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Introduction

Inversion of hydro-geophysical data allows modelers to characterize subsurface properties with some uncertainty.
On one hand, in groundwater applications, the resulting subsurface models are used to make predictions about
an hydrogeological quantity (e.g. concentration of a substance at a well or behavior of a contaminant plume).
On the other hand, flow and transport simulations are strongly affected by the contrast and the geometry of
subsurface properties. If the results of hydro-geophysical inversions preserve features such as realistic contrast
and geometry of subsurface properties, it should improve both predictions and uncertainty quantification in
groundwater applications [1].

The Bayesian inversion algorithm initially proposed by [2] and adapted hereafter is based on an extended
Metropolis algorithm to sample the posterior distribution of subsurface properties and model proposals are
performed by graph cuts, a Multiple-Point Statistics (MPS) technique. The algorithm then combines advantages
of Markov chain Monte Carlo (MCMC) methods and of MPS tools. MCMC methods provide an ensemble of
subsurface realizations, that fit the hydro-geophysical data, and an estimation of the probability density function
to these solutions. MPS techniques render possible the generation of complex spatial patterns from a training
image (TI) that describes the conceptual model of the subsurface properties. The efficiency of the algorithm
relies on a graph cut model proposal, which enables the update of an ensemble of pixels called a patch in one
step, instead of iterative single pixel re-simulations.

In what follows, we summarize the principle of the graph cut model proposal, present adaptations related
to challenges for 3D applications and introduce an application on a synthetic case where oscillatory hydraulic
tomography data [3] is generated for three conceptual representations of hydrogeological properties.

Model proposal with graph cut

The initial model is obtained by a single random cut in the TI. Then, at each iteration of the MCMC algorithm,
a model proposal is generated by the graph cut. It consists in a patch-based perturbation of the current model
mcur. It is obtained by the following successive steps (Figure 1). A random patch mTI is extracted from the
TI. It is compared pixel-wise with the current model to compute a cutting cost image δ = |mcur −mTI|. The
aim is to define a cut along a path characterized by low cost pixels in the cost image so that assembled patches
minimize the possible artifacts in the model proposal mprop. Therefore, two terminals (a source and a sink)
are randomly chosen among high cost regions obtained by thresholding the cost image. The optimal cut is
determined by a max-flow min-cut algorithm [5].

Application to 3D synthetic cases

Here, we consider three different 3D synthetic hydrogeological property fields to generate synthetic oscillatory
hydraulic test data [6]. Each synthetic medium is described by a specific heterogeneous log hydraulic conduc-
tivity field and a constant log storativity field over a 70 m × 70 m × 16.2 m domain of 0.875 m horizontal and
0.54 m vertical resolution, which corresponds to a grid of 80 × 80 × 30 cells. For each case, the TI and the
reference log hydraulic conductivity field are generated from the same parameter distributions and algorithms.
Synthetic case 1 is characterized by a multi-Gaussian parameter field representation (Figure 2A) to facilitate
comparison with classical inversion techniques employing regularization. Synthetic case 2 (Figure 2B) is based
on a description of hydraulic conductivity heterogeneities as truncated ellipsoids in a matrix [7]. Synthetic case
3 (Figure 2C) proposes a cross-bedding representation of the heterogeneities, generated by a process-imitating
algorithm [8].
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Figure 1: Schematic 2D representation of the graph cut model proposal algorithm proposed by [2]. A) current state of
the model parameters mcur, B) random patch mTI from the TI, C) cutting cost image δ = |mcur −mTI|, D) randomly
chosen terminals and the resulting cut, E) resulting model proposal mprop. Adapted from [4].
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Figure 2: Conceptual models of heterogeneous hydraulic conductivity for the synthetic cases. A) case 1: multi-Gaussian
representation, B) case 2: object-based model, C) case 3: model obtained by a process-imitating algorithm. Adapted
from [9].

Results and conclusions

One challenge in 3D applications is that patch-based updates should reach a reasonable minimum size to ensure
a good exploration of the parameter space, an acceptance rate of about 30% and a convergence that is not
too slow. Therefore, we adapted the algorithm to offer control over the patch-based update size. The new
parameters can be tuned by analyzing the autocorrelation function over a set of prior realizations (obtained by
accepting all model proposals). The parameters depend on the structure of the TI. Though it indeed improves
the convergence speed, the computing time, dominated by the necessary computing resources for forward physics
numerical solvers, is still not adapted for practical applications. This aspect is still under investigation and will
be the focus of future research.
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