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The 10th International Geostatistical Congress took place in Valencia on September
2016 following the traditional quadrennial gathering of theoreticians, engineers and
practitioners on geostatistics. From September 5th until September 9th, more than
200 experts discussed the latest developments on the many fields in which geostatistics
have found application. This book contains the abstracts for the papers of those people
who chose not to submit a full paper to the book of proceedings. The abstrac ts are
arranged in six parts: Theory, Mining, Petroleum, Hydro(geo)logy, Environmental, and
Big Data and Health, corresponding to theoretical and applied communications on the
subjects of matter. In addition, there is a special part with the abstracts of the
communications presented at the special session in honor of professor Danie Krige,
the person who gives name to the technique on which geostatistics is built upon, who
passed away on March of 2013.
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Choosing a Kriging Plan
Clayton Deutsch1

1 University

of Alberta

Keywords: kriging neighborhood, resource estimation
A bstract No other subject in mining geostatistics generates as much discussion among
practitioners. Danie Krige was passionate about conditional bias and this subject. Not
everyone agreed with his views. There are times when reasonable people legitimately
disagree, but there are some principles that transcend a personal viewpoint.
The choice of a kriging plan will be discussed for four important goals of kriging. First,
gridding data for visualization of trends and large scale structure in the data. The
important considerations here are an appropriate filtering of short scale noise and
estimates without artifacts of the estimation procedure. Second, calculating interim
block estimates suitable for resource estimates and long term reserve planning. Ideally,
such estimates are close to what would be found in the future when more data
becomes available and extraction takes place. Third, calculating final estimates for short
term extraction. At this time, avoiding Type I and Type II errors (false positives and
false negatives) is the priority. For this goal, avoiding conditional bias is a legitimate
proxy for avoiding Type I and II errors. Finally, kriging is employed to compute local
uncertainty in a multiGaussian or indicator kriging context. The main consideration is
to achieve an accurate and precise distribution of uncertainty.
The use of non-kriging based estimates that could consider training images, non-linear
estimation and optimality criterion other than minimum squared error will be
discussed. A view of the best approach to resource estimation will be presented free
of historical baggage, a reliance on a single estimate of grade at an unsampled location
and computational limitations. The transition from a best estimate, to a passive
observation of uncertainty, to active management of uncertainty will be discussed.
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Object-Oriented Kriging and Stochastic Simulation for
the geostatistical characterization of environmental
data
Alessandra Menafoglio1 , Piercesare Secchi1 , Alberto Guadagnini2

1 Politecnico di
2 Politecnico di

Milano
Milano, The University of Arizona

Keywords: kriging, stochastic simulation, Object-Oriented data analysis, particle-size
data
A bstract Modern field studies yield diverse types of observations, in the form of highly
heterogeneous and high-dimensional data. In this context, sedimentological and/or
geochemical observations are becoming increasingly available in the form of functional
(e.g., curves, surfaces or images) or distributional data (e.g., cumulative distribution or
probability density functions). Menafoglio et al. (2013) propose to treat all these
diverse types of information within a unifying framework. They consider the available
observations as “object” data so that the building-block of the geostatistical analysis is
the entire object, rather than a limited number of selected features of the data.
Object-Oriented Kriging and stochastic simulation rely on the original and flexible
geostatistical methodologies developed in [Menafoglio et. al, 2013, 2014, 2015, 2016].
These enable us to seamlessly treat infinite-dimensional data provided that these can
be embedded into an appropriate space of objects (i.e., a Hilbert space). The latter
should properly capture all the relevant data features through its geometry.
Motivated by the operational challenge of providing predictions and uncertainty
assessment of the three-dimensional spatial distribution of particle-size curves (PSCs)
within a field scale heterogeneous alluvial aquifer, we place key emphasis here to the
problem of prediction (i.e., Kriging) and uncertainty assessment (via stochastic
simulation) of distributional data. We interpret the latter as points within the Hilbert
space of functional compositions, endowed with the Aitchison geometry. This, in turn,
enables one to: (i) define an appropriate notion of spatial dependence and accordingly
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perform linear predictions through an (Object-Oriented) Universal Kriging approach;
and (ii) effectively reduce the data dimensionality for the purpose of stochastic
simulation. This is a critical element, because a remarkable challenge associated with
the analysis and simulation of these types of data are their dimensionality and inherent
constraints, as well as their high heterogeneity, arising from the occurrence of diverse
sedimentological facies (or soil texture classes) within the system.
The theory we propose and develop allows modeling and taking full advantage of these
data characteristics. It provides us with the theoretical and operational framework to
project the entire information content embedded within the data onto a computational
grid, with the final aim of characterizing unsampled locations in the system.
We test these methods by way of a real field application relying on a set of particlesize curves collected through sieve-analysis at a well-documented test site. We remark
that the methodology is entirely general and open to a broad range of environmental
and industrial applications. It also opens new perspectives in the geostatistical analysis
of data belonging to manifolds (Pigoli et al., 2016).
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Kriging to catch the bad guys
R. Mohan Srivastava 1

1 TriStar

Gold Inc.

Keywords: geographic profiling, criminal geographic targeting, distance-decay functions
A bstract Geographical profiling is a toolkit of forensic methods that use locations
where serial crimes have been committed (e.g. murder, rape, arson, robbery) to
develop a probabilistic model of the location of the offender’s residence. Such
information assists in focusing investigative manpower and resources in a smaller
geographic area, and in assessing the relevance of vast quantities of other information
gathered during a major serial-crime investigation. It has been used to increase the
saturation of patrol vehicles and surveillance, to prioritize searches of motor vehicle
registration records, and for door-to-door canvassing.
The spatial probability maps are produced by a procedure known as “criminal
geographic targeting” (CGT), which superimposes distance-decay functions that
describe the likelihood that the criminal resides at a given distance from the location
where they perpetrated one of their crimes. The psychological theory that underlies
CGT takes the view that there are two competing instincts at work when a serial
criminal commits a crime. Fear of being caught causes them to commit crimes away
from home; they don’t want a crime scene investigation right outside their house. But
moments after committing the crime, they prefer to be on familiar ground, and close
enough to home that they can find their way back to the place they feel most secure.
The function that describes likelihood of residence as a function of distance rises from
zero at a distance of zero, but eventually decays back to zero, i.e. they won’t commit a
crime on their own doorstep, but they will also not travel huge distances to unfamiliar
territory. When sliced through the origin, these radially symmetric distance-decay
functions look something like a cross-section through a volcano.
Each repetition of the serial crime provides a location that serves as the origin for one
distance-decay kernel. When distance-decay kernels from several serial crime locations
are summed, the resulting surface sometimes reaches a clear maximum near the home
base that the criminal was simultaneously trying to avoid but stay close to.
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Geostatistics can improve the results of CGT in two ways. First, ordinary kriging of
the global mean offers a procedure for assigning declustering weights to locations that
are irregularly scattered but that may be spatially clustered. When kriging weights are
used in the summing of distance-decay kernels, the resulting surface avoids bias that
arises from closely-spaced crime locations that provide redundant information. The
second improvement offered by geostatistics is the concept of directional anisotropy.
With certain serial crimes, forensic evidence from the crime scene can provide
information on the direction in which the criminal fled. The psychological theory that
underpins CGT predicts that this is more likely to be the direction in which home lies.
A first attempt was made in the Fall of 2002 to use geostatistical enhancements to
CGT during the response to the Washington Sniper shootings. Although this first
attempt was unsuccessful, the reason lay in a fundamental assumption that proved to
be incorrect, and the benefits of directional anisotropy and kriging declustering weights
are now well recognized in many CGT software systems.
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Means and covariance functions for spatial
compositional data: an axiomatic approach
Denis Allard1 , Thierry Marchant2

1 INRA
2 Ghent University

Keywords: Aitchinson geometry, central tendency, functional equation, multivariate
model
A bstract This work focuses on the characterization of the central tendency of a sample
of compositional data. It provides new results about theoretical properties of means
and covariance functions for compositional data, with an axiomatic perspective.
As a first result, it is shown that the weighted arithmetic mean is the only central
tendency characteristic verifying a small set of axioms, namely reflexivity and marginal
stability. Moreover, the weights must be identical for all components of the
compositional vector. This result has deep consequences on the spatial multivariate
covariance modeling of compositional data. In a geostatistical setting, it is shown as a
second result that the proportional model of covariance functions (i.e. the product of a
covariance matrix and a single correlation function) is the only model that provides
identical kriging weights for all components of the compositional data.
As a consequence of these two results, the proportional model of covariance function
is the only covariance model compatible with reflexivity and marginal sta bility.
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A spectral-turning bands algorithm to jointly simulate
stationary and intrinsic Gaussian random fields in ddimensional Euclidean spaces
Daisy Arroyo1, Xavier Emery 1

1 Universitdad

de Chile

Keywords: multivariate simulation, spectral density matrix, turning bands, importance
sampling
A b stra ct This work presents a spectral algorithm to jointly simulate stationary
Gaussian random fields, as well as intrinsic random fields of order k with Gaussian
generalized increments, whose direct and cross (generalized) covariance functions are
continuous on a d-dimensional Euclidean space. The only condition required to run the
algorithm is to know the analytical expression of the spectral measures of these
covariance functions, which may be non-integrable and may also have an unbounded
support.
The proposed algorithm is a special case of the turning bands method and is extremely
flexible, as it allows simulating jointly stationary or intrinsic Gaussian random fields that
possess continuous covariance functions, without any limitation on the workspace
dimension or on the number and spatial configuration of the locations targeted for
simulation. Other advantageous properties of this algorithm are its ability to reproduce
the desired spatial correlation structure without bias, its minimum requirement for
memory space and its speed, the calculation time being proportional to the number of
target positions and to the square of the number of random fields to jointly simulate.
Several examples of random fields whose direct and cross covariances have different
short-scale and large-scale behaviors (namely, a bivariate Matérn model, a bivariate
Wendland model and a power-Matérn model, which cannot be represented by a linear
coregionalization model) are considered as illustrative examples.
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Localized/Shrinkage Kriging-Prediction in a Nonstationary Gaussian Random Field
Zeytu Gashaw Asfaw1 , Henning Omre2

1 School

of Mathematical and Statistical Sciences, Hawassa University
University of Science and Technology (NTNU)

2 Norwegian

Keywords: spatial statistics, Gaussian random fields, Bayesian inference, conjugate
models
A b stra ct Assume that a set of exact observations from a regionalized variable is
available. Focus is on spatial prediction in an unobserved location with associated
prediction variance, i.e classical kriging prediction. Consider a classical, stationary
traditional kriging model with spatially constant expectation and variance. Let the
spatial correlation function be shift invariant and let it be known. This constitutes
global ordinary kriging model, and global predictors are optimal. A more flexible and
robust spatial predictor can be defined by applying the traditional kriging predictor
locally. This entails using only observations in a finite neighborhood around the
location of the predictor. This robustfies the predictor with respect to devations from
the assumptions of globally constant expectation and variance. The challenge in
localized prediction is to make a bias/variance trade-off in selection of the size of the
neighborhood, i.e the number of observations involved in the predictor. Large local
neighborhoods introduces bias in the predictor due to non -stationarity, while small
neighborhoods cause instability in the predictor due to sensoring of observations.
The objective of the study is to improve on the flexibility and robustness of the spatial
kriging predictors with respect to deviations from spatial stationarity assumptions. A
predictor based on a non-stationary Gausian random field is defined. The model
parameters are inferred in an empirical Bayesian setting, using observations in a local
neighborhood and a prior model assessed from the global set of observations. The
localized predictor appears with a shrinkage effect and is coined a localized/shrinkage
kriging predictor. Since the predictor is locally defined it is extremely computationally
efficient.
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The predictor is compared to global ordinary kriging predictors to traditional localized
kriging predictors in a case study with observations of annual accumulated
precipitation. A crossvalidation criterion is used in the comparision. The shrinkage
predictor appears as clearly preferable to the traditional kriging predictors. A
simulation study on prediction in non-stationary Gaussian random fields is conducted.
The results from this study confirms that the shrinkage predictor is favorable to the
traditional one. Moreover, the crossvalidation criterion is found to be suitable for
selection of the predictor parameters like neighborhood. Lastly, the computational
demands of localized predictors are very modest, hence the localized/shrinkage
predictors are suitable for large scale spatial prediction problems.
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Systematic comparison of MPS methods using an
automatic parameter optimizer
Ehsanollah Baninajar1 , Yousef Sharghi1 , Grégoire Mariéthoz2

