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Abstract

Carbonate facies identification is difficult using conventional seismic attributes due to subtle lithologic
changes that cannot be easily recognized. Therefore, there is a need to develop new methodologies to study
their evolution and their associated sedimentary processes, which will eventually lead to better prediction for
reservoir-quality rocks. New insights into the Cenozoic carbonates in North West Australia have been captured
with the application of a high-definition seismic attribute workflow. The workflow starts with conditioning of
the seismic volume using structurally oriented noise attenuation filters to remove any random and coherent
noise from the input data. It also benefits from a high-definition frequency decomposition that matches the
original seismic resolution without smearing interfaces using a “matching pursuit” algorithm. A color blend
of multigeometric attributes, such as semblance and conformance, has also been used in the workflow to define
edges and discontinuities present in the data within carbonate deposits that are attributed to depositional geom-
etries, such as barrier reefs. Our workflow has been developed to investigate the geomorphology and the sedi-
mentary processes affecting Cenozoic successions in the Northern Carnarvon Basin in North West Australia.
Geomorphological and sedimentological observations have been documented such as an Eocene rounded car-
bonate ramp with evidence of slump blocks and scarps, Middle Miocene accretions generated due to longshore
drift, and the presence of Pliocene-Pleistocene patch and barrier reefs. These observations were extracted as
geobodies to allow for visualization, and they can be used in an automated seismically based facies classification
scheme. The new appreciations are not only useful for understanding the carbonate evolution but can also be
used to identify geohazards such as slumps ahead of future drilling.

Introduction
Since the introduction of seismic attributes to the

petroleum industry in the early 1970s, seismic attribute
analysis has played an important role in the exploration
and development workflow, allowing reservoir and
fluid properties to be detected and reducing uncertain-
ties in resource estimations (Chopra and Marfurt, 2005,
2007). A common task for the interpreter is to predict
and differentiate reservoir facies. This can be easily
done in clastic settings in which rock-physics theories
allow for better identification of sand against shale fa-
cies (Meldahl et al., 2001; Chopra and Pruden, 2003; Av-
seth et al., 2005). In contrast, carbonate rocks have
physical characteristics that make predicting how they
will be observed with various seismic attributes chal-
lenging, such as lateral heterogeneity in porosity type
and distribution, subtle facies change, velocity disper-
sion, and attenuation due to complex rock framework,
permeability heterogeneity, and susceptibility to early
diagenesis (Vanorio et al., 2012). All of these challenges

make attribute analysis and rock-physics theories diffi-
cult to apply in carbonates (Vanorio et al., 2012). Pre-
vious studies, such as that by Hong and Shipilova
(2013), suggest that the use of multiattribute analysis
and neural networks could illuminate carbonate build-
ups and reveal subtle stratigraphic features, such as reef
buildups, shoal beaches, and progradational patterns
from seismic reflection data. This is because the integra-
tion of several types of information provided by multiat-
tribute analysis and calibration of neural networks,
which starts with well logs and core measurements, pro-
vide a better prediction for carbonate facies identifi-
cation.

We present a new seismic attribute workflow, which
benefits from a high lateral and vertical resolution,
matching the original seismic resolution, to allow for a
fast and efficient definition of the 3D morphology of
geologic features that can be tailored to detect carbon-
ate features. The backbone of this workflow is clean
and conditioned data to increase the productivity of
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subsequent processes. The workflow is tested on the
Cenozoic carbonate sequences in the Northern Carnar-
von Basin in North West Australia. Although previous
studies have identified the carbonate facies distribution
in the basin, the result of this analysis allows for 3D
visualization of the geomorphology of cool-water non-
tropical carbonate factories and how they evolve into a
shallow-water tropical carbonate platform over time. In
addition, the role of siliciclastic influx that took place in
the Middle Miocene and its impact to the paleoshoreline
is investigated.

