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Abstract: This investigation presents the current status of seismic sedimentology, as applied to high-
resolution (<5m) mapping of sedimentary facies and hydrocarbon reservoirs in the subsurface.
Seismic sedimentology involves the integrated study of seismic lithology and seismic
geomorphology. High-resolution lithology, thickness, and geobody geometry mapping can be
achieved by focusing on spatial resolution, data quality, attribute selection, seismic modeling, and
application of machine learning techniques. As their geophysical counterparts, the interpreters with
geologic background can do as good in seismic sedimentology.
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1. Introduction

What is seismic sedimentology? Since Zeng et al. (1998) used the word for the first time,
consensus has evolved. In reservoir geophysics (Johnston, 2010), seismic lithology is the use of
seismic attributes in predicting lithology types, such as sandstone, shale, carbonates, and evaporates.
Posamentier (2001) uses the term seismic geomorphology to describe the seismic pattern of
depositional geomorphology in a plane or 3D view. Schlager (2000) proposes seismic sedimentology
as a tool of sedimentary research that aims at imaging, interpretation, and modeling of seismic-wave
responses of layered sedimentary rocks. Zeng and Hentz (2004) define seismic sedimentology as the
seismic investigation of sedimentary rocks and depositional processes by the combined study of
seismic lithology and seismic geomorphology, emphasizing the complementary nature of the two.

Seismic stratigraphy, introduced by Vail et al. in 1977, was developed for the low-resolution (50-
500 m thick) analysis of basin-scale depositional systems. In response to the growing need for high-
resolution thin-bed mapping in sedimentary basins, seismic sedimentology emerged using seismic
data. After decades of intensive exploration and development, most of the more accessible
hydrocarbon plays in thick reservoir sequences have been discovered. The remaining hydrocarbon
potential primarily lies in thin-beds, such as those less than 5 meters thick, particularly in non-marine
basins in China and elsewhere (Zhu et al., 2020). Currently, both thin-bedded conventional
reservoirs and shale-oil formations are receiving significant attention. The ongoing discussion about
improving seismic resolution is timely, as it focuses on enhancing the prediction of these thin-beds.

Seismic resolution is a broad topic that encompasses various aspects essential for understanding
and improving it (Zeng 2024). These aspects address designing and acquiring 3D surveys, processing,
and interpretation. Given the limited scope of this paper, it is impractical to cover all these areas
thoroughly. Instead, I will focus on the third aspect: interpretation. In this discussion, I will clarify
what by high-resolution facies mapping means using seismic data, and how seismic sedimentology
can achieve better facies resolution. While this discussion may not cover every detail, I hope to
present valuable concepts and methods that will benefit our geologic colleagues.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Current Understanding of Seismic Resolution

The concept of seismic resolution evolves with time. Various definitions have been established
over the past five decades based on different criteria (Zeng 2024). Notably, Kallweit and Wood’s
(1982) “peak-to-trough” or Rayleigh’s criteria have become widely accepted. They demonstrated to
most interpreters that, for a wedge with a stepwise impedance profile (see Figure 1), the resolution
limit is most practically defined by the “peak-to-trough” separation of the composite waveform at
A/4 (where A is the dominant wavelength, typically between 15 and 150 meters). For a wedge with a
box impedance profile, this corresponds to the “turning point,” where the maximum composite
amplitude is measured (see Figure 2). The concept of resolution is closely tied to our cognitive
understanding of the geologic subject (e.g., a feature, a 2D bed, or a 3D body). New concepts may
emerge in the future to accommodate new interpretational demands. In addition, the definition of
seismic resolution is derived from an idealized earth model and represents the best theoretical
resolution. However, the actual resolution is not always as high as the theoretical resolution, partly
due to imperfect interpretation. Our goal is to find more efficient techniques and workflows to

improve the actual resolution.

“Peak-to-trough” separation
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Figure 1. The definition of seismic resolution seen on a synthetic model of a step-wised impedance
profile. A zero-phase Ricker wavelet is used. R refers to the reflection coefficient.
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Figure 2. At A/4 thickness, maximum amplitude (tuning point) is observed in a synthetic model of a
low-impedance wedge encased in high-impedance rock. A zero-phase wavelet is applied. R refers
to the reflection coefficient.

3. Quality of Seismic Data

The quality of seismic data is crucial for accurate stratigraphic and sedimentological
interpretation. Over the last several decades, academia and industry have significantly advanced
data acquisition and processing. Modern digital seismic data typically feature a wide frequency range
of 10 to 100 Hz, utilize a zero-phase wavelet, maintain precise 3D positioning in migrated data, and
possess a satisfactory signal-to-noise ratio. We can still perform various analyses even with imperfect
data—such as numerous legacy 3D data sets collected in the 1980s and 1990s. Numerous published
case studies of seismic geomorphology and seismic sedimentology from the last thirty years rely on
these legacy data sets (e.g., Posamentier, 2002; Zeng and Hentz, 2004; Dong et al., 2008).