1 Sahand University
2 University

of Technology
of Lausanne

Keywords: multiple-point statistics, automatic parameterization, optimization
A bstract Multiple-point statistics (MPS) have been used in recent years as a practical
geostatistical modeling technique for generating stochastic realizations of complex
natural processes. MPS methods use a training image (TI) to represent the spatial
patterns to be modeled. Beside training images that are representative of the target
environment, a set of algorithmic parameters that are specific to each MPS algorithm
should also be chosen. Selecting training images can be guided by expert knowledge
(e.g. for geological modeling) or by data acquisition methods (e.g. remote sensing).
However determining the algorithmic parameters can be more challenging. Although
specific guidelines are available to parameterize some MPS methods, the common
practice is to perform extensive sensitivity analyses. Carrying out these sensitivity
analyses can be very inconvenient, especially in complex cases when multivariate
training images are used. Therefore, we propose an automatic parameter optimizer
(MPS-APO) which is a generic method to rapidly determine acceptable parameters in
different settings and for any MPS method.
MPS-APO is based on a stochastic optimization method which optimizes simulation
parameters by quantifying the reproduction of spatial patterns. The Simulta neous
Perturbation Stochastic Approximation (SPSA) is chosen as an optimization method to
cope with the stochastic nature of the objective function and for its computational
efficiency. At each iteration, some random gaps are placed in the input TI. These gaps
are then simulated using the chosen MPS method, with the remainder of the input
image as TI. Reproduction of patterns is quantified by calculating mean square error
between the simulated and original values in the random gap. The MPS-APO is
performed as a two-step optimization. The first step aims at obtaining a set of
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parameters with a best reproduction of patterns regardless of CPU time. When no
significant improvement can be brought in the parameters, the second optimization
step starts, which aims at minimizing the CPU cost without degrading the spatial
structures reproduction attained at step one.
In this study MPS-APO is performed on four different classes of geostatistical methods:
SNESIM, FILTERSIM, Direct Sampling and Image Quilting. These meth ods are
compared in different test cases with automatically determined optimal parameters.
This study shows that MPS-APO is a useful heuristic to automatically determine
optimal parameters that offer good patterns reproduction with minimal computational
cost. MPS-APO can also increase the usability of MPS for practical applications.
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A bstract Performing geostatistics on grids with cells of varying volumes and sizes, such
as unstructured grids, is challenging in part due to the inherent need of upscaling. In
the simplest case only linear averaging is needed, but with flow properties and
metallurgical variables more complex nonlinear upscaling are required to capture
important small-scale heterogeneities.
This work demonstrates a cell-discretization-based upscaling approach to simulate cells
of various shapes and volumes. The cells discretization is performed either prior to
simulation or at simulation time. This upscaling process is applied on sequential
algorithms such as direct sequential simulation, gaussian sequential simulation, indicator
simulation and on global simulation algorithms such as turning bands. We also consider
the multivariate case with sequential gaussian co-simulation and turning bands, either
with factorisation or with a linear model of coregionalization. Computational
considerations are taken into account for each algorithms, using techniques such as LU
decomposition and blocks conditioning to speed up the simulation of cells in the
Gaussian simulation framework.
The main idea is to separate the simulation variables (typically Gaussian or indicator
types) and the upscaled variables. The spatial continuity and variability is controlled by
the point-support simulation variable. In that context, the assumptions and limitations
of hard and soft data conditioning, both in terms of types and support, are explored
and discussed.
Finally, we also consider upscaling situations with a different number of output and
input variables (one to many and many to one). The process is shown on tetrahedral,
hexagonal and mixed-cells grids.
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A bstra ct The usefulness of geophysical data to derive essential information about
hydrological subsurface properties and processes is well established. Geophysical data
are also well suited to compare alternative conceptual models of the subsurface, but an
efficient and reliable method is needed to identify the one (among those considered)
that best describes reality. This helps to significantly improve the prediction of the
hydrological processes in the subsurface and the uncertainty assessments.
We investigate various implementations of Bayesian model selection theory to a case
study at the South Oyster Bacterial Transport Site (Virginia, USA) in order to find the
most suitable conceptual model of the underlying porosity field provided the available
crosshole ground penetrating radar travel time data. A non -linear 2D travel time
solver (time 2d) is used to calculate first-arrival travel times from velocity fields
obtained by applying a petrophysical relationship to porosity realizations. A crucial and
numerically most challenging step in model selection theory is the computation of the
evidence (i.e. the marginal likelihood of the data) for a given conceptual model. The
model type that is characterized by the largest evidence is the one that, on average,
best describes the reality over the prior probability space. We compare the evidence
estimates computed by (i) the Monte Carlo (MC) method, (ii) the Laplace-Metropolis
(LM) method and (iii) importance sampling (IS) from a Gaussian mixture model that is
fit to the posterior probability density function sampled by Markov chain Monte Carlo
(MCMC), for two types of subsurface models: a layered model with fixed layer
thicknesses and a multi-Gaussian model. We have tested increasingly finer
discretizations of the layered model and three variants of the multi-Gaussian model
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(i.e. horizontal anisotropy, vertical anisotropy and isotropy). The MCMC outputs are
obtained using DREAM(ZS) that runs multiple chains simultaneously for glob al
exploration. We show that the LM and IS methods are trustworthy as they are
consistent with the MC at low dimensions.
We find that the evidence estimates based on LM and IS both show that the best
porosity conceptual model among the layered models is the one with 37 layers. When
considering all the test cases, the results clearly suggest that the isotropic multiGaussian model is the one that has the highest evidence that is 1 E150 times higher
than the second highest evidence. The Bayes factors, computed by comparing the
isotropic multi-Gaussian model with each of the tested conceptual models, confirm
this result giving very strong support for the multi-Gaussian model with isotropy.
Moreover, we obtain that the model with the least expected geological realism (i.e. the
multi-Gaussian model with vertical anisotropy) has the lowest evidence among the
multi-Gaussian models. Comparing the evidence estimates with the inferred data
errors, we find that the model selection results are not solely driven by the data fit.
This suggests that we obtain information about the most realistic model type and not
just on the model with the best misfit. From the computational time viewpoint, the
MC method is costly with increasing dimensions and sample size. The LM method uses
the same computational time as the MCMC run and the IS method requires a MCMC
run and sampling from the importance distribution. Provided an MCMC run, the LM
method is the fastest in providing reliable evidence estimations. In the future, we will
consider a comparison with nested sampling algorithms for evidence computation that
are suitable to high-dimensional problems.
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A bstract In the mining industy, a block is exploited only if its content is expected to be
higher than a predetermined value, called cut-off. When the latter is moderate,
geostatistics can help predict which blocks are barren or not with satisfying precision
before mining. However, for larger cut-off values, the spatial dependence of grades can
change so much that geostatistical modeling tools are no longer able to capture it; this
phenomenon is usually referred to as the destructuration of large grades.
In statistics, Extreme Value Theory (EVT) was developed to infer on rare extremal
events such as high grades. In a spatial context, most of the work on this subject was
dedicated to the understanding and prevision of extreme meteorological events.
Here, we propose to draw a parallel between geostatistics and EVT to help describe
the spatial dependence of high grades.
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A bstract Sample distributions of multi-point based geostatistical sampling algorithms
may serve as prior probability distributions for inverse problems. This prior
information is often based on an observed scene (e.g., training image). In the case of
reflection seismic inversion, borehole logs may be the only observed scenes. From
borehole logs, information about the vertical conditional spatial dependencies, in form
of multi-point statistics, can be obtained. However, in such cases information about the
lateral spatial dependencies is nonexistent.
If no information about lateral spatial dependencies exists, a low informative prior
distribution based on two-point statistics is typically used. For such a distribution,
(assuming stationarity) basically only a covariance function with a certain range has to
be determined a priori, because the mean and sill values (i.e., the one-dimensional
distribution) can be determined based on the vertical boreholes. Moreover, recent
studies have demonstrated that information about the range can be determined
conditional to observed geophysical data.
Here, we provide the theoretical background for combining probability distributions
based on two- and multi-point geostatistics, respectively. In this way, a probability
distribution that has considerably different information about spatial dependencies for
different directions can be formulated. Specifically, we formulate a probability
distribution that describes information about spatial dependencies in (i) the vertical
direction based on geostatistics from boreholes logs and, (ii) the horizontal direction
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based on a covariance function (with the range as a free parameter). We will refer to
such a probability distribution as a mixed-point geostatistical model.
We provide a sequential simulation algorithm that is capable of sampling this
probability distribution. Examples based on borehole logs from the Zechstein
formation located in Southern Jutland, Denmark, are used as observed scene to test
the mixed-point geostatistical model.
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A b stra ct It is common when modelling mineral deposits, face the problem of
estimating multiple attributes possibly correlated where some variables are more
densely sampled than others. One alternative to deal with multivariate geostatistics is
to use factorization methods which require complete samples, i.e. all variables available
simultaneously at a given location. Missing information imposes a problem whic h
requires attention prior to proceed with decorrelation. The under sampled variables
are considered as missing data (MD) and are required to be completed to transform
the original data into an isotopic one to proceed with a statistically sane estimation
process or with a chosen factorization algorithm to decorrelate them. To fill the MD
and to obtain statistically coherent results one must understand the motives and
mechanisms of why there are MD. The theory of MD relates the absence of samples
to the variables measured. According to the theory, there are three different
mechanisms that can rule the MD. Considering a data set with N variables the first
mechanism is the missing completely at random (MCAR) in which the probability of
missing a sample of variable X1 does not depend on the values of X1 nor on any other
XN-1 variables present in the data set. This mechanism allows the analyst to exclude
incomplete variables, or use simple linear regression to infer the missing values without
any statistical penalty. This is not true for the second and third missing data
mechanisms. The second one is the missing at random (MAR) in which the probability
of missing a sample of variable X1 depends on the values of at least one of the other
XN-1 variables of the data set, and the third mechanism is the missing not at random
(MNAR), that the probability of missing a sample of variable X1 depends on the values
of X1 . The latest mechanism is quite complex to deal with, being recommended by the
literature to be treated as a MAR mechanism and afterwards be conducted a sensitivity
analysis (SA) to evaluate the obtained results.
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Classical statistical approaches ignores the spatial correlation between variables,
feature naturally occurring in geological data. A methodology based on Bayesian
Estimation, called Bayesian Update (BU), considering the correlation between the
under sampled variables and a series of secondary collocated variables is already in use.
It comprises in building local conditional distributions from which the missing values
will be sampled. The missing variable is treated as primary and the other auxiliary
variables as secondary. This methodology has shown to be adequate for MAR
mechanism.
In the present paper an analysis was conducted with a data set containing two variables
mimicking metal concentrations known as U (ppm) and V (ppm) from the Walker Lake
2 dimensional data set. The data contains 470 samples for variable V (ppm) and 275
samples for variable U (ppm). The missing samples for variable U (ppm) are those
corresponding to regions where U (ppm) has low grade, given the linear
correspondence between the attributes. The correlation between the two variables is.
The data set presents clustered samples; therefore a declustering analysis was
conducted before the statistical analysis. Variable U (ppm) has a mean of value 500.68
(ppm) and V has a mean of 278.78 (ppm). Also, the complete Walker Lake data set
with 78000 samples was used as reference for the block models estimated. The
complete data set presents the following statistics: U (ppm) mean is 266.04 (ppm) and
V (ppm) mean is 277.97 (ppm).
The methodology comprises the following steps: first the incomplete data set is jointly
normally transformed, then with impute algorithm from GsLib which applies the BU
methodology, is used to generate 10 complete scenarios, the missing variable U (ppm)
is herein refered as primary. After, one complete scenario (from the 10 realizations) is
chosen and two separate analyses are considered. One, herein called Analysis 1 (A1),
the imputed scenario is used as it is and a block model for variable U (ppm) is
generated through ordinary kriging (OK). The second, herein called Analysis 2 (A2),
considers a SA on the chosen scenario, since it is to our knowledge that the data is
under sampled on low grade areas, 20% of the imputed value at location is subtracted
from the imputed value. After, a block model is generated through OK on the scenario
which was applied the SA. The locations, on which the samples were originally
measured, are maintained as constants throughout the procedure. Then, for the sake
of comparison the original incomplete data set is cokriged using the 470 V (ppm)
samples and the 275 U (ppm) samples, the latest is called Analysis 3 (A3). The results
are then compared against the exhaustive Walker Lake data set.
The chosen scenario (number 10) has the closest global mean value, being this the
criteria for choosing the scenarios to proceed with the estimation method. The mean
of scenario 10 is 549.45 (ppm). A1 conducted ordinary kriging (OK) on the complete
chosen scenario. OK was performed using a block discretization of 4 by 4, using at
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minimum 3 samples to estimate a node and a maximum of 12 samples. The ranges for
the search ellipsoid are 65 m on the major anisotropy direction, N157, and of 28 m on
the minimum anisotropy direction, N67. The search ellipsoid was based on the
variogram ranges for the variable U (ppm), now completed through BU.
The second approach subtracted 20% from the imputed values, so the mean of the
10th scenario reduced to 510.25 (ppm). This second access to the problem performed
ordinary kriging on the corrected scenario. The sample search parameters used to
perform the estimation are the same used on the previous estimation (A1), except for
the search ellipsoid radius which is of 70 m on the major anisotropy directions, N157,
and of 17 m on the minimum anisotropy direction, N67.
After, a block model through ordinary cokriging (OCOK) was built using the
incomplete original data set. The search strategy adopted for this approach was meant
to be as close as possible of the ordinary kriging approach, 3 samples as a minimum for
the primary variable (U (ppm)), 12 samples as a maximum of samples for the primary
and secondary (V (ppm)) variables. The block discretization was 4 by 4 since the data
set is 2 dimensional. The ellipsoid radius was 100 m for the major anisotropy direction,
N157, and 88 m for the minimum anisotropy direction, N67, both for the primary
variable as for the secondary variable.
The three block models were then compared to the global and local statistics of the
exhaustive data set. For the first case study (A1) the estimated mean for variable U
(ppm) is 379.37 (ppm). For the second approach (A2) the estimated mean is of 332.11
(ppm) and finally for the last approach (A3) the estimated mean value is 403.57(ppm).
The real mean of variable U (ppm), from the exhaustive data set is 266.04 (ppm). The
relative deviation for each approach is, in order of presentation, err A1 =42.59%,
errA2 =24.8%, and errA3 =51.32%. The use of methods to impute MD proved in this
case study to be of great value since the relative deviation was reduced significantly for
both approaches in relation to ordinary cokriging. It is important to highlight that the
missing mechanism had a great impact on the output model and for that the model
that was completed through BU and had a correction due the bias generated from the
sampling layout had the lowest relative deviation, even though it still led to a biased
final result. The bias observed is due the fact that the constant used on the SA is
chosen arbitrarily and may not be the adequate; therefore the need to pursuit ways
and criteria to define the constant value to be used on SA from the data at hand. It is
important to highlight the impact that the missing mechanism has on estimating the
parameters of the data distribution, showing that depending on what the mechanism is,
what is noted directly from the data set is not representative of the deposit reality and
the analyst should proceed carefully on advancing with estimation process. Also, it
brings out fuel to quest for new methodologies that improve our knowledge about the
data and accuracy of the models generated.
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A bstract The classical geostatistical approach to estimation of a sparsely observed
primary variable when more abundant secondary data is available is through cokriging.
The well-known linear model of co-regionalization is available for cases involving a
small number of secondary variables. The linear model has, nonetheless, some known
restrictions on the form of inter variable relationships which can be modelled, so it
may be difficult to find an adequate model for certain cases, most particularly when the
linear hypothesis is not applicable. Moreover, fitting the models can be complicated
and so many practitioners make use of one of the co-located approximations to the
full linear model (Chiles & Delfiner).
In some applications there are several secondary variables available with potentially
complex interrelationships. Recently parametric approaches to complex multivariate
data have been proposed. For example the Projection Pursuit Transformation has been
used to transform the data to multigaussian (Manchuk and Deutsch, CCG report 2015)
allowing geostatistical modelling.
The approach in this paper will mostly be concerned with adapting a popular Machine
Learning (ML) approach to the same problem. ML methods are becoming increasingly
popular in image analysis for classification and for mapping problems and are claimed to
be particularly well suited to cases where large numbers of variables are available.
Ensemble based ML methods are especially interesting as they often provide estimates
of error as well as a prediction. For a specific example, we will work with the Random
Forest (RF) method as it is considered to be one of the best general purpose ML tools.
The Random Forest method builds an ensemble of Trees, each of which decomposes
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the multivariate parameter space into regular regions (usually rectangular) in which
statistics for the region are calculated. Each tree predicts for a new case by finding the
appropriate region for the case and the Forest predicts by considering the ensemble of
tree estimates.
The promise of RF techniques that is sometimes made in the literature is that the
method is ‘out of the box’. It needs little to no tweaking and handles nonlinearity of
the multivariate relationships transparently. However, the standard RF method
typically make assumptions which are not met in the case of spatial estimation. For
example, they generally do not account for the autocorrelation of the principle
variable. This can lead to sub-optimal estimates when there is good autocorrelation yet
the secondary data is only weakly correlated to the primary. They are also susceptible
to being unduly influenced by data clustering. In this paper a method to extend the RF
method, the Spatial Estimator Random Forest (SERF) is proposed. The basic idea is
that while a standard RF only uses observed data to make its estimates, in practise
there may be some external estimator of the primary variable which is independent or
partly independent of the data. These might include physical or geological model
predictors. Since these predictors are not actual data, they must be treated slightly
differently when training the forest. We call such adapted RFs, Estimator Random
Forests. As we are considering a spatial example (SERF), we will consider Kriging as a
spatial predictor which means we include a ‘geological’ model of autocorrelation and
the associated least squares estimation algorithm for the principle variable into an RF
approach.
There is not a substantial amount of theory available for RFs, although some important
results are known, such as the fact that, under certain conditions, they provide
consistent estimates of the conditional distribution. So this kind of model will need the
sanction of practise as well as further theoretical work to reliably define its scope if it
is to be very useful. In the number of cases looked at so far it seems to do no worse
than kriging (though it is different and tends to be less smooth than kriging) when the
secondary data are only weakly informative but it can do far better than cokriging
when the data are informative. The method seems to offer some advantages. It is
simple to use. It can handle large numbers of variables (encouraging the creation and
usage of additional features). It requires no data transformations and makes a direct
attempt to model heteroscedasticity. The method can, by making use of the estimate
of the conditional distribution, be extended to resample from the distribution
providing ‘simulations’ and hence some understanding of the uncertainties involved in
estimation. While this paper mostly concerns itself with the problem of spatial
estimation of continuous variables, other applications such as discrete variables and
estimating solutions of equations directly are being investigated and will be discussed
briefly.
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A bstract Spatio-temporal predictions through kriging require the knowledge of the
correlation structure for the variable under study. The analysis of spatio-temporal
correlation can be performed following two different approaches:
(i) for phenomena which can be described by physical laws, some space-time
covariance models can be derived as solutions of partial differential equations, as
shown by Kolovos et al. (2004), Jones and Zhang (1997) and Christakos (2000). In
particular, rich classes of non separable spatio-temporal covariance models are
investigated for homogeneous and stationary as well as non-homogeneous and nonstationary data;
(ii) for natural phenomena which are characterized by the complex interaction of
several processes, a space-time covariance cannot be derived as a solution of partial
differential equations or it is hard to be made. In this case, a correlation model can
only be obtained from the available data, that is, first a space-time covariance is
estimated from the observations at hand, then a correlation model is fitted.
In the literature, several significant theoretical contributions for developing classes of
space-time covariance functions can be found. Most of the papers which develop
space-time covariance functions end with a case study which tries to prove the
adequacy of the proposed class of models to a specified data set. In the literature, it is
not customary to follow the opposite path; in other words, and this is the usual
situation, starting from a data set, the problem is to look for the class of space-time
covariance functions which is appropriate for the data under study. Moreover, the
model to be fitted to the estimated spatio-temporal covariance is often selected in a
heuristic way, without considering the relevant aspects presented by the observed
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variable. Indeed, relevant aspects concerning the type of non separability and the
asymptotic behavior of the spatial and temporal marginals might be considered to
select an appropriate class of spatio-temporal covariance function.
The aim of this contribution is to provide a useful and practical procedure to suitably
select a class of space-time covariance functions for a given data set and it will be
followed by utilizing several theoretical results found in the literature, such as testing
non separability and symmetry (Li et al., 2007), testing the type of non separability (De
Iaco and Posa, 2015), as well as the asymptotic behavior of the spatial and temporal
marginals and some geometric characteristics related to anisotropy and behavior of
the marginals near the origin (De Iaco et al., 2013).
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A bstract A widely used inversion approach is Bayesian inference, in which parameters
are treated as random quantities that are defined through a prior distribution and the
information contained in the observed data is summarised by a likelihood function. To
efficiently sample the posterior distribution, Markov chain Monte Carlo (MCMC)
methods are commonly used for non-linear problems that include high model and data
dimensions.
When starting from a uniform prior distribution of independent model parameters
(the test cases consider a uniform grid with property variations in two spatial
directions), the resulting posterior models are often far too variable (the entropy is
too high) to be deemed realistic from a geological perspective. If this is intended, then
there is no problem as it is a natural consequence of assuming an uncorrelated prior.
However, it might be that the consequences of this prior are different than those
intended by the user. For example, when considering the resulting distribution of
global summary statistics that describe model structure (e.g., the sum of absolute
gradients between neighbouring parameters) of random prior realisations one finds
that the distribution is centred far away from zero. Indeed, values around zero (e.g.
uniform models) are sampled with probabilities that are negligible (say 10-100) and the
same is true for the case of the models with the highest heterogeneity possible. This
implies that it is essentially impossible to retrieve a uniform property field when
discretising the model domain into many sub-cells. As an alternative, it might be more
logical/conservative (or at least complimentary) to assume for a given measure of
model structure that its distribution is uniform. This implies that not all possible model
realisations are equally likely, but that models with little variability are as likely as those
of large variability. This formulation broadens the set of possible statistical descriptions
of prior models when no information is available. Indeed, more established techniques
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(e.g. multi-Gaussian fields, multiple point statistics, partially ordered Markov model)
require significant assumptions that might lead to overly optimistic inference of
posterior model uncertainty.
We address the problem of sampling a uniform prior distribution of a given global
measure of model structure by using the Metropolis-Hastings (M-H) algorithm for
computing the acceptance ratio in an MCMC framework. Given a target distribution
that is hard to sample from and a simple proposal step, the M-H algorithm generates a
sequence of iterates whose distribution approximates a unique stationary distribution
coinciding with the target one once the chain converges. This is possible because the
M-H acceptance ratio satisfies the two conditions that ensure any Markov process to
have a unique stationary distribution: detailed balance and ergodicity. Instead of
considering the marginal probabilities of the model parameters as the target
distribution, we formulate the chain to sample a prior uniform measure of model
structure. Any proposal distribution that samples marginal model parameters
symmetrically will imply an asymmetry of the proposal distribution for the measure of
structure. The absence of an analytical expression for the structure proposal
distribution requires us to numerically sample and estimate it empirically. The
numerical procedure is non-trivial and requires an accurate approximation of the ratio
between the proposal distribution (in terms of model structure) from the proposed
state to the current one and the corresponding reverse step. This ratio depends
strongly on the current structure state so it must be evaluated “on the fly” during each
MCMC step. In order to compute these ratios quickly, it is essential to make robust
estimates of the proposal distributions from relatively small samples (e.g. sample sizes
on the order of N=1000). For this purpose, we explore both parametric and nonparametric approaches, and analyse their efficiency for various test cases. For the
parametric techniques we assume that distributions are drawn from the gamma
probability distribution family, and we explore both the method of modes and the
maximum likelihood approach. In the non-parametric case, there is no need of
assuming the distribution underlying the drawn sample and we implement different
Kernel Density Estimator schemes.
The results obtained are promising and mainly limited by the approximation methods
employed for estimating the proposal distributions. To sample a close-to-uniform prior
distribution of model structure in the presence of estimation errors, we find that it is
often necessary to apply an exponent to the proposal distribution ratio. The magnitude
of this exponent varies between 1.02 and 1.05 for a 10×10 grid depending on the
approximation method used. Using geophysical test examples, we are presently
comparing the posterior realisations that are obtained by the proposed uniformstructure prior compared with a classical uniform prior.
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A bstract Value of information (VOI) analysis is commonly used to study whether one
should gather additional data before making decisions. The notion of VOI has a solid
foundation in decision analysis. Under some regularity conditions the VOI is defined as
the difference between the expected posterior value (with additional data) and the
prior value (without additional data). If value represents monetary units, the data
should only be purchased if the VOI exceeds the price of data. Most VOI studies relate
to high-level situations, without integrating multivariate uncertainties of interest, data
and decision variables. In the earth and environmental sciences a more realistic
approach incorporates spatial elements for the (i) uncertain distinctions of interest, (ii)
alternatives, and (iii) data gathering schemes. (Eidsvik, J., Mukerji, T. and Bhattacharjya,
D., 2015, Value of Information in the Earth Sciences, Cambridge University Press.
http://www.cambridge.org/9781107040267). We argue that the integration of
geostatistical modeling and decision analysis facilitates the design of valuable spatial
experiments.
The VOI calculation is not straightforward when spatial elements are included. In
particular, the posterior value calculation involves an outer integral over the data
variables and an inner integral for the conditional expectation of value, given the data.
Here, we present methods for approximating this posterior value and the VOI in
geostatistical applications. The suggested approximations build on various regression
approaches.
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A bstract Consider a profile with categorical classes subsurface penetrating a reservoir
unit. These categorical classes typically represent the various geological facies.
Convolved reflections of the profile are observed. The objective is to predict the
classes along the profile given the observation, being a categorical inverse problem.
Such inverse problems are of utmost importance in geophysics, and they are usually illposed and computationally hard to assess.
We operate in a Bayesian framework, and the objective is to assess the posterior
distribution for the categorical profile subsurface given the observations. The
likelihood model includes a mixture of Gaussian random fields, which enables us to
model for example marginal skewness and multimodality, and a convolution operator
defining the acquisition procedure. We assign a Markov chain prior for the categorical
profile. Assessment of the posterior distribution is computationally unfeasible as a
result of the normalization constant.
We present two likelihood approximations on k-th order factorial form, which defines
two approximate posterior distributions. These approximate posteriors are exactly
assessed by a generalized Forward-Backward algorithm, and they are then used as
proposal distributions in an independent proposal Metropolis-Hastings McMC
algorithm. The associated MMAP predictors and uncertainty statements are given for
the categorical profile. Extension to 2D and 3D are done by a block Gibbs algorithm,
where each profile is sampled dependent on its neighbouring profiles.
A simulation study inspired by geophysical inversion is conducted in order to
empirically evaluate and compare the two approximations. Results from the study are
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presented, and both the proposed likelihood approximations appear to have
reasonable mixing and acceptance rates. Although, a projection-based approximation is
superior for lower order k. A real case study is also included in the presentation.
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A b stra ct Besides being an invaluable method for spatial and spatio-temporal
interpolation, kriging has been successfully utilized as a statistical emulator for
expensive computer experiments with high dimensional inputs. Most applications to
date are concerned with single or multi-variate scalar-valued outputs (i.e. CO 2
concentration, temperature, height of water table, pressure…). However, in recent
years a few attempts were made to produce statistical emulators for functional output
data (i.e. rate vs. time). These approaches were based on conventional co-kriging,
requiring transformation of functional data into multivariate setting through
discretization and/or projection (wavelets, pca, etc.). In this paper, we developed a
functional form of co-kriging that establishes a relationship between the multivariate
functional outputs. The main advantage of our approach is that it does not require any
sort of decomposition or transformation of functional data, instead it relies on the idea
of trace-variogram (Giraldo et al). We extended the notion of trace-variogram to the
multivariate functional context by formulating the trace-cross-variogram. This
approach allows for production of continuous covariance structures, in a con ventional
manner, by assuming one of the admissible forms (Gau, Sph, Matérn…) and adjusting
the coefficients with the well-known linear model of coregionalization (LMC).
One important application of our methodology is in Earth sciences where computer
experiments are used in simulation of fluid flow in the subsurface. Subsurface flow
simulations feature a high dimensional input, and produce multivariate functional
outputs (i.e. pressure, rate and flux vs. time). While, exhaustive high fidelity flow
solutions are always desired, they are rarely achievable due to their excessive
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computational expense on large geostatistical models. Instead, modelers often utilize
fast, low fidelity simulations to produce exhaustive solutions over the entire input
space. Such solutions are either used in their raw form or as a guide for selection of a
representative subset of design points for high fidelity flow evaluation. Our
methodology enables estimation of exhaustive high fidelity outputs by starting from a
limited set of already evaluated high fidelity responses, and taking into consideration
exhaustive low fidelity flow simulations as the secondary information in our functional
co-kriging methodology.
To demonstrate the aforementioned methodology, we developed a synthetic case
study in which we simulated subsurface fluid flow through porous media. The input
space consisted of geological & geostatistical parameters sampled with latin-hypercube
method. Each design point was provided as a vector of input parameters to the geomodeling software, producing one realization of the subsurface. Realizations were then
subjected to two types of flow simulations: computationally expensive-high fidelity, and
computationally cheap-low fidelity. Both types of simulations produced a single variate
functional output, which was the rate of produced fluid over time. Functional cokriging was applied on this data set mimicking a real world application in which
exhaustive low fidelity responses were considered as secondary data, while sparsely
sampled high fidelity responses were considered as the primary data. To evaluate the
performance of our functional co-kriging method, we computed the error between the
co-kriging (emulated) estimates and the actual (simulated) high fidelity flow responses.
Additionally, we repeated this exercise many times (Monte Carlo) by allowing for
variable high fidelity sample sizes while producing insightful error statistics.
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A bstract Simulation of earth models, with realistic geological variability, have become
viable during the last decades due to the development of geostatistical simulation
algorithms that allow sampling from multiple-point statistic models. Numerous
algorithms have been proposed, each associated with a unique set of pros of cons. MPS
is C++ class that provides a framework for implementing most of the currently
proposed MPS simulation methods. To illustrate the use of the C++ class, a number of
the most widely used MPS methods are provided (ENESIM and SNESIM, using both
tree and list structures to store conditional data). Further a new generalized ENESIM
algorithm, GENESIM, is proposed.
Here the conditional distribution used at each iteration of sequential simulation, is
based on a maximum number of replicates from the training image. Used in one
extreme, GENESIM will be equivalent to the ENESIM algorithm. Used in another
extreme it will tend to work as the direct sampling algorithm, with the notable
difference that in GENESIM (an approximation to) the conditional distribution is
actually realized, while in direct sampling a realization from the conditional is taken
directly from the training image. MPS aims to be easy to compile on most platforms
(standard C++11 is the only requirement) and is released under an Open Source
License, with the hope that anyone can use, change, and hopefully, enhance the code
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A bstract A classic geostatistical problem is that of integration of information from a
sample model (training image) with direct, hard or soft, information about the
subsurface. In case the sample model is described using Gaussian statistics, sequential
Gaussian simulation can readily make use of both hard and soft data. However, this is
not the case for sequential simulation algorithms based on multiple-point statistics.
Traditionally soft data are dealt with assuming a Markov property such that only colocated soft data are used in the simulation. This leads to simulation results that does
not account for a significant amount of the information contained in the soft data. The
problem is most critical when the soft data available is sparsely sampled, or when a
dense grid of soft data contains discontinuities. Monte Carlo based sampling methods
exist that allow sampling consistently with soft data. Such methods are however
computationally very expensive. As an alternative, sequential simulation using a
simulation path that preferentially visits model parameters, for which the entropy of
the soft information is high, is suggested. This leads to simulation results that provide
realizations whose spatial statistics is more consistent with the soft data than when
using a random simulation path.
The methodology is straightforward to apply to any ENESIM type simulation algorithm,
and methods are suggested such that the preferential path can be used with SNESIM
and direct sampling based algorithms. Finally, a hybrid Monte Carlo approach is
suggested that produce realizations consistent with soft data to be obtained much
faster than sing a full Monte Carlo approach.
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A bstract The basic problem of geostatistics is to estimate the primary variable (e.g.
groundwater quality, nitrate) at an unsampled location based on point measurements
at locations in the vicinity. Typically, models are being used that describe the spatial
dependence based on the geometry of the observation network.
This presentation demonstrates methods that take the following properties
additionally into account: the statistical distribution of the measurements, a different
degree of dependence in different quantiles, censored measurements, the composition
of categorical additional information in the neighbourhood, and the spatial dependence
of a dependent secondary variable, possibly measured with a different observation
network.
Data shows that the composition and the size of the neighbourhood around a
measurement location influences the measurement value. This property is being
modelled via locally mixed distributions: at each interpolation location, a full local
distribution is constructed based on the pure distributions of groundwater quality
within land-use categories. These pure distributions are neighbourhood-specific, not
known a priori, and are being estimated jointly, for all groups of secondary
information. During this procedure, the spatially distributed information content of the
secondary information is being calculated. This information content can be used to
estimate the usefulness of the available secondary information before the spatial point
estimation is performed.
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The spatial dependence is being described with multivariate copulas, that couple the
marginal distributions with the multivariate distribution. By doing so, the process of
infiltration can be modelled via the locally mixed distributions, the process of
predominantly horizontal solute transport via the multivariate spatial dependence
structure.
The improved geostatistical hydrogeological models are being analyzed using
measurements of a large observation network (~2500 measurement locations) in the
state of Baden-Württemberg (~36.000 km2 ). Typical groundwater quality parameters
such as nitrate, chloride, barium, antrazine, and desethylatrazine are being assessed,
cross-validated, and compared with traditional geostatistical methods. The secondary
information of land use is available on a 30x30 m raster.
We show that the presented methods are not only better estimators (e.g. in the sense
of an average quadratic error), but exhibit a much more realistic structure of the
uncertainty and hence are improvements compared to existing methods.
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A bstract The characterization of fracture networks is critical to the management of
mining projects, tailing dams, oil, gas and geothermal reservoirs, aquifers and
underground waste disposals. One of the most relevant parameters of fracture
networks is the distribution of fracture diameters, which has to be inferred from
surface observations, i.e., trace lengths measured on exposures.
This paper aims at determining the relationship between the distribution of fracture
diameters and the distribution of the “true” trace lengths that would be observed in an
infinitely large sampling window. To reach this objective, an inverse modeling approach
is proposed to estimate the former distribution from the latter, based on the
assumptions that the fracture network can be represented by a Poisson -disc model
and that the fracture diameter distribution possesses an upper bound.
The proposed approach does not require choosing a parametric model for the trace
length and/or the fracture diameter distributions and turns out to be more robust than
existing forward or inverse modeling approaches, as it seeks an unbiased estimate of
the cumulative distribution function of the fracture diameters, not their probability
density function. Another benefit of the proposal is the possibility to estimate the
mean and higher-order moments (even for non-integer orders) of the fracture
diameter distribution. Its simplicity of use and versatility are illustrated through a set of
synthetic examples.
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A bstract Recently, image quilting has been proposed as a new method for performing
multiple-point geostatistical simulations. Image quilting is a pattern-based simulation
method whereby patterns are stitched together along a raster path. Such patterns are
selected from a training image by calculating a distance in the overlap with the
previously simulated pattern. To constrain image quilting realizations to soft data, one
introduces an auxiliary variable in the training image by applying to it the same forward
operator (e.g. smoothing) that was applied to the simulation domain. Thus, a second
distance is defined between the auxiliary data and the training image auxiliary variable.
For hard data conditioning a similar approach is used, namely the definition of a
distance between hard data events and patterns in the training image.
The problem with such an approach is two-fold: (i) all these distances need to be
aggregated into a single distance, typically by ad-hoc weighting (ii) when using multiple
data sources (e.g. multiple soft data), the generated spatial uncertainty becomes very
small. In this work we propose a new method for data aggregation that relies on a
probabilistic approach following the tau model. Distances from various data sources
(overlap, hard data, and soft data) are first converted into individual pattern
probabilities and then these probabilities are combined into a single joint probability
from which a pattern is drawn. In terms of converting distances to probabilities we
consider two approaches: one approach based on an exponential model and another
based on ranking and rank aggregation model.
To test the algorithm, and its various choices, in terms of its ability to integrate data
and in terms of the spatial uncertainty generated, we consider realistic variability
generated in a flume experiment. The flume experiment is a laboratory experiment
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where real-time overhead images of sediments deposition in a mini-basin are recorded.
Ten overhead images are selected as representative images of the entire experiment
(136 total) and subsequently used as training images for image quilting. By comparing
the simulated realizations with all the overhead images in the experiment we can
compare the space of uncertainty of a geostatistical algorithm with the actual variability
of the 136 images.
Our analysis shows that overall, both variabilities (natural and geostatistics) match well
when performing image quilting. However, we find that the variability of the simulated
realizations per each single training image is small compared to the overhead shots
similar to that training image. This suggests that using pattern-based techniques such as
image quilting, one should take considerable precaution in using only one single training
image to represent spatial uncertainty.
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How to determine spatial irreversibility: directional
asymmetry
Sebastian Hörning 1, András Bárdossy 1, Tobias Mosthaf1

1 University

Stuttgart, Institute for Modelling Hydraulic and Environmental Systems

Keywords: directional copula, directional dependence, asymmetry
A bstract Many physical processes, for example advection of solute in porous media,
can lead to asymmetries that exhibit a certain direction, i.e. they lead to irreversibility
in a spatial context. Reversibility is well known in time series analysis; however, it is
hardly used in geostatistics as traditional geostatistical tools are not able to identify
spatial reversibility.
Therefore, the time series definition of reversibility is extended to higher dimensional
spaces and a weak form of spatial reversibility, the directional dependence is
introduced. It will be shown that reversibility can be statistically tested with the help of
directional copulas. Further, a new directional asymmetry function will be introduced
to measure spatial reversibility. Different examples, ranging from synthetical flow and
transport experiments to digital elevation maps of the Saharan desert will be used to
demonstrate the applicability and the importance of the new measure. To be able to
model spatial irreversibility, a new simulation algorithm based on simulated annealing in
Fourier space will be introduced.
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A bstract Training images as a spatial pattern information source were introduced into
geostatistics in the early nineties. Algorithms were designed to extract multiple-point
statistics from training images and to generate spatial distribution of physical properties
under hard and soft data constraints. Contrarily to random function models, training
images are believed to more realistically represent the spatial patterns of physical
properties. However, commonly used algorithms of multiple-point simulation impose
training images being stationary, and being enough large with respect to the modeling
domain. These statistical restrictions created confusions and limit the adoption of the
multiple-point geostatistics in practice.
In recent years, the concept of training images has been extending in two opposite
directions. The multiple-point statistics approach is no longer restricted by the size or
the stationarity of training images. A training image can be a small geometrical element,
a full-field reservoir model or even an analogous reservoir model without any
statistical restriction. In this paper, we review these different types of training images
from a conceptual point of view and discuss their pros and cons in field applications.
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A bstract In this research the recently developed multipoint Morisita index (MMI) is
reviewed and applied to: (i) characterize the spatial clustering and the dimensional
resolution of environmental monitoring networks; and (ii) detect spatial
patterns/structures in complex geospatial phenomena. MMI can reveal patterns of
clustering which are difficult or impossible to detect for traditional methods and it can
easily discriminate between random, regular and clustered patterns. An extension of
MMI to functional MMI (FMMI) is also presented.
The goal is then to detect and quantify spatial autocorrelation by considering not only
the location of the measurement stations (independent variables) but also the
measured phenomena (dependent variables). Moreover, it was also shown that MMI
has a close relationship with multifractals and that it can be effectively used to estimate
the intrinsic dimension of data in high dimensional spaces. Many real world applications
are considered. They are related to environmental pollution (radon, radioactivity,
heavy metals) and natural hazards (earthquakes, forest fires). Simulated data are also
used for a better understanding of the method and the results it provides.
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A bstract Max-stable random fields are essential for spatial extremes. They apply in any
domain where extreme events have to be predicted (e.g. climatology, environmental
sciences, material science, geotechnics). Unfortunately, most max-stable random fields
cannot be predicted by kriging as their first two moments are infinite. Alternatively,
prediction using conditional simulations is considered. In recent years, conditional
simulation algorithms have been developped for several max-stable random fields,
including the extremal Gaussian random field and the Brown -Resnick random field
(Dombry, Eyi-Minko and Ribatet, 2012); Oesting and Schlather, 2012), the extremal
Student random field (Bechler et al., 2014).
All these models are built as maxima of infinitely many independent continuous ’basic’
random fields. The first step of these algorithms consists of generating a partition of
the conditioning data set, that specifies whether any pair of data points is respected by
the same basic random field or not. At the second step, all basic random fields that
respect at least one conditioning point exactly are conditionally simulated. A problem
with the first step is that the probability of each partition has to be computed. It turns
out that this probability is a product of multidimensional integrals, whose computation
is the source of numerical instabilities and thus limits the number of data points to
respect.
In this presentation, an alternative algorithm is proposed that bypasses the
computation of those integrals. The first step is replaced by a conditional simulation of
a Poisson point process in a space with dimension equal to the number of data points.
As a byproduct, the second step simplifies dramatically (it amounts to simulating
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independent conditional Gaussian random fields), which makes it possible to respect
many more data points while reducing running time substantially. Several examples will
be shown.
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A bstract The propagation of the inherent spatial variability of petrophysical attributes,
such as hydraulic conductivity, to the predictions of physically-based, numerical models
simulating flow and transport is a critical requirement in hydrogeological investigations.
In a classical, two-point, geostatistical context, that spatial attribute variability is
typically modelled via a random field, log-normal in the case of hydraulic conductivity,
which is often parameterized by a spatially constant mean and a variogram model.
Conditional realizations from such a random field generated via geostatistical
simulation using simple random (SR) sampling are employed, along with the numerical
simulators of flow and transport, in a Monte Carlo framework for evaluating, for
example, the uncertainty in the spatial distribution of solute concentration. The
number of model runs, however, required to furnish a representative distribution of
model outputs, often renders classical Monte Carlo simulation based on SR sampling
computationally challenging, thus hindering the widespread application of uncertainty
and/or sensitivity analyses in practice.
In this work, we present a novel conditional simulation method based on Latin
hypercube (LH) sampling, a form of stratified random sampling, for generating, very
fast, marginally (per node) stratified conditional realizations of stationary Gaussian (or
transformed Gaussian) random fields. Contrary to existing methods of spatial LH
sampling that rely on the Cholesky decomposition of the covariance matrix, our
method can furnish realizations on very large (comprised of millions of nodes) three
dimensional (in the implemented case study) regular grids. In addition, our method also
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accounts for uncertainty in the parameters (mean and variogram model) of the random
field, and propagates efficiently that uncertainty to model predictions; this inherent
uncertainty of the parameters of the random field often dominates the uncertainty in
model predictions, when compared to the uncertainty attributed to spatial variability.
The proposed LH-based simulation method is employed for generating three
dimensional realizations of hydraulic conductivity in a synthetic case study involving
flow and transport in a mildly heterogeneous porous medium, whereby the classical
(two-point) geostatistical framework is typically adopted. Even when the additional
uncertainty in the parameters (mean and variogram model) of the random field are
accounted for, the results indicate that the proposed conditional LH simulation
method can reproduce statistics of the conductivity and concentration fields with
smaller sampling variability than SR sampling for the same number of realizations.
Viewed from a computational perspective, LH sampling requires approximately one
third of the time needed by SR sampling to reach model results of equal reliability
(sampling error).
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A b stra ct In geostatistics it is common to estimate a prior model for the spatial
distribution of reservoir properties from one or more training images. Multi-point
statistics models (Strebelle, 2002; Journel and Zhang, 2006) are defined for this goal
and Markov mesh models (Stien and Kolbjørnsen, 2011; Abend et al., 1965) can also be
used for this purpose. The Markov mesh model is based on ordering the nodes in a
lattice in the lexicographical order and the model is defined by the conditional
distribution of the value in one node given the values in all previous nodes. For a
Markov mesh model an explicit parametric expression for the distribution is thereby
defined, and parameter values can be estimated by adopting the maximum likelihood
principle or by using the Bayesian approach. If an estimated Markov mesh model is
adopted as a prior it can easily be combined with a likelihood function, which defines a
well defined posterior distribution.
In this presentation we consider the Markov mesh model for binary training images.
We formulate a flexible parametric form for the Markov mesh distribution, and we
adopt the Bayesian approach to fit the model to a training image. In our prior model
for the parametric Markov mesh model we put prior distributions on all parts of the
conditional distribution of the value of one node given the values in previous nodes.
Precisely speaking, we put priors on the neighbourhood structure of the conditional
distribution, what interactions to be included in the conditional distribution, and the
parameter values of the model. To fit a Markov mesh model to a given training image
we consider the training image as an exact observation from a Markov mesh model,
and this defines a likelihood function. Combining this likelihood function with our prior
we get a posterior distribution. To fit the Markov mesh model to the training image
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we construct a reversible jump Markov chain Monte Carlo algorithm to simulate from
this posterior distribution.
Our goal is that the prior should be flexible enough to be able to describe a large
variety of training images, so that the same prior can be used for all reasonable training
images. Simulating from the resulting posterior distribution thereby constitutes an
automatic model fitting procedure. Thereby we are able to fit automatically the
neighborhood size and the complexity of the Markov mesh model to the training image
in question. In the presentation we show results when using our approach for several
training images, including frequently used training images in the geostatistical literature.
As one would anticipate, we observe that models with reasonably few parameters are
preferred for training images with simple patterns, whereas more complex models are
chosen for training images having more complicated patterns.
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A bstract We consider a sequence of categorical classes, for example facies, along a
vertical subsurface profile. The classes are only indirectly observable, by for example a
well logging tool. The objective is to predict the sequence of classes along the profile
based on the observed logging responses. The log inversion is defined in a Bayesian
framework.
The logging responses are represented by a likelihood model on factorial form
capturing the physics of the logging tool and the associated observation errors. The
prior model for the categorical classes along the the profile is defined to be a firstorder Markov chain. In previous studies, this Markov chain is stationary, with depth invariant marginal distributions and transition matrices. The new feature of the current
study is that we require the marginal distributions of the prior model to vary with
depth according to given vertical proportions of classes.
Focus is on the specification of a prior Markov chain model for the categorical classes
along the vertical profile. The prior information consists of profiles of the proportion
of each class and one average transition matrix for the vertical profile. The challenge is
to specify a non-stationary first-order Markov chain with marginal distributions
reproducing the specified class proportions vertically, and with transition matrices
having an average reproducing the specified average transition matrix. We define two
approaches to solve the problem: (i) the optimization approach, and (ii) the
hierarchical Bayesian approach. The former is defined by a gradient algorithm
converging to reproduce the marginal distributions with minimum deviation from the
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average transition matrix. The latter assigns hyper-prior models to the transition
matrices and sample the hyper-posterior models given the specified marginal
distribution. An empirical study is conducted to evaluate the two approaches. The
former approach appears as fast and provides reliable point estimates while the latter
is much more computer demanding but, provides robust point estimates with
associated quantification of uncertainty.
Given the likelihood model for the logging observations and the estimated non stationary prior Markov chain model for the classes, the posterior model will also be a
non-stationary Markov chain which can be exactly assessed by the forward-backward
algorithm.
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A b stra ct Recent developments in machine learning techniques, associated with
increasing computational power and a marked increase in available data, generate great
developments in data processing capabilities, and allow profound insights on natural
and anthropogenic phenomena. Geostatistical methods usage is widespread for the
estimation of variables in spatial settings, since geostatistical techniques are mature
technologies with good results, established best practices and software, and available
expertise.
The objective of this work is to use these self-learning techniques and implement them
in a spatial framework. For that, we use a machine learning technique, namely symbolic
regression, of the group of genetic programming methodologies, as a predictor for
petrophysical properties of interest at well locations. A Fourier series is adjusted for
each well location, using symbolic regression, and its coefficients are then used as hard
data for kriging and simulation, in order to obtain estimated functions for all grid nodes
that comprise the study area. We show the application of the proposed methodology
in a synthetic dataset.
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A bstract In geostatistical applications, methods based on a sequential simulation path
are very popular because they are intuitive and flexible. Their principle is to determine
a local conditional pdf for each node based on kriging of the neighbouring nodes. In its
comprehensive form, this sequential approach does, however, come at a very high
computational cost. Limiting the neighbourhood size reduces the computational cost
but inherently introduces a bias in the spatial covariance and, as a result, artefacts in
the resulting stochastic simulations. Although it is well known that the choice of the
sequential simulation path plays an important role with regard to the nature and
magnitude of such biases, systematic studies as to how to reduce such biases are as of
yet largely unavailable.
In this work, we evaluate different types of simulation paths by measuring the
mismatch between the covariance matrix of corresponding realizations and their target
variogram model. In doing so, we found (i) that a multigrid path consistently performs
better in terms of the reproduction of the covariance matrix and in terms of
maximizing the variability between realizations and (ii) that keeping a constant
simulation path throughout many realizations results in relatively moderate biases,
while allowing for a substantial reduction in computational cost because the kriging
weights only need to be computed once for all realizations.
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A b stra ct Bayesian inversion is defined in a predictive setting. Observations are
acquired from a spatial variable of interest, often through a complex acquisition
procedure with random components. This procedure defines the observation
likelihood model. The objective is to assess the spatial variable from the set of
observations. A prior probabilistic model must be defined for the spatial variable of
interest and this model should capture known characteristics about the variable. The
posterior model, being the solution to Bayesian inversion, is uniquely defined by the
likelihood and prior models. For high-dimensional spatial variables the normalizing
constant in the posterior model can usually not be calculated. Moreover, assessment of
the posterior model by brute-force Markov chain Monte Carlo simulation is normally
prohibited due to strong coupling in the model.
In order to facilitate assessment of the posterior model the consept of conjugate prior
models in Bayesian inversion is introduced. In classical Bayesian inference, focusing on
model parameter estimation, this consept is familiar. For a given likelihood model, a
prior model from the associate class of conjugate pdfs ensures that the corresponding
posterior model belongs to the same class of pdfs. The challenge is larger in Bayesian
spatial inversion, however, since the variety of likelihood models are much larger and
the prior models must be high-dimensional random fields and not merely a lowdimensional vector of model parameters.
Spatial variables represented by continuous, event and mosaic random fields are
considered. For likelihood models being Gauss-linear, partial-observation and factorform respectively, the associate classes of conjugate prior random fields are discussed.
The advantage of using conjugate prior models are demonstrated by defining efficient
procedures for assessing the corresponding posterior models and for model
parameter inference.
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The major contribution of the presentation is the definition of two operators that can
be activated on conjugate prior models -selection and mixing- for which the resulting
prior model will also be a conjugate prior model. Hence, if a prior random field from a
conjugate class of pdfs is subject to these operators also the resulting random field will
belong to a conjugate class of pdfs. This closedness property is demonstrated for
continuous random fields, both for assessing the posterior model and for model
parameter inference.
Examples from real data cases will be presented.

