Simulation of Continuous Variables
at Meander Structures: Application
to Contaminated Sediments of a Lagoon
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Abstract Simulation of continuous variables conditioned to meander structures is
an important tool in the context of soil contamination assessment, namely, when the
contamination is related with depositional sediments in water channels. Hence, this
paper proposes using bi-point statistics stochastic simulation with local anisotropy
trends to simulate continuous variables inside predefined channels. To accomplish
this objective, the Direct Sequential Simulation (DSS) algorithm was modified to
account for local anisotropy when searching for the simulation node. This method-
ological approach was applied to the spatial characterization of polluted sediments
in a coastal lagoon located in the North of Portugal (Barrinha de Esmoriz).

1 Using Geostatistics for the Characterization
of Meander Structures

Modelling curvilinear or meander structures can help to differentiate between differ-
ent geological media and/or to condition the estimation/simulation of data to those
structures. For petroleum applications, to recognize the shape of the structures can
be a first step whilst for hydrological or environmental applications, meander forms
can be visual and numerically recognized. In this situation, the issue will be to assess
spatial distribution limited to those shapes.

One of the first attempts to model the morphology of geological curvilinear struc-
tures using geostatistics was made by Soares (1990), who proposed the use of local
anisotropy directions to estimate (using morphological kriging) folded geological
strata. This result was particularly important for petroleum applications, since it pro-
vided the possibility to identify different structures for the numerical modelling of
reservoirs. This idea was used by Luis and Almeida (1997) and Xu (1997) to con-
dition sequential simulation procedures for the characterization of sand channels
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geometry in a fluvial reservoir. Their work presented a pixel-based approach to
simulate the geometry of sand channels taking into account morphological infor-
mation and local continuity directions. When compared to object-based algorithms,
which are an alternative way to reproduce curvilinear shapes, these pixel-based
algorithms accounting for directional information were better suited to reservoir
characterization due to the possibility to incorporate local field data. A first appli-
cation of this concept to an environmental problem was presented by Caetano et al.
(2004) who used wind directions as local anisotropy information to condition the
estimation (kriging) of atmospheric pollutant distribution. Another example is the
work presented by Stroet and Snepvangers (2005) that uses local anisotropy kriging
to interpolate bathymetric data. These applications are based on two point statis-
tics by using a kriging algorithm. Recently, multiple-point statistics (MPS) has been
proposed for the characterization of meander structures and further variable simu-
lation (see Strebelle, 2002). In the context of petroleum applications, simulation of
meander structures with MPS consists of extracting patterns from training images
and then reproducing those patterns conditioned to local field data (Strebelle, 2007).
Also relying on a pixel-based sequential approach, MPS can be used for the sim-
ulation of categorical and continuous variables. However, modelling of continuous
properties implies a discretization into a small number of classes to process simula-
tion and a discrete-to-continuous transformation afterwards (Strebelle, 2007).

Thus, considering the present state-of-the-art, this paper aims to provide a solu-
tion for the simulation of continuous variables conditioned to meander structures.
To achieve this goal, a pixel-based sequential algorithm (Direct Sequential Simula-
tion; Soares, 2001) was used to reproduce bi-point statistics plus local anisotropy
information (local directions and ratios).

2 Objectives

The aim of this paper is to present an application of Direct Sequential Simulation
(DSS) to the characterization of a continuous variable with a spatial distribution
conditioned to a meander structure, i.e., the algorithm had to be modified to account
for local anisotropy information (direction of maximum continuity and anisotropy
ratio). The problem of conditioning simulation to a specific curvilinear form was
raised in the context of an environmental application related to the assessment of
sediment contamination in a coastal lagoon, with a permanent water/sediment flow
due to effluent water channels and the sea. A rationale was established to better
approach the problem:

(i) Pollutant contamination patterns in sediments usually follow preferential main
flow paths. Hence, it is not advisable to simulate a pollutant concentration ig-
noring a preferential transport/accumulation path.

(ii)) Knowing the water flow regime enables us to determine a main flow direction
(and thus the main direction of continuity for the dispersion contaminant path)
and flow velocity can be related to the degree of anisotropy of such patterns.
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Hence, once the main flow trends in the meanders have been defined, local
anisotropy parameters can be estimated. For the presented case study, a satellite
image was used to define main water flow paths and compute local directions
and ratios.

