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ABSTRACT: AVO inversion applied to UHRS data for offshore wind is a means to obtain high resolution, quantitative
information of the near-surface to incorporate directly into ground models for site investigation. The Aki-Richards (1980)
approximations to the exact Zoeppritz (1919) equations have been applied to oil and gas exploration studies for decades,
however the assumptions associated with this approximation in the context of the complexity of offshore wind is not well
understood. In this study, we present the results of synthetic AVO modelling and AVO inversion tests comparing Aki-
Richards approximations to exact Zoeppritz for relevant examples including a glauconite sand within a quartz sand
background and a interbedded cemented and uncemented carbonate profile. The effect of noise on the both synthetic seismic
and the inversion are explored and we observe that even with significant amounts of seismic noise, large differences are still
observed between the two AVO equations in synthetic seismic and AVO inversion results, suggesting that in UHRS datasets
with high levels of noise, these effects are still expected to be observable.
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1 INTRODUCTION

The application of amplitude versus offset (AVO)
inversion to ultra-high resolution seismic (UHRS)
data in offshore wind farm development is a
promising method for improving the understanding
of near-surface geology (Karkov et al., 2022). The
elastic properties calculated through AVO inversion
can improve the ability to differentiate between soils,
identify hazards and predict CPTs and can potentially
be used directly in foundation design. One
uncertainty associated with commonly applied AVO
inversion algorithms is related to the underlying
equations that are used to model the observed seismic
response. The Aki-Richards (1980) approximations
to the exact Zoeppritz (1919) equations have been
applied to oil and gas exploration studies for decades,
however the assumptions associated with this
approximation in the context of the complexity of
offshore wind is not well understood. In order to have
a more complete understanding of UHRS data, it is
required to investigate how these approximations
may impact quantiative seismic interpretation. In this
study, we explore the impact of the Aki-Richards
AVO approximation in three phases, beginning with

1D AVO curve modelling, to synthetic seismic
computation and finally through inversion. The
synthetic examples chosen for this study include a
glauconite sand within a sand background and an
interbedded cemented and uncemented carbonate,
but the idea and analysis is potentially relevant in any
geologic context where extreme velocity contrasts
are present.

2 THEORY

2.1  AVO modelling

Zoeppritz’s  equations exactly calculate the
amplitudes of reflected and transmitted plane waves
at a planar boundary of two elastic media where the
boundary is non-slip. The  Aki-Richards
approximation is a linearized form of the exact
Zoeppritz equations, and is widely used in reflection
seismology to make the AVO response easier to
interpret, and easier to solve making it less
computationally intensive and simpler for use in
inversion. The widely used three term Aki-Richards
equation expresses the angle-dependent reflection
coefficient as a combination of density, shear and
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compressional velocity contrast. However, the
approximation is valid only for weak contrasts and
small angles of incidence. Whilst the assumption of
weak velocity contrasts generally hold for
hydrocarbon exploration, where compaction with
depth generally leads to less contrast in elastic
properties, even between different rocks, Booth et al.
(2016) demonstrated that in other geologic contexts,
where velocity contrasts are much higher, the error
between the Aki-Richards equations and exact
Zoeppritz could become much larger. In the context
of offshore wind, one of the goals of seismic
interpretation is to use UHRS data to remotely detect
boulders, shallow gas, and rocks/soils that may
impede foundation installation. These features all
represent strong elastic property contrasts that may
violate a primary assumption of the Aki-Richards
equations. In this study, we examine interbedded
carbonates and glauconite sand, which can pose
significant risk to foundation installation and
performance.

A potential subject for further research in the
context of offshore wind is in characterizing the
seismic response of the seafloor. In these first few
meters, large seismic amplitude responses are
observed that are characteristic of large elastic
property contrasts. This zone of the subsurface is
likely to be of increasing importance if it is desired to
use seismic data for a broader range of foundation
designs (e.g. floating) and seabed infrastructure. As
seismic investigations get nearer to the surface, it is
possible that the Zoeppritz assumption of plane wave
propagation is violated. Haase and Ursenbach (2004)
compared AVO response between Zoeppritz plane
wave assumption and a spherical wave,
demonstrating that the difference in amplitude
increases with decreasing depth and decreasing
seismic frequency. Their study focused on deep
exploration and considered a minimum depth of 500
meters. Offshore wind investigations have much
higher seismic frequency content, but in the case of
seabed applications are looking at depths of only 5
meters. To understand the ability of UHRS data to
accurately describe the seafloor, we must therefore
understand the significance of the plane wave
assumption at extremely shallow depths.