72

GEOSTATS2016

Revisited FFT-Moving Average for geostatistical
simulations
Leandro Passos-de-Figueiredo1 , Dario Grana 2, Fernando Bordignon1 , Marcio Santos1,
Mauro Roisenberg1 , Bruno Rodrigues3

1 Federal

University of Santa Catarina
of Wyoming
3 Petrobras Research Center
2 University

Keywords: FFT-Moving Average, geostatistical simulation, random field
A b stra ct Geostatistical simulations are widely used to generate random field
realizations that mimic the subsurface heterogeneities, in order to reproduce the
expected spatial variability related to geological stratigraphy and deposition. There are
several techniques that can be used to generate multiple realizations of the stochastic
models, the most popular being Sequential Gaussian Simulation, other techniques
based on the sequential approach are Sequential Indicator Simulation, Direct Sequential
Simulation and Sequential Gaussian Mixture Simulation. In addition to the sequential
methods, other techniques are available including the turning band method, Cholesky
and LU decomposition of the covariance matrix, but these techniques are not
commonly used in the reservoir modeling due to limitations of the model size.
However, the FFT-Moving Average is an efficient technique for geostatistical
simulations, especially when the convolution is computed in the frequency domain and
the method is applied to very large grids, in which the sequential methods are
relatively slow. The FFT-Moving Average method consists in calculating a filter
operator from the correlation function of interest, and generating the simulation by
applying the convolution between the filter and a white noise. To simulate random
fields conditioned to hard data, FFT-Moving Average can be combined with another
technique called Probability Field Simulation (PFS). This process can produce undesired
artefacts, such local extreme values and covariogram alterations; however, the
methodology is widely applied due its simplicity and efficiency to generate large grid
realizations.
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In this work, we present a revised mathematical formulation of the FFT-Moving
Average method, we use the discrete representation for a single noise as a series of
Dirac delta functions multiplied by a noise function and the Wiener-Khinchin Theorem
in the discrete domain to obtain the operator filter. Assuming the noise is white, the
proposed formulation leads to the same expression of the filter operator. However,
the method can be applied to other types of noise, even though the computational
cost to compute the filter operator is larger. In general, it is hard to generate a perfect
white noise using the usual random sampling techniques.
The proposed method allows calculating a specific filter that imposes an exact
covariogram function in the noise. In other words, the experimental covariogram is
exactly equal to the theoretical one, which is not the case for most of the common
simulation techniques due to the limited sample size. In this work, instead of using the
probability field simulation, we also propose a new approach to condition the
simulation to hard data. In the proposed approach, we solve a linear system based on
the convolution matrix for the white noise components at the data locations, to
ensure that the realization at the given locations honor the data when the convolution
is applied. This proposal also enables us to create an exact interpolator when the mean
of several simulations is analytically calculated.
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Automatic covariance map optimization for truncated
plurigaussian simulation
Samaneh Sadeghi1, Jeff B. Boisvert1
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A bstract In deposits with complicated ordering structures truncated plurigaussian
simulation is a flexible geostatistical modelling methodology for simulating categories.
This technique requires a variogram/covariance model for each of the underlying
Gaussian deviates that are truncated; these variograms should be selected in such a
way that the original categorical variables have the correct spatial structure after
truncation. The proposed optimization targets the covariance or variance map of each
categorical variable and attempts to select the optimum input variograms to best
reproduce the spatial structure of each categorical variable. A novel optimization
method is proposed which iteratively increases the complexity of the covariance
functions to obtain the best fit for the original categories.
The optimization begins with a simple initial random covariance function, conjugategradient optimization is used to obtain a local minimum. The initial parameterization of
the variogram is as simple as possible (one structure and no horizontal anisotropy for
each Gaussian deviate). LU simulation is applied to simulate the Gaussian deviates using
the spatial covariance matrix. The gradient optimization finds the optimal covariance
map for the underlying Gaussian realizations that honour the spatial statistics in the
original categories. The objective function is the difference between the experimental
(or modelled) covariance map of the indicator variables and the covariance map of
unconditional truncated LU simulations. Conjugate-gradient optimization and random
restarts are used to obtain the optimal parameters of the initial simplified covariance
structure.
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In successive iterations, complexity is added to the variogram in the form of additional
variogram structures and anisotropy, improving the optimization. This is repeated for
the desired number of variogram structures. Each step significantly increases the
difficulty of optimization and, thus, run time but always results in a closer match to the
desired categorical variograms. The balance between simplicity and better variog ram
reproduction is discussed. It was found that it is not possible to simply begin the
optimization with a complex covariance structure, the space of optimization is too
large and optimal solutions are difficult to obtain. Beginning with a simple covariance
structure and increasing complexity in each step obtained better variogram matches.
A previous multidimensional scaling (MDS) technique is used to obtain the truncation
mask automatically from transition probabilities determined from the input data; thus,
in the proposed work flow the truncation rules/masks (which are difficult to infer) are
automatically calculated as well as the input variograms for each Gaussian deviate
(which are not intuitive transformations of the categorical variable variograms in
complex cases).
A case study simulating rock types at the Red Dog mineral deposit is presented to
illustrate the implementation of the proposed method. Two and three Gaussian
deviates are considered. The addition of Gaussians deviates is discussed and compared.
There is improved variogram reproduction with three Gaussians but the gain is not
large. The main contribution of this work is the automatic implementation of truncated
plurigaussian simulation with n Gaussian deviates; both the mask and input variograms
are automatically calculated and optimized.
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Investigating the prior geostatistical model in its ability
to reproduce nature's variability
Celine Scheidt1, Jef Caers1

1 Stanford

University

A bstract Quantifying uncertainty on predictions made for subsurface systems has
considerable practical relevance in applications in many domains, such as energy
production, gas storage, CO2 sequestration and groundwater management. A large
degree of the uncertainty is due to a lack of understanding of the subsurface, which is a
consequence of the fact that one cannot sample it exhaustively. While many methods
and techniques have been and are still being developed to quantify uncertainty, we still
do not fully understand the very nature of such uncertainty and variability in natural
systems.
We often address uncertainty in a Bayesian formulation. A fundamental problem in
applying Bayesian information theory to physical systems is that of prior uncertainty.
Most approaches formulate priors based on general statistical principles (such as
maximum entropy), without taking into account that the system is physical and is
subject to the constraints imposed by the laws of physics which create that system. In
that sense, statistically-inspired priors ignore “information” provided by physics.
Instead, to specify such physically informed priors, one has to determine all the
possible configurations of subsurface architectures that are deemed physically realistic
and at what frequency (probability density) they occur. In this presentation, we do not
solve this problem, but rather start to understand the nature of the question and how
to study this question with an eye on eventually developing practical methods. From a
physical standpoint, we might say that the prior should represent our best
understanding of what the most common or representative states of the physical
system are. We may therefore infer that a combination of both geostatistical and
process-oriented approaches may provide a new perspective on the construction of a
prior for a given subsurface system.
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Modern geostatistical modeling employs multi-point statistics (MPS) to model
subsurface systems and geological uncertainty in the forecast. However, the choice of
this initial set of training images has a large influence on the final uncertainty, and hence
a careful selection must be done to avoid artificially reducing uncertainty from the
start. In particular, realistic uncertainty estimation calls for an understanding of the
physical processes that created the system under study. In this research, we propose
to incorporate physics into the creation of training images by using process-oriented
geology. Two different approaches are presented, one based on laboratory
experiments (the experiment is a physical experiment) and one based on a computer
experiments (the physical observations and laws are coded in the experiment). To
illustrate the link between physical processes and their realistic statistical
representation, we show how the autogenic variability in a laboratory experiment can
be reproduced by a multiple-point geostatistical prior uncertainty model, where the
TIs are photographs of the experimental sedimentary basin. To illustrate how this
prior uncertainty impacts real-world decision making, we forecast breakthrough curves
of a meandering channelized system in an actual reservoir, by relying on a statistical
model tuned from process-based models. In both studies, the availability of a large
“reference” set of models (photographs or process-based) of the sedimentary system
enable testing the quality of the prior by providing a basis against which to compare
the variability of the resulting realizations. Moreover, it allows for a physical analysis of
the prior model, which aids in understanding what particular patterns should appear in
the definition of the prior for more complex natural cases.
Our investigations demonstrate that by carefully selecting a set of training images, MPS
can reproduce fairly accurately the variability of the system under study, with only 5 -6
TIs. We suggest that some clues to the selection of appropriate training images lie in
the physical properties of the two sets of selected images from this experiment.
We also demonstrate that using a single non-stationary TI cannot capture the
variability of natural patterns, even when compared to very similar natural patterns. In
other words, the ergodic fluctuations of any random function based on MPS with one
single TI produces unrealistically small variability that will impact any forecasting and
decision making based on such models. This also suggests that any random function
that does not include system-specific physical principles cannot reproduce realistically
natural variability. In other words, the spatial uncertainty of natural subsurface systems
produced by current random function-based algorithms is unrealistic.
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Models on the globe and its implementation in
RandomFields
Martin Schlather1

1 Universität Mannheim

Keywords: earth model, random field, modelling
A bstract Modelling geostatistical data involves a high variety of approaches. Small areas
on the globe are favourably interpreted as part of the two or three dimensional space.
In particular, a large amount of covariance models is then available. For intermediate
sized areas projections of the globe onto a plane should be taken into account. For
large parts of the globe, models based on spherical coordinates get compulsory.
Although theoretical descriptions for spherical models have been kn own since long,
only recently a noteworthy amount of practically relevant models have been described.
Still, not too many statistical software packages exist that allow a general, genuine
modelling of geo-statistical data.
The talk will comprise three parts: (i) a review on covariance models for the sphere,
(ii) an introduction to the R package RandomFields, and (iii) an illustration of the
variety of models for the sphere. RandomFields can deal with.
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Ensemble based data assimilation for a geological
process model
Jacob Skauvold1 , Jo Eidsvik1

1 NTNU

Keywords: process-based geological modelling, ensemble Kalman filter, data
assimilation, simulation
A bstract We present a process based geological simulation program as an example of
a spatial application with a high-dimensional system state, and show how the ensemble
Kalman filter can be used to condition the simulated process to available data.
Ensemble based filtering and smoothing permit data assimilation in nonlinear dynamical
systems where strictly parametric updating, as in the ordinary Kalman filter, is not
practical. In addition, the computational complexity of these methods scales with the
dimensionality of observations, and not of the system state, making them well suited
for high-dimensional situations.
Starting with an initial surface defined on a two-dimensional, horizontal grid, the
modeling software simulates transport, deposition and erosion of sediments over
geological time, resulting in a three-dimensional volume containing a layer package
formed over the simulated time period.
We consider the problem of conditioning this simulation to observations in order to
obtain the posterior distribution of the variables of interest given the data, which could
be either seismic data or borehole data such as well logs. Conditioning is achieved
using the ensemble Kalman filter by extracting the system state mid-simulation,
computing an appropriate update with respect to data at that time, applying this update
to each ensemble member, and then resuming the simulation with the updated
ensemble. The main challenges here are (i) correctly relating a subset of the data,
typically identified by location, to the right time point in the simulated geological time
interval, and (ii) preserving the physical consistency of the simulation after applying the
EnKF update.
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The relative impracticality of data conditioning for process based geological models has
been seen as a major drawback of this approach. Using the ensemble Kalman filter as
an example, we aim to demonstrate that ensemble based statistical filtering and
smoothing procedures can provide viable methods of data assimilation for geological
process models.
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Solving speed and memory issues in multiple-point
statistics simulation program SNESIM
Sebastien Strebelle1 , Claude Cavelius1 , Michael Pyrcz1
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Keywords: multiple-point statistics, pixel-based simulation, data template, multiple grid
simulation
A bstract In the last ten years, Multiple-Point Statistics (MPS) modeling has emerged in
Geostatistics as a valuable alternative to traditional variogram-based and object-based
modeling. In contrast to variogram-based simulation, which is limited to two-point
correlation reproduction, MPS simulation extracts and reproduces multiple-point
statistics moments from training images; this allows modeling curvilinear features and
ordering relationships, common in many depositional settings such as channels, that
control reservoir connectivity and flow behavior. In addition, MPS simulation works on
individual pixels or small groups of pixels (patterns), thus does not suffer from the
same hard data and trend conditioning limitations as object-based simulation.
The Single Normal Equation Simulation program SNESIM was the first implementation
of MPS simulation to propose, through the introduction of search trees, an efficient
solution to the extraction and storage of multiple-point statistics moments from
training images. SNESIM is able to simulate three-dimensional models; however
memory and speed issues can occur when applying it to multi-million cell grids. In this
paper, the original SNESIM program is revisited, and solutions are presented to
eliminate both memory demand and simulation time limitations. First, we show that
the time needed to simulate a grid node is a direct function of the number of
uninformed locations in the conditioning data search neighborhood. Thus two
improvements are presented to maximize the ratio of informed to uniformed locations
in search neighborhoods: a new multiple-grid approach introducing additional
intermediary sub-grids; and a new search neighborhood designing process to
preferentially include previously simulated node locations. Finally, because SNESIM
memory demand and simulation time increase with the size of the data template used
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to extract multiple-point statistics moments from the training image and build the
search tree, a simple method is described to minimize data template sizes while
preserving training pattern reproduction quality.
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A GLM-based technique for joint multipoint
geostatistical analysis of both categorical and
quantitative fields
Raimon Tolosana-Delgado1, K.Gerald van den Boogaart1 , Ute Mueller2
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Keywords: MPS, compositional data analysis, Bayes spaces
A bstract Most modern multipoint methods focus on obtaining simulations of one or
several regionalized variables by transferring the spatial dependence features observed
in a training image into an area where conditioning data are available. Markov Random
Field (MRF) models for categorical variables are an exception, whereby a stochastic
model is specified whose parameters are estimated prior to its use for simulation. In
this contribution an MRF-related algorithm is presented which is able to deal
simultaneously with categorical and multivariate continuous variables. For each kind of
data to be predicted, a stochastic model is built using techniques analogous to
generalized logistic models (GLM), albeit able to deal with semiparametric
specifications of the conditional probability distribution.

85

GEOSTATS2016

Mining Engineering

GEOSTATS2016

A geostatistical approach for identifying suspicious
geologically mislogged samples
Amir Adeli1 , Xavier Emery2

1 Universidad
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A bstract Core logging is the geological study, visual recording and classification of
petrophysical attributes of drill cores, such as lithology, alteration or mineralogical
assemblage. The geological information gathered from drill holes is as important as the
assayed grades and is critical for geological and geometallurgical models used in
resource evaluation and mine planning. However, the classification is qualitative and
subject to errors because of inherent difficulties to estimate mineral percentages,
overprinting processes that lead to complex rock textures, low core recoveries, lack
of experience of geologists, lack of chemical analyses during logging, logging patinas
instead of covered minerals, or the use of different logging criteria among geologists.
Inaccurate logs generate geological data inconsistent with chemical analyses and
metallurgical tests and, according to the limited time and resources for relogging, these
inconsistent data are often treated as outliers or simply ignored in the geological
modelling stage.
This work presents a methodology for reclassifying potentially mislogged samples when
quantitative variables are available from assays or metallurgical tests. The methodology
assumes that hard boundaries exist between logged categories (in this case, rock
types), chemical analyses are more accurate than geological logging, and that most of
logging errors happen close to the boundaries. The principle of methodology is to: (i)
define geological or geometallurgical domains by grouping the categories based on the
variable under consideration; (ii) perform a leave-one-out cross validation and obtain
predictions of the variables and the associated matrices of error varia nces and
covariances for each sample and each category; (iii) calculate the p -value under a
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multivariate normal assumption for each sample and each category; and (iv) compare
these p-values with the actual logged category to detect suspicious logs.
The methodology is applied to an iron deposit, with seven analyzed grade and
granulometric variables for each sample together with their rock types logged by
geologists. The number of suspicious logs can be managed depending on the chosen
critical p-values. The identified samples can be checked individually for validating the
process.
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Conditional simulations for optimizing the cement
production in a mining exploitation.
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1 Cementos
2 CRS

Lemona
Ingeniería
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A bstract Modelling a mining exploitation is essential to anticipate the quality of the raw
material used in the cement production and to optimize the operating and production
costs. It is also necessary to take into account the large initial investment required for
the exploitation of the quarry over a long period of time, in terms of exploitation and
production because they are adjusted to the law of supply and demand. Therefore, the
production process must be adapted, according to the available materials on the site,
located near the manufacturing plant.
In addition, the cement production has incorporated not rocky origin materials that
require a greater control of the geochemical variations of the raw mineral during the
cement production.
Statistical and geostatistical treatment of the data collected in the field (geological
attributes, chemical analysis, ... ) combined with new software developments, are used
to accurately analyze the spatial distribution of the mining materials required in the
production of cement, but also, the penalizing elements, according to the available raw
materials on site and the configuration of the mining exploitation. The conditional
simulations method will be used to analyze the uncertainties associated to these
estimates and to anticipate the economic risk of the production process.
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Multivariate Decision Rules for Grade Control,
Stockpile Destination Assignment and Mine Planning
Jeff B. Boisvert1 , Clayton V. Deutsch1
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A bstract Decision rules for determining stockpile destinations, grade control and mine
planning are complex because of the sensitivity of plants to ore feed. Multiple
stockpiles are created for complex blending procedures; correctly determining the
stockpile destination for mined material is critical for effective mine planning. The use
of estimated models for assigning deterministic stockpile destinations is hampered due
to the multivariate nature of the decision rules. Multivariate simulation is required to
make unbiased decision rules and to improve the accuracy of stockpiling. A
methodology for making deterministic decision rules based on stochastic realizations is
explored.
The large size of modern geostatistical problems often requires semi-automated
techniques to effectively model all variables in all lithologies in all domains. The three
multivariate techniques considered here include cosimulation, simulation with a super
secondary variable and projection pursuit multivariate transformations. Implementation
details for all techniques are discussed. The example used to demonstrate the
proposed methodology includes 19 domains, 4 lithologies and 5 variables; decision
rules for assigning material to 12 different stockpiles are based on multivariate cutoffs
applied to the 5 modeled variables. Variables of interest include gold, carbonate
carbon, sulfide sulfur, total carbon and total sulfur. Gold is the main variable of interest
but has little effect on stockpile destination, the remaining variables are modeled with
the goal of determining correct stockpile destinations for blending purposes. There are
many QA/QC issues with these large scale problems; moreover, in this case there is an
issue with different drilling campaigns providing biased data sets. Assessment of
QA/QC issues for these large multivariate models is essential for reasonable mine
planning and is addressed.
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The large number of domains requires the methodology to be largely automated. A
sensitivity analysis of the required input variables for the methodologies shows that the
techniques are quite insensitive to all input parameters excluding variograms. All
domains are modeled with appropriate multivariate relationships between variables by
lithology and the variograms are assessed visually for appropriate fits to experimental
data.
Multivariate simulation is not common practice in the mining industry. Performance
assessment for these models is critical, it is important to demonstrate the value of
multivariate simulation. The proposed methodologies are assessed on the bases of 12
stockpiles with thresholds on the 5 modeled variables controlling stockpile
destinations. The most accurate technique results in assignment of 31% of the material
to the correct stockpile compared to 17% when multivariate relationships are not
considered; this analysis is based on available blasthole data in a mined out area. Note
that 31% accuracy was considered quite high because of the large number of
stockpiles. These are the models used for mine planning; actual stockpile destinations
are based on blast hole sampling.
These large multivariate geostatistical models involving many domains and many
variables/lithologies/cutoffs are becoming typical of modern geostatistical problems.
The main contributions of this work include the implementation details, performance
assessment and QA/QC for large multivariate geostatistical modeling methodologies.
The proposed workflows and techniques are able to effectively model many complex
multivariate relationships when considering stochastic simulation for deterministic
mine planning decisions.
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Selecting thresholds for decision making in geological
units definition
Alejandro Cáceres1 , Rodrigo Gutiérrez1 , Yerko Martínez1

