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ABSTRACT - In the pursuit of net zero-emission targets, restrictions on new oil and gas field discoveries
have intensifies the need for enhanced reservoir characterization of secondary resources in mature fields,
such as thin-bed reservoirs. However, imaging thin-bed remains challenging due to the limited vertical
resolution of conventional seismic data. Advanced methodologies are therefore required to accurately
delineate thin-bed sandstone reservoirs and improve reservoir prediction reliability. This study integrates
seismic frequency attributes and stochastic seismic inversion to enhance vertical resolution and characterize
thin-bed reservoirs within the Montara Formation, Browse Basin, offshore northwestern Australia. The
workflow begins with tuning thickness analysis to identify thin-bed responses, followed by the construction
of reflectivity volumes for intercept-based amplitude variation with frequency (AVF-A) analysis and
seismic inversion. The results indicate that thin-bed sandstone reservoirs were predominantly deposited
during the syn-rift phase and exhibit a Northeast (NE)-Southwest (SW) orientation. These reservoirs are
distributed in the eastern well area of the SW region and the western well area of the NE region, with
thicknesses of up to 140 m. Probabilistic inversion results indicate reservoir probabilities exceeding 50%
within the target zones. These findings demonstrate that integrating seismic frequency attributes with
stochastic seismic inversion provides a robust framework for thin-bed bed delineation and reservoir
prediction under sub-tuning conditions
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INTRODUCTION

The global transition towards net-zero emission
targets has constrained new hydrocarbon field
development, thereby increasing the importance of
reservoir characterization to identify alternative
accumulation sources, such as thin-bed reservoirs.
Although global energy demand is projected to
decline by approximately 75% by 2050
(International Energy Agency 2023), optimizing
existing resources remains critical during the
energy transition.

Thin-bed reservoirs are inherently difficult to
image using conventional seismic techniques due to
limited vertical resolution. Consequently, advanced
approaches
resolution and improve the characterization of sub-

are required to enhance reservoir

tuning reservoir. To complement the inversion
analysis, frequency-domain seismic attributes are
utilized to capture attenuation variations and
frequency-dependent responses within the seismic
signal (Han et al., 2023).

This study focuses on the Montara Formation in
the Browse Basin, offshore of northwestern
Australia, which comprises thin-bedded siliciclastic
reservoirs that thicken toward the southeast
(Figure 1). The lithology is predominantly
sandstone, sealed by the Echuca Shoals and
Jamieson formations, with hydrocarbon charge
sourced from the Plover Formation, which contains
thin coal layers and prodelta shales.

Well data indicate that the Poseidon-2 well in the
northwestern area contains gas-bearing intervals with
thicknesses below the seismic tuning thickness,
whereas the Pharos well in the southeastern area
penetrates reservoir intervals exceeding the tuning
threshold (ConocoPhillips 2011, 2012, 2015). Despite
being sub-tuning in thickness, these thin beds
represent viable hydrocarbon targets and therefore
require accurate delineation.

Previous studies (Hosseinzadeh et al., 2025)
have compared various seismic inversion methods
and concluded that, despite advancements in

deterministic inversion techniques, uncertainty
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Figure 1. Stratigraphic column of Browse Basin (ConocoPhillips 2012). The Montara formation is predominantly
composed of thin sandstone layers that thicken toward the southeast, as indicated by the green box.
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quantification and the resolution of thin reservoirs
remain significant challenges.

Accordingly, this study has three primary
objectives: (i) to determine the spatial distribution of
sensitive elastic parameters within the thin-bed target
zone using stochastic seismic inversion and seismic
frequency attributes, (ii) to evaluate the probability
and thickness distribution of thin-bed reservoirs, and
(i) to
geological
associated with the thin-bed target zone.

interpret the depositional environment,

structures, and petroleum system

The novelty of this study lies in demonstrating
how the integration of stochastic seismic inversion
and intercept-based amplitude variation with
frequency (AVF-A) attributes can effectively
delineate thin-bed sandstone reservoir and improve
reservoir prediction in areas where conventional
deterministic inversion and limited petrophysical data
provide insufficient constraints.

