Constraining gravity inversion with lower-dimensional seismic
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SUMMARY

Integrating complementary geophysical datasets has
proven to be a powerful tool for constraining the
subsurface properties and also generating a model
compatible with available datasets. As different
geophysical surveys are designed with specific targets,
their respective coverage usually do not overlap in all
regions of interest. This prompts the development of new
techniques that enable the integration of geophysical
datasets with different spatial coverage in a single
workflow. In this study, we aim at introducing a workflow
that allows quantitative integration of geophysical datasets
with different surface coverage, resolution, and levels of
sparsity. We focus on constraining gravity inversion with
seismic data sparsely distributed within the model space
using a generalized level-set approach. An illustration of
the applicability of the technique on 2D and 3D models
with lower-dimensional constraints from seismic data is
presented using two examples. We show that the
uncertainty in target positioning can be quantitatively
appended to the regularization terms allowing level-set to
correct the boundary positioning. Furthermore, the
flexibility of the approach in terms of including spatially
distributed constraints from seismic interpretation in the
level-set inversion is demonstrated. Finally, the primary
results of the constrained level-set inversion on the
Yamarna region are presented. The inverted density
contrast model of the subsurface follows the detectible
features of main greenstones in the seismic section. The
resulting model encourages introducing new geological
units and new structural constraints to be applied during
modelling process of the region in future studies.
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INTRODUCTION

Background and motivation

Most of the studies about constrained gravity inversion mainly
focus on constraining the recovered density from the gravity
inversion rather than the boundary (Boulanger & Chouteau,
2001; Farquharson, Ash, & Miller, 2008; Moraes & Hansen,
2001; Paoletti et al., 2013; Van der Meijde et al., 2013). In both
cases of inverting for geometry or physical properties, seismic
information can compensate the poor vertical resolution of
gravity inversion results (Li & Qian, 2016; Martin et al., 2020).
On the other hand, gravity datasets have higher lateral
resolution due to wide availability of the datasets.

We focus on recovering the geometry of the rock units from the
seismically constrained gravity inversion because 1) detectible
structures from seismic images can be correlated with the
density contrast due to the fundamental connection between
density and acoustic impedance, 2) the results from a geometric
inversion are compatible with 3D geological modelling
boundary parametrizations (Jessell et al., 2014; Leliévre et al.,
2015). We also focus on enabling sparse constraints as they
have seldom been addressed in geophysical inverse problems
(Meng, 2018; Sun & Li, 2011) and even less in level-set studies
(Li et al., 2017). This work was further motivated as it is
common in mineral and petroleum exploration that geophysical
datasets have different spatial coverage.

Boundary recognition from seismic sections, especially when
they are from lower dimensions (1D & 2D), is ambiguous
regarding the positioning of the target in depth due to
uncertainty in depth conversion algorithms (Meisingset et al.,
2018; Ogbamikhumi & Aderibigbe, 2019). Furthermore,
detecting all rock types may not be possible due to the low
signal-to-noise ratio of seismic datasets such as in hard-rock
scenarios (Bond, 2015; Eaton et al., 2003). These motivate the
development of new approaches that allow utilizing uncertainty
regarding the positioning of the constraints in the inversion
problem.

Here, we propose a workflow that allows accounting for
seismic information as constraints for the level-set inversion
problem.
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Workflow

A generalized level-set technique for implementing the
constrained gravity inversion is used in this study that builds up
on work by Giraud et al., 2021 which extends Li et al., 2017
and Cardiff & Kitanidis, 2009. The utilized technique is flexible
and enables us to computationally include information from
seismic in lower (here, 2D) dimension to constrain the
geometry of the rock units during 3D gravity inversion. The
workflow uses the primary depth information from seismic
within the level-set geometric inversion. It extends the
application of the technique to include sparse constraints and
uncertainty regarding the positioning of the targets to tackle the
problems explained in the previous section. A summary of the
workflow is shown in Figure 1.
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Figure 1. Summary of the workflow for adding seismic
information as constraints to the level-set inversion.