Geologic setting
The study area is located in the Northern Carnarvon

Basin in North West Australia (Figure 1). The basin is
part of several Paleozoic to Cenozoic subbasins forming
the northwestern continental margin of Australia (Ap-
thorpe, 1988). It is filled by more than 15,000 m of deltaic
to marine siliciclastic and shelfal carbonates of Mesozoic
to Cenozoic age (Bradshaw et al., 1998). The Demeter 3D
seismic reflection survey, which was shot in 2005, has
been chosen to evaluate the workflow. The survey is lo-
cated in the Dampier subbasin within the Northern Car-
narvon Basin, which benefits from several sequences of
tropical and nontropical carbonate deposits as suggested
by several well penetrations in the basin (Cathro, 2002;
Sanchez, 2011). Unfortunately, well-log data were not
available for this project.

During the mid-Santonian, the Northern Carnarvon
basin became tectonically stable and experienced a long-
term warm and arid climate as it moved northward from
approximately 40°S to 20°S (Apthorpe, 1988; McGowran
et al., 1997). The tectonic stability and climate resulted in
a transition from a mostly siliciclastic succession during
the Mesozoic to a predominantly carbonate sedimenta-
tion since the Eocene (Apthorpe, 1988; Butcher, 1989)
(Figure 2).

Cool-water nontropical carbonate sedimentation was
the dominant carbonate factory during the Late Paleo-
cene to Early-Middle Miocene when siliciclastic influx
overtook carbonate deposition (McGowran et al., 1997;
Gokstas, 2013). During a period of long-term global sea-
level fall, shelfal and shelf edge deltas prograded across
the carbonate shelf (Apthorpe, 1988). The accumulated
delta lobes, along with a climatic shift, created favorable
conditions for the growth of tropical shallow-water car-

Figure 1. The Demeter survey location within the Northern Carnarvon Basin in North West Australia and an interpreted seismic
line showing the Cenozoic sequences.

Figure 2. Stratigraphic chart of the Cenozoic sequence cov-
ering the Paleogene and Neogene periods.
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bonate in the Pliocene (Cathro, 2002; Sanchez, 2011;
Gokstas, 2013). Although studies by Cathro et al. (2003),
Wallace et al. (2003), and Sanchez et al. (2012) con-
strained the main facies distribution of carbonate evolu-
tion and the influence of the siliciclastic influx during the
Late Miocene, the large-scale 3D morphology and the
localized sedimentary processes that are key in under-
standing the paleoenvironment have not been consid-
ered in their interpretation.

High-definition seismic attribute workflow
We used a high-definition seismic attribute workflow,

benefiting from fast algorithms, to allow for better
visualization and automated facies classification. The
workflow starts with data conditioning followed by mul-
tiattribute computation and automated facies classifica-
tion to allow for data-driven and interpreter-guided
analysis. Although we believe that the workflow is appli-
cable to any data set, we used the Demeter 3D survey
because it benefits from imaging extensive carbonate
sequences. The Demeter 3D survey covers almost
3550 km2. The survey was shot in April 2003 and com-
pleted after processing in January 2005. It was acquired
using ten 5 km long streamers, 50 m apart, with a single
source gun. The nominal fold was 133 with a record
length of 6 s and sampling interval of 2 ms. The depth
of the source was 5 m, and the receiver was 6 m in depth.
The bin size was 6.25 × 25 m. Extensive demultiple
processing and velocity analysis were essential in deliv-
ering a high-quality seismic volume (Bennett and Bus-
sell, 2006).

Data conditioning
Noise cancellation

Most noise suppression is performed during seismic
data processing in the prestack domain. However, co-
herent and random noise can still be present in the
stacked seismic data, overprinting geologic information
and subsequently affecting the interpretation. To mini-
mize noise in the seismic data, two stages of noise
attenuation were applied. The first stage targeted the co-
herent noise in the data using a structurally oriented,
edge-preserving, finite-impulse-response, median hybrid
filter (Heinonen and Neuvo, 1987; Nieminen et al., 1987;
Astola et al., 1989). The second stage aimed at removing
remnant random noise through iterative application of
an edge-adaptive anisotropic tensor diffusion filter (after
Perona and Malik, 1990). Using either dip and azimuth
volumes or internal steering algorithms to guide these
filters along the seismic reflections, we can ensure that
edges, trends, and details that are critical for detecting
subtle stratigraphic features are preserved.