METHODOLOGY
Data

This study utilizes seismic data acquired in the
Browse Basin, offshore northwestern Australia,
together with supporting well logs and well reports.
The seismic dataset covers Inline 2300 - 3400 and
Xline 1300 — 2800. The available volumes consist
of preserved partial-angle stacks (near: 6 - 18°C,
mid: 18 - 30°C, far: 30 - 42°C) for elastic inversion
and a non-preserved post-stack volume for horizon
interpretation, sampled at 4 ms.

Six wells — Proteus, Kronos, Boreas, Poseidon
1, Poseidon 2, and Pharos — were incorporated in
this study. Within the Montara Formation, the
available well logs include gamma ray (GR), deep
(RD) & shallow (RS) resistivity, neutron porosity
(NPHI), bulk density (RHOB), acoustic impedance
(Al) and the Vp/Vs ratio derived from P-wave and
S-wave velocities (Figure. 2). Well reports were
incorporated to establish formation markers, which
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Figure 2. Well correlation from northwest (NW) to southeast (SE) wells: a). Poseidon 2 and b). Pharos. Hydrocarbon
reservoir indications are characterized by low GR log, a cross-over between NPHI and RHOB logs, and increased
resistivity log responses, as highlighted by the yellow blocks.
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were subsequently refined through well-log

correlation and seismic horizon interpretation
across the Montara interval.

A tuning thickness analysis was conducted to
evaluate the distribution of reservoir net sand
within the Montara Formation in the well area
using seismic data. The analysis focused on
intervals characterized by decreasing GR values,
NPHI-RHOB crossover, increasing resistivity, and
a decreasing Vp/Vs. The results reveal limitations
thin-bed
reservoirs as (Table I), particularly in the vicinity

in seismic resolution for imaging

of the northwestern wells.

Time-depth conversion

Time—depth conversion was performed using
the layer-cake method due to its suitability for
depth conversion in geologically complex settings.
This approach converts seismic horizons into the
depth domain by sequentially stacking velocity
layers, analogous to the layering a cake. A velocity
model constructed from checkshot data was
applied, and the Montara Formation was
subdivided into 20 zones using a moving-average

technique to improve depth-conversion accuracy.
Reflectivity

Prior to generating the reflectivity volumes, the
partial-angle stacks were subjected to amplitude
spectrum bandwidth equalization using the near-
angle stack as the reference. This process,
commonly referred to as bandwidth matching,
applies a bandpass-type filter defined by low-cut,

low-pass, high-pass, and high-cut parameters.

The near-angle stack was selected as the
reference because it typically exhibits the
broadest bandwidth due to shorter propagation
paths and reduced frequency attenuation.
Consequently, it provides superior spectral
content and overall seismic quality compared to
mid- and far-angle stacks.

According to Hutabarat et al. (2014), AVO
inversion can derive elastic attributes such as Vp,
Vs, and density, which may subsequently serve as
direct hydrocarbon indicators, including the Vp/Vs
ratio. In this study, reflectivity volumes for P-wave
velocity (Rp)and Vp/Vs (RVP /Vs)were generated
using the hierarchical Bayesian AVO facies
inversion approach proposed by Grana et al
(2025), as expressed in Equation 1, 2, and 3.

This simultaneous
parameter estimation and facies classification
within a consistent parameter space defined by
acoustic impedance (Al) and Vp/Vs. The parameter
k, representing the wet-trend slope, was estimated
from the Pharos well and has a value of 0.58.

method enables elastic

A (6) = %— étanz(G) - %kzsinz(ﬂ) (1)
A,(8) = 4k2sin?(8) (2)
R(61) A1(61) A(0D) | p

RE)| =462 48[ | 3)
R(03)] [A1(63) Ax(6)]

In Equations 1 through 3, R (6,,3;) denotes the
seismic partial-angle stacks (near, mid, far), &
represents the quadratic Vs-to-Vp ratio coefficient,
and (Rp) and R ¥p/Vs correspond to P-wave
velocity and Vp/Vs reflectivity volumes,
respectively (Grana et al., 2025) .