1 GeoInnova

Keywords: thresholds selection, domains definition
A bstract There are several decisions related to selecting a threshold in geological
modelling and mineral resource evaluation, for example, the choice of the percentage
of secondary sulphides minerals (chalcocite+covelite) to define secondary enrichment
or the selection of the proportion of an alteration mineral to set the dominant
“alteration” or the definition of a threshold for high arsenic mineralization.
The decision of thresholds that define high or low zones of a variable has two general
approaches, operationally and phenomenologically based. The first one uses limits that
are critical for the operation or processes, for instance, recovery below a certain
percentage, arsenic that generates a concentrate grade over a certain percentage or
even the economic cut-off to define the mineralized ore body. The second approach
tries to detect a natural threshold to divide the whole population.
The standard method to identify the “natural” thresholds, is by visual inspection of the
variable distribution in a probability plot, trying to detect underlying different
populations by changes in the slope known as breaks. When breaks are present, they
represent a clear indication of a mixed population or coexistence of several
populations, however when no breaks are evident is not necessarily a single
population. Besides the subjective nature of selecting threshold in this way, the
approach does not take into account any spatial context of the variable.
An old practice in geological modelling was to visually in sections with drill holes traces
and values, detect the values of the variables when changes or jumps take place. This
way the geologists selected thresholds to define zones or to complement geological
logging. In the same way, we propose an approach that compares samples that are
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spatially close and select the threshold that generates the maximum amount of
difference between the nearest samples above and below the threshold.
The procedure for a variable is to calculate the h-scatter plot to produce a pair
database in which each pair is built by the variable and a nearby sample at a certain
distance h. A range of thresholds is set to classify both components of pairs into high
or low value. The misclassification rate is plotted in as a function of the threshold, to
select the one with maximum misclassification rate.
The methodology is presented for the separation of the high/low weight percentage of
bornite in hipogene mineral zone definition, separation of clays values and the
definition of copper recovery estimation units. The proposed approach could be used
as an extra tool for selecting thresholds in mineral resource evaluation.
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Mineral resource classification based on multigaussian
kriging
Alejandro Cáceres1 , Xavier Emery2
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multigaussian kriging
A bstra ct A usual practice in the mining industry is to carry out the evaluation of
mineral resources by partitioning the ore deposit into regularly spaced blocks. This
practice is often extended to the mineral resources classification, which commonly
relies on a block-by-block classification that uses as uncertainty measures variables
derived from the estimation process as the kriging variance, kriging relative variance,
slope of regression, as well as other factors such as the drill hole spacing, local data
variability and data quality, among others.
Another commonly used uncertainty measure is the conditional variance at a block
support derived from conditional simulation of the mineral grades. However, the
construction of simulation is time consuming and the large output files leave this
approach away of the daily basis practice for mineral resources classification. In an
attempt to link the production volumes and the block support, a few approaches
consider moving window volumes to define change-of-support factors or to calculate
metrics at this support, others approaches assume independence of the blocks within
the production volume.
In this context, this work presents a methodology to assist mineral resources
classification, which takes into account the volume related to a production period and
can be used as an equivalent alternative to conditional simulation in the multigaussian
framework. The key point of the proposal is to classify the resources at a block
support, but accounting for its uncertainty impact at the production support, i.e.,
calculating how much of the uncertainty in the mineral resource of a production
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volume is caused by the uncertainty of each block that composes the volume. To
relate the uncertainty in the mineral resources at block support and production
volume support, the variances and covariances between the blocks located within the
volume, conditional to the available sampling data, need to be known. Within the
multigaussian framework, it is possible to establish an analytical expression that allows
calculating these conditional covariances and quantifying several joint uncertainty
measures for groups of blocks.
The proposed approach is straightforward to link the uncertainty in the mineral
resources at different supports, accounting for the local data variability, proportional
effect, data location and spatial continuity of grades. It can be used as a simpler
alternative than conditional simulation for mineral resources classification purposes.
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Uncertainty minimization of geometallurgical variables
based on optimal sampling selection
Alejandro Cáceres1 , Yerko Martínez1 , Rodrigo Gutiérrez1 , Xavier Emery2
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A bstract An important issue in geometallurgical modelling is how many samples are
enough to fulfil certain performance criteria. There are several aspects that should be
taken into account, such as the performance criteria definition given the mining stage
(conceptual, pre-feasibility, feasibility, production), the variability of the
geometallurgical variables and the tonnage that is necessary to characterise. In relation
to the problem of how many samples and where those samples should be taken, a
simple methodology is proposed, for the case when a geometallurgical campaign
already exists and considering the potential target locations in drill holes for new
samples.
The proposed approach is based on the spatial continuity of the variables and the
decrease of the uncertainty over production volumes with the addition of new
samples. The proposal is based on the uncertainty measured as the variance of the
estimated geometallurgical variable over a large production volume derived from
Kriging. The sample selection procedure is to choose one by one the potential sample
location that most decreases the uncertainty, using the relationship of the potential
samples location with the uncertainty, given the available data and variable continuity.
This approach is presented in a real case study to determinate the amount and
potential locations of new samples that helps to minimize the uncertainty using the
minimum number of geometallurgical samples. Given that the geometallurgical variables
and domains exhibit different statistical variability and spatial continuity, the amounts
and locations of samples needed to fulfil the performance criteria differ from one
variable to another or from one domain to another. The results open the discussion in
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relation to geo-metallurgical variability, performance criteria and geometallurgical
conciliation practices.
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The Impact of Declustering Technique Choice on the
Outcome of Resource Model Uncertainty
Quantification Using Conditional and Categorical
Simulation
Henrique da Silva1
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Keywords: conditional simulation, risk analysis, categorical simulation, declustering
A bstract Sequential Gaussian conditional simulation is becoming more popular in the
mining industry as a tool for quantifying resource model estimation risk. Financial
decisions can be made on a project by comparing the resource model to conditional
simulations and establishing the years where the project falls short of meeting
predetermined, acceptable, limits of uncertainty. Years at risk can then be mitigated by
additional drilling or proper engineering.
This paper examines the impact of the parameter choices in the conditional simulation
process, focusing especially on the declustering technique used and the impact of the
choices made on the project life. Geological domains will also be categorically
simulated to account for the uncertainty along the contact between domains. Models
will be assessed based on yearly mine plans and conclusions will be drawn on the
economic impact to the project.
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A non-parametric clustering approach for multivariate
geostatistical data
Francky Fouedjio1
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A bstract Multivariate geostatistical data have become omnipresent in the geosciences
and pose substantial analysis challenges. One of them is the grouping of data locations
into spatially contiguous clusters so that data locations within the same cluster are
more similar while clusters are different from each other, in terms of a concept of
dissimilarity. Spatially contiguous clusters can significantly improve the interpretation
that turns the resulting clusters into meaningful geographical subregions.
In this work, we develop an agglomerative hierarchical clustering approach that takes
into account the spatial dependency between observations. It relies on a dissimilarity
matrix built from a non-parametric kernel estimator of the multivariate spatial
dependence structure of data. It integrates existing methods to find the optimal cluster
number and to evaluate the contribution of variables to the clustering. The capability
of the proposed approach to provide spatially compact, connected and meaningful
clusters is assessed using synthetic and geochemical datasets. The proposed clustering
method gives satisfactory results compared to other similar geostatistical clustering
methods.
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Estimation of mineral resources using Discrete
Disjunctive Kriging
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Keywords: disjunctive kriging, indicator kriging, Min-Max Autocorrelation Factors,
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A bstract In selective mining, recoverable resources result from a selection on mining
units (SMU). To evaluate the proportion of the in situ resources recovered when a
mono-variable criterion is applied, e.g. a cut on the main metal, non-linear geostatistics
and indicator kriging were developed. When various constraints (e.g. co-products,
deleterious elements, and regulatory compliance) are to be taken into account,
conditional simulations are commonly used to model the non-linear recovery process.
Here we propose a mono/multivariate approach, built on an initial disjunctive coding of
both sample point values and small block values. A complete discrete framework, that
takes into account the change of support from points to blocks, can be derived by
assuming the conditional independence of sample point values given the block values.
In the univariate case, this framework is related to the discrete isofactorial models
developed in the 80'. Disjunctive kriging in these models can be interpreted as a
Multiple Indicator Kriging while taking into account the cross structure of indicators
and the change of support. The choice of the model can be driven by a Min -Max
Autocorrelation Factors (MAF) analysis of the indicators. In the multivariate case, a
consistent indicator model can be deduced from the factorial analysis of the empirical
contingency table, established on training images or deduced from production data.
This approach is illustrated on various synthetic models and applied on a uranium
deposit mined selectively.
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A bstract In the mining industry today, it is necessary to develop, adapt and use new
modeling techniques so that the time used is small compared to traditional techniques
in order to optimize financial resources. Multipoint Simulations (MPS) are used in the
petroleum industry with good results although traditionally they are only produced in
2D. The mining industry requires three-dimensional models, however interpretation
across multiple vertical sections in order to visualize the mineralized body is very slow
and costly which could undermine the right decision in the early stages of a project.
To illustrate the new approach, a sedimentary low grade iron deposit was used as a
case study. The reason was that, alongside the development of three phases of drilling,
traditional three-dimensional models were generated, which enabled a comparison of
simulated models in 3D by MPS with other traditional and implicit modeling
techniques.
Using MPS through Training Images (TI) to support the search tree´s algorith m, a
simulation of the behavior of the internal waste from the mineralized strata and the
geometry of the contact between the ore and capping/basement was carried out.
In this way, the simulated internal sterile is disseminated or continuous (lenses), and
the contact between ore and waste from the top and base (cap and basement) is
tabular or rough. This technique avoids the use of variograms and respects the
proportions of the original drilling data.
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The results obtained can be considered appropriate since the geometry obtained
through the simulations resembles the traditional model, but with a significant shorter
modeling time.
The use of MPS on early stages of exploration could be used to support decision
making in the early stages of a project highlighting areas that require more information
to minimize the geological uncertainties guiding the next drilling phase and maximizing
the investment.
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A bstract A precise interpretation of geological boundaries is a crucial step for ore
reserves estimation. In Soft boundaries deposits, each geological zone has its own
mineral grade distributions and spatial variability, but with an overlapping between
geological zone. The local non-stationarity increases the uncertainty nearby
boundaries. Hence, any strategy about estimation models affects the mine planning
with a significant sensitivity. This work analyzes techniques to improve the
geostatistical model where transitional effect occurs between geological units of an
Iranian iron deposit.
The first step of the study is aimed to quantitatively assess the influence of lithology in
the reconstruction of the selected zone of the deposit. To this, as the result of
different support of data (different core lengths), the point variogram is derived
indirectly from two supports of 2 and 4 meters. As the result, the Kriging method has
been made using punctual variogram modeling. Then relation between geology and
grade has been deepened in the second step by analyzing through cross-variograms
between lithotypes and grade. The results of such analysis allowed defining a more
realistic transition zone using Co-Kriging method. Comparative analysis of the
estimation results showed that reconstruction by cokriging displayed a more
pronounced zoning of grade. Hence, concluding all evaluation results shows relevant
improvements in reserves estimation, according to the additional geological
information and spatial modeling.
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Results of these models confirm the expected significant sensitivity on reserves
estimation due to an accuracy improvement of geological reconstruction nearby
boundaries.
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A bstract Grade estimation is probably one of the most important stages in reserve
calculations and mineral deposit. This paper implies a new nonlinear and adaptive
method to the problem of ore grade estimation, which is based on Localized Uniform
Conditioning (LUC) method. Multiple realizations of Fe, Cu, CuO and Mo grades is
generated for 50x50x25 m, 40x40x20 m and 30x30x15 m SMU block sizes, that is a
critical parameter in ore-waste classification. For mentioned range of SMU sizes, the
SMU size (30x30x15 m) has been proposed that shows well conformity to the actual
grade control data. Furthermore, a comparison between outputs of Cu estimation by
kriging as a classic method and LUC method has been performed. Generally, underestimation and over-estimation is less observed in parts of ore body with high grade
values of Copper.
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A bstract This paper addresses the problem of quantifying the joint uncertainty in the
grades of elements of interest (iron, silica, manganese, phosphorus and alumina), loss
on ignition, granulometry and rock types (surficial canga, compact hematite, friable
hematite, alumina-rich hematite, compact itabirite, friable itabirite, alumina-rich
itabirite, iron-rich itabirite, manganese-rich itabirite and amphibolitic itabirite) in an
iron ore deposit. Sampling information is available for 1700 drill holes located in a
quasi-regular design of 50x50 m to 100x100 m.
The methodology considers a first stage where multiple rock type realizations are
generated by plurigaussian simulation, and then the continuous variables (grades, loss
on ignition and granulometry) are generated by multigaussian joint simulation. The
methodology is original for three reasons. The first one relates to geological
domaining, insofar as the grouping of the rock types into geological domains depends
on the continuous variable under consideration. As a result, one variable may be
discontinuous when crossing a rock type boundary, while others are likely to be
continuous across the same boundary. The second distinctive feature is that all the
continuous variables are assumed to be cross-correlated, even when they are defined
in different geological domains, so that the presence of a rock type boundary does not
screen out the influence of the data between one side and the other of the boundary.
The third distinctive feature corresponds to the generation of realizations that
reproduce the existing stoichiometric relationship between the grades and the loss on
ignition, which is ensured by considering a suitable transformation of these variables.
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The realizations are validated by leave-one-out cross validation and by checking the
reproduction of the conditioning data, as well as the statistical and spatial properties of
the variables of interest. The proposed methodology appears as a flexible alternative
for jointly simulating rock types and grades in polymetallic deposits, which allows
incorporating conditioning information on continuous variables as well as their
relationships with categorical variables.
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A bstract Spatial uncertainty analysis is a complex and challenging job for orebody
modeling in mining, reservoir characterization in petroleum, contamination modeling in
ground water flow, and other related fields. Stochastic simulation algorithms are
popular methods for such spatial uncertainty analysis. The higher-order spatial
statistics including multiple point simulation (MPS) models can be useful for such
complex spatial models. However, most of these MPS methods assume the spatial
domain as stationary random fields, which oversimplifies the complexity of the spatial
uncertainty modeling. The non-stationarity of spatial random fields is generally handled
by generating multiple stationary regions or using auxiliary non-stationary probability
fields’ information. These methods require user defined variables for generating these
disjointed stationary domains.
This paper proposed a new multiple point geostatistical simulation algorithm for
handling the non-stationarity of the data. The non-stationary training image was
classified into a number of near-stationary classes using hybrid wavelet and Bayesian
clustering algorithm. The simulation was performed sequentially by random sampling
from the closest cluster from the conditioning data set. The closeness of the cluster
was calculated using both the non-stationary distance and the patter distance. The
method was validated by using several synthetic data sets, and the efficiency of the
proposed method was tested by comparing the computational time with existing
methods. An application of the proposed method was performed by generating a 2 dimensional lithological map using mining data set.
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A bstract Mining projects require large amount of capital investment and most cases
spend long periods of implementation, which make them extremely susceptible to
several sources of uncertainty. Such uncertainties commonly tend to decrease along
the project development.
The present study aims to correlate the uncertainties associated to the grade model of
the Sequeirinho copper mine with the amount of capital investment that has been
spent along different geological surveys. Sequeirinho site is inserted in the context of
Sossego Mine Complex, located in Canaã dos Carajás (PA, Brazil). Initially, 100
simulations were carried out for each lithologic domain in each drilling campaign (pre1998, 1999, 2000, 2002 and 2003) using sequential Gaussian simulation conditioned to
the sample, resulting in 1,400 possible scenarios. Three indexes were calculated for
the uncertainty analysis: conditional variance, conditional coefficient of variation and
interquartile range. Finally, the evaluation of capital investment was elaborated from
the costs estimated for drilling and chemical analysis. Since pre-1998 drilling campaign,
deposit average grades have showed a trend to get closer to the possible real values
observed in the final research surveys. In 2000, there was the biggest capital
investment (about R$ 28 millions) and the uncertainty reduction has reached the
maximum level of 15%. Investments performed in drilling programs after 2000 were
around R$ 9 million (around 12,000 meters of drill holes), but the uncertainty
reduction was not significant.
Therefore, such investments might be used to discover new targets. Besides the
correlation of uncertainty reduction and amount of capital investment, the main focus
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of this study, the uncertainty of geological model and the drillhole locations are
important variables to be considered in investment analysis of geological survey.
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A bstract Mineralogical composition data is widely recognized as key for predicting the
behaviour of rock and the related process performance within the mining value chain,
e.g., during comminution and metallurical extraction. Due to the relatively high cost of
quantitative mineralogical analysis, typical exploration and production data sets are
limited to a characterisation of metal grades; mineralogical data is generally only
acquired in relatively small scale (geo)metallurical programs. With the increasing
deployment of sensors another source of information is becoming available for
mineralogical material characterisation. Face mapping with infrared spectrometers
yields exhaustive datasets with previously unavailable information. It is desirable to
provide a cost effective mean for the characterization of mineralogy based on an
integration of all relevant information sources (Walters, 2011).
A mineral norm is an inventory of mineral proportions in a rock, calculated from
geochemical information. The mass balance equations for this calculation are given by
the linear system Mp=c, with the chemical mass percentages for the m Minerals given
in (nxm) matrix M, the (mx1) vector of mineral proportions p and the (1xn) vector of
chemical analysis c. The first algorithmic approaches to the mass balance problem of
inferring mineralogy from geochemistry started to appear in the late 1960ies (e.g.,
Perry, 1967). Depending on the number of available chemical analytes (n) and the
number of minerals (m), three cases can be distinguished. Firstly the problem can be
over-determined (mn) and therefore does not have a unique solution; this case has
been addressed by linear programming (LP) optimising some objective J(p) s.t. Mp=c
(e.g., Caritat et al., 1994).
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This contribution focusses on the third case normally encountered in mining, where a
large number of minerals exist in the orebody while chemical analytes are limited to
metals of interest and some other metallurically relevant elements such as suphur or
arsenic. Posch & Kurz (2007) proposed an approach to determine the m–n
dimensional solution polyhedron for this under-determined case using singular value
decomposition. This gives the null-space of the system, which is then intersected with
the positive orthant of the m-space to find vertices of the solution polyhedron with
only non-negative elements. Based on the solution space a probabilstic data fusion
technique is used to further constrain the solution by incorporating the
complementary infrared sensor data.
The samples used in this study include geochemical analytes and density data as well as
IR sensor data. A LP formulation is used to derive an optimal solution that is further
refined by incorporating thermodynamic constraints; secondly the full solution space is
determined for selected samples and then further constrained using data fusion to
incorporate the sensor data. The results of the different approaches are compared and
discussed.
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A bstract The Subika Underground project is an extension of an existing open pit gold
mining operation located in western Ghana, near the town of Kenyase. Resource
estimation for this deposit was prepared using a conventional geologic model based on
visual logging, predominantly from core drilling. The primary geologic feature is a SilicaAlbite alteration package hosted entirely in the granitoids of the northeast trending
Sefwi Belt.
To evaluate the uncertainty associated with the resource model, conditional
simulations were developed to combine the uncertainty of the Silica -Albite
interpretation with the uncertainty of the gold grade contained within. Sequential
indicator simulation with a locally varying mean was used to simulate the categorical
variables associated with the geologic feature, while sequential Gaussian simulation was
used to simulate the gold grade variable. Each of the combined realizations was then
used as input in a stope optimization tool, resulting in a set of unique stopes for each
realization. Grade-tonnage results from the stope sets were compiled by yearly
production volumes and compared to the p50 result. When compiled by annual
production volumes, departure of tonnes, grade and ounces for each realization from
the p50 are shown to decrease as drill information increases, indicating not only that
uncertainty decreases with an increase in drill information, but also by how much. To
quantify the risk associated with the mine plan, a metric was developed to reflect the
probability of a point in space being contained within any stope derived from the
realizations. If a point fell inside one of these stopes 20 out of 50 times, it was assigned
a probability of 0.4. This variable was then passed through the mine plan, so that each
stope in the plan was assigned a probability value based on the average probability of
the points it contained.
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The result of this exercise showed that in areas where the mineralization is thick and
continuous, the probability of being in a stope is high, however in areas where
mineralization is thin and less continuous probabilities decrease. Using these
observations, it was possible to assign risk to each of the stopes in the mine plan,
which was then used to communicate risk to the overall project.
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A bstract The economical and safety aspects related with geotechnical engineering, in
detail with prospecting works, are significant and increasingly complex. Therefore,
optimizing costs that simultaneously guarantee the quantity and quality of information
to characterize the rock mass are, nowadays, one of the most important factors in
underground works.
The borehole plans, normally defined using the knowhow of a professional, imply large
costs in the geotechnical industry, thus this paper presents a new methodology
allowing the optimization of such plans. This methodology allies geostatistical
techniques (turning bands simulation to model rock mass properties like the Rock
Mass Rating or RMR) with a stochastic global optimization algorithm, Simulated
Annealing (SA). It relies on sparse information about RMR and randomly generates
new points that intend to represent possible locations for additional boreholes.
Furthermore, SA is adapted to perform the optimization of a set of points with
different depth coordinates in order to represent the reality of the mechanic al
boreholes, where the information is obtained along the hole. Considering the number
of additional boreholes to drill, SA finds a global solution minimizing an objective
function, which aims at quantifying the uncertainty on RMR at locations without
information.

123

GEOSTATS2016

An application to a gold mine deposit located in Chile is finally presented in order to
illustrate and validate the methodology.
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A bstract The domaining process in the mining industry aims at partitioning the ore
deposits into 3D volumes ensuring local grade stationarity for robust resource
estimation. Domaining is often reduced to the 3D modeling step but it is actually
preceded by a crucial data clustering step which consists in understanding the various
domain characteristics and assigning each drillhole sample to a given domain. The
development of implicit modeling approaches has drastically reduced the time
dedicated to the modeling step over the last decade with a semi-automatic approach.
The classification step however, still relies in most cases on a subjective time
consuming manual interpretation.
Geovariances has introduced an innovative workflow to overcome this limitation by
combining Geostatistical Hierarchical Clustering (GHC) and the potential field method.
This proposed approach extends the implicit modeling advantages to the whole
domaining process, therefore ensuring reproducibility, conversion of subjective
parameters into objective ones, auxiliary variables integration and easy update. The
GHC (Romary et al., 2011) is a multivariate unsupervised machine learning algorithm
which provides a clustering method that actually takes into account the key spatial
dependency between the samples. The use of the potential field method (Renard et al.,
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2013) was motivated by its implicit nature, its capability to integrate directional data
and to assess uncertainties related to the domains’ envelopes through simulations.
This paper first summarises the key points of the underlying methodology and then
describes the implementation of this new workflow on the iron ore OB31 deposit
operated by BHP Billiton. The samples have been classified into waste, low grade and
high grade domains using GHC on the mineral grades and several spectral analysis
variables. Then high and low grade shells were modeled thanks to the potential field
method and the uncertainty over the domain boundaries were characterized using
potential field simulation. Finally new drillholes were efficiently integrated to update
the classification and the 3D envelopes.
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A bstract One of the main challenges of the mining industry is to ensure that produced
tonnages and grades are aligned with targets derived from model-based expectations.
Unexpected deviations, resulting from large uncertainties in the grade control model,
often occur and strongly impact resource recovery and process efficiency. During
operation, local predictions can be significantly improved when deviations are
monitored and integrated back into the grade control model.
This contribution introduces a novel realization based approach to real-time updating
of the grade control model by utilizing online data from a production monitoring
network. A new algorithm is presented that specifically deals with the problems of an
operational mining environment. Due to the complexity of the material handling
process, it is very challenging to formulate an analytical approximation linking each
sensor observation to the grade control model. Instead an application specific forward
simulator is build translating resource realizations into observation realizations. The
updating algorithm utilizes a Kalman-Filter based approach to link forward propagated
realizations with real process observations to locally improve the grade control model.
Differences in scale of support are automatically dealt with.
This contribution further analyses the impact of the characteristics of production data
on the overall performance of the updating algorithm. A series of experiments is
conducted to investigate the influence of sensor precision, measuremen t volume,
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update interval and blending ratios. The paper concludes with some recommendations
for constructing an optimal monitoring network.
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A bstract This paper presents a new methodology that integrates well-log data, prestack seismic data and rock physics models in an iterative geostatistical seismic
inversion. When characterizing a reservoir, the main goal is to identify the spatial
distribution of the petrophysical properties of interest, such as facies, porosity, mineral
volumes and fluid. Frequently, petrophysical properties are derived from inverted
elastic models in a two-step approach. When inverting seismic reflection data directly
to petrophysical properties, the uncertainty can be related to the seismic inversion
problem and measurement errors, into the estimated subsurface models. By including
rock physics modelling within the inversion loop, the relationship between geologic
processes and the corresponding geophysical signatures can be quantified.
We applied the proposed methodology to a Middle-East onshore reservoir associated
with a turbiditic sedimentary environment with previous reservoir characterization
study (e.g Azevedo et al., 2013). The dataset comprises two partial angle stacks, the
corresponding dependent wavelets and a set of well-logs composed by porosity,
volume of shale, hydrocarbon saturation and P- and S-Impedance. The inference of
petrophysical properties (porosity and volume of shale) with the available well-log data,
and the perturbation technique based on stochastic sequential simulation (DSS; Soares,
2001) and co-simulation (Horta & Soares, 2010) of the model parameter space allows
the characterization of seismic lithofacies recurring to Bayesian classification. After,
water saturation is co-simulated based on the volume of shale and previously classified
facies, litho-fluid facies are classified using a threshold. Then, the generated set of
models composed by porosity, volume of shale and water saturation models are used
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as input in an ensemble of facies-dependent rock physics models to compute the
elastic response of each facies and the corresponding angle-dependent synthetic
seismic data with the angle-dependent wavelets. The rock physics models link the
petrophysical and the elastic domains allowing the calculation of the syn thetic seismic
reflection data.
To ensure the highest correlation coefficient, portions of the generated models are
selected and used along with the corresponding local correlation coefficients to
produce new sets of rock property models using co-simulation. At each iteration, it is
performed an update of the set of rock properties based on the trace-by-trace match
between the real and synthetic seismic data. This process is repeated until a given
correlation coefficient is achieved.
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A bstract Fracture is an indication of discontinuity in rock mass, with or without any
movements. Porosity and permeability in conventional reservoir are based from
physical rocks properties itself. Meanwhile, fractures in non -conventional reservoir
become a porous media that have high permeability. Fractures formation and
distribution are analysed to determine the factor that influenced it, these factors
including rock properties and tectonic stress. Fracture analysis were conducted in
Suban gas field, south Sumatra basin, Indonesia, using image log (FMI), sonic log, and
density log data from five wells. Conductive and non -conductive fractures were
interpreted from borehole image log and its density counted per 5 meters. Sonic log
were processed into porosity data of rocks. Thus, the variables involved in this study
were fractures intensity, porosity and density.
This research showed that fractures are distributed in all rock mass, both in tertiary
and pre-tertiary rocks, with 792 m, 470 m, and 5 m range parameter by its variogram.
Fractures intensively distributed in the pre-tertiary rock mass rather than in the
tertiary rock mass. Pre-tertiary rock mass were dominated by igneous rock (granite),
while tertiary rock mass dominated by sedimentary rock (sandstone, claystone, etc.).
Fractures intensity in micro structure relatively continue in pre-tertiary rock, showed
by 0 (fractures/m)2 nugget ratio value, but relatively less continue in tertiary rock by
4.5 (fractures/m)2 nugget ratio value.
The continuity also occurred on porosity and density distribution in rock mass.
Bivariate and cross-variogram analysis of fractures to physical rocks properties showed
that fractures intensity statistically and spatially has a stronger correlation with
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porosity of rocks rather than rocks density. The statistics correlation coefficient for
fractures intensity with porosity and density are -0.76 and 0.56, while their spatial
correlation coefficients are -0.92 and 0.52 respectively.
Furthermore, fractures orientation were also analysed to evaluate the general trend
and its possible propagation event. These orientations were analysed based on its
rocks formation and in the entirety. This research concluded that there were at least
three possible sequences of fractures forming. First, fractures formed in conjunction
with pre-tertiary rock diagenesis trough igneous rocks cooling process. Second,
fractures propagated by tectonic stress after pre-tertiary rock formed, indicated by
concentrated fractures orientation plot. Finally, fractures distributed another tectonic
stress that during or after tertiary rock diagenesis.

134

GEOSTATS2016

Modeling Structural Uncertainty on Fault Networks
Using Marked Point Processes within a Bayesian
Framework
Orhun Aydin 1, Jef Caers2

1 Energy

Resources Engineering, Stanford University
Sciences, Stanford University

2 Geological

Keywords: fault network uncertainty, marked point process, Bayesian inversion
A bstract Structural uncertainty, in particular fault network uncertainty, may have large
impact on forecasts of flow in porous media. Incomplete data and lack of
understanding regarding the faulting mechanism leads to considerable uncertainty. Such
uncertainty consists of conceptual uncertainty concerning the spatial relationsh ips
between faults for different structural settings. Additionally, structural hierarchies on
3D surface representations of faults need to be properly accounted for. In this paper
we propose to use Strauss marked point processes to represent the spatial
dependence in fault networks. In order to constrain this process to conceptual
structural understanding and partial fault data, we use a Bayesian framework. Within
this framework structural priors are defined for fault size, dip, azimuth, type and fault
intensity. These priors are obtained from areas with similar breakage characteristics to
the area of interest. The likelihood function is defined as the average shape mismatch
between data and simulated faults.
Posterior is sampled with a Markov Chain Monte Carlo approach called extended
Metropolis sampler. At every state of the Markov Chain, the marked point process is
perturbed with birth & death to account for fault intensity. During Markov state
transitions, fault hierarchies are enforced by an implicit representation of faults using
level-sets. We apply our methodology to a field case from Nankai Trough & Kumano
Basin. Within this illustration we define seismic analogs of structure from areas with
high quality illumination to model the structural uncertainty in an area with poor
illumination.
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Finally, we demonstrate the impact of structural uncertainty in a flow uncertainty
scenario for this field and showcase how structural uncertainty can be made tractable
by model selection on generated fault networks before gridding.
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A bstract Reservoir modelling and characterization, i.e. the inference of the spatial
distribution of the subsurface petrophysical properties of the subsurface, is nowadays
heavily based on elastic models retrieved from seismic inversion. Seismic inversion is
an ill-posed and nonlinear problem with non-unique solution, where we try to infer the
subsurface elastic properties (i.e. density, P-wave and S-wave velocities) that originated
the recorded seismic reflection. Due to the nature of this inverse problem a statistical
framework allows not only to solve for the elastic properties of interest but also
assess the intrinsic uncertainty related with for example measurement errors and the
band-limited nature of the observed seismic data. Within this setting, iterative
geostatistical seismic inversion methodologies have been widely used since they allow
integrating within the inversion procedure data with different spatial scale support, i.e.
the simultaneous integration of well-log and seismic reflection data while assessing the
spatial uncertainty of the properties to be inverted.
In this work we show the new developments of a recent iterative geostatistical seismic
AVA (amplitude versus angle) inversion methodology that is able to invert pre-stack
seismic data directly to density, P-wave and S-wave velocity models and its application
in real case studies from different geological settings.
The proposed inversion methodology uses stochastic sequential simulation and cosimulation with multi distributions, in order to ensure the reproduction of the well-log
data at the wells locations, of a spatial continuity pattern as revealed by a variogram
model, and the marginal and joint distributions of each property of interest as inferred
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from the available well-log data. Notice that for AVA studies is essential the
reproduction of these relationships in order to properly identify litho-fluid facies of
interest within the inverted models.
The original iterative geostatistical seismic inversion methodology was also extended in
order to incorporate a regionalization model, derived from for example seismic
interpretation, within the iterative procedure. By including this regionalization model
we are able to account for different moments of stationarity (i.e. different means and
covariance matrixes) within the study area, allowing the inference of better geologically
constraint inverse models.
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A bstract First arrival time tomography aims at inferring the seismic wave propagation
velocity using experimental first arrival times. This constitutes an inverse problem that
is usually ill-posed. A classical approach toward its resolution is to rely on iterative
linearized algorithms. However, these methods present several issues. In particular,
they can predict wrong seismic velocities when the problem is highly nonlinear, and
they are not able to properly quantify the uncertainties associated to the final model.
In our study, we rely on a Bayesian approach coupled with a Markov chain -Monte
Carlo (MCMC) algorithm to estimate the wave velocity and the associated
uncertainties.
Here, we introduce a new parametric model that uses marked point process to
describe velocity anomalies. We assume that any anomaly can be represented as a
linear combination of some basis functions, e.g. Gaussian kernels localized at the
realization of the point process. The marks of the point process are the width and the
multiplicative coefficient of each basis function. They are the parameters to be
conditioned to the data together with the number of points. Hence a transdimensional
approach is developed using an interacting MCMC scheme. The interactions improve
the mixing properties of the generated markov chains and yield a good sampling of the
posterior distribution.
We first illustrate the tomography results with a synthetic velocity model which
contains two small anomalies. We then apply our methodology to a more advanced
and more realistic synthetic model that serves as a benchmark in the oil industry.
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A bstract Geophysical inversion problems, such as seismic inversion, consist in inferring
subsurface Earth models from observed geophysical data. Due to the non-uniqueness
of the seismic inversion problems, the resulting best match model always has a degree
of uncertainty that need to be modelled. For that end, Bayesian methods for seismic
inversion assume multi-Gaussian distributions for the variables involved and can apply a
linearization to the forward model to offer a mathematically tractable solution and
uncertainty analysis. Results of the maximum a posteriori (MAP) are robust, produced
fast and have a high synthetic to real seismic correlation. The drawbacks of this
inversion method are related to the lack of spatial continuity patterns, when the
solution is computed trace-by-trace. Conversely, geostatistical inversion methods
based on stochastic simulations do not need the Gaussian assumptions and use a
nonlinear forward model. Iterative stochastic seismic inversion methodologies recur to
sequential simulation algorithms as the model parameter space perturbation technique.
The models are generated based on a priori knowledge of variograms while a better
seismic match is sought from iteration to iteration. However, the computational cost
increases as the mathematical tractability decreases compared to the Bayesian
linearized inversion. In this work we propose a hybrid method of amplitude versus
angle (AVA) inversion that uses the image resulting from the Bayesian inversion to
initialize an iterative stochastic inversion technique, the Geostatistical seismic AVA
Inversion.