2.2 Glauconite-sand rock physics modelling

In order to obtain reasonable elastic properties for
glauconite sands in the context of offshore wind,
which are not publicly available, we applied a
workflow described by Houssain et al. (2011). This
workflow allows for accurate modelling of quartz,
glauconite mineral mixing using a Hertz-Mindlin

contact model. After the dry rock elastic properties
are calculated, we apply Gassman fluid substitution
to obtain water saturated rock modulii — and assume
no cementation has taken place. As part of the
method, we need to estimate values for porosity,
effective pressure, and grain contact (coordination)
number. For this study, we used porosity of 40%, a
depth of 20 meters with no overpressure and a grain
contact number of 8. We also assumed a bulk and
shear modulus for a glauconite grain of 7 GPa and 5
GPa, respectively. Ideally, the grain contact number
would be derived experimentally by comparing
observed to modelled modulii, but this data was not
available. These input parameters are sources of
uncertainty in the modelled elastic properties. If
porosity were higher, contact number lower or the
soil was overpressured, the expected response of the
rock would be lower compressional and shear wave
velocity with a higher ratio between the two.

2.3 Interbedded carbonate properties

For the interbedded carbonate response,
representative values were taken from geotechnical
studies performed in offshore Australia. The acoustic
properties of the units of variably cemented
carbonate sediments were derived from the ARC
ITRH for Transforming energy Infrastructure
through Digital Engineering (TIDE) database, which
contains geotechnical data from over 1700 sampling
locations. These values are consistent with those
previously reported in the literature for similar
variably cemented sediments (Duncan et al., 2013;
Gregor et al., 2003; Hamilton et al., 1982).

3 RESULTS

3.1 1D synthetic modelling

The first stage of this study was to compare modelled
reflectivity using Aki-Richards equations and exact
Zoeppritz equations. This simple 1D modelling
exercise calculates the angle-dependent reflectivity at
the interface between two layers. For this study, three
examples are shown:

e Values taken directly from borehole logs from the

Danish North Sea Energy Island project;

e A modelled 80% re-worked glauconite sand lay-
ered with a pure quartz sand;

o An interbedded uncemented carbonate soil and
cemented carbonate rock.

Elastic properties for three test cases are shown in
Table 1. The example using values taken directly
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from borehole logs was chosen to purposely reflect
large velocity contrasts observed in logs. For the
second and third examples, it was desired to model
the response associated with soil types known to be
problematic for offshore wind farm construction. For
this purpose, it was decided to use simple examples
of an 80% glauconite sand layered with quartz sand
and an interbedded carbonate soil. The glauconite
rock physics modelling and interbedded carbonate
elastic properties are described in detail in sections
2.2 and 2.3. The results of the 1D AVO reflectivity
modelling for these three tests are shown in Figure 1.

Table 1. 1D synthetic model layers properties

Test Vo, Vo, Vs, Vs,
Borehole data 1800 1750 200 400
80% Glauconite 1800 1554 661 321
Interbedded 2400 1700 867 273
carbonate
AVO curve AVO mismatch
AxiRichards
Zoeppritz == AkiRichards
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Angle (0-50 degrees)
Figure 1 — AVO reflectivity curves and AVO reflectivity
mismatch to Zoeppritz for Borehole (top), 80% glauconite
(middle) and interbedded carbonate (bottom) cases shown
in Table 1.

The results of the AVO curve modelling clearly
demonstrate significant differences in reflectivity
between Aki-Richards and exact Zoeppritz.
Meaningful differences are observed in incidence
angles as low as 20 degrees. Of particular
significance is the fact that each one of these
examples, from varying geologic contexts, are
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characterized by large shear wave velocity contrasts.
The 1D AVO reflectivity models for the glauconite
and interbedded carbonate response are especially
similar as both show polarity reversals from a trough
at near angles to a peak at far angles and similar
differences between Aki-Richards and Zoeppritz.

