, allowing for more frequent and cost-effective 4D seismic acquisition [18].

The Snorre field in the North Sea was one of the early adopters of PRM technology. The system, installed
in 2013, consists of 700 km of fibre-optic cables and over 4,000 seismic sensors covering an area of 190
km?2. This setup enables monthly 4D seismic surveys, providing unprecedented temporal resolution for
reservoir monitoring [16].

PRM systems offer several advantages over conventional 4D seismic surveys:

1. Increased frequency of surveys (monthly vs. yearly)

2. Improved repeatability and data quality

3. Reduced operational costs and HSE risks associated with vessel-based surveys

4. Real-time monitoring capabilities

As PRM technology continues to mature, it is expected to become more widespread, particularly in
offshore environments where the benefits can justify the initial installation costs.

INTEGRATION WITH MACHINE LEARNING AND ARTIFICIAL INTELLIGENCE

The integration of 4D seismic data with machine learning (ML) and artificial intelligence (Al) algorithms
represents a promising frontier in reservoir management. These advanced analytics techniques can extract
deeper insights from the vast amounts of data generated by 4D seismic surveys.

Recent studies have demonstrated the potential of ML algorithms in:

1. Automated interpretation of 4D seismic anomalies

2. Prediction of fluid flow patterns and reservoir property changes

3. Optimization of well placement and production strategies

4. Integration of 4D seismic data with other reservoir measurements for improved history matching
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For instance, a 2020 study by Smith et al. applied deep learning algorithms to 4D seismic data from the
North Sea, achieving a 30% improvement in the accuracy of fluid front predictions compared to
conventional methods.

Advances in Acquisition and Processing Technologies

Ongoing advancements in seismic acquisition and processing technologies continue to enhance the
resolution and accuracy of 4D seismic data. Some notable developments include:

1. Broadband seismic: Expanding the frequency range of seismic data acquisition, improving vertical
resolution and imaging of thin reservoirs.

2. Full-waveform inversion (FWI): Advanced processing technique that utilizes the full seismic
wavefield to create high-resolution velocity models, enhancing the accuracy of 4D seismic interpretations.
3. Simultaneous source acquisition: Allows for faster and more cost-effective data acquisition,
particularly beneficial for frequent 4D surveys.

4. Ocean bottom nodes (OBN): Provides improved data quality and repeatability compared to traditional
streamer-based acquisition, especially in areas with complex geology or infrastructure.

These technological advancements are pushing the boundaries of what is possible with 4D seismic,
enabling more accurate and detailed reservoir characterization and monitoring.

CHALLENGES AND LIMITATIONS
Despite its transformative potential, 4D seismic technology faces several challenges and limitations that
must be addressed for its continued advancement and widespread adoption.

Repeatability and Data Quality

One of the primary challenges in 4D seismic is ensuring sufficient repeatability between surveys to detect
genuine reservoir changes. Factors affecting repeatability include:

1. Variations in source and receiver positions

2. Changes in environmental conditions (e.g., water velocity, tides)

3. Differences in acquisition parameters and equipment

Industry efforts have focused on improving acquisition techniques and developing advanced processing
algorithms to enhance repeatability. For instance, the use of permanent ocean bottom cables (OBC) or
nodes can significantly improve positioning consistency between surveys.

Interpretation Challenges

Interpreting 4D seismic data requires a multidisciplinary approach, integrating geophysics, reservoir
engineering, and geology. Challenges in interpretation include:

1. Distinguishing between pressure and saturation effects

2. Quantifying the magnitude of observed changes

3. Integrating 4D seismic data with other reservoir measurements and models

Ongoing research is focused on developing more robust quantitative interpretation techniques and
improving the integration of 4D seismic data with reservoir simulation models.

Cost and Economic Justification

The cost of acquiring and processing 4D seismic data can be substantial, particularly for offshore fields.
While the potential benefits are significant, justifying the investment can be challenging, especially in
mature fields or low-price environments.

To address this, the industry is exploring cost-reduction strategies such as:

1. Optimizing survey designs to reduce acquisition time and costs

2. Developing more efficient processing workflows

3. Implementing PRM systems for long-term cost savings
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Applicability in Different Geological Settings

The effectiveness of 4D seismic varies depending on the geological setting and reservoir properties.
Challenges include:

1. Limited applicability in carbonate reservoirs due to their complex pore structures

2. Difficulties in detecting subtle changes in thin reservoirs

3. Reduced sensitivity in high-pressure, high-temperature (HPHT) environments

Ongoing research is focused on developing specialized acquisition and processing techniques for
challenging geological environments, as well as integrating 4D seismic with other monitoring
technologies to overcome these limitations.

CONCLUSION

The advent of 4D seismic technology has ushered in a new era in reservoir management, providing
unprecedented insights into dynamic reservoir behavior. By enabling real-time monitoring of fluid
movements, pressure changes, and geomechanical effects, 4D seismic has become an indispensable tool
for optimizing production strategies, maximizing recovery, and extending field life.

The case studies presented in this article demonstrate the substantial economic and operational benefits
that can be realized through the effective application of 4D seismic technology. From guiding infill drilling
decisions to optimizing injection strategies and managing reservoir pressure, 4D seismic has proven its
value across a wide range of field types and production scenarios.

Looking ahead, the integration of 4D seismic with advanced analytics, machine learning, and permanent
monitoring systems promises to further revolutionize reservoir management practices. These
developments will enable more frequent, accurate, and cost-effective reservoir monitoring, leading to
improved decision-making and ultimately higher recovery factors.

However, challenges remain in terms of data quality, interpretation complexity, and economic
justification. Addressing these challenges will require continued technological innovation,
interdisciplinary collaboration, and a focus on demonstrating the value proposition of 4D seismic in
diverse geological and economic environments.

As the oil and gas industry navigates the dual challenges of meeting global energy demand and
transitioning to a low-carbon future, the role of 4D seismic technology in maximizing recovery from
existing fields while minimizing environmental impact will become increasingly critical. By enabling
more efficient and targeted production strategies, 4D seismic contributes not only to improved economic
outcomes but also to the industry's sustainability goals.

In conclusion, the paradigm shift brought about by 4D seismic technology represents a significant leap
forward in our ability to understand and manage subsurface resources. As the technology continues to
evolve and mature, it will undoubtedly play a central role in shaping the future of reservoir management
and the broader energy landscape.
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