141

GEOSTATS2016

The first step of the proposed methodology performs the Bayesian AVA inversion in a
trace-by-trace fashion. The second step comprises the initialization of the conventional
geostatistical seismic AVA inversion with the P and S-velocities and density models
obtained via Bayesian inversion. The methodology was applied at a real dataset with 4
angle stacks at angles 10, 15, 20 and 29 degrees of more than 5 million data points and
well logs of P and S-Velocities and density. A fixed a priori mean was used for the
Bayesian inversion, which was equal to the average of the corresponding well-log data.
The trace-by-trace linearized inversion took 5 seconds to compute the entire field,
obtaining a synthetic to real seismic correlation of 0.93. The initialization of the
Geostatistical AVA inversion was performed with the Vp, Vs and density models as
secondary data for the direct sequential co-simulation. The resulting elastic models
samples produced synthetic to real seismic correlation of 0.8 at the first iteration. The
traditional Geostatistical inversion takes 6 iterations to reach similar synthetic to real
seismic correlation level.
This method has shown good results regarding the spatial continuity, uncertainty
assessment of the solutions and also improved the efficiency of the conventional
geostatistical inversion in both computational cost and convergence towards the
observed seismic.
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A bstract Petroleum reservoirs geological models are usually built in two steps. First, a
3D model of geological bodies within which rock properties are expected to be quite
homogeneous is computed. Such geological domains are referred to as “facies” and are
intended to characterize the depositional environment. In a second step, Petrophysical
properties are distributed within each facies. Spatial statistical parameters of
Petrophysical properties, such as histograms and variograms, characterize each domain
and should be significantly different from one facies to another. In many cases, it can be
observed that contrasts in Petrophysical properties in different facies are much lower
than expected, with important histograms overlap and smooth transitions at facies
borders. Such configurations are common in carbonates and/or when the available
facies are defined from sedimentological criteria only. This paper details a methodology
for analyzing and modeling complex statistical relationships between Petrophysical
properties across facies borders, taking into account existing border effects. It is
illustrated on synthetic data, corresponding to various configurations, to highlight the
methodology benefits for QCing data and models, and its ability to model complex
spatial distributions of properties.
Demonstration Case Study is based on a sedimentological facies distribution in an offshore carbonate field. Several synthetic distributions of Porosity have been generated,
for each sedimentological facies, corresponding to various configurations: (i)
Continuous Porosity distribution at field scale, independent from facies; (ii)
IIndependent Porosity distribution within each facies, with high contrast between
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facies; (iii) Independent Porosity distribution within each facies, with low contrasts
between facies (histograms overlap); and (iv) Contrasted but correlated Porosity
distribution from one facies to another, with strong border effects.
Random samples have been extracted from the different synthetic Porosity
distributions to serve as experimental data sets, which are studied by mean of
domaining tools commonly used in Mining industry. These tools allow quantifying the
evolution of the Porosity difference between two points, as a function of the distance
between the points, the two points being in two different facies. Such an analysis is
very efficient to detect and characterize a border effect, i.e. a smooth Porosity
transition at the contact between two facies. The border effect analysis response to
the various Porosity distribution configurations is detailed, and the potential use of this
tool for real data analysis is discussed. Several workflows for modeling Porosity, or any
other continuous parameter, taking into account more or less complex border effects
are detailed and illustrated. Some of these workflows are using auxiliary data such as
the distance to the edge of connected facies bodies, computed using mathematical
morphology algorithms. Note that the data analysis tools and modeling workflows have
been intentionally restricted to the combination of existing algorithms available in
commercial software, for an easy use in real case studies.
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A bstract Lithological logs from vertical boreholes serve as 1D training images from
where pattern statistics can be obtained and used to formulate random fields that
describe the spatial dependencies in the subsurface. Such random fields can be applied
as prior information in probabilistic formulations of inverse problems.
The solution (i.e., posterior distribution) of such inverse problems can be efficiently
sampled using the extended Metropolis algorithm. Sequential Gibbs sampling is a
sampling algorithm that re-simulates a subset of the model parameters of multivariate
probability distributions (e.g., random fields) conditional to all other parameters. This
re-simulation is a random walk in the probability distribution, which can be used as
iterative prior distribution sampler for the extended Metropolis algorithm.
In this study, we use a multi-grid Markov mesh model as a formulation for the prior
distribution of a seismic inverse problem. It turns out, however, that the equilibrium
sample distribution of the sequential Gibbs sampler, when it samples this Markov
model, becomes inconsistent with the pattern statistics from the training images.
Consequently, the sample distribution does no longer represents the actual prior
information.
Here, we propose using a prior distribution that is based on a combination of the
Markov model and the Frequency-Matching model. The Frequency-Matching model
accounts for a global match between the pattern-distributions of the sample
distribution and training image. We show that, when the sequential Gibbs sampler
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samples this combined prior model, the sample distribution becomes consistent with
the pattern statistics of the training image.
The proposed methodology is tested for seismic data and borehole logs obtained from
the Zechstein formation in Southern Jutland, Denmark. Using these data, we
demonstrate that the proposed prior model leads to a trustworthy inversion result
(i.e., a sample from the posterior distribution) that is consistent with both the p attern
statistics observed in the boreholes and the observed reflection seismic data.
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All realizations all the time and other trends in
petroleum geostatistics
Clayton Deutsch1
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A b stra ct Geostatistical simulation of petroleum reservoirs is commonplace. The
methodology and software are well established and professionals have access to the
training and checking steps required for reliable application. Managing multiple
realizations, however, remains daunting and unclear for many: (i) the non-uniqueness
of multiple realizations is disturbing; (ii) many calculations including flow simulation is
aimed at a single model; (iii) there are concerns of excessive computational
requirements; and (iv) history matching is thought to apply to one model.
This talk addresses these questions and presents the correct approach to managing
multiple realizations: consider all realizations all the time and base decisions on the
appropriate expected value when required. The argument for this conclusion is based
on a review of the fundamental principles of simulation and a recall of how simulation
works; count frequencies of certain responses for response uncertainty; never should
one or a few realizations be considered.
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A bstract Taking account for model uncertainties is now a current step on the way to
simulating continuous variables in a geostatistical framework. For categorical variables,
it is less evident. In this paper, we propose a framework based on the Dirichlet
distribution to model proportion uncertainties.
Indeed, the natural distribution for modelling proportions is the Dirichlet distribution,
which is the conjugate of the multinomial distribution. The Dirichlet distribution is also
proved to be the generalization of the Beta distribution to more than two variables.
Haas and Formery (2002) proposed a formalism based on this distribution to randomly
draw alternate vectors of proportions. The difficulty of their approach is that it
requires K-1 random numbers to draw the complete vector of new proportions.
Furthermore, due to the interdependence of the proportions (due to the sum to 1
constraint), the method also lacks an ordering rule allowing, for example, to draw a
rather optimistic or a rather pessimistic scenario.
The challenge thus consists in finding a way to draw a random vector of proportions
from a unique random number. Doing so, the random number can be considered as
reflecting a certain ordering of scenarios.
In order to achieve this goal, we propose to first classify the K facies in three classes:
"Good", "Intermediate" or "Bad", according to an external "ordering variable". This last
one could for example be the Net-To-Gross (NTG). A facies is considered as good if
NTG increases according to its proportion, and bad if NTG decreases while its
proportion increases. Intermediate facies show no correlation between their
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proportions and the NTG. The cumulated probabilities of the equivalent global NTG
distribution (NTG of the ensemble of facies according to proportions and individual
NTG) can be used as random numbers for drawing the corresponding proportion
vector.
In the simulation process, before calling the simulation method (SIS, pluri-gaussian
simulation or any other appropriate method), an alternate vector of proportions is
drawn. The draw can either be random or guided. This last possibility allows for
exploring explicit sensitivities. Returning to our example with equivalent global NTG, it
allows e. g. to draw a vector of proportions corresponding to a 10% or 90% quantile
for this equivalent global NTG.
The method is illustrated on a practical case; it is compared to other methods which
address proportions uncertainties: classical Dirichlet distribution and vectorial
triangular distribution.
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A bstract A workflow is proposed to evaluate the value of information (VOI) of timelapse seismic data in the context of making reservoir development decisions, and is
illustrated using a synthetic reservoir model. Time-lapse (4D) seismic surveys are being
increasingly used in reservoir development, to help maximize recovery and production
efficiency or to monitor subsurface fluid flow. Though these surveys have a high cost,
the value that they create is difficult to determine as there is a lack of a robust and
systematic framework to evaluate that value. Such a framework is needed not only to
justify time-lapse seismic data collection, but also to choose between different timelapse seismic survey strategies in terms of the time interval between surveys or the
survey coverage, acquisition parameters, etc. so as to maximize the benefit from the
information.
The VOI is a decision analytic metric that provides a monetary estimate of the value
created by collecting information in the context of decision-making. It can be assessed
as the interplay between three main components: the prior uncertainty, the reliability
of the information and the decision situation comprising alternatives and prospect
values. In this workflow, we approximate the prior uncertainty using an ensemble of
realizations of reservoir properties. For each such realization, elastic properties are
generated using rock physics modeling. Born filter is applied to the elastic properties at
the geostatistical scale to generate the elastic properties at the seismic scale, which is
an approximation of the information obtained through seismic inversion on real
seismic data. The time-lapse signature is obtained by generating the elastic properties
at the time of the base seismic survey and at the time of the proposed monitor survey,
and taking the difference between the two. Then, by taking each model as the true
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model in turn, and the data generated from it as the true data, the likelihood of the
time-lapse seismic data is approximated by selecting K nearest neighboring data for
each true data, using Euclidean distances as the distance measure. The posterior
probability of the models given the data, which is required for the VOI calculation, is
then computed using Bayes’ rule.
The VOI depends on many reservoir parameters and seismic parameters which
influence the production and/or the accuracy of the time-lapse seismic data.
Incorporating uncertainty in the VOI model by varying all these parameters is
computationally prohibitive. So, a sensitivity analysis using Distance-based Generalized
Sensitivity Analysis (DGSA) has been performed to identify the parameters that have
significant impact on the VOI. The sensitivity analysis shows that for this synthetic
example, the VOI is primarily influenced by only three parameters – the relative
permeability curve, the clay content of the floodplain facies and the frequency range of
the time-lapse seismic survey. This result helps in making the computations for
uncertainty estimation in the VOI calculations more efficient, as the non-sensitive
parameters can be held constant while varying the more sensitive parameters.
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A bstract The plurigaussian simulation (PGS) method is increasingly being used by
practitioners as a means to control the relationships of modeled facies, especially in
studies where users want to control transition probabilities between facies. Facies
transitions are calculated in wells as part of the statistical inference to set up the PGS
workflow. From the transition tables a rule set is selected to define the truncations in
the bi-Gaussian model. A variogram model is associated with each truncation set to
govern the behavior of the transitions. Local facies proportions influence the
probability of a facies transitioning into another. The interaction of combining the
truncation rule set, variograms and proportions results in a complex 3D facies model
intended to honour the transition table. The following experiment illustrates the
relative importance of the main steps on the ability to honour the original transition
statistics by checking the model outputs. The end goal is for the PGS practitioner to be
able to improve the facies transitions in geomodels.
Using 17 wells with four facies each in one stratigraphic zone, a facies transition table is
computed for reference. Use of facies proportions are compared for three main
approaches: (i) apply a global vertical proportion curve (VPC); (ii) combine the 2D
mapped proportions from wells over the zones with the global VPC using conditional
independence; and (iii) apply a coarse grid to define sparse local VPC’s from nearby
wells followed by kriging proportions along model k-layers. Five initial truncation rule
sets are defined and compared. The transition statistics table is interpreted to have a
distinct two transition set (bi-Gaussian) behavior with one facies (f2) having no
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contacts with 2 others (f1 and f3). This allows the experiment to proceed with useful
options. An ordered truncated Gaussian rule is used for a brief illustration of the basic
method followed by four bi-Gaussian sets, two of which are a rotation of the
truncation rules mask. Note variograms are swapped for the rotated sets. The rotation
is to aid the illustration of the unique impact of the use of a non -zero correlation
between the two underlying Gaussian random functions in each case. Variogram
models for select cases are defined with one structure each and then with two
structures. Transition statistics are calculated for all of the cases and summarized to
help understand the impact of these significant parameters, workflow steps and
interactions using the PGS method.
Given the growth in use of the plurigaussian facies simulations, this practical
comparative study helps give users a better understanding of the effect of the main
PGS parameters, and provides guidance on how to make good use of the PGS
parameters in order to better control the facies transition statistics in PGS realizations.
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A bstract We present a new insight of the conventional fractal geometry for more
general cases, aiming to characterize pore size distributions and discriminate pore
structure types based on the high pressure mercury porosimetry data. In consideration of the mono fractal geometry cannot depict the heterogeneity and local
scale variations, an accumulative fractal equation was proposed to overcome the
drawback by considering the piecewise nature between the capillary pressure and the
injected mercury saturation.
An iterative truncated singular value decomposi-tion algorithm was adopted to solve
the accumulative equation to obtain the fractal dimension spectrums and relevant
parameters. Furthermore, relationships between the fractal dimension spectrums, pore
structure types and the permeability were investigated.
The results demonstrate that the proposed model can characterize the MICP data
perfectly, and different pore structure types behave their distinct fractal dimension
spectrums. The permeability can be favorable to predict relevant parameters extracted
from the fractal dimension spectrums.
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A bstract Reservoir management tools such as flow simulation use geostatistical models
to make better decisions and improve hydrocarbon recovery. Developing improved
numerical modeling techniques that lead to more accurate and precise geostatistical
models will improve flow forecasting, hydrocarbon recovery, reservoir management
and contribute to more responsible and sustainable management of our natural
resources. The conventional stochastic seismic inversion techniques integrates
different source of data to obtain high quality geostatistical models. These techniques
initially provide acoustic impedance models that match both well and seismic data.
Such acoustic impedance models are related to reservoir physical properties via rock
physics models. These techniques aim to reproduce the data within the quality of data.
However, there is no guarantee that the final petrophysical models will reproduce
original seismic data. Fidelity with the original seismic data will be reduced due to an
element of randomness at each step. To overcome this issue a new approach is
proposed.
The new approach proposes to simulate multiple reservoir physical properties
simultaneously. This study presents a research toward a fully coupled categorical multivariate continuous reservoir modeling in stochastic inversion context with PetroElastic Model and convolution. Seismic surveys represent the seismic traces which are
the convolution of wavelet and a vertical column of corresponding reflectivity series.
Seismic data in the subsurfaces is inherently column based. Therefore, all geostatistical
techniques are applied in multivariate stochastic inversion are column wise.
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In this approach, the multiple categorical - continuous reservoir properties are
simulated via the multivariate Gaussian simulation technique. This technique simulates
multiple Gaussian variables to model facies and reservoir physical properties at the
same time. Number of multiple Gaussian variables in simulation process depends on
the facies categories, number of reservoir physical properties and number of facies
would be simulated. The Gaussian variables related to the facies are simulated and
turned to indicator vectors of facies by truncated (pluri) Gaussian approach. For each
reservoir physical property, a Gaussian variable is simulated by sequential Gaussian
simulation per facies categories. Based on the indicator value of each cell, th e
corresponded simulated continuous variables retained as simulated value of that cell.
Although the pixel based techniques such as truncated and sequential Gaussian
simulation that rely on two point statistics are practical in geostatistical modeling, th ey
cannot handle complex and curvilinear geological features. Therefore, multivariate
stochastic inversion approach considers the column based multi-point statistics
simulation method with directed multi-grid approach, as an alternative option for
simulation of categorical variables, to handle more complex geological features.
The multivariate stochastic inversion approach combines a trace by trace (column
wise) adaptive sampling algorithm with multivariate geostatistical techniques to pick the
best physical properties of reservoir that match the actual seismic data. The adaptive
sampling method uses the acceptance-rejection approaches to condition geostatistical
models to both well and seismic data. This technique samples the data inside the size
of space of uncertainty in presence of different parameters and rejects them if they are
not in the target zone. The size of target zone defined by the actual seismic data. This
method helps generate reasonable number of realizations dynamically via the
multivariate geostatistical algorithm at each location. The dynamic number of
realizations defined by the size of space of uncertainty.
The maximum possible space of uncertainty for the current practice of geostatistical
modeling is inconceivably large and cannot be understood from a practical perspective.
This space becomes much smaller and calculable in presence of unequal category
proportions, spatial correlation and conditioning data. In this study, a general
framework is presented to calculate the size of the space of uncertainty. This is very
interesting to appreciate what would be required to understand the space of
uncertainty. This becomes practically relevant when rejection sampling approaches are
being used to condition geostatistical models as in the case of stochastic inversion. The
size of the space of uncertainty is shown to be the product of exponential entropy
values. This is corroborated from information theory, but the application of this in
presence of spatial correlation and conditioning data is new.
The application of multivariate geostatistical techniques with a quantified space of
uncertainty would improve conventional stochastic inversion approaches. The
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flexibility of using both two point and multi point statistic methods to model complex
geological features add more value to the proposed stochastic inversion approach.
Modeling multiple reservoir properties simultaneously through the close integration of
seismic inversion and multivariate geostatistical techniques would lead to high
resolution reservoir property models that are suitable for improved reservoir
management.
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A bstract In petroleum industry, we typically utilize static data and history matching to
characterize reservoirs. Prior reservoir models generated by only static data have lots
of uncertainties. Therefore, history matching should be employed to reduce these
uncertainties and to predict reservoir performances reliably. Ensemble Kalman filter
(EnKF) is one of the most popular optimization methods for history matching and
uncertainty quantifications. It uses recursive steps for data integration and provides
dependable uncertainty quantification.
Many researchers have tried to characterize channelized reservoirs using ensemble
based methods. Since channelized reservoirs have non-Gaussian distribution, it is
difficult to characterize channel pattern and connectivity. In many cases, a large number
of ensemble members are necessary, even if it is quite inefficient and unreliable.
This paper presents a novel scheme for characterizing channelized reservoirs named
initial ensemble selection scheme (IESS). It is a new ensemble ranking method, which
selects ensemble members based on relative errors of well oil production rates
(WOPR). If absolute errors are used for ranking, the magnitude of the reference
WOPR will significantly affect ranking results more than the differences between the
WOPR values of the reference and ensemble members. Therefore, relative error
should be utilized instead of an absolute error.
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After selecting ensemble members having low relative errors, we use those selected
ensembles as initial ensemble members for EnKF. Therefore, we can have similar
channel trend with the reference field.
The reference field and ensembles are generated by single normal equation simulation
(SNESim) using SGeMS. The simulation grid dimension is 21 by 21 by 1. The same
point data are used to generate the reference reservoir and initial ensembles.
However, 4 different training images are utilized to create diverse ensemble groups
and each group consists of 100 ensemble members. For comparison, the standard
EnKF is applied to a 2D synthetic channel field with 400 ensemble members. The
proposed method, EnKF assisted by IESS, uses only 50 selected ensembles and is
applied to the same synthetic field.
For the channel field, the standard EnKF shows too large uncertainties and cannot
figure out the continuity of the channel stream even after the updates. However, the
proposed method provides appropriate uncertainty ranges with proper channel trend.
In addition, the total simulation time of the proposed method is only 29.17% of the
time required for the standard EnKF by selecting only good 50 ensemble members.
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A bstract It is crucial to have well-designed reservoir models for reliable uncertainty
quantification and history matching. However, it is difficult to figure out properties of
underground reservoirs due to limited data available. Facies also affect fluid flow
depending on permeability and porosity of reservoirs. Therefore, successful analysis on
facies estimation can lead to reasonable production forecasts. In this study, we
propose a novel approach of regenerating ensemble members based on facies
distribution analysis. First of all, we apply principal component analysis (PCA) to initial
reservoir models to analyze their characteristics.
PCA is used for sorting out high dimensional data so that we can manage the reservoir
models with ease. We calculate eigenvalues of the covariance of the ensemble
members and find the principle directions on the distribution of the data. We project
the initial reservoir models into the 2D principle plane and they are distributed along
their similarities in the plane. For example, if the two models are far away each other,
they have different characteristics.
The ensemble members in the PCA-assisted plane are divided into several groups using
K-means clustering. Next, we determine candidate ensembles among each group of
the reservoir models in the plane. Following this process, we find a model with the
least root mean square error of production history from the reference. The selected
ensemble is expected to have similar geological properties with a true model. Finally,
we regenerate ensemble members explained as below using the representative model
to estimate future oil and water productions.
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The basic concept for the regeneration is that the pattern of facies distribution in the
main models should be maintained while considering uncertainties. Therefore, only
boundaries of facies in the reservoirs are perturbed, with the overall distributions
remained. We generate random number to decide which facies should be allocated in
the grids at the boundaries. After the facies is determined, permeability is assigned
from the distribution functions of facies in the representative models. From this
process, the boundaries of the reservoir models are perturbed and new models are
created. These regenerated models are all different but share overall reservoir
properties. We can use the reservoir models for estimating uncertainties of
production forecasts.
In the case of 400 initial models, there are large uncertainties on production forecasts
due to poorly-designed ensemble members by static data only. However, 100
regenerated models present more reliable prediction of oil productions. The proposed
method is simple and efficient so it takes little time in whole simulation process. Also,
there is no need to apply any optimization algorithm such as ensemble Kalman filter or
genetic algorithm for history matching of production data. Considering both speed and
reliability, the proposed method improves prediction quality by facies analysis as well
as reduces simulation time about 75% with reasonable uncertainty ranges.
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A bstract The resolution of well data is usually much higher than that achievable from
inversion of seismic data, and in conventional methods, the lower and higher
frequencies from wells are treated independently from the intermediate frequencies
obtained from seismic data.
By a multi-resolution analysis method, such as wavelet transform, signals can be
analyzed at different scales. Through wavelet transform, a signal can be decomposed
into coefficients representing different frequency bands: one low frequency
“approximation” and other sub-bands controlling the details at different frequencies.
Wavelet coefficients can then be back transformed to the original domain without any
loss of information. Thus, through wavelet decomposition the earth can be
represented at different scales by means of appropriate coefficients.
In this preliminary study, we perform wavelet decomposition of an image from a chalk
cliff. The decomposition will provide us an approximation array which is a smooth
version of the original image and some directional detail contained in other arrays of
coefficients. Each decomposition level produces one approximation and three
directional sub-bands and the approximation can be further decomposed to another
approximation and some other sub-bands. The total number of wavelet coefficients is
the same as the number of elements in the original image.
The wavelet coefficients in the approximation matrix can constrained by geophysical
data. For instance, data from well logs can be used to constrain the wavelet coefficients
at different levels of resolution and be used for conditioning the details provided by the
sub-bands. By considering the coefficients of a wavelet transform as model parameters,
a multi-scale inversion of seismic data can be set up, where information at different
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resolutions and with different directionality is taken into account. In this framework,
prior information from well logs and other sources, containing both short and long
wavelengths, are naturally coupled, allowing us to handle data sets with different
resolutions in an integrated approach.
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A bstract Reservoir characterization for channelized reservoirs is essential for proper
decision making. However, it is very challenging due to channel properties such as
pattern and connectivity. Although ensemble Kalman filter (EnKF) is one of the most
powerful reservoir characterization methods, it cannot preserve channel properties,
because it assumes a Gaussian distribution of model parameters of interest. If models
for EnKF do not follow a Gaussian distribution, characterized results could show
overshooting or filter divergence, which are typical problems of EnKF.
Many schemes have been suggested to maintain channel properties and solve
limitations of EnKF. One of them is discrete cosine transformation (DCT), which uses
only cosine functions of various wave numbers as basis functions. It can extract main
features of a reservoir model, reflect overall trend of channel, and eliminate repetition
in the estimation.
Jafarpour and McLaughlin (2007) performed history matching with EnKF and DCT.
They verified DCT helps EnKF update static parameters of a reservoir with essential
information only and mitigate overshooting and filter divergence. However, if initial
ensemble members are not well generated due to limited information, EnKF with even
DCT does not work properly because the average of ensemble members is regarded
as a true in the assimilation procedure. Thus, an initial ensemble design is critical for
EnKF with DCT.

167

GEOSTATS2016

Initial ensemble design scheme proposed in this paper is composed of three steps.
First, the best ensemble members are selected out from many initial ensembles. The
selection criterion is the top 50 highest rank of similar behaviors with water
productions of the reference. Second, additional sampling locations are randomly
determined from grids of the average field of ensemble members selected: top 5% for
sand and low 5% for shale. This will help to figure out the distribution of san d and
shale in the reservoir. Finally, new initial ensemble members are regenerated by the
additional sampling locations in the second step, which are used as known data.
Initial ensembles generated by the proposed method is close to the reference field. For
this reason, we can expect stable characterized permeability distribution. It leads to
trustworthy prediction of reservoir behaviors.
The proposed method can make good initial reservoir models, even if available
geological data on the reservoir of interest are limited. Therefore, the scheme shows
enhanced history matching results of gas and water productions and reliable
uncertainty assessment compared to EnKF with DCT. The proposed method not only
decreases uncertainty of gas and water productions but also figures out permeability
distribution of the reference. We can see the whole procedure of initial ensemble
design scheme provides reliably updated channelized reservoirs. Consequently, it helps
to make reasonable decisions and manage production operation.
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A bstract The faults geometry and their spatial distribution can strongly affect fluid flow
in subsurface. Therefore, their accurate and reliable description are very important for
oil and gas exploration. The presented work is devoted to statistical study of
geometrical fault attributes (e.g. fault displacement, fault length, fault d amage zone
width and fault core thickness). These attributes can be estimated from seismic data as
well as from analysis of outcrop measurements. In this work, we focus on the scaling
relationship between different fault attributes. Potentially these relations can be applied
to integrated data from these two data sources. Some previous study in this direction
was published in (Kolyukhin and Torabi, 2012).
Fault imaging approach using seismic attributes was applied to extract geometric
information from fault plane in 3D. Seismic surveys for four faults from the Norwegian
Continental Shelf were chosen as input for the fault imaging workflow. Coherence and
filtered coherence attribute volumes used in our study to enhance fault images in both
horizontal and vertical sections. Fault geometric attributes such as along strike
segment length, displacement and number of segments were measured on 3D fault
seismic attributes.
The probability distributions of fault geometric attributes and statistical relations
between them were studied using statistical techniques such as Bayesian Information
Criterion (BIC), Likelihood Ratio Test and Bootstrap method. Our computations show
that univariate distribution of fault segment length is in a good agreement with a
truncated power law whereas a truncated exponential law could fit better to a
maximum displacement. Multiple linear regression and BIC method were used to find
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out the optimal statistical approximation for the relations between different geometric
fault attributes.
This approach allows us to compare the models with different number of parameters.
In particular, our results prove that piecewise-linear regression functions with two
slopes and one breakpoint are best choice to describe the dependence of fault
segments length or fault displacement on depth. A reverse correlation between the
number of segments and the segments length was found out. The optimal form of
correspondent regressions is studied. The dependence of number of segments on
depth or accumulated length also was studied.
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A bstra ct Facies connectivity is one of the most important features in channelized
reservoirs because it affects the distribution of petrophysical properties and the flow
of reservoir fluids. In case of static data, when only few well data are available without
seismic data, it is hard to characterize the connections of sand facies. Therefore,
history matching is an essential procedure to modify initial facies models from
geostatistics using static data. However, updated models from inverse modeling
sometimes give an impractical facies distribution with overshooting problem despite
lots of simulation time. Furthermore, they loss the information of static data and have
continuous values instead of a discrete index of facies. Therefore, we propose a novel
approach to integrate production data into facies probability maps in multiple-point
geostatistics without inverse modeling. Then, the soft data are utilized for regeneration of facies models with existing hard data.
The proposed method is applied to synthetic 2D channelized case. After 200 initial
facies models are generated by few well data, a distance-based method is applied for
them to reduce the number of forward simulations. For the distance-based method,
Hausdorff distance, multidimensional scaling, and K-means clustering are used and the
number of clustering, 10, is confirmed from sensitivity analysis and silhouette index
algorithm. The centroid models are employed to compute a misfit between well
productions simulated with the observed data. Then, the candidate facies models are
selected in the best group, which has the lowest misfit.
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The mean of the models is utilized as facies probability maps for re-generation of facies
models. This procedure is repeated until satisfying convergence condition. The final
models give a reliable facies distribution and conserve static data. Also, they show
history-matched production profiles. There is no inverse modeling scheme in the
proposed method and it only requires few forward simulations for the centroid
models for each iteration. Therefore, it rapidly assesses proper facies connectivities
and future reservoir performances.
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A bstract In exploration and appraisal phases of oil and gas fields, a single interpreted
seismic image is processed and interpreted for economic appraisals and decision
making. However, the seismic image itself is uncertain due to an uncertain velocity
model. Using an incorrect velocity model leads to an incorrect migrated image.
Quantifying uncertainty on the migrated image would help in understanding better
risks in seismic-based decision making practice. Despite such advantage, a full
uncertainty quantification in seismic imaging is rarely done.
Conventionally, the velocity model is obtained through regularization of the
tomographic inversion objective function. While this produces a model that matches
observed seismic data, the model is generally over smoothed and not indicative of
actual spatial variability of the subsurface rock velocity properties. This is especially
problematic in scenarios with complex structures such as salt intrusions, as the abrupt
velocity contrast at the salt-sediment boundary will cause distortions in the migrated
image if improperly modeled. Therefore, quantifying uncertainty on these salts
boundaries is critical. Furthermore, it is also recognized that such inverse problems do
not have unique solutions. Rather, to quantify the uncertainty on the seismic image, we
would need to sample geologically plausible velocity models that are consistent with
the observed data from a potentially infinite set of models. This is a considerable
problem given that the forward models may take hours to days for one single model
evaluation. We achieve the sampling using a novel geostatistical perturbation method
based on the fractal computer graphics algorithm termed Perlin Noise. Using the result
of the conventional velocity inversion as a starting model, this approach uses a
Gaussian random field to produce spatially correlated perturbations of the salt
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boundary that preserve physical attributes such as rugosity. Moreover, due to uneven
seismic illumination, certain regions of the boundary, such as dipping regions and the
underside, are more uncertain than others. The Perlin Noise sampler accounts for this
by allowing a wider range of perturbations in these regions, thus the set of generated
realizations will exhibit higher variation in poorly illuminated areas. The technique is
also computationally inexpensive, and a large set of models can be quickly generated.
To verify the consistency of the generated model with the observed data, we apply the
gradual deformation method, where continuous deformations are applied to a starting
model such that the deformed realizations better match the data. The major
bottleneck in this approach lies in computing the match, as it involves performing a
computationally expensive full seismic migration on each of the models. To alleviate
this issue, we compute a proxy of the match by migrating a subset of the observed
data, and using distance metrics. A full migration is performed on the final realization
to check consistency.
Numerical experiments using the SEG Advanced Modeling Program (SEAM) dataset
indicate that the proxy measure converges after a few iterations of gradual
deformation, and that full migration of the “matching” models do match the observed
data as comparably as the initial guess. By repeating gradual deformation with varying
Perlin Noise realizations as the initial seeds, a set of consistent velocity models is
obtained, providing a quantitative assessment of seismic uncertainty.
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A bstract Enhanced oil recovery requires characterization of multiple scale reservoir
architecture. Owing to the deficiency of variogram-based and object-based traditional
geostatistics, multiple point geostatistics was proposed to delineate complex
architecture. Pattern-based multiple point geostatistics has been an outstanding
method. But, replacement with whole pattern is difficult to be conditioned with hard
well data, especially when the well space is dense. In this paper, we try to improve the
pattern-based multiple point geostatistics algorithm more suitable for modeling
hierarchical reservoir architecture.
The entity driving us stems from simulating reservoir model in a geological way instead
of a bundle of mathematic operations. SIMPAT considers the training image as a
collection of multiple-scale patterns. Meanwhile, in geologic view, subsurface reservoir
is an embedded complex system. Usually, the shape, size, proportion and relationship
of different scale geologic elements of a specific sedimentary system are conveyed
through training image. Reservoir modeling is a process of assembling these
architectural elements in a proper way.
Pattern-based multiple point geostatistics includes pattern extraction and pattern
reproduction. In the process of pattern extraction, templates on multiple grid are
utilized to capture hierarchical reservoir heterogeneities. Pattern reproduction is
accomplished by sequential simulation, in which only central node instead of data event
is replaced with the searched pattern, which targets to make the algorithm more easily
for hard data conditioning. During the pattern searching, not local conditional
probability but similarity measurement is chosen to generate pattern similar as training
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image more accurate and flexible. To some extent, the proposed algorithm combines
the advantages of SIMPAT and SENSIM.
At last several synthetic models on Delta-Distributary River and meandering river belts
were made to validate the algorithms. We simulate the reservoir architecture by
SIMPAT, SENSIM and the proposed algorithm. It can be found that realization by the
proposed algorithm is better SIMPAT and SENSIM. Because data conditioning is bad in
SIMPAT when hard is dense, and pattern production in SENSIM is poor when hard
data is sparse. If hard data is sparse SIMPAT has somewhat better result than the
proposed algorithm and SENSIM. Consequently, the proposed method has the
advantage both of SIMPAT and SENSIM.
In the proposed algorithm, patterns are scanned from training image with template on
multiple grid system, similar as SIMPAT, pattern matching is based on similarity
measurement. Most important is, in the step of sequential simulation, only central
node of the data event is replaced instead of whole pattern. This strategy makes the
proposed method more flexible with data conditioning, meanwhile holding the priority
of pattern reproduction.