METHOD AND EXAMPLES

We utilize the generalized level-set inversion formulation
introduced by Giraud et al (2021) for our constrained inversion
problem. It parameterises the problem using an implicit
formulation of the rock unit’s geometries by solving for the
signed-distance to the interfaces. The least-squares formulation
of the inverse problem allows us to append spatial constraints
from the seismic section in the regularization of the inversion
problem. The cost function we optimise is given as:

wr = ||jPog” - (dos - dmlf)T”j +a?(|Wy o 53 +

S BW, o i — v, )

where " aggregates the general misfit function, J¢ is the
sensitivity matrix of the geophysical data to the signed-distance,
&¢ defines the changes in the signed distance function at each
iteration, d°@'¢and d°bs refers to calculated and observed
gravity datasets, respectively; o denotes the Hadamard product
(element by element product), « and 8 are global and local
positive weighting constants. k refers to each rock unit (from 1
to N) and v, represents user-defined specified values of the
signed-distance function for each lithology. W; and W, are
global and local regularization terms appended to the sensitivity
matrix in the forms of vectors with the same size as the model
space. The information from seismic data in the form of the
boundary or rock unit representation are encapsulated in
weighting vectors to suppress the changes of the signed-
distance values specific to each rock units in the vicinity of
interpreted contacts. Wy is a global weighting term containing
information about all of the rock units comprising the model.
Weighting vectors of each lithology (W,) also can be
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separately included as different vectors in the sensitivity matrix
as local regularization terms. We exemplify the method and
how it tackles the problem of constraining by two synthetic
datasets in the next subsections.

Example 1

We first consider a simple 2D two-layered model. The
shallowest layer (layer 1) has a density contrast and velocity of
(p =30kg.m™3,V = 2750 m/s). Itis on top of another layer
with physical properties of (p = 330 kg.m™3,V = 3000 m/
5). We assume 2670 kg.m~3 as the background density. The
model extends 100 km laterally and is 60 km deep (making up
n, X n, = 100 x 60model cells). The true model is shown in
Figure 2a. The gravity data are simulated on top of the first layer
and are contaminated with 5% random noise. We assume a
borehole as well as a checkshot receiver on top of this borehole
on the surface. We presume the checkshot is suggesting a
different depth for the boundary due to uncertainty regarding
the depth conversion. The depth of the boundary from the
checkshot is a single point value in the weighting vector of the
level-set inversion problem. As the predicted depth is uncertain,
we consider a vertically distributed normal distribution for the
weighted array (Ws)to be used in the regularization term
(Figure 2c). An illustration of the model and the constraint
matrix is shown in Figure 2.

We perform the level-set inversion for this model with and
without considering the constraint from the checkshot and
compare the results (Figure 3). The structure of the weighting
matrix is shown in Figure 2¢ with the assigned maximum value
of 1000 at the depth suggested by the checkshot. The Root-
Mean-Square (RMS) error evolution results in almost the same
misfit function for both non-constrained (Figure 3c) and
constrained (Figure 3d) cases. However, the shape of the
boundary has been recovered more accurately after applying the
normally distributed weighted constraints along the checkshot.
The considered constraint in this example is not limited to
checkshot and can be any other prior information that informs
about the depth of the boundary.

Example 2

We then apply the sparse constraints from 2D reflection seismic
image as regularizations for 3D level-set gravity inversion. This
example shows how constraining a 3D level-set inversion
problem with some detectible features from a seismic section,
even if not perfect, can improve the imaging along the section
as well as the 3D model recovered from the inversion.