3.2  Wedge modelling

For realistic experiments, the glauconite test case and
a representative soil profile for a interbedded
carbonate in Western Australia were used to create
synthetic seismic representative of true UHRS data.
The glauconite model was a simple glauconite wedge
within a quartz background. The elastic properties are
those shown for glauconite in Table 1. The
interbedded profile contained 8 layers with 5 distinct
sets of elastic properties, all derived form the TIDE
database. The layers are of varying thickness and the
fifth layer is modelled as a dipping wedge. The
dipping wedges in each model are not included to
suggest that either glauconite or carbonate layers
deposit as wedges, but to test the impact of seismic
resolution on the experiment. The true Vp/Vs profiles
of each experiment are shown in Figure 2. The elastic
properties and thicknesses of each layer in the
interbedded carbonate profile are shown in Table 2.

Thickness of wedge [m]
16 23

0.0 08 31 39

Wedge outline

Figure 2 —Vp/Vs profiles for glauconite (top) and
interbedded carbonate (bottom) wedge models used in
subsequent modelling.

Using the elastic properties of the soil profile, we
calculate angle-dependent reflectivity using Aki-
Richards and Zoeppritz AVO equations and then
convolve the calculated reflectivity with angle-
dependent wavelets computed from true UHRS data
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from a dataset in the North Sea. While the geology of
the North Sea differs substantially from the test
profile, the use of wavelets from a true UHRS dataset
makes the synthetic seismic experiment more
comparable to real data. The angle-dependent
wavelets have provide a representative UHRS
bandwidth, in this case approximately S0Hz-800Hz
as well as representative background amplitude and
frequency decay with angle.

Test cases were generated with varying levels of
modelled noise. The first is a noise-free case, and
subsequently new synthetic angle-stacks are
calculated for a noise level of 50 percent of the input
seismic amplitudes. The noise model used is a simple
white-noise model. The results for noise-free Aki-
Richards and Zoeppritz for angle-stacks from 5 to 45
degrees are shown in Figure 3. Modelling indicates
differences in seismic amplitudes beginning at 20
degrees and increasing thereafter up to 45 degrees
where we observe large amplitude differences at the
thin layer transition from cemented to uncemented
and at the base of the wedge where the Aki-Richards
model shows a strong trough, while the Zoeppritz
show a polarity reversal to a peak.

Table 2. Elastic properties and thicknesses (z) of

Layer V,(m/s) V,(m/s) p(kg/m3) Z(m)
1 1550 239 1740 1
2 2400 850 2075 1
3 1550 282 1875 1
4 1850 319 1963 2
5 1550 282 1875 1-5
6 2200 700 2039 2
7 1700 282 1875 3
8 2400 850 2075 10
3.3 Inversion
Synthetic modelling demonstrates that the

differences in expected AVO response between Aki-
Richards and Zoeppritz reflectivity models for both
glauconite soils and interbedded cemented and
uncemented carbonates is significant with the largest
differences observed in the uncemented carbonates is
interbedded carbonates. The remaining question is
what the implication of this difference is for our
ability to accurately perform seismic inversion where
these types of elastic property contrasts are present.

Test 5-10 degrees
Aki- e n

20-25 degrees

Trciness of wesse I
2

40-45 degrees

Richards
Glauconit
e

Noise-free
Zoeppritz
Glauconit

e

Noise-free

Aki-

Richards
Carbonate

Noise-free

Zoeppritz
Carbonate

carbonate wedge model

Figure 3 —Wedge modelling of synthetic seismic angle-stacks using Aki-Richards and exact Zoeppritz equations for a
noise-free test case of a glauconite sand in a quartz sand background and a typical interbedded carbonate profile from

TIDE database.