176

GEOSTATS2016

An ensemble 4D seismic history matching framework
with sparse representation: A 3D benchmark case
study
Xiaodong Luo1 , Tuhin Bhakta 1 , Morten Jakobsen2 , Geir Nævdal1

1 International
2 University

Research Institute of Stavanger
of Bergen

Keywords: 4D seismic history matching, iterative ensemble smoother, big data, sparse
representation
A bstract In a previous work (SPE-180025-MS) we proposed an ensemble-based 4D
seismic history matching framework for reservoir characterization. Compared with
existing seismic history matching frameworks in the literature, the proposed one has
some relatively new ingredients, in terms of the type of seismic data in choice, the way
to handle and represent a large amount of seismic data and related data noise
estimation, and the use of recently developed iterative ensemble history matching
algorithms.
In many seismic history matching works, it is customary to use as observations the
properties (e.g., acoustic impedance or saturation front) that are obtained from
seismic inversions. In doing so, extra uncertainties may arise during the inversion
processes, and this creates more challenges and complexities for their quantification. In
the proposed framework, we avoid such intermediate inversion processes by directly
adopting amplitude versus angle (AVA) attribute data.
To mitigate the issue of large data size, we adopt a sparse representation of seismic
data through wavelet multiresolution analysis. Concretely, we apply a multilevel
discrete wavelet transform (DWT) to seismic data, and estimate the noise level of the
resulting wavelet coefficients. We then select the wavelet coefficients above a certain
threshold value, and history-match these leading coefficients using an iterative
ensemble smoother. Our experience shows that the number of leading wavelet
coefficients is often ten times less than the number of original seismic data, whereas
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using leading wavelet coefficients in history matching results in comparable or even
better performance than using the original data. Moreover, it is expected that the
sparse representation procedure not be restrained to AVA attributes only. Instead,
one can also use it to sparsely represent other types of seismic data.
As a proof-of-concept study, in the previous work (SPE-180025-MS) we applied the
proposed framework to a 2D synthetic case that is originated from a 3D Norne field
model. Numerical results therein indicated that the proposed framework worked very
well. In the current study, we extend our investigation to a 3D benchmark case, the
Brugge field. This will be an important step toward applying the proposed 4D seismic
history matching framework to real field case studies.
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A bstract Inversion of AVO (Amplitude vs. Offset) seismic data is widely used to infer
information about reservoir properties from reflection seismic data. The most
common method for solving the AVO forward problem (computing the AVO
response from an Earth model) is applying a small-contrast approximation to the
Zoeppritz equations. This allows a linear formulation of the forward problem, and
hence an efficient linear AVO inversion.
However, the small-contrast approximation will introduce a modeling error when
solving the forward problem. In this study we demonstrate that the modeling error is
closely linked to the choice of prior information, in form of a geostatistical model. The
modeling error for a number of different geostatistical models, continuous or discrete,
reflecting realistic subsurface, is analyzed, and the modeling error is quantified in form
of a ‘signal to modeling error’ estimate. It is found that when the prior model is
continuous and smoothly varying (as when considering a normal distribution with a
Gaussian covariance model) then the small-contrast approximation is quite accurate.
However, when the prior model contains discrete layer transitions, then modeling
error due to using the small-contrast approximation increases to a level that, if not
accounted for, could significantly affect linear AVO inversion results. The modeling
error is increasingly significant for larger offsets.
Finally, we demonstrate how the modeling error due to the use of the small-contrast
approximation can be characterized by a correlated Gaussian model. This allows
accounting for the modeling error in linearized AVO inversion, without introducing
artefacts or bias in the inversion results. This would further allow for data from larger
offsets to be included in the inversion.
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A bstract The Geological Survey of the Netherlands (GSN) develops and maintains
subsurface models with regional to national coverage. They are, amongst others,
paramount for petroleum exploration in conventional reservoirs, for understanding the
distribution of unconventional reservoirs, for mapping geothermal aquifers, for the
potential to store carbon, for groundwater- or aggregate resources, or for the
estimation of (shallow) subsidence. For all these applications depth uncertainty
information is crucial for a correct understanding and use of these models. The GSN
models differ in depth range, scale, data used, modelling software and modelling
technique depending on the application domain.
Depth uncertainty information is available for the Geological Survey’s 3D raster layer
models DGM Deep and DGM Shallow as well as for the 3D voxel model GeoTOP.
The models including the uncertainties are disseminated through our webportals
(www.dinoloket.nl and www.nlog.nl) in an on-line map viewer and as downloadable
GIS products.
Quantifying the uncertainty of geological models that are constructed using multiple
data types as well as geological expert-knowledge is not straightforward. Examples of
geological expert-knowledge are trend surfaces displaying the regional thickness trends
of basin fills or steering points that are used to guide the pinching out of geological
formations or the modelling of the complex stratal geometries associated with
saltdomes and saltridges. This added a-priori knowledge, combined with the
assumptions underlying kriging (normality and second-order stationarity), makes the
kriging standard error an incorrect measure of uncertainty for our geological models.
Therefore the workflows described below were developed.
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For the DGM Deep model a workflow has been developed to assess uncertainty by
combining precision and accuracy. This was achieved by centering standard deviations
around well-tied depths surfaces. These standard deviations are calculated using a
stochastic uncertainty workflow resulting in multiple random realizations in time and
depth domain. They are subsequently modified by three other possible error sources:
data error, structural complexity and velocity model error. The application of this
stochastic workflow for DGM Deep proves to be an effective way to represent the
reliability of the DGM Deep model, although the relative contribution of the various
error sources needs further attention.
For the DGM Shallow model a cross-validation procedure in a moving window
environment has been used to calculate mean deviations and standard errors on a subregional scale. Subsequently, these cross validation standard errors have been rescaled
to account for local data configuration and clustering. This resulted in standard
deviations expressing both regional and local uncertainties.
In the stochastic GeoTOP modelling workflow, simulations of the depths of geological
units result in standard deviations. These standard deviations are subsequently used to
calculate the information entropy, as proposed by Wellmann & Regenauer-Lieb (2012).
Where a value of 0 means no uncertainty, and a value of 1 means there is a high
uncertainty. The information entropy forms part of the visual dissemination of the
depth uncertainty information. We think it is a more easy-to-read parameter as
opposed to standard deviations.
The workflows used are state-of-the-art, form an integral part of the geological
modelling and result in reproducible uncertainty values. They can be considered a good
starting point for incorporating additional errors that contribute to uncertainties of
geological models.
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A bstract One of the tasks of reservoir engineers is the characterization of the spatial
distributions of petrophysical parameters such as permeabilities and porosities within
geological formations using all available data. The data most commonly used is well
data (well logs) and static/inverted seismic data. Dynamic data that includes both
production and 4D seismic data can also be considered. Its integration into reservoir
models is known as history matching. Incorporating more data into reservoir models
strengthens their reliability. However, it also contributes to make the problem more
complex.
We aim hereafter to reduce the dimensionality of the problem. This is essential for
history-matching as it is often solved using optimization procedures. In such cases, the
calculation of gradients is required and the larger the dimension of the problem, the
larger the number of gradients to be computed, which is usually CPU-time demanding.
Therefore, we investigate the potential of the Pilot Block Method to ease the
integration of dynamic data by reducing the number of unknown parameters. The basic
principle of this technique consists in adjusting the values of mean properties
associated to groups of cells, or blocks, while preserving continuity and geological
consistency in between the various blocks.
This work focuses on the application of the Pilot Block Method to a synthetic study
case. The 4D seismic mismatch is used for selecting the subdomains to be modified in
order to decrease the global data mismatch. The permeability models are constrained
to mean values attributed to the targeted blocks through simple-cokriging. In addition,
we incorporate a prior term into the objective function for regularization when going
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through optimization. The idea behind is to try to improve convergence. We show
how using an iterative procedure in which subdomains are further refined makes it
possible to efficiently reduce the objective function and the mismatch between th e
observed and simulated data. The overall process consists in starting with a very
coarse reservoir model with coarse grid blocks. Then, the coarse grid blocks are split
into smaller grid blocks and the refinement is repeated as much as required until the
match is improved. The final results for several wells show that we obtain a low
objective function using only a limited number of optimization parameters.
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A b stra ct Integrating geological concepts in quantitative subsurface models of
channelized systems while honoring all available data is a major research area.
Advances in seismic imaging permits the direct observation of architectural elements
which were preserved in the sedimentary record and reflect the most recent state of
the sedimentary system. Sedimentological concepts are then useful to interpret
subscale structures which are poorly imaged owing to limited seismic bandwidth.
In this work, we propose to anchor a channel object model on these evidences and to
simulate its migration backward in time. The objective is then to reconstruct possible
geobodies and the associated heterogeneities. In principle, such a backward modeling is
not possible because depositional processes are irreversible. However, we do not use
explicit physical or energetic considerations in the backward modeling but rather
geometric methods. Also, we compensate the ill-posedness of the retro-migration
process by introducing stochastic components to reproduce both gradual and drastic
changes of system evolution.
More precisely, we suggest to identify abandoned meander and point bar facies in
order to integrate them into a possible channel object. These remnants of the paleolocations of channel paths can also be simulated to overcome blurred parts of the
seismic image or unexplored areas. Abandoned meanders correspond to discrete
modifications of channel paths while point bars document the continuous evolution of
the channel loops. Indeed, abandoned meanders are relicts of paleo-channels which
were once continuous. However, gradual retro-migration of this channel is able to
produce point bars geometry but does not preserve the sinuosity of the channel.
Indeed, it fails in reproducing abrupt changes of channel trajectory which occurs during
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meander cut-off. Together, these evidences of the migration can be dated relatively
one to another in order to classify their integration into the backward migration
process. Conceptual geometric aspects of the river migration are also reproduced
such as its three-dimensional components (i.e. lateral, vertical or downstream
evolution) inside the floodplain.
As a first proof of concept, the method has been applied on satellite images of the
Tyung river (Russia) which presents an interesting channel belt more or less preserved
according to the areas. The first results are quite encouraging and permit to approach
the underground architecture of a reservoir. In a further step, it could be used in
building realistic heterogeneity models for reservoir fluid flow simulation.
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A bstract Geostatistical seismic inversion methodologies have an increasingly important
role in the oil and gas industry due to its potential to infer the spatial distribution of
the subsurface petro-elastic properties of interest. The heterogeneities and
complexities of the subsurface geology associated with the lack of high -resolution
information about the internal reservoirs’ property turn all the processes inherent to
reservoir modeling and characterization associated with uncertainty and risk. The
success of a given reservoir is directly related with a reliable characterization of the
elastic properties of interest and the simultaneous assessment of the uncertainty
related with the properties of interest. While deterministic seismic inversion
methodologies allow retrieving a single best-fit inverse model with low computational
effort, geostatistical inversion procedures are computationally expensive but allow
assessing the uncertainty related with the inverse solution. In this work we introduce a
new iterative geostatistical seismic inversion methodology that integrates a
deterministic initial guess model as part of inversion procedure. The integration of this
initial guess model (e.g. low-frequency model, a best-fit deterministic solution) as part
of the objective function within the inversion loop can be thought as the link between
deterministic and stochastic inverse solutions.
The proposed iterative geostatistical inversion methodology is based on the calculation
of the deviations between the initial guess model and each single elastic model
generated during a given iteration. The deviations to the initial guess model method
are applied as an integrate part of the objective function of inversion procedure along
with the traditional trace-by-trace correlation coefficient between real and synthetic
seismic data. The combined objective function is used by the global optimizer, which is
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integrate part of iterative geostatistical seismic inversion techniques, to ensure the
convergence of the iterative procedure from iteration to iteration. The proposed
approach directly impact the match between real and synthetic seismic data and the
rate of convergence of geostatistical seismic inversion methodologies. Notice that
traditionally the main drawback of geostatistical seismic inversion procedures is related
with the high computational cost. The new iterative geostatistical seismic inversion
procedure was tested in both synthetic and real case applications for a coustic and
elastic inversions.
The results illustrate advantages in the proposed methodology, when compared against
conventional iterative geostatistical seismic inversion techniques, by decreasing the
inversion time while simultaneously increasing the convergence of the iterative
geostatistical seismic inversion methodology, as revealed by the global correlation
coefficient between real and synthetic seismic data.
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A bstract Petrophysical models are important to predict the expected behavior of a
given hydrocarbon reservoir since they allow inferring about the effectiveness of the
reservoir rock. One of the most important petrophysical properties in reservoir
characterization is porosity (Phi). Seismic inversion methodologies are commonly used
to generate elastic subsurface Earth models for reservoir characterization and
uncertainty assessment. Acoustic impedance (AI) models are the result of a seismic
inversion process and used to derive porosity models usually in a two-step approach.
Porosity is derived independently and the uncertainty resulting from the seismic
inversion is not directly propagated into the resulting porosity model.
In this work we present a new iterative geostatistical seismic inversion methodology
based on the Global Stochastic Seismic Inversion and stochastic simulation with joint
distributions algorithms, to estimate porosity directly in the seismic inversion
procedure. The proposed procedure ensures that the uncertainty related with the
seismic inversion is propagated into the resulting porosity models and that these
models are directly constrained simultaneously by the available well-log and seismic
reflection data.
By using direct sequential co-simulation with joint distributions within the inversion
procedure, the generated porosity and acoustic impedance models reproduce the bidistribution between both properties as inferred from the available well-log data. This
procedure ensures that the relationship between the petrophysical and elastic
properties as quantified from the well data is kept during the inversion procedure even
in those cases where this relationship is not linear.
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The proposed iterative algorithm of Geostatistical Seismic Inversion directly for
Porosity can be summarized in the following steps: (i) A set of 3D porosity models is
generated by sequential simulation conditioned to the well data; (ii) Based on the joint
distribution between acoustic impedance and porosity (AI|Phi), acoustic impedance
models are generated conditioned to porosity by co-simulation with joint distribution;
(iii) Synthetic data is generated, by convolving the reflectivity, derived from acoustic
impedances, with a known wavelet; (iv) At the end of a given iteration an optimization
algorithm (genetic algorithms) is applied to assure the convergence of iterative
procedure: the petro-elastic traces that produced synthetic seismic traces with the
highest correlation coefficient, when compared against the real seismic, are stored in
best local correlation coefficients, and used for the generation of a new ensemble of
model using co-simulation; (v) The iterative process return to (i) until the convergence
of the method is achieved.
We applied this method to a real post stack data. After 6 iterations each one with 32
realizations, the iterative converged towards a global correlation coefficient between
the synthetic and the real seismic data of about 0.90.
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A b stra ct With the modern computers capabilities, it is very easy to generate an
ensemble of static geo-models. However this important quantity of information is
often under-used because the dynamic simulation may be largely more CPU demanding
and is frequently seen as a bottleneck; moreover, there is a lack of simple tools to
analyze these multiple realizations results. An important way to circumvent these
difficulties is to scan the ensemble of static models with an easy to use connectivity
proxy.
In our poster, we present some recent improvements of connectivity proxy’s and how
they can be used to select some representative models to transfer for dynamic
simulation. Initially based on the publication of Alabert and Modot (1992) describing a
front propagation proxy to define connected volume and pseudo-profile, we upgrade
the proxy using the Fast Marching technique (Sethian 1996) adapted to anisotropic
media.
Our proposal is illustrated on a real field case example. The connectivity proxy allows
us to compute a front propagation pseudo-time on the grid representing the reservoir.
Hence for the wells of interest, it is possible to compute a pseudo-profile of connected
volume versus pseudo-time. This profile allows better discrimination between 3D
models and wells patterns.
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A bstract Geostatistical history matching tries to simultaneously incorporate well log
data, historical production data, reservoir engineering parameters and a priori
geological knowledge about the spatial distribution of the reservoir’s internal
petrophysical properties in a coherent reservoir model of main properties.
Geostatistical methods of history matching tackle this inverse problem with
convergent iterative methods aiming to achieve a solution: a set of static parameters
(petrophysical properties) giving rise to the desired dynamic response. At each
iteration one needs to relate the goodness of the match of dynamic responses to the
subsurface petrophysical properties. Traditional geostatistical history matching
methodologies regionalize the reservoir model in areas of influence taking into account
the location of the available wells by a geometrical criteria. While this approach
speeds-up the history matching procedure considerably, sometimes it has few, or
none, physical relationship with the subsurface geolog y. More recently, history
matching problems have been tackled with Ensemble Kalman Filters, which are able to
stablish linear relations between static and dynamic properties. However, since they
are linear filters the distribution functions of the petrophysical properties of interest
are attenuated when compared against the distribution function as inferred from the
available experimental data. The resulting models are transformed in smooth
representation of the real subsurface geology.
In this work we propose a new history matching methodology coupling within the
same framework, the advantages of using geostatistical sequential simulation and the
principles of Ensemble Kalman filters: history matching based on ensemble updating.
The main idea of this procedure is to use simultaneously the relationship between the
petrophysical properties of interest and the dynamical results to update the static
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properties at each iteration, and to define areas of influence for each well. This relation
is established through the experimental non-stationary covariances, computed from
the ensemble of realizations. A set of petrophysical properties of interest is generated
through stochastic sequential simulation. For each simulated model, we obtain its
dynamic responses at the wells locations by running a fluid flow simulator over each
single model. Considering the normalized absolute deviations between the dynamic
responses and the real dynamic response in each well as state variables, we compute
the correlation coefficients of the deviations with each grid cell through the ensemble
of realizations. Areas of high correlation coefficients are those where the permeability
is more likely to play a key role for the production of that given well. Using a local
estimation of the response of the deviations, through a simple kriging process, we
update the subsurface property of interest at a given localization.
A patchwork composition of the kriged models with the correlation coefficients
derived from the dynamic match, is then used as seed for the generation of a n ew set
of realizations of Z(x) in a co-simulation process in the following iteration. The
proposed iterative history matching procedure was successfully applied to a 2D
synthetic reservoir model, built in order to mimic a classical 5-spot configuration with
4 producer wells. The algorithm delivered a very good reproduction of the real
production curves and the real petrophysical models.
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A bstract Multipoint simulation (MPS) is now a well-established method to produce
facies simulations. It is used routinely in the petroleum industry and applications are
developing fast in the mining industry. One important weakness of the multipoint
method however is the difficulty to obtain facies models calibrated to dynamic data or
large scale static data, especially if these are non-linearly related to the facies, as it is
usually the case.
In the convivial Gaussian world, many tools exist to calibrate Gaussian realizations to
dynamic data like simulated annealing, ensemble Kalman filtering and gradual
deformation method (GDM). Also, Gaussian simulations can be used to simulate facies
by truncation of one or more spatial Gaussian fields as in the PluriGaussian method
(PGS). Hence, combining PGS with GDM, it is straightforward to calibrate PGS facies
realizations to dynamic data. We propose to extend this approach to multipoint
simulation by associating a Gaussian field to each multipoint realization. The Gaussian
fields are obtained by Gibbs sampling at all pixels following the Gaussian truncated
distributions described by a simplified coding flag conform to the facies relationships
found in the training image (TI). To ensure hard data (HD) reproduction at all
iterations of the GDM, the pixels corresponding to HD are forced to receive in the
Gibbs sampler the same Gaussian value across all realizations of the MPS.
Our GDM also uses ideas inspired by evolutionary algorithms. It combines many
realizations at once to create a single child-GDM realization thru optimization using
the patternsearch method. This is repeated many times to create a series of GDM
realizations. For each realization, the dynamic data misfit is computed. The fittest
realizations are kept and they are mixed with fresh MPS-realizations. This ensemble
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constitutes a generation. The fresh MPS-realizations ensure enough variability is
present in the current generation to allow escape from local minima. The steps GDM,
computation of misfit, selection of fittest and addition of fresh MPS realizations are
repeated to create a second generation, and so on. After a certain number of
generations, or when a selected misfit threshold has been reach ed, the fittest
realizations of the last generation are kept as realizations conditioned to the dynamic
data.
The proposed GDM method has been tested in a variety of scenarios including
conditional/unconditional realizations with local/global dynamic data. The HD makes
the calibration process more efficient as it forces the initial MPS realizations to be
more similar. Both global/local dynamic data could be reproduced with good accuracy.
Some noise is introduced in the facies reproduction or facies arrangement due to the
GDM. This noise can be strongly attenuated, but not eliminated, by post-processing
the final realizations using simple mathematical morphology operators like opening and
closing.
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A bstract The CO2 injectivity and storage capacity of a channelized reservoir depends
mainly on the lateral and vertical connectivities of the channel belts (Issautier et al.,
2013, 2014). Previous simulation studies on non-buoyant fluids injected in a channel
show that for a low net-to-gross (10%-20%), called p, (volumic fraction of permeable
bodies) the dimensionality of the flow problem is essentially 1D, that of the channel
intercepted by the injection well. When the net–to-gross increases, flow connectivity
also increases. Flow becomes 2D (p=30%-40%) then 3D for p>50%-60%. These values
are approximate and depend on many parameters such as the channels geometry and
orientation and the permeability of the banking material (a ssumed here to be
impermeable).
When the injected fluid is CO 2 its migration is driven by the injection force but also by
buoyancy, CO 2 being lighter than the brine. It migrates in the channel intercepted by
the well, then, if lateral connectivity exists, in parallel channels at the same level.
Because of buoyancy the CO 2 plume may also invade the upper levels, even if the
vertical viscous flow connectivity is weak.
Therefore the CO 2 injectivity and storage capacity of such a reservoir is difficult to
grasp and quantify. The objective of this poster is to present and discuss two phase
flow simulation results obtained with DuMuX software (Flemisch on 3D replicas of
channelized reservoirs modeled with GoCad® software. Two types of flow are
considered, buoyant (CO2 and brine), and non-buoyant (CO 2 and brine with the same
density), three values of the kc/kb ratio (5.10-2-5.10-4), where kc and kb are the
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channel and banking permeabilities respectively, and different net-to-gross ratios (30%90%). The flow connectivity issue, the role of buoyancy and their links with injectivity
are discussed.
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A bstract Traditional geostatistical reservoir modeling relies on inference of statistical
model parameters from data combined with mapped trends to model spatial
heterogeneity. MPS introduces the integration of unconditional training images to
borrow higher-order statistics (and trends in the case of auxiliary variables) for
heterogeneity modeling. Training images provide an opportunity to integrate
information beyond the available local data and trends from secondary information.
This includes expert knowledge derived from modern and ancient analogs, processbased modeling, experimental stratigraphy, mature fields, and shallow seismic.
The development of unconditional training images for all reservoir models (even for
non-MPS modeling) is known as image-based benchmarking and is motived by: (i) the
value of the image construction exercise, (ii) the difficulty of inferring important model
constraints such as effective properties across scales, (iii) the inability to validate
models with available data, (iv) difficulties in building a “reasonable” uncertainty model,
and (v) failure to preserve general heterogeneity knowledge with regard to specific
depositional environments.
Complete, 3D, geologically consistent representations are required for geostatistical
reservoir modeling. In general, available data does not provide sufficient information.
For example, consider the challenge of inferring horizontal variograms or effective
reservoir properties. Geostatistical modeling methods rely on limited spatial statistics
(inferred from data, analogs and/or training image) combined with implicit model
assumptions such as multiGaussian and maximum entropy. These model assumptions
typically have important and poorly understood impacts on model performance.
Furthermore, simulation approaches tend to hide data and model parameter
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contradictions. The model may not be geologically sufficient nor consistent. The
construction of unconditional images of the reservoir is a powerful integration
exercise that provides a quantifiable numerical representation to shared reservoir
concepts within the project team.
Model to data checks (e.g. minimum acceptance checks) are not sufficient. Once again,
the data, and any statistical summary, are often not sufficient representations of 3D
geological reality. These checks only validate model performance given conditioning,
model parameters and limited statistical constraints. Representing numerous scales of
geological heterogeneity and constructed using various numerical approaches, a set of
unconditional images provides a benchmark against which model performance beyond
the limited statistical constraints of the reservoir model can be validated. For example,
with a variogram-based model, the higher-order spatial patterns may be checked for
consistency with geological concepts. For any model, complicated model performance
such as connectivity and recovery may be assessed. Unexpected results may be
checked and modeling methods may be tailored to improve response accuracy.
Uncertainty modeling is challenging. Commonly, uncertainty ranges in model
parameters and choices are passed through the transfer function with multiple
scenarios and realizations to build cumulative distribution functions of model
prediction. Accuracy plots provide a useful tool to check local uncertainty models
against available data, but do not completely validate model response. A set of
unconditional images provide general information on the range of model performance
to further validate uncertainty models.
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A b stra ct During the last decades, the challenges of modelling subsurface Earth’s
properties generated a remarkable development of reservoir modelling techniques that
allow incorporating different sources of available information such as, historical
production data, seismic reflection data and well-log data. However, all this
information is traditionally used individually to model the reservoir at different stages
during the geo-modeling workflow. Integrate all the available data in a unique workflow
is still one big challenge.
Seismic inversion is an inverse problem that enables inferring the subsurface elastic
properties, e.g. acoustic and elastic impedance, by perturbing the parameter model
space in order to match the real seismic data. This perturbation is done until a
minimum value for a given objective function, based on the match between real and
inverted seismic, is achieved. History matching is a different and much more complex
inverse problem used to model the geological reservoir properties, i.e. porosity and
permeability, by perturbing the parameter model space in order to match the available
production data. This perturbation is done until a minimum value of the match
between real and simulated production is achieved. Frequently the petrophysical
properties models retrieved by seismic inversion are used as input for history matching
procedures. But the perturbation of the model parameters during history matching, as
they are not conditioned to seismic, may generate models that no longer match the
observed seismic.
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With this work we proposed a novel methodology to integrate all available data - welllog, production data and seismic reflection data – coupling the objective of the two
inverse problems into a single loop optimization. However, these two inverse
problems can generate different solutions of the petrophysical properties, i.e. the
retrieved model corresponding to the minimum objective function value obtained by
seismic inversion can be different from the one that matches the observed historical
production data. The proposed methodology aims to achieve one solution –
petrophysical property models – which minimizes simultaneously the objective
functions of both methods. It can be summarized in the following methodological
sequence: (i) In a first step, the models of subsurface petrophysical properties are
obtained with seismic inversion (geostatistical seismic inversion). An average image of
petrophysical properties is retained for the next step; (ii) In a second step, to integrate
the dynamic data into petrophysical properties model, a geostatistical history matching
is proposed, conditioned to well data and the average model obtained from the seismic
inversion. This method is based on stochastic sequential simulation as a parameters
perturbation method. In each iteration, the parameter images corresponding to the
simultaneous best match to the dynamic responses and the average image obtained
with seismic inversion (ii), are retained for the next iteration.
With these selected “best performed” images, point probability distributions of
petrophysical parameters are built at some spatial locations. In the next iterations,
stochastic simulations with point distributions are used for the perturbation of the
parameters and consequent convergence to the desired match of dynamic responses
and seismic data. The proposed methodology was successfully implemented and tested
in a synthetic case study of a turbiditic reservoir.
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A bstract Object based simulation is a well-known technique existing for nearly thirty
years already. It is widely used to simulate sedimentary bodies. Unlike sequential
indicator, pluri-gaussian or multiple-point simulations, this method is not pixel based
but object based, as it generates various geometric shapes in space according to some
probability laws. However traditional object based simulation algorithms do not
provide enough flexibility in terms of object shape.
In a previous work, we proposed to revisit the object based simulation by handling
objects with complex geometry to overcome the lack of realism of standard objectbased simulation. Following the previous work of Viseur and al., a new family of objects
so called flexible objects has been introduced.
A flexible object is defined by a backbone and by perpendicular cross-sections along
the backbone. The backbone consists of a horizontal polygonal line describing th e main
orientation of the object while cross-sections is represented by a set of planar ribs
describing the lateral shape of the object at backbone locations. Backbones are built as
to follow streamlines computed from a given azimuth map. These backbones may be
made sinuous by simulating a spatially correlated random shift from the streamline.
The proposed algorithm takes over standard features of traditional object based
simulation algorithm, e.g.:
- Allowing the simulation of multiple object types;
- Implementing user-defined erosion rules between object of different types;
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- Reproducing specified a priori proportions, after erosion, for each object type;
- Accounting for nonstationary proportions, object dimensions and orientations;
- Being conditional to existing hard-data.
GPGPU capabilities (General-Purpose Computing on Graphics Processing Units) have
been used to achieve the intensive numerical computations and intensive geometric
queries.
In this new stage of our work, we propose to improve the reproduction of specified a
priori local proportions of objects. Our first aim is to reduce the inconsistencies
between the azimuth map and the proportions map. The azimuth map is modified so
that the streamlines bypass the low proportions areas. This is achieved by correcting
the azimuth vectors with the proportion gradients. Larger is the proportion gradient,
larger is the correction and further from the area flows the streamline.
Our second aim is to improve the simulation process used to generate th e random
shift from the streamline. A sequential approach is used and an acceptance/rejection
step is added in order to drive the simulated values towards the higher proportions.
Our final aim is to check the consistency of the generated streamlines with respect to
the local proportions. For this purpose, a likelihood computation is added in the step
of acceptance rejection of the underlying object process.
The added value of these three approaches is illustrated on various synthetic cases as
well as on a real case study.
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A bstract Uncertainty in reservoir connectivity and oil in place is related to the position
and relationship between architectural elements. Similar geological elements are
prevalent in many reservoirs including: channel, levee, oxbow lake, crevasse-splay, etc.
When such objects exist and can be parametrized, object-based modeling (OBM)
creates geologically realistic models that correctly account for reservoir connectivity
and uncertainty. The main challenge of implementing OBM is conditioning of objects to
all available data including well data, available trend data, and known connectivities. A
case study of a West African deepwater reservoir is presented where 18 different
zones are conditioned with channel objects. Vertical trends can easily be incorporated
into modeling by considering additional objects; however, the focus here is on
accurately conditioning to available well data.
Realizations are generated by first constructing a database with many objects that are
conditioned to the existing well data. Rejection sampling is used to account for known
connectivity between individual wells as well as trends.
One concern with conditioning OBM is the biasedness that occurs in conditioning
around wells. This is carefully tested for and corrected by adding an unbiasedness term
to the objective function. This is tuned in such a way as to prevent biasedness.
In the case study, the domain is divided into multiple layers and is conditioned by layer.
Each layer has a different proportion of channel facies according to a vertical
proportion trend model. The overall mismatch of the conditioning is 1%. This small
mismatch is corrected in the final gridded models through erosion or dilatation if
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desired; however, the authors recommend considering the models as grid-free and the
mismatch is negligible.
A second case study looks at modeling amalgamated channels with multiple crosscutting relationships in a McMurray style formation. In this area the environment has
evolved from fluvial to estuarine and then to marine at different geological times. The
objects modeled are pieces of abandoned channels with inclined heterolithic
stratification features.
The proposed methodology can be applied to any object that can be parameterized by
a reasonable number of parameters (the authors have tested up to 200 parameters).
The provided code can be modified to adapt to any object. Even for complicated
objects such as high sinuosity channels with complex centerlines and asymmetric cross
sections, precise conditioning to dense well data is achieved .