Geologic interpreters can seek assistance from geophysicists to achieve cost-effective
improvements in data quality through reprocessing and specialized processing techniques. For
example, significant efforts have been made to enhance data processing for higher seismic resolution.
A common approach is to extrapolate orto  reshape the bandwidth using poststack data, for instance
spectral balancing (e.g., Fehmers and Hocker, 2003), spectral inversion (e.g., Portniaguine and
Castagna, 2004), bandwidth extension (Smith et al., 2008), and pseudo deconvolution (Matos and
Marfurt, 2011).

This section may be divided by subheadings. It should provide a concise and precise description
of the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.

4. Seismic Attributes for Seismic Lithology

For the digital seismic data delivered to interpreters after processing, the main aspects
influencing actual resolution include choice of attributes, selection of frequency bandwidth, and the
wavelet shape. Certain strategies are more effective for particular geologic and geophysical studies,
such as stratigraphy, sedimentology, structure, rock physics, or fluid content. A comprehensive
understanding of these issues requires an extensive literature review. This section will concentrate
specifically on effective strategies for stratigraphic and sedimentological interpretations.
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1. Choice of attributes: Many seismic attributes can relate seismic signals to a reservoir formation’s
acoustic impedance, lithology, and porosity profile. To list a few, 90° phase trace, integrated trace,
and model-based inversion are all valuable attributes. Based on the author’s experience, 90° phase
trace is geologist-friendly and preferred (see discussion in the next section). At the same time, seismic
waveform (trace) is still the primary platform for interpretation. Some noteworthy attributes can
indicate thin beds at or below seismic resolution (thin-bed indicators). Thin-bed attributes include
instantaneous attributes (Taner & Sheriff, 1977), singularity (Liner et al., 2004; Li and Liner, 2005,
2008), and phase residues (Matos et al., 2011), among others.

2. Wavelet shape and compactness: Seismic interpreters often prefer using zero-phase wavelets due
to their symmetric waveform, which offers the most compact representation and the highest temporal
resolution (Brown, 1991). However, this advantage applies primarily when analyzing a single
reflection surface, such as in structural mapping. If the subject is a thin-bed (see Figure 2), the
composite waveform becomes antisymmetric, removing the benefits of the symmetric wavelet.
Researchers can employ a 90° wavelet to recreate a symmetric waveform to address this issue while
preserving compactness and optimal resolution (e.g., Siding, 1982) (see Figure 3).
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Figure 3. The result of 90° phase shift of the synthetic model in Figure 2. The central trough is a
reasonable estimate of the low-impedance wedge lithofacies.

When comparing a series of stratal slices created from 90° data to those derived from a zero-
phase volume within the same strata, interpreters will notice that the 90° slice series displays fewer
channel fingerprints. This difference is because there is less vertical mixing of the stacked events,
leading to reduced interference. This method is particularly effective for interpreting interbedded
thin-bed sequences.

3. Strategies to use frequency information: Over the last three decades, seismic frequency
information analysis and application have significantly progressed. Partyka et al. (1999) invented the
spectral decomposition method, utilizing the short window discrete Fourier transform (SWDFT) to
calculate the spectral energy for time-frequency cubes. In contrast, Grossmann and Morlet (1984)
developed the continuous wavelet transform (CWT), which cross-correlates a set of wavelets against
a traveltime series to create localized frequency images of seismic traces in time. This method was
refined by matching pursuit decomposition (MPD) to achieve higher vertical resolution in the
frequency domain (Mallat and Zhang, 1992; Castagna and Sun, 2006).

Moreover, eliminating the interference of low-frequency components from high-frequency
subvolumes can significantly enhance seismic resolution for thin beds. A more effective approach is
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RGB color blending of high-, moderate-, and low-frequency spectral components or seismic travel
time traces; this is also called frequency fusion (Zeng, 2017). Notably, when using 90° data, frequency
fusion allows for integrating both thick and thin-beds in the vertical view. As a result, the typically
constant width of seismic events in conventional stacked and migrated color display (Figure 4a)
aligns more accurately with the true thickness of lithofacies bodies (in this case, sand bodies a through
g, Figure 4b) without substantial interference.

In the horizontal view, broken images of channels in the conventional display (#1 - 47, Figure 4c)
appear more continuous, revealing more realistic, thickness-adjusted channel geometry (Figure 4d).
Additionally, frequency fusion proves advantageous for the stratigraphic and sedimentological
reconstruction of a formation in the vertical view. It creates a display illustrating lithofacies and
stratigraphic cyclicity, resembling outcrop photos (Figure 5a). In contrast, MPD-processed frequency
decomposition in the frequency domain does not achieve the same effect (Figure 5b).