Table 1. Tuning thickness analysis.

Dominant .
. Wavelet s Tuning S
. Thickness seismic . Seismic
Formation Well length thickness .
(m) (ms) frequency limit (m) resolution
(Hz)
Boreas 34 38.434 Not resolved
Kronos 14 36.760 Not resolved
Montara Pharos 65 114.730 35 31.157 Resolved
Poseidon 2 17 34.298 Not resolved
Proteus 92 35.210 Resolved
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Figure 3. Identification of reservoir lithology in frequency domain: a). Amplitude decay, b). Correlation thickness to
frequency. The strong correlation between the spectral amplitude gradient and thickness suggests a clear relationship
between the frequency domain response and bed thickness.

Seismic frequency attribute

In the delineation of thin-bed reservoirs,
frequency-domain seismic attributes are employed
to enhance specific characteristics of the seismic
signal. Thin-bed thickness controls the interference
pattern of reflected seismic waves, resulting in
periodic spectral notches and selective frequency
attenuation within the seismic amplitude spectrum
(Partyka et al., 1999).

Spectral decomposition

Spectral decomposition was conducted prior to
the amplitude variation with frequency (AVF)
analysis by extracting low-, mid-, and high-
frequency components of 30, 40, and 50 Hz,
respectively (Figure. 3a). Variations in thin-bed
thickness correlate with changes in the spectral
amplitude gradient (Figure. 3b). This technique

transforms seismic data from the time domain into
the frequency domain, separating the seismic
volume into constant-frequency components,
allowing each frequency band to be analyzed
independently, without relying on the stationarity
assumptions inherent in conventional Fourier
transforms (Mandong et al., 2021).

In this study, spectral decomposition was
conducted using the Continuous Wavelet
Transform (CWT) with a Ricker wavelet, as shown
in Equation 4. The CWT applies wavelets of
varying frequencies and window lengths to the
seismic signal, enabling improved resolution
characterized by thinner anomalies, more
focused reflection events, and reduced tuning
effects (Haris et al., 2017).

(4)

a

W(a,7) = %f: SO « (t - T) dt
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where S(t) is seismic amplitude, ¥ is wavelet
function, ¢ is time (s), T is time the shift (s), and a is
wavelet scaling factor (Sinha et al., 2005).

Amplitude variation with frequency (AVF)

Subsequently, reflectivity volumes derived from
the spectral decomposition were grouped into
frequency gathers to analyze frequency-dependent
amplitude decay associated with
attenuation in gas-bearing zones.

seismic

The grouped frequency volumes were analyzed
using the two-term Aki—Richards approximation to
derive intercept and gradient attributes, as
expressed in Equation (5). The AVF attribute
calculation incorporates:

e A start frequency, defined as the dominant
frequency obtained from the spectral
decomposition, and

e An end point, determined based on the
amplitude decay trend (amplitude spectrum
shape).

y =1+ (Gsin*x) (5)

where y represents spectrum, / denotes the
intercept, G represents the gradient, and x
corresponds to seismic frequency (Mandong et al.,
2021).

Seismic inversion
Deterministic

A deterministic inversion was first performed
using the Linear Programming Sparse Spike
(LPSS)
parameters. The resulting horizontal variogram

method on the selected sensitive
models were used as input for the stochastic

inversion.

The LPSS method estimates acoustic impedance
(Al) from sparse reflectivity while incorporating
the effects of the low-frequency model (LFM) near
the well control. The inversion parameters included
20% sparseness, a maximum cut-off frequency of
10 Hz, a window length of 128 samples, and a
scaling factor of 0.1. The method employs linear
programming to minimize the least absolute
deviation objective function.