To test the implication of using the incorrect AVO
model when performing inversion, the carbonate
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synthetic angle-stacks were inverted using a
deterministic inversion algorithm. The carbonate
example was chosen as it showed larger difference in
both shear wave velocity and resulting synthetic
seismic angle-stacks, and the glauconite model
contains the added uncertainty that the elastic
properties are modelled, whereas the carbonate
properties were taken directly from true geotechnical
studies as described in section 2.3. For simplicity, the
inversion used the same angle-dependent wavelets
used to generate the synthetic seismic and angles
from 0-45 degrees.

For this test, we compare the inversion results of
inverting Zoeppritz modelled seismic using the
Zoeppritz equations compared to the same Zoeppritz
modelled seismic with the Aki-Richards equations.
The idea is that the Zoeppritz modelled seismic
should more closely resemble the true reflectivity of
the subsurface and we wish to understand how using
an incorrect AVO model in inversion will lead to
errors in inverted soil properties. Note that no low-
frequency model was included therefore the final
results even for the exact Zoeppritz inversion show
observable differences between observed model and
inverted result. This is mostly due to the missing
frequencies in the seismic data. The wavelets are
bandlimited to 50Hz-800Hz, which produces an
inversion result that is lacking the frequencies
necessary to characterize the thinnest and the thickest
zones. The inversion is performed with a three term
parameterization of acoustic impedance (Al), the
ratio of the compressional and shear wave velocity
(Vp/Vs) and density. The inversion algorithm uses
proprietary commercial software developed and
provided by Qeye Labs and SolidGround. The
algorithm is a model-based, globally optimized
simultaneous inversion. The objective function that is
mathematically minimized consists of three terms
including the spatial mean squared misfit between
observed and modelled seismic, the spatial mean
squared misfit between the inverted model and the
prior model and in a 2D or 3D seismic experiment a
penalty on horizontal variation. All of these terms are
inputs that are adjusted as part of inversion testing.
The objective function is mathematically minimized
by computing a pseudo-hessian from the data
residuals as a model update. The specifics of the
inversion algorithm are beyond the scope of this
study and proprietary to Qeye Labs.

Figure 4 shows the results of this inversion
experiment. This synthetic example shows that
inverting the Zoeppritz modelled seismic data with
Aki-Richards approximations leads to a large
decrease in inversion accuracy, particularly for
Vp/Vs ratio, as demonstrated by the dramatic
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increase in error. Specifically, the increase in error is
most noticeable at the layers with the largest Vp/Vs
ratio contrast. Table 3 shows the average error in
percentage for layers 3 and 7, which have the largest
decreases in Vp/Vs. For the standard Zoeppritz
inversion, the average Vp/Vs error in these layers is
approximately 6.5%, but when using the Aki-
Richards approximation the error increases to
upwards of 18%. Adding noise to the exact Zoeppritz
solution increases error, particularly in Al, but the
Vp/Vs error is less than using the Aki-Richards
approximation. The error in inverted Vp/Vs ratio is
more apparent than the difference in the input seismic
as the inversion is particularly sensitive to mid and
far angle seismic data.

Table 3. AVO inversion average error for layers 3 and 7
in carbonate profile

Inversion run Al Vp/Vs P
Zoeppritz 3.14% 6.58% 2.51%
Aki-Richards 3.45% 18.27% 3.22%
Zoeppritz + Noise 6.20 8.64% 4.48%

4 CONCLUSION

This synthetic case study clearly demonstrates the
impact certain near-surface soils can have on the
seismic responses that should be considered when
modelling and inverting UHRS seismic data. In
particular, we observe that if the geology contains
very strong contrasts in shear wave velocity between
soils or rocks, then large difference may result
between Aki-Richards and Zoeppritz AVO models.
Inverting these data with the wrong model in these
contexts can lead to increases in inversion error, and
decrease the ability to detect and characterize
important facies and geologic boundaries. This work
builds on the results previously published by the
authors by Mutual et al. (2024) by extending study to
include inversion testing rather than simply forward
modelling. Future work in this area should focus on
tests using real UHRS seismic data and could include
extending the modelling to include more realistic
noise modelling, such as full wave-form modelling to
model multiples and mode conversions and also
include spherical wave propagation, which could be
critical to characterizing the seafloor.
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