The generated synthetic model (Figure 4a and 4b) contains five
distinct geological bodies with different density contrasts. The
model, which is inspired from a hard-rock scenario, contains
two exposed and under-cover bodies (greenstones) with the
same density contrast surrounded by lower density geological
units (basin and granitic background). This model is considered
as the true model and the aim of 3D level-set inversion is to
recover a model that is structurally close to the true model. The
dimension of the model is composed of n, xn, Xn, =
20 x20x 30 = 12000 cubic model cells with 100 m
dimension. We generate a synthetic scenario fairly similar to a
realistic case study to accommodate the proposed approach as
it will be applied on a geologically complex area where
information might be missing from seismic interpretation. A
zero-offset synthetic seismic section (Figure 4a) using a finer
grid mesh (10 m each cell dimension) is generated and random
noise with normal distribution is added to amplitudes. The true
model is then used to calculate the forward gravity anomaly
data at surface level (N, x N,, = 18 X 18 = 324 data points)
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with 100 m spacing. The synthetic seismic section is then used
together with surface gravity anomaly responses to construct a
starting model for the level-set inversion (Figure 4e and 4f).
One assumption while generating the starting model is that the
green undercover body is inaccurately represented and is
missing along the presented section in the starting model.
However, there are four sharp boundaries in the seismic section
that are used for constraining the level-set inversion. We apply
maximum weight of w=130 on each model cell along the
seismic section with a sharp boundary for constraining the
inversion. The inversion converges after 10 iterations with a
total data misfit of 0.16 miligal (Figure 5c). Qualitative
inspection reveals that, the resulting inverted model (Figure 5a
and 5b) is in good agreement with the true model everywhere
except where a geological unit was removed from the model.

Case Study

The eastern portion of the Yilgarn Craton is the Eastern
Goldfields Superterrane which is divided into four terranes. Our
focus is the Yamarna Terrane located in the north-east. The
region of interest for this study is chosen because of interest in
the position and geometry of multiple greenstone belts in the
region. We used surface geological map and primary seismic
interpretation to generate a starting model compatible with the
interpreted geology for the level-set problem (Figure 6). Four
distinct density contrasts are assigned to different geological
units as below:

Table 1. Density contrasts (kg.m™3) of geological units.
Mount Venn  Yamarna Dorothy Hill  Lake Yeo
100 120 80 20

Spatial constraints along the seismic section are applied to
constrain the gravity inversion with the primary interpretation
performed using seismic imaging (Figure 7a). We aim to invert
for a model consistent with the interpolated gravity anomaly
grid and primary seismic interpretation. Regularization
constants are set empirically during the inversion. Weighting
matrix along the seismic section and detectible boundaries are
extracted from seismic and translated into weight vectors for
the regularization terms. A maximum weighting almost double
the size of the cells’ dimensions is applied to suppress the
changes of the signed-distance function in the vicinity of the
interpretations and to constrain the inversion problem with
spatially distributed regularizations. In spite of very high
difference between the starting calculated data and the field data
(more than 20 mGal), it takes around 20 iterations for the data
RMS error to reach the objective value (Figure 7b).

The resulting level-set inverted model is shown in Figure 7a.
Results suggest the creation of volumetrically large density
contrast units to the east of the model and a separate unit to the
west where there is no outcrop of the unit on the surface.
Because of the east-dipping structure of the Mount Venn unit,
there is no evidence of the extension of the unit further to the
west. Therefore, assigning a different density contrast unit to
the west side of the Mount Venn unit is suggested for future
studies in the region. Furthermore, based on integrated
interpretation of the Yamarna region presented in Lindsay et al.,
2019, and the extension of Dorothy Hill unit on the surface, it
is likely that this unit, interpreted as a greenstone belt, might
not extend to depths greater than 4 km deep, suggesting depth
constraint for this unit in further level-set inversions. Strong
detectible features provided by seismic imaging, interpreted to
represent the Mount Venn and Yamarna greenstone belts has
constrained the recovered model from level-set along these two
units.
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CONCLUSIONS

We presented the application of a generalized level-set
approach for constraining the inversion of gravity datasets with
information from seismic data with different dimensions and
coverage. Uncertainty in seismic interpretation due to high
noise to signal ratio or errors in depth conversion were dealt
with and the method was demonstrated using two examples. We
also applied the method on a geologically complex area where
there is a high degree of uncertainty in geologic structure.
Results presented for both examples and the case study
demonstrate the approach can be used to computationally
include sparse information from seismic interpretation along
with uncertainty in positioning of the target boundaries as
constraints to the level-set gravity inversion.
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Figure 2. True model (a) and starting model based on the information from the checkshot (b). The distribution of weighting
matrix being added as global and local regularizations to the inversion (c).
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Figure 3. Recovered model from non-constrained inversion (a) recovered model from constrained inversion (b) and
corresponding graphs for evolution of data RMS error. White dashed line represents the true location of the boundary.
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