300 I DOI org/10.29017/scog.v49i1.1997

The deterministic inversion generated horizontal
variogram parameters for Al and Vp/Vs, with
range values of 7.548 m (AI) and 6.968 m (Al),
with sill values of 68.195 m (Al) and 7.21 (Vp/Vs),
and nugget values of 0 for both parameters.

Stochastic

Subsequently, stochastic seismic inversion was
performed using a geostatistical approach. This
method requires an (LFM) and horizontal
variograms derived from the deterministic seismic
inversion. The incorporation of geostatistical
analysis improves reservoir characterization by
addressing limitations in lateral resolution
(Handoyo et al., 2025).

A total of 20 realizations were generated for
each elastic parameter, resulting in multiple
equiprobable reservoir models. The workflow
began with the construction of an initial stochastic
model across the Montara Formation, using a mean
layer thickness of 2 ms.

The inversion parameters were defined as
follows: LFM standard deviation of 20%,
reflectivity uncertainty of 10%, and well-data
uncertainty of 5%. Horizontal variogram
parameters derived from the deterministic
inversion were then incorporated, along with
adjustments to the vertical variogram model
(Figure. 4).

RESULT AND DISCUSSION
Geological analysis

The depth structure map of the Montara
Formation (Figure. 5a) indicates that structurally
high areas are predominantly located in the western
part of the study area, particularly around the
Poseidon-1, Poseidon-2, Boreas, and Kronos wells.
In contrast, structurally  low areas
characterized by erosional features are
observed in the northwestern sector, bounded
by inversion-related fault structures.

The dominant fault system trends Northeast
(NE) to Southwest (SW) and exhibits a geometry
that forms closed closures in the eastern area
around the Pharos and Proteus wells, thereby
facilitating hydrocarbon gas migration and
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Figure 4. Vertical variogram of stochastic inversion; a). Al, b). Vp/Vs. The variogram represents the vertical continuity of
elastic properties, reflecting depositional control on reservoir lithology.
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Figure 5. Geological analysis; a) Time-depth conversion slice of Montara formation, b). Seismic section. A slice from
the time—depth conversion of the Montara horizon was generated to illustrate the structural elevation, which is con-
firmed by the seismic section along the red line.

entrapment. These structural characteristics are
associated with the tectonic of the Montara
Formation, which developed during the post-rift
phase and was influenced by volcanic activity,
potentially contributing to localized reductions in
reservoir quality (ConocoPhillips 2012).

Hydrocarbon accumulations within the Montara
Formation are interpreted to be hosted in structural
traps, including rotated fault blocks at the Poseidon
-2 well and rollover anticlines associated with
inversion-related structural highs at the Pharos well
(Figure. 5b). According to Setiawan et al. (2021),
hydrocarbon accumulation potential is commonly
associated with tectonically uplifted structural
highs, which enhance trap formation at relatively
shallow depths.  Sealing is provided by an
intraformational seal between the Montara
Formation and the overlying unit. The dominant
play type is interpreted as syn-rift shallow marine
sandstone, characterised by thin-bedded reflections
with gradually increasing amplitudes and wedge-
shaped geometries that thicken toward the faults.
Hydrocarbon charge into the Montara Formation is
interpreted to have been sourced primarily from
underlying syn-rift Jurassic source rocks of the
Plover formation. Migration was likely facilitated
by reactivated extensional faults during post-rift
and inversion phases (Kennard et al., 2004;
Geoscience Australia, 2017; Palu et al., 2017).

AVF-A (Intercept)

Based on the AVF-A slice through the Montara
Formation, high-value anomalies trend NE-SW and

3021 DOI org/10.29017/scog.v49i1.1997

are predominantly distributed around the
northwestern (NW) well area (Figure. 6a). On the
arbitrary seismic section (Figure. 6b), elevated
AVF-A values follow the structural configuration
of the Montara Formation, particularly in zones
affected by fault-related elevation changes. This
finding is consistent with Han et al. (2023), who
demonstrated that AVF-A  responses are
structurally controlled. Higher AVF-A values
indicate stronger impedance contrasts, as the AVF-
A attributes represents the amplitude baseline
primarily governed by impedance contrasts and
lithological variations. In this context, AVF-A
serves as a reservoir lithology indicator based on
frequency-dependent amplitude decay associated
with gas-bearing thereby
complementing the reservoir analysis from a

reservoirs,

frequency-domain perspective.