206

GEOSTATS2016

Gridless Simulation of Categorical Properties of
Natural Phenomena in 3D
Yevgeniy Zagayevskiy1 , Gaetan Bardy1 , Jin Fei1 , David Garner2, Mohan Srivastava1 ,
Jeffrey Yarus1

1 Halliburton
2 TerraMod

Consulting

Keywords: stochastic surfaces, polylines, lithological facies, proportions
A bstract Conventionally, geostatistical simulation of natural phenomena is carried out
on a grid - a set of regularly placed simulation nodes in space. A recently developed
gridless simulation point vector method allows modelling categorical properties of the
natural phenomena in a stochastic grid-free manner conditional to the data. This
method is based on the simulation of polylines in two-dimensional space as boundaries
between stationary domains.
We propose to extend this gridless method to modelling of litholog ical facies of
petroleum systems in three-dimensional space in which the facies boundaries are
presented by stochastic surfaces of polylines. These bounding surfaces are tweaked to
ensure the simulated proportions of categories match the proportions computed from
the data. The anisotropy in the surfaces is addressed through the secondary
information in the form of volumes of local directions of maximum continuity. The
relationship between facies, whether it is simple-stacking or complex-erosive form, is
easily modelled by considering the depositional nature of the facies through the
particular surface truncation rule.
The proposed methodology is applied to a synthetic case study that mimics a complex
geological depositional environment. The results show applicability of the gridless
method to impose any number of flow simulation grids in a consistent manner over
the constructed gridless geostatistical simulation model to avoid the issue of model
regridding.
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A b stra ct Uncertainty quantification is emerging as an integral aspect of reservoir
characterization. It is useful both to improve our understanding of the subsurface and
to guide the decision-making process, for instance by testing several different but
plausible scenarios. Nevertheless, a coherent, quantitative approach which back
propagates uncertainty from observed data to the reservoir properties of interest is
still not fully implemented in practice. A step further is thus to develop a consistent
probabilistic approach that is not based on subjective qualitative input.
In our study, we address these problems by employing a probabilistic approach where
solutions to the seismic inverse problem are directly sampled from the posterior
distribution by a Markov chain Monte Carlo (McMC) method. Seismic data and
petrophysical models are integrated together aiming at inferring reservoir parameters
of fundamental interest, such as, for example, porosity.
From a theoretical point of view, the McMC strategy can be particularly useful in the
presence of nonlinear forward models, which is often the case when employing
sophisticated rock physics models. However, the resulting computational challenge is
huge. We propose to alleviate this computational burden by parameterizing the model
in terms of spline bases. This allows us a certain flexibility in that the number of spline
bases and hence the resolution in each spatial direction can be controlled and, as a
byproduct of this approach, the number of effective model parameters, i.e., the spline
coefficients, is greatly reduced. A careful choice of spline bases can fulfill a twopronged goal: (i) maintain certain local spatial continuity of structures and (ii) reduce
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the number of parameters, decreasing the computational effort for the Monte Carlo
algorithm.
We apply this methodology to a real marine seismic data set, where AVO seismic data
are inverted for porosity. The data set consists in a 2D cross section of a target
reservoir zone with additional information coming from well logs in the nearby area.
An ad-hoc rock physics model, calibrated on well log data, is employed. Porosity values
are constrained by a probability density function derived from well log data. We invert
one angle stack of the data set using the McMC procedure to obtain an ensemble of
sample models of porosity from the posterior distribution. To speed up th e
computations, the in-house Fortran software has been parallelized using OpenMPI and,
moreover, some properties of the spline basis matrix have been exploited to
ameliorate the performance of matrix-vector operations.
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A bstract Anthropogenic activities grew exponentially in the last 50 years, mainly in
Ciudad Rodrigo (Spain) as it is the main urban and farming region in the study area.
Mineral resources occur distributed throughout the watershed, mainly sulphide and
uranium minerals, which were exploited in the past and were abandoned without any
recovered processes. Uranium ore extraction produces tailings, containing large
volumes of contaminated waste rocks and heap-leach residues accumulated in dumps
at mine sites. The discharges of uranium and associated radionuclides as well as heavy
metals and metalloids from waste and tailing dumps in abandoned uranium mining
areas pose contamination risks to surface water and groundwater.
The main purpose of the herein work is the uranium spatial distribution patterns in
groundwater, within the transboundary watershed of the Águeda River (Portugal Spain).
Sixty-five groundwater samples were selected, collected and analyzed in the Águeda
watershed. Geostatistical modeling was used, throughout conventional variography and
Sequential Gaussian Simulation algorithm, to model exhaustively the groundwater
uranium spatial distribution A hundred simulations only differing in their initial randomnumber seed were performed and interpreted. Spatial uncertainty evaluation allows
the definition of future monitoring and sampling strategies as well as the measurement
of remediation possibilities.
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Uranium hot spots are strongly embedded in the central region, overlapping Ciudad
Rodrigo, while in the watershed’s corners, high uranium spatial distribution uncertainty
can be observed, as the simulated uranium hot spots shows high variability throughout
the simulated realizations. These highly uncertain hot spots for uranium contamination
should be carefully monitored in future work aiming an accurate remediation plan.
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A bstract Vertical groundwater flow and reactive solute transport (adsorption) model
in MODFLOW/MT3DMS was developed to study leaching of fluoride from public drain
as a result of industrial release from a polishing industry. The study verified the
influence of three key parameters: Mass/Concentration of the fluoride, fluoride
adsorption isotherm (KD) and Recharge rate on the development of maximum plume
length (Lmax ) as a result of the leaching fluoride after a certain period of time (3 years).
For the vertical modeling, the flow and the solute transport were directed in the X
and Z direction with Recharge applied on top of the model (e.g. Yadav et al. 2013).
The study started by establishing working parameter range for each of the th ree
parameters from literatures. Simulation scenarios considering the average and the
extreme (min. & max.) values of Adsorption isotherm (KD), Concentration (C) and
Recharge rate (R) as established in the literature works were developed. In each of the
three scenarios, one parameter at a time was varied in many occasions inorder to
observe its influence on the plume development. Fin ally, Statistical methods
(correlation & fitting) to evaluate the simulation results were employed.
The plume extended upto 30.595 m in the first scenario, then decreased to 13.15 m
and 12.03 m in second and third scenarios respectively. However, from the maximum
plume length (Lmax ) vs the three parameters plots, Lmax Vs. KD plots show the best
correltion and base on this, it was therefore established that adsorption isotherm (KD)
of the fluoride shows the greatest influence on the transport of the contaminant
through the saturated aquifer, then followed by fluoride concentration and finally the
recharge rate going into the aquifer.
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In addition, the study shows that the recharge from the top of the model leads to
dilution of the fluoride contaminant and a general decrease in the plume length
increase in flow velocity and a larger dispersion. These were seen when the plume
length decreases drastically by about 57.02% (from 30.595 to 13.15 m) in the second
scenario and went further to decreases slightly by about 8.52% (13.15 to 12.03 m) in
the third scenario. The relationship between Lmax and recharge rate in the third
scenario (maximum values) for the simulation range is presented on a graph. The
simulation result yielded a moderate coefficient of determination (R2=0.700) and an
expected negative slope, which implies that the greater the recharge, the lesser the
plume will extend further (i.e. lower Lmax ).
For further research, 3D flow and solute transport model to study the effect of
infiltration on a contaminant plume is strongly recommended.
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A bstract Rainfall is a highly heterogeneous process in space and in time. Since the
underlying generation processes remains poorly understood, stochastic methods have
been widely used to characterize and model rainfall variability. These models have
continuously evolved in the last decades to fit instrumental improvements in resolution
and accuracy. When the local features of the rain field are of interest, data and models
at the 1km x 1km x 5min resolution are nowadays available.
Here we propose to investigate the local structure of the rain with a 100m x 100m x
30sec resolution. Data are rain rate time series acquired across a dense network (8
sampling locations in a 1 km2 area) of drop counting rain gauges. These instruments
allow to measure rain heights with a high resolution (0.01 mm instead of 0.1 mm in the
case of standard tipping-bucket rain gauges) and a high sampling rate (30 sec instead of
1-5 min for tipping-bucket). New models are required to extract meaningful
information from these new data. To address this question, we present an adjustment
of existing geostatistical rain models to the case of high resolution data acquired by a
local rain gauge network.
A special attention is paid to characterizing and reproducing the features of the rain
intensity field at the considered scale, i.e.: the advection and morphing properties of
rain cells over time, the intermittency and the skewed distribution of rainfall, and the
decrease of the rain rate near the rain cell boundaries. To this end, the advection is
first inferred by temporal correlation of rain rate time series. Then, two random fields
are used to model the rain intermittency (binary random field) and the variability of
positive rain rates (anamorphosed Gaussian random field). These two fields take into
account the advection in their correlation structure. Finally, the interaction between
these two random fields, which is reflected by the decay of rain intensity near the rain
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cell borders, is modelled in a deterministic way. Simulations are used to preserve the
observed variability and to quantify the uncertainty of the reconstructed rain field.
The resulting reconstructions of the rainfall are derived from rain gauge data only and
can therefore complement usual weather radar observations obtained by distinct
acquisition and processing principles. In addition, the application of this method to
networks with a spatial extent comparable to the one of a radar pixel (i.e. 1 km2) allow
exploration of the rain field structure within a single radar pixel.
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A bstract Realistic representations of geological heterogeneity are crucial for modeling
fluid flow and solute transport in geological media, particularly in systems where the
flow field is characterized by preferential flow paths. Multiple-point statistics (MPS) is
an effective geostatistical technique to generate such representations because it allows
the integration of geological interpretation into the stochastic process. This integration
is done through a training image (TI), which provides a representative
conceptualization of heterogeneity that is consistent with patterns created by
geological processes. A critical step for the application of MPS is the selection of a
suitable training image, which can be problematic when non stationarity is expected.
Moreover, the spatial distribution of direct observations of physical properties and
consequentially the level of information is often unbalanced, with clusters of data
points in certain volumes or along specific directions (both vertically and horizontally),
and sparse data in others. Generally, only data clusters provide sufficient information
to conceptualize small-scale heterogeneity into a training image. However, other types
of data (e.g., indirect observations or qualitative and interpretative information) can
compensate for the lack of detailed information.
In this work, we propose a new workflow based on integration of data at different
scales and resolution to generate geologically-consistent realizations of subsurface
heterogeneity in a non-stationary environment. In the first step, clusters of data are
selected and interpreted to generate 2-D TIs for each cluster. Then, the 2-D TIs are
processed with an algorithm (s2Dcd) that allows to obtain 3-D TIs from 2-D TIs. For
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each TI, a probability map (with the same size of the simulation domain) is drawn
based on the distance from the data cluster that was used for its derivation. In areas
where data coverage is sparse, as well as in areas where it not possible to clearly
identify the most suitable TI according to the calculated probability maps, one of the
generated TIs is selected using an algorithm that allows to verify the high -order
consistency of the TIs with data. Additional information derived from a prior
lithostratigraphic model is also used to support the selection of the most suitable TI.
This workflow is tested to simulate the lithology of glacial and fluvial deposits in
Central Glasgow, UK. Realizations of lithofacies distribution generated with the
proposed approach are also used as input for numerical simulations of groundwater
flow and advective solute transport in the same domain. Metrics measuring the
accuracy and the uncertainty of the predictions of lithology, groundwater heads and
fluxes are calculated and compared to corresponding values obtained for a previously
developed transition probability-based geostatistical model based on the same dataset.
Results from this analysis show that it is possible to generate geologically-consistent
realizations of the subsurface by integrating data with different resolutions, which in
turns provide an effective approach to address the issue of non -stationary.
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A bstract Discrete Fracture Network (DFN) modelling is a widely accepted concept for
modelling groundwater flow in a fractured rock mass. DFN models are intrinsically
stochastic, i.e., their geometric and hydraulic properties are based on statistical
distributions evaluated from direct measurements of heterogeneous data from
outcrops, boreholes and underground excavations as well as from indirect
interpretations from geophysics and hydraulic tests. In this paper, methods for local
geometric and hydraulic conditioning of unconditional DFN realizations are presented
while a simultaneous match against global statistics is assured.
The developed methods were tested against one ‘reality realization’ of a synthetic
DFN model representing a geological repository for nuclear waste disposal in a
sparsely fractured rock mass. Unconditioned DFN realizations were conditioned
against both geometric and hydraulic data sampled from the ‘reality’ realization. The
conditioning process was sequentially updated as more and more ‘reality’ sample data
was introduced representing different construction stages of a repository. It is
demonstrated that the presented methods are capable of creating conditioned DFN
realizations which reproduces measured inflows and inflow locations of the ‘reality’
realization. The developed conditioning methods can be applied to various fields of
DFN modelling including nuclear waste disposal, fractured oil and gas reservoirs,
mining and civil engineering.
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A b stra ct Modeling geological complexity and inherited hydrogeological features
configuration is of great interest in water resources management. The major difficulties
when modeling aquifer systems come ﬁrst from spatial and temporal variations in
geological and hydrological properties together with the scarcity of data that are
unequally distributed and not fully complete; and second, from an insufficient
consideration of the geological framework.
The complex depositional and post-depositional history of the Jeffara Basin in
southeast Tunisia has resulted in complex faulted reservoir systems for which the
specific knowledge of both the geology and hydrogeology is too limited to allow
building a 3D reservoir model.
Preliminary geometric models based on borehole data were unsuitable to reflect the
geometry of the reservoir units. The overall aim of this study is to develop an
operational geostatistical methodology to build an architectural model that captures
the important and detailed heterogeneities of the aquifer systems that condition the
flow domain structures, by combining different input data, 2D seismic sections,
boreholes logs, geological maps and lithostratigraphic cross-sections.
Speciﬁc objectives are ﬁrst to improve the geological reservoir description. Borehole
data were used to describe vertical stacking patterns, to support lateral correlation
assessments and thus to define the structural heterogeneities associated with the most
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important structural features in the study area. Second, to illustrate how currently
available data can be extended to develop a coherent georeferenced database
including: (i) exact and inequality data extracted from boreholes, (ii) soft data derived
from digitized lithostratigraphic cross-sections and (iii) large and small scale
discontinuities mapped from seismic data and geological correlations.
Geostatistical modeling was then performed, using the ISATIS software and based on
the conceptual geologic model, to calculate the different bounding faulted surfaces of
the reservoir units. Geologic and inequality constraints were included in the
variographic analysis, and in the different kriging interpolation procedures to optimize
the surface calculations.
By integrating different input (exact, inequality and soft data), it was possible to
enhance the modeling process, to reproduce a successful geometric model that
represents the geologic reality and to capture the continuity/discontinuity of
hydrogeological features that define the preferential flow paths within the aquifer
systems.
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A bstract Multivariate statistical analysis include correlation, factor and cluster analysis,
which are widely used in the field of hydrogeology. The application of different
multivariate approaches to the interpretation of the complex hydrochemical data,
offers a better alternative to water quality studies and to assess the ecological status of
an area.
The objective of this study is to apply multi variate statistical analysis to assess the
impact of effluent released from leather tanning industries on groundwater quality in
Ambur, Vellore district, Tamilnadu, India. A total of 30 groundwater samples were
collected twice a year from open and shallow wells around this region and they were
analyzed for the concentration of major ions using an ion chromatograph. The
chemical data was analyzed using SPSS version 17.0.
The concentration of major ions in groundwater follow order as Na + Ca 2+ Mg 2+ K +
and Cl- HCO3 - SO4 2- NO3 -. Strong positive correlation was observed between Cl - and
Ca 2+, Mg 2+, Na + and K + during both seasons, which is due to mixing of the tannery
effluents and geochemical weathering. The grouping of ions such as Ca 2+, Mg 2+, Na +,
Cl- and SO 4 2- in factor 1 (47.5% and 55%) indicates the effect of tannery effluents. The
association of ions such as HCO 3-, K + and Na+ in factor 2 reflects silicate weathering.
Spatial distribution of factor 1 and factor 2 in groundwater indicates high concentration
of these ions around the tanneries during both seasons. It is necessary to enh ance the
performance of the effluent treatment plants and also to increase the rainfall recharge
to improve the groundwater quality of this region.
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A bstract This paper presents the results of groundwater flow and solute transport
models in fractured rocks for the Olkilouto reservoir (Finland). The fractured rock is
represented as an equivalent porous medium, for which the hydraulic conductivity
fields are generated stochastically using the concept of transition probability combined
with a Markov chain model.
The representation of the stochastic equivalent porous medium was defined according
to the rock facies, depending on their hydraulic conductivity and fracture density. Four
rock facies were defined: sparsely fractured bedrock (SFB), sparsely to moderately
fractured bedrock (SMFB), moderately to highly fractured bedrock (MHFB), and highly
fractured bedrock (HFB). The groundwater flow equation was solved numerically via
finite differences, on which the full tensor of hydraulic conductivities is considered.
Transport simulations were performed via Random Walk Particle Tracking (RWPT)
implementations, on which bilinear velocity interpolation and the tensor dispersivity as
one offset array were considered.
The main objective of this study was to validate computational codes implemented for
the resolution of flow and transport models, regarding simulations obtained with codes
widely accepted by the hydrogeological community.
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A bstract The availability of fresh groundwater is limited in the province of Zeeland,
The Netherlands due to the young marine sediments deposited by Holocene
transgressions. On top of the saline groundwater, recently infiltrated rainwater has
formed fresh water lenses that are exploited by local farmers for irrigation and from
which crops are extracting their water. The 3D distribution of the salinity of the
groundwater is an important parameter in environmental and agricultural land
utilization. Climate change (increasing winter precipitation and dry spells in summer,
together with a rising sea level) will have an impact on the salinity distribution of the
groundwater. Modelling these changes requires a detailed model of the current salinity
distribution.
Electromagnetics (EM), are very susceptible to salinity variations. Traditional groundbased EM are expensive and time consuming. Airborne EM can cover large areas for a
reasonable cost and provide 3D resistivity profiles along the flight lines.
The project FRESHEM Zeeland (FREsh Salt groundwater distribution by Helicopter
ElectroMagnetic survey in the province of Zeeland) is aimed at collecting
electromagnetic measurements that are inverted to bulk resistivity. A detailed 3D
stochastic voxel model of lithology classes (GeoTOP) is used to separate bulk
resistivity into a part that represents the resistivity of the sediments and a part that is
due to the salinity of the groundwater. This resulted in detailed information along the
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flight lines that is interpolated for areas in between flight lines. The highly clustered
data needs special attention when subjected to interpolation. Furthermore, fresh and
salt water bodies in Zeeland are generally separated by a relatively thin zone of
brackish water. As a result, the statistical distribution of groundwater salinity is
bimodal, with excess fresh and saline groundwater peaks. We applied indicator kriging
with carefully selected cut-off’s to represent the brackish zone. Local variogram
models were used for better reproduction of local phenomena. Prior geological
knowledge (e.g. sandy tidal channels are known for their large fresh water storage) is
extracted from the 3D stochastic voxel model and is then used in a probabilistic way
to steer the interpolation.
Verification with an independent dataset show that groundwater salinity can be
accurately calculated based on HEM measurements and a stochastic lithological model.
Using indicator kriging as interpolation method turns out to be suitable to construct a
3D voxel model, revealing high resolution spatial patterns of groundwater salinity.
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A bstract Water flow at the glacier and bedrock interface plays an important role in
understanding alpine catchment hydrology, glacier motion, erosion processes, as well
as potential hazards such as glacial outburst floods. The lack of direct observations of
the main components of the subglacial drainage system (channelized and distributed
water flow) in addition to the transient properties of the system due to melt, freezing
and the advance of the glacier, make it a challenging system to model. The available
subglacial drainage models are based on deterministic physical processes that require
complex parametrization and are computationally expensive, making them difficult to
constrain data.
This work focuses on creating a model of subglacial drainage features including discrete
elements such as channels incised to the ice (Röthlisberger channels) and a linked
cavity system represented by distributed diffuse flow. We propose a new methodology
to generate subglacial features using a combination of stochastic and physics-based
processes, which is able to represent the heterogeneity of the system.
The methodology consists in generating a spatial model for the drainage network
representation which is dual between discrete elements (channels or conduits) and a
heterogeneous matrix (distributed system). We use a finite element groundwater
model to represent pressurized flow, and iteratively modify the drainage network to
match the observed discharge at the outlet of the glacier. In each iteration the
underlying topography is perturbed as in classical geostatistical inverse problems. Each
time, an updated drainage network is recomputed based on the new topography. This
technique ensures a hydrologically coherent connectivity of the channelized elements
and allows the generation of different network structures.
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The proposed methodology is able to represent and identify the type of connected
patterns that drive subglacial dynamic and allows conditioning to observed data. This
work investigates for the first time the use of inverse geostatistical modeling for
identifying inaccessible subglacial features
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A bstract The Greenland Analogue Project (GAP), an international field and modelling
study of the Greenland Ice Sheet was established in 2008, collaboratively by the
Swedish, Finnish and Canadian nuclear waste management organisations; namely, SKB
(Svensk Kärnbränslehantering AB), Posiva (Posiva Oy) and NWMO (Nuclear Waste
Management Organisation). The Greenland Ice Sheet is considered to be a modern
analogue with respect to size and conditions that could prevail in Fennoscandia and
Canada during future glacial periods with continental-scale ice sheets.
The potential impact of long-term climate changes has to be evaluated with respect to
repository performance and safety. In particular, glacial periods of advancing and
retreating ice sheets and prolonged permafrost conditions are likely to occur over a
repository site. The growth and decay of ice sheets and the associated distribution of
permafrost will affect both the groundwater flow and the groundwater composition.
Since significant changes may take place, the understanding of groundwater flow
patterns and composition during glaciations is an important safety issue for the
geological disposal over time frames of 100,000 years or more.
Within the framework of the GAP project, some key findings are provided by field
data and investigations; however, data integration, dynamic ch aracterisation and
understanding of the key processes are obtained through numerical modelling at
regional scale. Several modelling phases were performed under various conditions and
selected processes; a groundwater flow model under ice sheet conditions was
developed for the region of Kangerlussuaq (Jaquet et al., 2010; Jaquet et al., 2012). The
on-going final and third modelling phase has enabled the integration of dynamic ice
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sheet modelling data into the groundwater flow model; i.e. by applying transien t
boundary conditions representing ice sheet displacement, modelling of density-driven
groundwater flow, heat transfer and permafrost development was performed during a
complete glacial cycle in Greenland.
This presentation is centred on the geostatistical methods that were applied for the
assimilation of multiple sources of data into the groundwater flow model. Selected
types of geostatistical models were chosen; in particular, a nonstationary model was
used for the anisotropic description of hydraulic and transport properties of the
gneissic bedrock – considered as a 3D stochastic continuum – including vertical and
horizontal conductive deformation zones. In addition, a permeable subglacial layer was
also characterised geologically and hydraulically using continuous and truncated
Gaussian models.
Such a modelling approach that combines numerical and geostatistical methods leads
to a reduction in uncertainty and consequently improves confidence when assessing
selected measures of repository performance.
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A b stra ct Besides to geological complexity inherent to a specific study site, our
understanding of subsoil heterogeneities largely depends on density and spatial
distribution of boreholes for wells and monitoring piezometers (boreholes placement,
hereafter). As a result, when a probabilistic approach is undertaken using geostatistics,
the reliability of geological predictions largely rely on boreholes placement. This study
seeks to provide insights into optimization of boreholes placement using a sedimentary
case study whose heterogeneity is exhaustively known from a large number of
boreholes with rather regular spacing.
The Porto Marghera case study (inland of Venice, NE Italy) consists of a c. 4x11 km
block hosting diverse industrial activities over most of the last century, which resulted
in heavy pollution of the subsoil and the nearby lagoon of Venice. The subsoil of the
site consists of loose sediments of late Pleistocene-Holocene age which can be
grouped into three main stratigraphic units: (i) the Late Glacial Maximum (LGM) sandy
fan delta of the Brenta river (BFD hereafter), (ii) the post-LGM lagoonal deposits and
(iii) the preset-day anthropogenic backfill. A well-developed and laterally continuous
paleosoil provides a key horizon separating BFD from younger deposits. Site
remediation works undertaken in the late 90’s required drilling of numerous boreholes
with continuous coring mostly for assessing and monitoring pollutants concentration in
the shallow subsurface (up to 30 m). The stratigraphies of more than 1400 boreholes,
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coded by grain size-based soil classification standards, were later on collated into a
database, thereby providing a comprehensive dataset of the subsoil
heterogeneity/anisotropy.
In this work we deal with the modeling of BFD only, which can be ideally subdivided
into three main depositional elements, namely (i) channels with sandy infill; (ii) levees
dominated by sandy-silty mud, and (iii) a dominantly clayey floodplain with rare peats.
Soil types were grouped into three operative indicator facies based on dominant grain
size (i.e. sands, sandy-silty mud and clayey mud) with peats as an accessory facies. The
volume to be modeled was discretized into voxels of size 25x25x0.20 m. To test the
sensitivity of geostatistical modeling on boreholes placement, facies were modeled in
separate sessions using increasing fractions (i.e. 20%, 40% and 80%; training dataset,
hereafter) of the total number of boreholes available. The training datasets were
extracted with two different methods devised to either preserve uniform borehole
spacing or produce a more clustered placement. The boreholes not used in the
modeling (validation dataset, hereafter) were later on used for cross-validation
purposes Analysis of spatial anisotropy, variography and compilation of vertical
proportion curves were carried out in each modeling session without previous
knowledge of the full dataset, prior to run 25 conditional simulations using the
Sequential Indicator Simulation algorithm with ordinary kriging and same initial seed.
The core result of this study, achieved comparing results of different model sessions, is
an assessment of facies prediction reliability as function of size or topology (i.e.
uniform vs. clustered spatial distribution) of the training dataset used. Implications for
characterization of hydrocarbon and water reservoirs in the subsurface were also
explored calculating connected volumes of high-conductivity sands.
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A bstract In this paper, a parallel implementation for solving the groundwater flow
equation (GFE) on highly heterogeneous anisotropic aquifers using the high
performance computing environment PETSc, is presented. Tridimensional GFE is
solved numerically via finite differences, considering the non-diagonal tensor of
hydraulic conductivities. Two experiments to evaluate the performance of parallel
simulations were performed, solving the GFE for: (i) a 2D heterogeneous aquifer
connected to a sinuous sloped river for which the conductance has six different values,
and (ii) a 3D fractured rock reservoir located in Olkilouto (Finland). The first
experiment was carried out to evaluate the influence of the river-aquifer connection
on the efficiency of the PETSc implementation. The second experiment was performed
to evaluate the speed of solving models simultaneously using PETSc on a MonteCarlo
simulation. In this case, hydraulic conductivity fields were simulated using the concept
of transition probability combined with a Markov chain model.
The influence of the selection of the preconditioning for solving the linear systems of
equations of the models on the performance of the parallel implementations is also
evaluated. Results show that, with the correct selection of the preconditioning scheme
along with the parallel PETSc implementation, the speed for executing models
increases drastically.
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A bstract Landfills are still one of the most common engineering infrastructures for the
final management of solid waste. However, landfills are severe potential sources of soil
and groundwater contamination. Therefore, extensive studies should be made when
licensing new landfills in order to ensure environmental protection.
Geostatistical techniques provide a powerful tool to perform environmental analyses,
which may contribute in great manner to the understanding of the local geological and
hydrogeological conditions, being these key aspects of the environmental impact
assessment of the landfill that are requested by the environmental authorities.
This work shows an application of geostatistical techniques, which integrate both
geological and hydrogeological information, for the characterization of a future landfill
site locate in the south of Valencia region (Spain).
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A bstract Following the current EU legislation about solid waste management, risk
analysis techniques can be applied in order to ensure the protection of soil and
groundwater quality when licensing new landfills sites.
The degree of environmental protection is defined in terms of the hydraulic
conductivity distributions within the area of study as a function of depth.
This work shows an application of geostatistical techniques for the definition of the
area in which a new municipal solid waste landfill in Valencia region (Spain) could be
constructed. Risk maps are obtained by Sequential Gaussian Simulation and the exact
limits of the landfill are finally proposed. The information used was given by the
samples taken on a detailed local geological campaign on the site.
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A bstract Basin and petroleum system modeling is an interdisciplinary endeavor, and
utilizes integrated data to study sedimentary basins. Numerical models are constructed
and simulated to quantitatively model the geodynamic processes in sedimentary basins.
Often, the modeling process covers large spatial and temporal intervals with many
uncertain input parameters. These can be continuous parameters characterized by
certain statistical distribution, spatially distributed variables, or discrete parameters
such as geological scenarios. Identifying sensitivities from these complex input model
parameters and recognizing key uncertainties are crucial and challenging for basin
modeling development and applications. The major contribution of this work is to
introduce and implement efficient and accurate sensitivity analysis approach for basin
and petroleum system modeling discipline.
We investigated two types of sensitivity analysis methods and compared their
performance for identifying the impact of uncertain parameters on both spatial and
temporal model responses. The first approach utilizes the variance-based Sobol indices
to quantify parameter sensitivities, while the second approach is a distance-based
sensitivity analysis which utilizes the distance between model responses to determine
sensitivities of different parameters. The sensitivity analysis approaches are illustrated
through a basin modeling example involving the processes of sediment compaction,
source rock maturation and hydrocarbon generation in the Piceance Basin, Colorado,
US. Monte Carlo samples of the input uncertainties related to physical properties of
the source rock, thermal boundary conditions, and geological setting scenarios are
generated. Multiple basin models constructed using these uncertain input parameters
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are simulated across the geological time span, and time-varying model response
(hydrocarbon generation from Lower Cretaceous to present-day) and spatial model
response (pressure and porosity distribution at present-day) are obtained. Sensitive
parameters that impact these spatio-temporal model responses are then analyzed.
Results show that the distance-based sensitivity analysis approach could achieve similar
results with fewer model runs compared to the variance-based Sobol method. Model
responses in spatial and temporal domain are impacted by different uncertain input
parameters. Subtle relationship between input parameters and model response could
also be identified. In particular an unexpected link between chemical kinetics and
porosity versus depth behavior was uncovered. The knowledge obtained from
sensitivity studies enhance the understanding of the complex geological processes and
can benefit the modeling development and forecast capability. Though the sensitivity
results are case-specific, the approach and workflow are generally applicable to other
basins and earth sciences modeling studies.
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A bstract Quantitative precipitation estimation (QPE) is applicable in a wide array of
fields, including agriculture, hydrology, and atmospheric sciences. Rain gauge and
weather radar are two common instruments to measure precipitation. Rain gauges
measure surface precipitation at a sparse set of locations, while weather radar
provides less accurate precipitation estimates characterized with high temporal and
spatial resolution. It has been shown that incorporation of radar and rain gauge
information in estimating rainfall values is more effective than simply interpolating
between rainfall measurements from each instrument.
Spatial interpolation methods are often used to adjust radar rainfall estimation. Inverse
distance weighting (IDW) and kriging are commonly employed for the purpose. IDW is
a popular deterministic interpolator due to its simple implementation and fast
performance, while its prediction performance is poor and stochastic uncertainty
quantification is not allowed. Kriging is able to quantify uncertainty as a stochastic
interpolator, but requires a restrictive set of assumptions. It is expected to quantify
uncertainty poorly and produce inaccurate interval estimates when those assumptions
are not met. Further, kriging methods require that the spatial structure of the