Spectral enhancement
The vertical resolution and localization power of a

seismic data set is a function of the bandwidth of the sig-
nal. Spectral enhancement aims at increasing the band-
width of the data set by selectively boosting portions of
the seismic signal with distinguishable frequency content

(McArdle and Paton, 2014). Enhancing the high end
of the frequency spectrum allows for better imaging of
thin beds and provides better continuity and interpret-
ability of the data. Even though the interpretability of
the data has improved, this method should be applied
with caution and only after the noise attenuation to avoid
boosting the noise. Because it is difficult to differentiate
signal from noise, a visual examination should always be
made when dealing with spectral enhancement tools.
Figure 3a shows the original and enhanced spectra,
demonstrating the improvement especially at high fre-
quencies. Figure 3b and 3c illustrates how the data con-
ditioning steps attenuate the coherent, steeply dipping
noise and improve the continuity and interpretability
of seismic events.

Attributes computation
Geometric attributes

There is a range of geometric attributes that can help
in revealing the seismic texture and detecting subtle
edges such as channels and depositional geometries
(for a summary, see Chopra and Marfurt, 2007). In this
study, three different attributes were used. The first one
is a structurally oriented semblance, whereby calcula-
tions are performed along reflections (Chopra and Mar-
furt, 2007). This attribute is sensitive to phase breaks
or sharp changes in the waveform. In the calculated
attribute, high values represent discontinuities and low
values represent areas of uniformity (Figure 4a). The sec-
ond attribute is conformance (developed by GeoTeric),
which is a structurally oriented measure of the degree of
deviation from the local dominant orientation at each
voxel of the seismic volume. The attribute uses precalcu-
lated dip and azimuth volumes: High conformance values
represent stable reflectors, and low conformance values
represent areas of variability (Figure 4b). The third geo-
metric attribute used in this analysis is 3D dip to highlight
steeply dipping zones in the data (Figure 4c).

Frequency decomposition
Frequency decomposition was first introduced to the

seismic interpretation workflow. In the past 15 years, the
method has become a standard application, and now all
major seismic interpretation software systems offer dif-
ferent versions of it. All of these versions, including Fou-
rier transformation, continuous wavelet transformation,
or matching pursuit decomposition, have their advan-
tages and disadvantages, and the selection depends on
the objectives of the workflow.

In this study, a modified-matching-pursuit-based al-
gorithm was used (see Mallat and Zhang, 1993; Szafian
et al., 2015) because it offers the highest possible ver-
tical (temporal) resolution and localization of seismic
events. The method relies on a predefined, dynamic li-
brary of Gabor wavelets at different frequencies and
phase rotations, which are iteratively matched to the
seismic trace according to the highest spectral energy,
thus reconstructing it, without windowing or vertical
smearing (Figure 5). Because there are no well logs
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available in this study, we use a visual examination to
set the red-green-blue (RGB) color blend. To achieve
the best differentiation of the analyzed geologic fea-
tures, a series of frequency responses and their combi-
nations are analyzed in an interactive, iterative manner.
Once the best frequencies for the RGB blend are se-
lected (26, 40, and 50 Hz in this case), the corresponding
band-limited frequency response magnitude volumes

can be calculated from the wavelet sets of the recon-
structed traces.

Visualization and corendering
Even though vertical and lateral seismic resolutions

are important, the color resolution and how we per-
ceive colors add significant value to our interpretation
(Froner et al., 2013). The nonlinearity of the human vis-

Figure 4. (a) Semblance seismic attribute; (b) conformance seismic attribute; (c) 3D dip attribute.

Figure 3. (a) Amplitude spectrum before and after spectral enhancement. (b) Original seismic data. (c) Conditioned seismic data
showing more continuous reflections after noise attenuation and spectral enhancement. The arrows point to areas of improved
interpretability.
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ual system leads to the possibility of interpretations
being based not on actual features that are present in
the data but on illusions created by false perceptions.
To avoid this, new techniques have been introduced to
visualize information in a way that is perceptually in
tune with the human visual system (Stark, 2006; Froner
et al., 2013). Furthermore, these techniques enable us to
use explicit encoding to represent and simultaneously
analyze different pieces of information and their relation-
ship (Paton and Henderson, 2015). The most frequently
used type of explicit encoding is color blending, whereby
three attributes are corendered using different color
schemes. In this paper, we use RGB
and cyan-magenta-yellow (CMY) color
blends. The first is an additive color
model, in which three equally strong sig-
nals on the three color channels result in
a white response, whereas the latter is a
subtractive color model; i.e., three strong
responses result in a black response. The
RGB and CMY color models can be used
for a variety of attributes. It is preferable,
based on experience, to use the RGB
model to mix frequency magnitude vol-
umes (Figure 6). The CMY model can
be used to blend geometric attributes
to highlight faults, fractures, and channel
edges (Henderson et al., 2007; Guo et al.,
2008; Purves and Basford, 2011). The
CMY color blend presented in this study