Seismic inversion
Sensitivity parameter analysis

The elastic parameters identified as most
sensitive  for mapping hydrocarbon-bearing
reservoir lithology within the Montara Formation
target zone in wells (Proteus, Kronos, Boreas,
Poseidon 2, and Pharos) are acoustic impedance
(AD) and Vp/Vs. Crossplot analysis (Figure. 7)
indicates that reservoir sand distribution can be
delineated using a low gamma-ray (GR) color key,
characterized by Vp/Vs values < 1.8 and Al values
> 10,000 m/s-g/cc. A low gamma ray response is
indicative of sand-prone reservoir facies.
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For more comprehensive reservoir
characterization, additional petrophysical logs such
as water saturation (SW) and effective porosity
(PHIE) should be incorporated. These logs enable
hydrocarbon discrimination using trigonometric-
based elastic attributes, including Curved Pseudo
Elastic Impedance (CPEI) and Pseudo Elastic

Impedance—Lithology (PEI-L).

The sensitivity of Al dan Vp/Vs is also
influenced by the stratigraphic position of the
Montara Formation as a thin, secondary Jurassic
reservoir with localized distribution. Furthermore,
poor reservoir quality sands and limited pressure
communication within Jurassic intervals of the
Browse Basin (Geoscience Australia, 2022). These
conditions suggest that Montara sandstones may
locally undergo significant compaction and
cementation, resulting in elevated Al values despite
low GR responses. High AI wvalues therefore
indicate sandstone reservoirs with a relative dense
matrix (Butar-Butar et al., 2023).

Based on these observations, the derived cut-off
parameter values for Al and Vp/Vs were used
to construct a probability model representing
net sand reservoirs distribution within the
Montara Formation.

Stochastic

Vertical variogram analysis of the Al and Vp/
Vs (Figure 4) reveals constrasting vertical contiuity
characteristics. The Al variogram exhibits an
increasing semivariance pattern, indicating strong
vertical continuity of lithological properties and
relatively consistent sandstone deposition within
individual  fault blocks. This pattern is
characteristic of syn-rift depositional systems,
where sedimentary architecture within fault-
bounded blocks may remain vertically coherent
despite active extensional tectonics. In contrast, the
Vp/Vs variogram displays a more complex pattern
with trends cyclicity, suggesting higher vertical
heterogeneity. This complexity likely reflects
repeated variations in elastic properties, associated
with episodic sedimentation, facies variability, and
fluid changes typical in syn-rift depositional
environments. The stochastic inversion results
demonstrate that Al delineates reservoir sand
lithology and syn-rift depositional patterns more

effectively than deterministic inversion (Figure 8).
This improvement reflects the ability of stochastic
inversion to capture finer-scale variations
associated with higher-frequency content, thereby
reducing interpretational ambiguity.

Reservoir sands are identified within an Al
range exceeding 10,000 m/s-g/cc and display a
systematic thickening trend toward the fault
(Figure 8). This thickening pattern implies the
development of coarse-grained proximal deposits
during the syn-rift phase adjacent to active fault
zones. The geometry is controlled by normal fault
systems forming rotated fault blocks.

This interpretation is consistent with the syn-rift
depositional model proposed by Gawthorpe and
Leeder (2000), in which sedimentation in syn-rift
settings occurs contemporaneously with active
settings,
stratigraphic thickness and facies distribution are
strongly controlled by fault activity through:
creation of accommodation space by normal fault
fault segmentation and linkage,
lateral heterogeneous in reservoir

extensional deformation. In such

activation;
producing
thickness; and episodic fault slip that drives
cyclic sedimentation, leading to thin-bedded
stacking patterns.