(a) ~(b)
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Figure 4. Frequent fusion can further improve the interpretability of 90° phase data. (a) On a vertical

section (labeled SEC) of stacked and migrated data, seismic events (a-g) do not fit the geometry of
channel sand bodies. (b) In the same section, using frequency-fused data, RGB events (a-g) roughly
fit the geometry of channel sand bodies. (c) On a stratal slice (labeled SS) imaged with stacked and
migrated data, channel images (1-7) are mostly blurred. (d) On the same stratal slice with frequency-
fused data, channel images (1-7) are more continuous with sharper boundaries and valid thickness
definitions.
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Figure 5. High-resolution stratigraphic imaging and analysis are achieved by fusing three frequencies
from a 90° seismic volume. (a) System tracts and sequence stratigraphy influenced sand thickness,
(ranging from 15 to 50 m in the gamma-ray log at the well) and depositional cycles. (b) An RGB
blending of 14-, 30-, and 50-Hz iso-frequencies created with MPD is not optimal for stratigraphic
imaging. Modified from Zeng (2024).

5. Horizontal Resolution and Seismic Geomorphology

If processed correctly, the horizontal resolution of a 3D seismic cube should be roughly equal to
its vertical resolution (Lindsey, 1989). However, the effectiveness of either resolution in interpretation
depends on the stacking pattern of lithofacies in the geological strata. The ratio of the horizontal to
vertical dimensions of a lithofacies unit determines its spatial resolution status.

From outcrop observations, most of the thin sedimentary units are large in horizontal
dimensions (tens to thousands of meters) and small in vertical dimensions (several meters to tens of
meters). Such thin beds can generally be one-way resolved in the horizontal dimension, but can only
be detected in the vertical dimension. Thin-beds are volumetrically critical in both marine and
lacustrine formations. Fortunately, many of these beds can be effectively interpreted using seismic
geomorphology on stratal slices. The seismic interpretation of thin-beds is limited to what can be
detected. In a case study, we found that, with wireline log verification, distributary channel sands as
thin as one meter (A/80) can be spatially resolved (Figure 6) —much thinner than A/25 speculated by
Sheriff (1991) decades ago.

Ampltude +

Thickness (m) 2 km

Figure 6. An optimal spatial resolution (1 m) is indicated by a stratal slice created from a 50-Hz
dominant frequency 3D volume in a lacustrine shallow-water deltaic system. The thickness (m) of
sandstone measured in gamma-ray logs in wells shows a linear relationship with amplitude. Modified
from Zeng (2011).

Seismic geomorphology can be performed using time, horizon, and stratal slices (Posamentier
et al, 1996; Zeng et al., 1998), as long as they are made following geologic-time equivalent,
depositional surface. Ideally, stratal slices are the preferred option, as they are created by
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proportional slicing between two reference geologic events (e.g., maximum flooding surfaces)
without significant internal depositional hiatuses (e.g., angular unconformities).

6. Seismic modeling is a bridge

Seismic modeling is useful for finding a true link between seismic lithology, geomorphology,
and facies and for recognizing and avoiding pitfalls. Unlike complex structural and rock-physical
modeling (e.g., many models discussed in the SEAL project of the Society of Exploration
Geophysicists), geologic and seismic models do not have to be over-sophisticated for many
sedimentary interpretations. Being able to be created and interpreted by geologists, simple acoustic,
convolutional models are adequate unless approved otherwise. When elastic and wave-equation-
guided modeling is needed, geophysicists can provide critical help.

Although modeling is case-sensitive in general and should be performed according to specific
geologic and geophysical conditions, some important lessons can be easily summarized from simple,
convolutional models:

1. For a typical, interfingered sand-shale profile, a 90° phase trace is a reasonable estimation for
acoustic impedance and, therefore, for lithofacies (Figure 3);

2. Maximum amplitude at A/4 defines seismic resolvable limit and, at the same time, illustrates
amplitude tuning phenomenon that is a pitfall to porosity mapping (Figures 2 and 3);

3. Seismic onlap or downlap patterns do not necessarily indicate the true pinch-out points of
lithofacies (e.g., Biddle et al., 1992);

4. Seismic reflections do not necessarily follow geologic-time surfaces (Tipper, 1993); stratal
slices are better choices for sedimentary facies imaging (Zeng et al., 1998);

5. For a thin and shingled progradational sequence common in shallow-water deltaic systems or
prograding carbonate platforms (Figure 7a), seismic clinoforms are difficult to recognize in the
vertical section (Figure 7b) but more visible in a horizontal view (Figure 7c), showing the power of
horizontal seismic resolution.
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Figure 7. Thin progradational clinoforms show a discontinuous-chaotic vertical pattern but a clear
parallel horizontal pattern. (a) A 3D impedance model of outcrop-based, 50-ms (150 m) thick,
progradational sequence. (b) A vertical synthetic seismic section of a 28-Hz wavelet illustrates mostly
discontinuous to chaotic reflections. (c) A horizontal amplitude slice showing a parallel pattern
perpendicular to the progradation direction. Modified from Zeng et al. (2022).