shows that conformance and semblance attributes domi-
nate with no major contribution from the dip attribute.
As shown in Figure 7, edges and discontinuities in the
blend are represented as cyan and purple colors.

Results and interpretation
The Demeter survey was chosen particularly to apply

the workflow because it exhibits a dynamic transition
from nontropical carbonate platform to warm tropical
carbonate production (Apthorpe, 1988; Gokstas, 2013).
The challenge in this data set is to investigate the geo-
morphological and sedimentological processes em-

Figure 5. Color blend of three frequency magnitude volumes (26, 40, and 50 Hz).

Figure 6. An RGB color blend of frequency volumes starts with transforming the color spectrum of the frequency volumes to red,
green, and blue before mixing.
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bedded in the seismic data, which have not previously
been revealed. The workflow was applied to a portion
of the Demeter survey (60 × 60 km) in a time interval
between 400 and 1800 ms, as shown in Figures 1 and
2, to accelerate the computation process without missing
geologic features. We produced an RGB color blend
of three frequency magnitude volumes (26, 40, and
50 Hz). In addition, a CMY blend of geometric attributes
(conformance, semblance, and dip) was also used. The
successful implementation of multiattribute analysis re-
vealed interesting, previously undiscovered, geomorpho-
logical, and sedimentological processes that can be
calibrated to build a conceptual geologic model of the
carbonate growth during the Cenozoic in North West
Australia. Due to the unavailability of well logs in this
study, most of the observations are based on calibration
of the seismic attribute observations with drilling reports
and ditch cuttings. Previous studies from Cathro (2002),
Sanchez (2011), and Gokstas (2013) are integral in con-
straining the age and controlling the horizon interpre-
tation.

The nontropical Oligocene carbonate ramp
A 3D dip attribute horizon slice from the Oligocene

Red Horizon in Figure 1 reveals a featurelessmarginwith
no significant edges or discontinuities observed, apart
from channelized slope gullies (Figure 8). This horizon
slice, which covers the Oligocene to Early Miocene as
suggested by Cathro (2002) and Cathro et al. (2003), in-

dicates a nontropical carbonate ramp with no significant
clastic incision as shown in Figure 8 confirming their
analysis of stable carbonate production in the Oligocene.
However, an RGB color-blend horizon slice of the Early
Miocene Yellow Horizon exposes erosional processes
within the shelf with an abrupt increase in the amplitude
and frequency content. The high-definition frequency de-
composition allows for better illumination of geomor-
phological processes (Figure 9). Based on the chaotic
nature associated with abrupt change in frequency con-
tent, we interpreted this feature as a headscarp with
associated slumping facies, similar to the geologic fea-
tures that have been observed in California (Figure 9)
(USGS, 2004).

The mixed siliciclastic-carbonate setting of the
Middle Miocene

An RGB color-blend horizon slice of the Middle
Miocene Purple Horizon (seismic TWT 800 to 1500 ms)
shows previously undiscovered lineations that are pro-
grading to the north (Figure 10). Based on lithologic ob-
servations from several wells, Cathro (2002) interprets
this interval as the onset of the clastic influx suggesting
these lineations to be longshore accretion surfaces be-
cause the sediments are transported along the shore
due to swash and backwash movements. Detailed map-
ping of these accretions will enable a high-resolution
sequence stratigraphic framework of the sand deposits
to be developed. This horizon slice also reveals a lobate

Figure 7. A CMY color blend of geometric attributes starts with transforming the gray scale of the volumes to cyan, magenta, and
yellow before mixing.
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to arcuate feature that is interpreted here as a paleo-
shoreline, which is expressed as a strong white response
(indicating high-frequencymagnitude in the decomposed
volumes) that has prograded for at least 1 km to the
northwest (Figure 10).