The thin-bed stacking pattern is supported by
rapid lateral variations in elastic properties (Figure
8) and a NE-SW oriented thickening trend (Figure
9). The distribution is concentrated in the eastern
area relative to wells in the southwestern region
and in the western area relative to wells in the
northeastern region.

In the stochastic inversion mean model,
relatively high Al values (> 10,000 m/s-g/cc)
coincide with low Vp/Vs values (<1.8), supporting
the interpretation of compact sandstone

reservoir geometry.

Probability analysis based on Al and Vp/Vs
cut-offs indicate a high likelihood of sand
reservoir presence, with higher probabilities
exceeding 50% in the eastern area of wells in the
NW region and the western area of wells in the
SE region (Figure 10).
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Figure 9. Stochastic inversion slices; a). Al, b). Vp/Vs. The mean stochastic inversion of Al and Vp/Vs shows dominant

anomalies trending NE-SW, highlighted by shaded areas.
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Figure 10. Stochastic inversion probability; a). Slice of Montara formation, b). Seismic section. Probability analysis

based on Al and Vp/Vs cut-offs indicates a high likelihood of sand reservoirs,
with probabilities exceeding 50% in the eastern area of the NW wells and the western area of the SE wells.
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Figure 11. Thin-bed sandstone reservoir thickness.
It represents the reservoir lithology thickness at the Montara formation.

Probability estimates were derived from all of
stochastic realizations, with only values within the
defined
Thickness maps were subsequently generated by
multiplying the depth-interval thickness by the
corresponding probability values. The resulting

sensitive parameter ranges retained.

map indicates that delineated sand reservoir reach
thickness a thickness of up to 140 m (Figure 11).

This study provides a significant contribution to
the delineation of thin-bed sandstone reservoir
through the integration of stochastic seismic
inversion and seismic frequency attributes,
particularly the intercept of amplitude variation
with frequency (AVF-A).

The spatial distribution of sensitive elastic
parameters indicates that thin-bed sandstone
reservoir within the Montara Formation is
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characterized by acaustic impedance (Al) values
exceeding 10,000 m/s-g/cc and Vp/Vs values lower
than 1.8, and are further associated with elevated
AVF-A responses.

Probability analysis suggest that the likelihood
of thin-bed sand reservoir occurrence exceeds 50%,
with estimated thickness reaching up to 140 m. The
application of the integrated methodology
effectively  delineates  trapping  geometries,
including rotated fault blocks in the northwestern
area and rollover anticlines associated with
inversion-related  structural  highs in the
southeastern area.

The reservoirs are interpreted as syn-rift shallow
-marine sandstones with syn-rift shallow marine
sandstone exhibiting a NE-SW thickening pattern
toward faults. This distribution is supported by
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intraformational sealing and hydrocarbon charge
from underlying Jurassic Plover formation source
rocks, with migration facilitated by reactivated
extensional faults during post-rift and inversion
phases.
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GLOSSARY OF TERMS AND SYMBOLS

Terms & 1 finition Unit
Symbols
AVF-A Intercept of amplitude unitless
variation with
frequency
GR Gamma ray gAPI
RD Deep resistivity ohm-m
RS Shallow resistivity ohm-m
NPHI Neutron porosity %
RHOB Density g/cm?
Al Acoustic impedance m/s-g/cc
Vp P-wave velocity m/s
Vs S-wave velocity m/s
AVO Amplitude variation unitless
with offset
CWT Continous wavelet unitless
transform
LPSS Linear programming  unitless
sparse spike
LFM Low frequency model unitless
NE Northeast unitless
SW Southwest unitless
NW Northwest unitless
SE Southeast unitless

SWt Water saturation log 0.Sw

PHIt Porosity log %

CPEI Cqud pseudo elastic unitless
impedance

Pseudo elastic

PEIL impedance lithology

unitless
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