3 Simulation of Continuous Variables Conditioned
to Meander Structures

To determine the spatial distribution of a certain attribute conditioned to a curvi-
linear (or meander) structure, the use of stochastic simulation is a reliable option.
Simulation algorithms not only allow for spatial assessment of an attribute but also
provide information about the spatial uncertainty involved on that evaluation. DSS
had been used for the spatial characterization of continuous variables related with
several environmental problems such as air pollution (Soares and Pereira, 2007,
Russo et al., 2008) or soil quality assessment (Franco et al., 2006; Horta et al., 2008).
In these examples, the spatial correlation is evaluated across a Euclidean space,
without differentiating sample locations (for example, samples exposed to different
wind conditions or samples collected in different soil types). Thus, DSS was per-
formed with global variogram parameters (direction, range and ratio of anisotropy),
assumed to be representative for the entire the study area. Therefore, when it comes
to conditioning the simulation to a meander structure — typical non-stationary sit-
uation — DSS is not able to reproduce the curvilinear shapes. One solution is to
introduce local spatial trends representing local anisotropy variations that will re-
produce the meander aspect of the structure where the variable is to be simulated.

3.1 Introducing Local Anisotropy in the DSS Algorithm

Let us consider the continuous variable Z (x) Z(x) with a global camulative distribu-
tion function (cdf) F;(z) = Prob{Z(x) < z}. The main sequence of methodological
steps of DSS can be summarized as follows:

(i) Define a random path over the entire grid of nodes x,(# = 1,..., N) to be
simulated.

(i1) Estimate the local mean and variance of z(x), identified, respectively, with the
simple kriging estimate z*SK(x) and variance 62SK(x), conditioned to the
original data z(x) and the previous simulated values 7 (x).

(iii) Define the interval Fz(z) to be sampled (defined by the local mean and variance
of z(x)).
(iv) Draw a value zl(x) from the cdf Fz(z).
(v) Loop until all N nodes have been visited and simulated.

To solve the simple kriging system (step ii), experimental samples are selected with
an elliptical search radius which is defined using global variogram parameters, as
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DSS (standard) DSS (local anisotropy)
B(xp)= B(x;) B(x0) #06 (x))
1(xg) = 1(x;) r(xg) # r(x;)

Fig. 1 Representation of search radius definition for standard DSS and DSS with local anisotropy

illustrated in Fig. 1. In practical terms, accounting for local anisotropy parameters,
namely, direction of maximum continuity (given by azimuth 6) and anisotropy ra-
tio (r), means changing the search radius from node to node to be simulated, as
illustrated in Fig. 1. Thus, in step (ii), the matrix of data-to-data covariances and the
vector of data-to-unknown covariances are calculated with corrected local covari-
ances Cy , (h) by the local values of §(x) and r(x). The simple kriging estimate of
local mean becomes a function of 6(x) and r(x). Note that to estimate a local cdf at
given location x, only the local angle of x,, is retained.

The practical application of this idea raised other issues such as choosing the
range of maximum continuity (search ellipse major axis ag). For this paper pur-
pose, it was assumed that agremained constant and equal to the range of the global
variogram. Only the minor range of the search ellipse was conditioned to the width
of the meander structure in each simulated node. Thus, changes in anisotropy pa-
rameters determine that the variogram model is non-stationary.

4 Application

4.1 Study Area

The methodology presented in this paper was developed within a project framework
which aims to characterize soil/sediment contamination using state-of-the-art geo-
statistical models to assess spatial uncertainty. The study area is a coastal lagoon,



Simulation of Continuous Variables at Meander Structures 165

0 50 100 200
Kilometers

Fig. 2 Study area (Barrinha de Esmoriz) and Sampling point distribution

located in the Portuguese Northern Region, named Barrinha de Esmoriz (Fig. 2). In
terms of its ecological value, the Barrinha de Esmoriz was included in the list of
the natural sites to be integrated in the Natura Network 2000. The lagoon is about
1,500 length and 700 m width, surrounded by dense vegetation (reeds and scrubs)
and bordered by the dune. The sea is about 400 m distance and it connects with the
lagoon through a 50 m width channel. Also, two water ditches flow into the lagoon,
coming from the North and from the South, using the lagoon as a discharge point
from the water basin.

A sedimentation process has been taking place in the last few decades, reducing
lagoon’s area and water depth. Also, there have been reports of serious pollution
discharges from the Northern ditch, mainly industrial water discharges coming from
the industrial sites located in the Northern part of the water basin. Evidence of this
pollution has already been reported in a previous soil contamination assessment.