7. Machine Learning Comes to Help!
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Machine learning (ML) is becoming increasingly important in various fields today. With a high-
quality training data set, ML can effectively “assign” or “learn” detailed information about core and
wireline-log characteristics —both facies and lithology —into areas between wells. This process relies
on a complex nonlinear regrouping of seismic attributes. Model testing has demonstrated this
potential (see Figure 8). For instance, in an interbedded formation (Figure 8a), the band-limited
seismic responses (Figure 8b) show rounded bed boundaries and often overlook variations in
thickness. Although ML can use single-well training data to predict some of these thickness
variations, the boundaries remain mostly blurred, indicating improved resolution but still some
limitations (Figure 8c). In contrast, a model based on 500 wells conveys much high-resolution
information in the predicted section, resulting in sharp boundaries (Figure 8d). These two cases
demonstrate the range of improvements expected in practical Al applications. Further studies are
needed to reveal the detailed mechanisms behind these processes. ML is poised to significantly
enhance thin-bed mapping using seismic data, creating numerous opportunities to explore and
develop conventional and unconventional resources.
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Figure 8. A test of ML-based inversion workflow. (a) A realistic acoustic impedance (Iy) model (true
model) of an interfingered sandstone and shale formation. (b) A 60-Hz Ricker wavelet with a phase
shift of 90° was generated from the true model displayed in part (a). This display loses thickness
information. (c) The testing results came from a large training data set using one well. The results
showed only limited recovery of true thickness variation. (d) Testing results using a 500-well-based
large synthetic training data set, which recovers most of the high-resolution details in (a). The logs in
the three wells are for blind-testing purposes only. Modified from Zeng (2024).

8. Discussions

1. Always calibrate with well and outcrop information and regional/local geologic model: When
interpreting seismic data, we should realize that interpretation is just an approximation of the truth,
not necessarily the truth itself. Interpretation is rarely unique and requires verification before being
finalized. Therefore, we should always verify and calibrate seismic interpretation with well and
outcrop observations; in areas without drilling data or lacking outcrop analogs, a geologic model in
adjacent regions or comparable formations should be tested for any interpretational benefits.

2. Push for better integration: How can we enhance seismic sedimentology using current
knowledge and technology? There are at least two approaches to consider. We need to publish more
models and case studies validating practical workflows and thin-bed indicative attributes to improve
our understanding of various depositional systems under different data conditions. Additionally,
achieving higher resolution is more than just the responsibility of geophysicists; it requires greater
collaboration with geologists. We should build highly integrated research and operational teams to
foster this collaboration. Furthermore, we should encourage undergraduate and graduate students
in geoscience schools to expand their curriculum by including a wide range of geological and
geophysical disciplines.
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3. Look forward to the future development of high-resolution geophysics: Recent widespread
applications of seismic sedimentology have demonstrated tremendous potential for resource
exploration and development across many basins, particularly where seismically thin-beds serve as
the dominant reservoirs. However, extracting spatial resolution on stratal slices often involves a
trade-off with band-limited data. Closely spaced thin-beds within a seismic event, typically ranging
from 5 to 40 meters (A /4) interval, are challenging to distinguish in vertical sections and horizontal
views, leading to potential interpretation confusion. We require next-generation, high-bandwidth
acquisition and processing technologies to ultimately address mapping difficulties associated with
thin-beds.

9. Conclusions

1. For lithologic and facies mapping using seismic data, “high-resolution” refers to the ability to
interpret the top and base of a sedimentary bed with a thickness of A/4 (typically between 15 and 150
meters) in a vertical view. Additionally, it allows for the detection of beds as thin as A/80 (ranging
from 1 to 5 meters) (spatial resolution) when applying seismic sedimentology from a horizontal view.

2. Among the various choices of attributes and display formats, displaying 90° data and
frequency fusion on a stratal slice is considered one of the best workflows for seismic sedimentology.

3. Seismic modeling is essential for verifying and calibrating seismic sedimentological
interpretations.

4. Looking ahead, machine learning-based approaches in seismic sedimentology represent the
future of this field.
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