The tropical carbonate platform in the Pleistocene
The RGB color-blend horizon slice of the Pliocene

Pink horizon, which marks the beginning of the tropical
carbonate platform as suggested by Gokstas (2013) and
Cathro (2002), shows linear features that extend for sev-

Figure 8. A 3D dip attribute horizon slice from the Oligocene to Early Miocene interval showing nontropical carbonate ramp with
a featureless, rounded margin, and slop gullies downdip.

Figure 9. An RGB color-blend horizon slice from the Oligocene to Early Miocene showing abrupt changes in the frequency re-
sponse attributed to head scarp and slump mass activity.
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eral tens of kilometers and have a curved morphology
(Figure 11). Along with this observation, 3–4 km wide
patches with a high-frequency response have been iden-
tified. When we correlate these observations with a mod-
ern carbonate platform such as the Belize Reef (Loucks
et al., 2003), we were able to interpret the linear features

as a prograding barrier reef, whereas the patchy strong
response we interpret as a platform interior with patch
reefs. The size of the Belize patch reefs is almost similar
to the ones observed in the data set (3–4 km wide).

A close-up slice within the carbonate platform using
the CMY blend, which mixes geometric attributes (con-

Figure 10. An RGB color-blend horizon slice from the middle Miocene interval showing lineations parallel to the paleoshoreline,
which were interpreted as longshore accretion surfaces.

Figure 11. An RGB color-blend horizon slice from the Pleistocene carbonate platform showing curved morphology and patchy
strong responses shallower in the section.
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formance, semblance, and dip), shows previously un-
identified, small (less than 100 m wide) concave, and
overlapping ridges migrating to the west (Figure 12).
The length of the individual ridge is between 0.5 and
2.5 km. These features are interpreted as interior plat-
form sand shoals deposited as a result of wave action
across the shelf. The movement of these ridges across
the platform is mainly dominated by the strength and
direction of the waves.

Interactive facies classification
In its basic definition, a seismic geobody is an inter-

preted 3D object that contains cells (or voxels) with sim-
ilar seismic characteristics (Chopra and Marfurt, 2007).
It is an emerging tool to visualize and extract geologic
features in a volumetric sense, using multiple seismic

attribute volumes or a combined volume. The ability
to discriminate zones of interest when choosing the op-
timum seismic attribute is vital for geobody interpreta-
tion and extraction.

In Figure 13a, a seismic feature has been identified
with various frequency response indicating lateral
changes in facies. Without doing any further processes,
this RGB color blend was used as an input for interactive
facies classification to automatically extract geobodies
and to classify them based on color recognition (Fig-
ure 13b). The different facies were defined by selecting
different sample areas along horizons and sections. Us-
ing the values within the sample areas, Gaussian mixture
models with unit-area normalization were calculated. In
the next step, all voxels in the volume were analyzed and
were either classified into one of the facies or left unclas-

Figure 12. A CMY color-blend horizon slice showing small concave-upward overlapping ridges migrating to the northwest.

Figure 13. (a) An RGB color blend showing a geologic feature. (b) Interactive facies classification based on frequency signature
from the RGB color-blend volume.
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sified. The algorithm applies a hierarchical clustering
method to identify subfacies that are not immediately
obvious for the interpreter. In Figure 13b, three main
classifications have been automatically generated, distin-
guishing the characteristic frequency response that cor-
responds to three different facies in this seismic feature.
This interactive facies classification can be extended to
several layers and horizons to convert the seismic data to
a 3D geologic model incorporating the lateral and verti-
cal changes in the facies.

Conclusion
The use of an RGB color blend, which mixes high-

definition frequency magnitude volumes using match-
ing pursuit algorithm, allows for better carbonate facies
identification and superior illumination of geomorpho-
logical and sedimentological observations that have not
been previously identified in the Northern Carnarvon
Basin. In addition, the CMY blend, which mixes geomet-
ric attributes, is a breakthrough in delivering a single
volume with covariant information. Both blends can
provide a geologically feasible interactive facies classi-
fication, which helps in building a 3D geologic model of
the Cenozoic carbonate evolution in the Northern Car-
narvon Basin.
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