4.2 Soil Contamination Data

A previous soil contamination report (DHVFBO, 2001), developed to evaluate the
degree and the extent of contamination in the lagoon’s sediments, contained in-
formation about heavy metal concentrations at 25 sampling points, distributed as
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Fig. 3 Zn spatial distribution, histogram, and mean variogram (spherical model, angular tolerance

of 20°)

shown in Fig. 2. The samples were collected in the first 1, 2 and 3 m, depending
on field conditions. For simulation purposes, 64 data values were used, obtained
for Arsenic (As), Copper (Cu), Cromium (Cr), Niquel (Ni) and Zinc (Zn). From
this set, 39 values correspond to concentrations in the upper sediment layer. As an
example, Zn concentration distribution in the three sampled layers is presented in
Fig.3. Also, Fig.3 shows the sample locations at different layers, and the global

histogram and mean variogram.
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4.3 Model Implementation and Results

For the assessment of sediment contamination with Zn, the following methodologi-
cal steps were performed:

1. Flow Direction Assessment: using a Quickbird satellite image (2006) the main
trends of water flow channels were visually recognized and used to define flow
direction vectors.

2. Computing of Local Anisotropy: estimation of direction of maximum continuity
(6) and anisotropy ratio (), using a kriging algorithm (Fig. 4).

3. Contamination Assessment: simulation using DSS with correction for local
anisotropies and uncertainty evaluation based on the variance of simulated im-
ages (Figs. 5 and 6).

Regarding the practical implementation of DSS with local anisotropy to this case
study, besides the modification introduced to account for local direction and ratio,
also a connected sequential simulation path was imposed to improve the calculation
of contaminant concentration. Instead of choosing one point x,, in the random path
to be simulated, a set of connected points [xu, X1, ..xnp] was chosen to be simulated
in a row (Yao, 2007). Each point x, is in the direction if x, + 1 defined by the
angle 0(x,): arctg (x, — x, + 1) = 0(x;). The number np of connected points to be
simulated is randomly defined at each sequential step.

Fig. 4 Local Anisotropy, from left to right: (a) Flow main directions (b) Anisotropy ratio
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Fig. 5 One realization of Zn contamination, for the three sampled layers (using DSS with local
anisotropies and connectivity flow path)

To check the quality of simulation performance, histogram and variogram re-
production in the simulated images were verified and produce generally the results
in Fig. 7.

However, when comparing the sample variogram and the one obtained for the
simulated images, some differences where detected (Fig. 8), mainly in what con-
cerns the computed range. This result was expected since the variogram model
imposed to the simulation resulted from the sample variogram computed in the Eu-
clidean reference space while the simulated values result from the different water
flow channels i.e. different local anisotropy relations and main directions. Hence
the resulting variogram ranges computed after the simulation with local anisotropies
tend to be smaller than the imposed model.
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Fig. 6 Uncertainty
evaluation for the first layer
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Fig. 7 Comparison between sample histogram and simulated images histogram
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Fig. 8 Comparison between sample variogram and simulated images variogram

5 Discussion and Conclusion

The presented method refers to the application of Direct Sequential Simulation to
the characterization of a continuous variable with a spatial distribution conditioned
to a meander structure. With this purpose, the DSS algorithm had to be modified
to account for local anisotropy information (direction of maximum continuity and
anisotropy ratio).The proposed methodology has shown quite promising results for
the Barrinha de Esmoriz case study. It was possible to obtain a set of probable im-
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ages for contamination dispersion along the lagoon channels thus identifying hot
spots. However, uncertainty evaluation as presented in Fig. 6 shows high values for
variance for the concentrations calculated along some parts of the channels (es-
pecially in the Northern part of the lagoon). This may be due to the lack of hard
contaminant data along the channel paths. This information will be used to define
an improved sampling campaign for the Barrinha de Esmoriz project.

Regarding further developments in the application of DSS using local anisotropy,
this method can be generalized to the application to other fields, namely, the charac-
terization of internal properties of reservoirs inside channel boundaries previously
simulated by MP statistics.

Finally, a crucial point of this methodology is the determination of local direc-
tions and ratios of anisotropy. For the presented case study, as the main channel
trends were visible in aerial photos, those parameters were directly inferred by the
shape of meander structures. The main vectors defining main flow directions were
first identified in the channels and, afterwards, they were populated for a regular grid
of points covering the entire set of channels, using a kriging algorithm. Note that,
instead of kriging, these main flow directions parameters could also be simulated
(Luis and Almeida, 1997; Xu, 1997), principally when there is a high uncertainty
about the meander’s shape and location.
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