underlying spatial processes is presumed, which is quite susceptible to the
misspecification of variogram model. Regression-based inverse distance weighting
(RIDW) was introduced as an alternative to kriging. This method consists of two
components, mean modeling through regression and residual adjustment through
IDW. When data are collected across time and space, incorporation of previous time
information may bolster spatial structure specification, leading to more accurate
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predictions. Using past information is especially beneficial when current information is
insufficient for spatial structure specification and temporal correlation is significant.
The objective of the study is to propose a flexible, automatic, and efficient spatial
interpolator, called spatio-temporal regression inverse distance weighting (stRIDW).
This method is an extension of RIDW, which incorporates past spatial stru cture into
current spatial interpolation. The advantages of the method over the other
interpolators are that it requires no stochastic assumptions, avoids parameter tuning,
provides efficient computation, and allows us to borrow information from the previous
time. For the proposed interpolator, we also propose a new distance function across
space and time. In addition, we consider how to quantify uncertainty in the spatial
prediction. The study area is covered by the radar circle centered in Mountain Bisl
located near Daegu, South Korea. The rain gauge network consists of 185 tipping
bucket rain gauges. This study will focus on the case of 2012 -07-06, in which 1514
hourly rainfall observations are recorded across 24 hours.
The proposed method outperformed kriging methods in uncertainty quantification as
expected because KED requires normality in uncertainty quantification, which is not
typically valid in rainfall data. We found that kriging methods often fail to estimate
spatial structure and perform prediction when sample size is too small (&lt; 10),
whereas RIDW and stRIDW succeed. It is of utmost importance to perform radar
rainfall estimation continuously for the purpose of operational use.
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A bstract We have developed an application of the ensemble Kalman filter for the
simultaneous characterization of hydraulic conductivities and the identification of a
contaminant source. The state variables used are piezometric heads and solute
concentrations.
When enough data of both state variables are assimilated, the algorithm is capable of
identifying both the aquifer heterogeneity and the location of the contaminant release
area. The implementation has several specific characteristics including the use of the
variables describing the geometry of the contaminant source in an extended vector.
The update of these geometrical variables after an assimilation step requires the rerun
of the transport model from time zero.
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A bstra ct Forest fires and torrential rainfall are ranked among the most important
meteorological risks in the Western Mediterranean basin. Therefore, the analysis of
the processes that generate these risks and the improvement of their forecast is very
useful.
Remote sensing data are used to improve the evaluation of a forest fire risk index in
this case: the Haines Index (HI). The evaluation of forest fire risk is essential to assess
the likelihood of damage and its possible extension. During years instability and dry air
have been associated with the development of large wildfires in the USA. Haines (in
1988) was the first scientist who developed an index of weather risk based on stability
(term A) and moisture (term B) of the lower layers of the atmosphere.
HI is a potential risk indicator of forest fires where the convective plume is more
important than the horizontal winds. This type of fire, called plume dominated or
convective fires, may have an erratic behavior that could complicate firefighting.
HI is the sum of terms A and B; values from 1 to 3 are assigned to each term
depending on the magnitude of the temperature difference between two p ressure
levels (A) and the temperature and dew point temperature (B) in the predefined
pressure levels depending on the terrain elevation. The highest values of the term A
indicate greater instability in the lower troposphere and the highest values of the term
B indicate drier conditions that are favorable for the spread of wildfires. Thus, the HI
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will range between 2 and 6, with values equal or greater than 5 when weather
conditions are critical to encourage this type of forest fires.
Temperature and humidity data in the lower atmosphere are required to compute HI,
and usually radiosonde data are used. However, due to the low density of the existing
radiosonde station network (10 stations in Spain, without location in Valencia) data,
we used data from atmospheric sounders, i.e., MODIS, AIRS and AMSU located
onboard the observation satellites EOS Aqua and Terra, which improve both the
spatial and temporal resolutions of HI maps. We analyzed the atmospheric profiles and
extracted the necessary variables to compute the HI in some historical plumedominated fires. Specifically, the data used were AIRS Level 2 V6 products (AIRX2RET,
AIRS and AMSU combination of data, and AIRS2RET, only AIRS data, both on board
EOS Aqua) with a spatial resolution of 50 km and MODIS Level 2 products, MOD07
(EOS Terra platform) and MYD07 (EOS Aqua) V5 with 5 km spatial resolution.
The results show that the use of MODIS data to compute HI significantly improves the
spatial resolution compared with radiosonde or reanalysis data, which are usually used
for climate studies. MODIS data also have higher temporal resolution since each of the
products are acquired twice per day, corresponding to the ascending and descending
satellite orbits. Therefore, it can be concluded that remote sensing data are a valuable
tool to characterize the atmosphere in the lower layers and solves the lack of globally
data.
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A bstract In accordance with the European Directives on Ambient Air Quality, the area
where concentrations exceed a regulatory threshold has to be assessed. The spatial
distribution of the pollutant is not exactly known. Deterministic atmospheric
dispersion models are thus commonly used by local agencies in charge of air quality
monitoring to supplement the observation network. To reduce computational time,
irregular modelling grids are usually defined, especially in urba n areas where the
density of points is higher close to the roads. For further analysis, such as crossanalysis
with population data, it is then necessary to interpolate concentrations on a regular
grid.
We propose a new geostatistical method based on an external drift framework to
include information along and across the roads in the estimation. An exponential
assumption is made on the decrease of the concentrations across the roads and the
development of the exponential function by its series is used to build an ensemble of
linear drifts. The relationship with IRF-k modelling is examined. We compare this
estimator with the classical interpolation techniques used in air quality, applying the
methods to NO 2 simulation data on a French agglomeration.
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A b stra ct Various formulations of geostatistical methods to combine rainfall
measurements by meteorological radars and rain gauge networks for improved rainfall
estimation can be found in the literature. The aim of these methods is to benefit from
the direct rainfall observations at ground from rain gauges, and the detailed description
of the space-time variability of the rainfall field captured by rainfall estimates from
meteorological radar measurements (with typical resolutions of 1 -2 km and 5-10
minutes).
Among the existing methods, Velasco-Forero et al. (2009) proposed to use Kriging
with external drift (KED) with non-parametric semi-variograms. The method uses the
radar rainfall estimates as the drift to interpolate raingauge observations, and considers
the anisotropy of the rainfall field thanks to the use of two-dimensional semivariograms, which are updated every time new (radar and gauges) rainfall observations
are available.
The presented work explores two improvements to the methodology to (i) include
the time dimension in the reconstruction (the estimation of rainfall at a given time
considers current and past radar and rain gauge observations), and (ii) overcome the
spatial stationarity hypothesis, which is particularly not realistic when the interpolation
is done over large domains.
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A bstract The selection of an appropriate spatio-temporal covariance model for the
data under study depends on different characteristics highlighted by the empirical
covariance surface. In particular, it is worth:
(i) Testing the null hypothesis of full symmetry (Li et al., 2007); if the null hypothesis is
accepted, then a fully symmetric space-time covariance function can be considered;
(ii) Testing the null hypothesis of separability (Li et al., 2007); if the separability
hypothesis is accepted, then the space-time covariance model is simply the product of
the spatial and temporal marginals, otherwise a non separable model is needed;
(iii) Detecting the type of non separability (De Iaco and Posa, 2015): if the separability
hypothesis is rejected, then a technique to detect the type of non separab ility is
applied;
(iv) Inspecting the asymptotic behavior of the spatial and temporal marginals, as well as
their behavior at the origin;
(v) Testing the class of covariances chosen on the basis of the output of the previous
steps, and then fitting this model to the sample space-time covariance.
In this paper, the procedure for selecting the suitable class of space-time covariance
functions has been applied to a simulated data set and to a case study, concerning wind
spee data measured over an area located in Southern Italy.
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In particular, in the case studies, different choices concerning the number of stations
and the number of temporal lags to be used in the testing procedures (in particular,
the tests for full symmetry, separability and the type of non separability), have been
considered and the influence on the p-value has been evaluated.
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A bstract Summer temperatures have become a parameter of essential interest under
the framework of a future hypothetical increase in the number of extreme heat
conditions. These sort of weather events have become of special importance as they
can remarkably affect sectors as diverse as public health, energy consumption, water
resources, etc. In this regard, their forecasts is a crucial aspect bearing in mind a
mitigation of the effects and impacts that these intense-heat situations could produce.
The current work tries to reach a better understanding of these sort of atmospheric
conditions that are common over the Western Mediterranean coast. The Regional
Atmospheric Modeling System (RAMS) has been used to simulate an extreme heat
episode that took place in the Valencia Region in July 2009. Besides analysing the
capabilities of this model in forecasting this sort of atmospheric situations, we examine
the role of land-atmosphere interactions, focused on the role of improved skin and soil
temperature (ST) initial conditions in the forecast results. We have used different
modelling and satellite-derived products for this purpose.
The influence of incorporating the Land Surface Temperature (LST) into RAMS does
not produce a significant impact on the simulation results, independently of the
resolution of the dataset used as initial conditions of the model. In contrast, the
introduction of the ST in lower levels has a more marked decisive effect. In any case,
RAMS is able to properly capture the observed patterns in those cases where a
Western advection is widely extended over the area of study.
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A b stra ct The drinking water contamination crisis in Flint, Michigan has attracted
national attention since extreme levels of lead were recorded in local water supplies
and the percentage of children with elevated blood lea d levels increased in
neighborhoods with the highest water lead level (WLL). The culprit was the April 2014
switch in water supply that resulted in water with high chloride and no corrosion
inhibitor flowing through the aging Flint water distribution system characterized by a
high percentage of lead pipes and lead plumbing. Since Flint returned to its original
source of drinking water on October 16, 2015 more than 20,000 water samples have
been collected and tested for lead in more than 10,000 residences. Concentrations
above the EPA action level of 15 ppb still remain and identifying additional residences
at risk is critical to target future environmental remediation and medical intervention.
In addition, concern over lead in water supply has spread to other U.S. cities and there
is a need for an approach that can integrate sparse WLL tests with readily available
secondary information, such as age of the house, to predict the likelihood of elevated
lead levels in drinking water.
This paper presents the first probabilistic prediction that lead level in drinking water
exceeds 15 ppb for each tax parcel unit in the city of Flint, Michigan. In addition to
18,568 WLL data recorded over the period 10/16/2015-4/21/2016 this model accounts
for the composition of service lines, year built, type of owner (public vs others), rental
vs owner-occupied property, time since switching back to Detroit water, and average
maximum temperature measured over 5 days prior to sampling. The age of the
housing unit is the main risk factor whereas the presence of lead lines is mostly
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important for smaller thresholds (e.g. 1 ppb). Probability of exceeding 15 ppb also
increases on owner-occupied properties, non-public owners, and over time.
Geographically-weighted logistic regression allowed modeling how the relative
influence of each covariate varies across the city (non-stationarity). Regression
estimates were then used as local means in indicator block kriging to create probability
maps. Cross-validation using Receiver Operating Characteristic (ROC) Curves
demonstrated the greater prediction accuracy of the multivariate geostatistical
approach relative to either aspatial regression (stationarity assumption) or indicator
kriging that ignores secondary information. This general procedure is applicable to
other cities with aging infrastructure where lead in drinking water is a concern.
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A bstract Agricultural activities in the Alto Guadalentín Basin (south-eastern Spain) led
to an intensive pumping of groundwater for over 20 years. Consequently the area
suffered the highest aquifer-related subsidence rate detected in Europe (>10 cmyr-1 ).
Several surveys have been conducted to monitor land subsidence in the region, such as
GPS (Global Positioning System) campaigns and InSAR (Interferometry Synthetic
Aperture Radar) studies. GPS provides the 3D displacement vector and moderate
spatial sampling. Alternatively, InSAR data has a high spatial resolution but
measurements represent the projection of 3D deformation onto the sensor line-ofsight (LOS). Therefore, integration of InSAR and GPS is crucial to obtain high accuracy
and wide spatial information of land subsidence.
The standard methods for combining InSAR and GPS data are based on the correction
of the InSAR interferograms to minimize the errors of high -resolution threedimensional surface velocity maps. In this research a different merging approach is
proposed by using geostatistical techniques. The high correlation between both sets of
data allows applying kriging with external drift interpolation. This version of kriging
takes into account discrepancies between GPS and InSAR derived measurements and
predicts subsidence values at unsampled locations. The proposed method, commonly
used in other geosciences applications such as rainfall estimation, is scarcely applied to
map land subsidence. Moreover, to the author’s knowledge, this is the first application
of kriging with external drift to merge InSAR and GPS data.
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A bstract Quantitative precipitation estimation covering a certain area has an essential
role in many hydrometeorological applications, highlighting the integration of these
estimations into early warning systems and using them as a tool for improving
nowcasting of flash-flood and extreme precipitation events. Previous research allowed
assessing a quantification of precipitation in the small Venero Claro catchment in Ávila
(Spain) by ordinary kriging of radar errors. Satisfactory results were obtained,
although, there are more developed geostatistical techniques that could improve this
estimation. This has been the motivation for this study, focused in this basin.
To optimize precipitation estimation by radar-rainfall geostatistical integration, it will
be applied the kriging with external drift approach. This technique is similar to ordinary
kriging, except that it uses covariables in the interpolation. In this study, covariables
will be ground elevation of the basin, rainfall estimation by the radar and then,
considering both together. Finally, the results of these different methods will be
validated, analyzed and compared, showing some limitations in the use of the
covariables.
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A bstract A pit has been filled with industrial wastes proceeding from two industries
during 20 years. After closure in early 90’s, first investigations showed potential
stratification of wastes. Willing to anticipate the remediation of the pit, both industries
wanted to figure out the location of their respective wastes in the pit, the
corresponding waste endpoints and the quantities to deal with, when excavating the
pit.
Each industry waste can be characterized by two tracers.The potential presence of
stratification of waste revealed by previous investigations, encourages the use of
geostatistics to interpret in situ and laboratory results. It allowed: (i) the correlation
between in situ measurements and laboratory analysis, reducing time and costs of
laboratory analysis, (ii) waste type mapping based on tracers distribution taking into
account uncertainty, and (iii) the estimation of waste type volumes to be treated based
on a defined threshold.
Exploratory Data Analysis showed a data set with more numerous low concentrations
than high ones. The EDA pointed out as well a “background noise” for every
parameter, showing a certain amount of waste types mixing.
Cartographies are made through kriging which is a data interpolation method using
geostatistics. This method captures the spatial structure of the data set and, according
to measurements points, predicts a likely value on each map point while also
quantifying the associated uncertainty.
The geostatistical simulation methods enable to figure out approximately the
distribution of wastes from each industry. It enables the quantification of
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volumes/masses that may exceed a threshold, and the calculation of the uncertainty
associated with the costs of treatment after excavation. The most accurate estimation
of waste quantities and costs associated may then be proposed and the industrials
masters the budget related to this expenditure.
A 3-Dimensional geostatistical study was conducted on the each tracers, following the
drilling of 15 boreholes in the pit. It was based on analysis results in 75 samples taken
from the 15 boreholes.
This study achieved the following objectives: (i) visualization of each tracer distribution
in the pit, (ii) visualization of the tracers volume crossing, helping to define industrial
ownership, and (iii) estimation of the associated treatment costs.
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A bstract The deep geological repository is the most probable option to permanently
isolate high-level waste (HLW) from the human environment. The decay heat
generated from the high-level waste affects thermal, hydraulic, and mechanical and
chemical processes occurring in the repository. The borehole heater test (BHT) is an
in-situ test at KURT (KAERI Underground Research Tunnel) to investigate the decay
heat transport and thereby the thermal and mechanical behavior of the host rock.
The BHT showed that the observed temperature data were a rather lower than those
predicted from a forward model which used the thermal conductivity determined with
rock samples in the laboratory (Yoon et al., 2013). This implies that the in-situ thermal
conductivity of the BHT rock is significantly different from the laboratory one or/and it
may have different values depending on the location. The purpose of this study is to
estimate the in-situ thermal conductivity from the observed temperature data of the
BHT using inverse modeling technique.
The optimal estimation of thermal conductivity by inverse modeling requires
minimizing an objective function. The objective function to be minimized is the 2-norm
of the residual between the observations and predictions of the system denoted as a
vector, repectively. An optimization approach for the best estimation in this study was
based on the Levenberg-Marquardt method (2000). The inverse modeling and
calculation were implemented using COMSOL Multiphysics and MATLAB. The
optimization approach employed here gave best estimate for the in -situ thermal
conductivity of the BHT, which was even higher than that determined from rock
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samples in the laboratory. Using the estimated thermal conductivity, th e forward
model could simulate well the observed temperature distribution of the BHT.
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A b stra ct Traditional methods for travel demand forecasting are often built upon
socioeconomic, travel and land use information and do not take into consideration the
spatial relationship of variables. Yet, the development of alternative techniques and
indicators related to travel demand are relevant for traditional modeling
advancements.
Thus, the main goal of the presented research is to evaluate the importance of
considering spatial information and spatial techniques when estimating travel demand
variables, especially for travel mode choice issues. This research tends to analyze
particularly the performance of Geostatistics in discrete travel mode choice modeling
and to evaluate whether the inclusion of geographical coordinates into a logit model
yields better outcomes.
The dataset refers to an Origin-Destination Survey dataset, carried out in the São
Paulo Metropolitan Area, Brazil, in 2007, by the São Paulo Metropolitan Company.
The variable of interest is the dichotomous motorized travel mode choice, in which
the value “0” represents the predominant usage of private motor vehicle
transportation and “1” represents transit preferences per household.
This study aimed to understand how valuable the spatial data is to deduce a variable of
motorized travel mode choice per household. The variable was assessed and estimated
following two approaches: a classic technique in travel demand forecasting - Logistic
Regression, and a Geostatistical method.
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On one hand, the former approach considered the geographical coordinates (easting
and northing) as explanatory variables, given that the spatial information is not intrinsic
in logistic regression modeling. On the other hand, the spatial correlation of the
variable underlies the second approach (geostatistical method), according to the
proximity of each pair of observations of the sample.
In order to evaluate the accuracy of both approaches, the sample was split in two sets:
training and testing set - 70% and 30% of the entire sample, respectively. Hence, the
first approach led to an equation provided by the training set and thereafter applied to
the testing set. The second approach led to semivariograms, theoretical curves and the
indicator kriging process, provided by the training set, and thereafter followed by the
validation step.
The first approach yielded 53% of hit rate and the latter (Geostatistics) resulted in 67%
of hit rate by using the same amount of information - geographic position and the
variable, meanwhile in two distinctive ways. Despite the lack of studies regarding the
use of Geostatistics for travel mode choice issues, these results demonstrate the
potential of the technique in the field, given the satisfactory match rate and its ability in
estimating values in alternative coordinates, besides those sampled in the Origin Destination Survey.
It is worth mentioning that as the traditional logistic approach usually takes into
account socioeconomic, travel and land use information; the use of eight of such
variables, along with the coordinates, resulted in 97% of match rate in the logistic
regression. However, promising results may be achieved by combining both the
traditional and the geostatistical techniques. This joint model has potential to prov ide
high performance as well as the feature of “mapping” the variable.
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A bstract The aim of this investigation study is to develop a reliable geostatistical-fuzzy
modelling approach in assessing the intrinsic vulnerability of aquifers. The used testing
data, related to 539 wells, was taken from the Brazilian Groundwater Information
System.
The proposed approach involves a preliminary statistical and spatial hydrogeological
data parameters evaluation and characterization, allowing a subsequent adequate
geostatistical-fuzzy modeling. A conventional and an adapted cross-validation method
were used to compare different variogram models used in estimation by kriging. Using
the geostatistical estimated models is then proposed a Fuzzy Inference System (FIS) in
order to assessing the vulnerability of free aquifers, based on the GOD method.
Therefore a FIS was developed, processed by Mamdani inference models, which
generated a fuzzy intrinsic vulnerability index (FIVI).
This methodology was applied to the city of Belém aquifer, Pará State, northern Brazil,
as well as the FIVI interpolation models. This promising approach originated an
accurate map of the aquifer intrinsic vulnerability, presenting itself as an excellent tool
for groundwater resources management.
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A bstract Road crash fatalities have become a major public health concern worldwide.
The magnitude of the problem is greater in developing countries like Brazil. In this
view, it is important to understand road crash causality in order to reduce the number
of fatalities. Knowing spatial locations of crashes and identifying the contributing factors
to crash occurrence are the first steps in the attempt to reduce fatal crash.
The main objective of this study is to explore the suitability of the geostatistical
approach by means of Indicator Kriging (IK) as a tool to estimate road crash fatalities
involving passengers of cars. The analysis is carried out in the state of São Paulo, Brazil,
based on the mortality database of its 645 municipalities.
Fatality figures are initially converted to binary setting (0 and 1). To this end, three
different conditions are applied resulting in three different sets of dependent variable:
based on the 1st quartile, the 3rd quartile, and the occurrence of fatal crashes. Then,
the methodological procedure followed four main steps: (i) exploratory spatial data
analysis; (ii) analysis of the spatial structure of the concerned variable; (iii) crossvalidation; (iv) Kriging. These geostatistical analyses were carried out in the
Geostatistical Modelling Software - geoMS. In the first methodological step, spatial
distribution of the data was analyzed and first impressions of its spatial structure were
pointed out. Secondly, experimental variograms were generated for each condition,
characterizing the spatial structure of the concerned variable. Thereafter, theoretical
variograms were adjusted and defined the main direction and its respective orthogonal
direction, besides the main parameters used for geostatistical modeling.
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The robustness and validity of the results are verified by means of Chi-squared test,
where the association between estimated and observed binary variable was checked.
The rate of correct estimated values obtained with IK was around 60% for all three
conditions, which can be considered reasonable considering the nature of the data.
Subsequently, kriging maps were obtained, showing areas where higher probabilities of
road crash fatalities are expected. By means of these maps, possible influential factors
in the high probability areas are identified, as those related to the roads and its
characteristics, land use, characteristics of the municipalities around the roads, etc.
Indicator Kriging turned out to be a potential tool in estimation of road crash fatalities
in areas where there is not enough information about explanatory variables and where
high variance in the data is identified. Furthermore, through the obtained results of
areas where it is assigned higher probabilities of these fatalities, strategies of road
safety management can be applied.
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A bstract The Amazon Basin exerts a strong influence on global carb on, water and
nutrient cycles. The response of the Amazon Basin to climatic shifts associated with
the El Niño Southern Oscillation (ENSO) is expressed through regulation of vegetation
growth. Changes in vegetation growth can be observed through satellite imaging of
Normalized Difference Vegetation Index (NDVI). Previous research has focused on
assessing the statistical significance of the ENSO-vegetation relationship at individual
locations, but the joint significance of this relationship across multi-pixel regions has
not been previously examined.
A 34-year data set of NDVI values is used to determine differences in the expression
of annual maximum and minimum NDVI values during El Niño/La Niña years relative to
years with minimal ENSO influence. The null hypothesis against which the NDVI
difference maps are compared is formulated as a multiGaussian spatial field with
appropriate covariance measures. Regions of significant differences are identified
relative to threshold values and the probability of the largest difference region
occurring under the null hypothesis for a given threshold is calculated.
Results are compared across different portions of the study area and examined with
respect to two conceptual models that limit vegetation growth in the Amazon Basin:
water limited and sunlight limited.
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A bstract It is a reasonable assumption that airborne radiometrics and ground-based
soil geochemistry may be applicable for predicting geogenic radon potential. An
example of a regional scale ground and airborne survey is the Tellus project, managed
by the Geological Survey of Northern Ireland (GSNI). As part of the airborne survey
terrestrial radiation was sampled using a gamma-ray spectrometer, a device which
resolves radiation emitted from the radioisotopes of potassium (K), uranium (eU) and
thorium (eTh), the main contributors of gamma radioactivity in rocks. In addition Total
Count (TC) measurements were collected, comprising a spectral summation, including
contributions from both natural and artificial radioactive sources. Flight lines had a line
spacing of 200 m and an average flight altitude of 56 m (240 m over urban areas) and
measurements were taken every 70 m.
Previous work by Rawlins et al. (2012) found that estimates of airborne radiometric
gamma dose rate can significantly improve the spatial prediction of terrestrial dose
rate. Measurements of terrestrial dose rates in air (nGy h -1 ), are typically based on a
limited number of ground-based measurements using an in situ radon detector
supported 1 m above the ground. The Tellus geochemical field survey collected multi-
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element total concentration data (including K, U, Th), comprising XRF analyses of 6862
rural soil samples collected at 20cm depths on a non-aligned grid at one site per 2 km2.
The paper addresses the question how can geostatistics be used to integrate remotelysensed airborne data, in this case radiometric measurements, with a limited number of
ground-based in situ radon measurements representing terrestrial dose rates, and soil
geochemistry to predict geogenic radon potential. However, the compositional nature
of geochemical data imposes several limitations on how the data should be used and
integrated with other data. The limitations relate to the fact that geochemical data are
compositional variables and as such carry only relative information. Therefore it is
inappropriate to use a single geochemical variable such as uranium in isolation to
predict geogenic radon, since although this single component may carry some relevant
information, such an approach ignores the multivariate nature of the geochemical data.
Using compositional data analysis (and log-ratio techniques) has been demonstrated as
an appropriate approach to deal with the constraint nature (closure effect) of
compositional data.
This paper explores the multivariate nature of the geochemical data to maximise the
potential to find a predictor for geogenic radon rather than concentrating on the
relationship with a single component such as uranium as traditionally the case. Initially
the isometric log-ratio (ilr) transformation is used in a knowledge driven approach
using the subcomposition K, U and Th. A data driven approach is also explored
producing a balanced dendrogram to find an optimal geochemical combination
predictor for geogenic radon potential. Compositional regression analysis is used to
identify the optimal log-contrast where the geochemical composition is expressed in
log-ratios and a classical regression is applied between the log -ratio scores and
covariates (radiometric data and terrestrial dose rates).
Using these relationships, the degree of spatial correlation (coregionalization) is
examined between the optimal geochemical log-contrast, and the airborne and
terrestrial signal to investigate the prediction potential for geogenic radon. The
covariates of type of geology and superficial deposits are explored to refine the
relationship.
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A bstract Crustal architecture is classically interpreted from deep seismic reflection
data and potential field geophysics. Crustal blocks represent the fundamental geological
units forming a continent, and their boundaries often are crustal- or lithospheric-scale
discontinuities that may act as melt and fluid conduits in a mineral system. Thirty major
crustal blocks were defined from the major crustal boundaries identified across
Australia from geological and geophysical analysis (mainly deep seismic reflection
profiles, continental magnetic, gravity and magnetotelluric data, and geological maps).
In this contribution we consider the use of surface sediment compositional data for
spatial prediction of membership to the major crustal blocks across the Australian
continent. Geochemical composition (major, minor and trace elements) was
determined on sediment samples collected as part of the National Geochemical Survey
of Australia (NGSA) between 2006 and 2011 by Geoscience Australia and all
States/NT geological surveys (www.ga.gov.au/ngsa). The NGSA collected catchment
outlet (similar to floodplain/overbank) sediment samples from two depths (0-10 cm,
and ~60-80 cm) in the sediment profile at 1186 sites across Australia. Collected
samples were sieved to two grain-size fractions (less than 2 mm, and less than 75 μm)
and analysed geochemically, resulting in four separate data sets. Whole-rock
compositional data for 45 elements were used in this study.
As geochemical data are compositional, for each data set a centred logratio (clr)
transform was applied to account for the constant sum constraint. Minimum-maximum
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autocorrelation factors (MAF) were computed based on the correlation matrix of all
but one of the standardised clr-transformed variables (to avoid singularity of the
correlation matrix) and a covariance matrix of a lag separation determined from the
sample spacing of the data. The samples were tagged with their corresponding crustal
block and an analysis of variance (ANOVA) was used to establish that 10 factors were
required to effectively discriminate between the 22 different crustal blocks for which
enough NGSA samples were available. Cross-validation linear discriminant analysis
(LDA) was performed to derive probabilities of class membership for the sample
locations. The prediction accuracy differed by sediment depth and grain -size fraction,
ranging from 54% for the deeper sediment coarse fraction to 59% for the shallower
sediment fine fraction. Soft indicator co-kriging was applied to map the discrete
probability distributions, and maximum likelihood was used to assign the crustal block
to which each sample site is most likely affiliated geochemically, along with maps of
entropy and uncertainty in the class assignment.
The results indicate that LDA of MAF of (near-)surface sediment geochemistry
provides a good means of assigning crustal block membership where the underlying
basement geology is not exposed. Differences between crustal block allocations
provide valuable insight for geological evaluation.
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A bstract This contribution shows the results of validation of the Suomi National PolarOrbiting Partnership (S-NPP) Visible Infrared Imaging Radiometer Suite (VIIRS) LST
product data when using ground measurements acquired over a rice paddy as
reference data. Ground-truth LST data were registered by an autonomous system
deployed on a permanent station at a ~100 km 2 flat and homogeneous area of rice
crop fields near the Valencia city (39.274°N, −0.317°E in WGS-84; 2.5 m above sea
level). The rice site has a fraction of vegetation cover close to one (i.e., full vegetation
cover) from July to harvest in September, and the site is then flooded from December
to January, and also in June. The land cover changes from wet to dry bare soils from
February to May, except for significant precipitation events. Growing, flooding, and
harvesting occur over short periods of time for all the individual plots in the rice field
area. Thus, the site has three seasonal land covers with time (bare soils, full vegetation
cover and water), which are spatially homogeneous. Seasonal land cover variation
makes this site interesting since different surface conditions can be studied by the
system with time.
The system can rotate automatically to scan land and sky hemispheres at angular steps
to attain remotely sensed land and sky temperatures by means of a single thermalinfrared (TIR) radiometer (Niclòs et al., 2015). An Apogee radiometer, model SI-121,
was selected for the system not only by its reduced size and easy functioning but also
by their measurement accuracies as proved in calibrations against NIST blackbodies (±
0.2 K at 293-303 K) (Niclòs et al., 2011). The measured TIR data were processed to
obtain ground-truth LST and compared with the operational LST product of the S-NPP
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VIIRS. LST products known as Environmental Data Records (EDR) have been derived
from VIIRS data since August, 2012. The VIIRS LST EDR product is produced using a
split-window algorithm, which uses brightness temperatures measured in channel M15
and channel M16 centered on 10.76 µm and 12.01 µm, respectively (Guillevic et al.,
2014). Daytime and nighttime sets of coefficients were derived for 17 different
International Geosphere-Biosphere Programme (IGBP) surface types. The validation
results showed that the VIIRS LST EDR data work with uncertainty close to the
expected at the rice paddy site. Robust root-mean-square-differences (RMSD) lower
than ±2 K were obtained.
Different systematic differences between VIIRS and ground data were obtained for
daytime and nighttime overpasses and also for the different land covers studied with
time. The autonomous and angular system provides continuous reference ground-truth
data to extend the validation with time and data acquired with the system setup at
different permanent sites, e.g., over heterogeneous land covers, will give valuable data
in a near future.
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A bstract In this paper, we address the design of a rain gauge monitoring network for
long-term precipitation. Our main goal is to determine the optimum number and
location of the gauges, such that the uncertainty of estimations in non-monitored
positions, using observed data in a previously existed network and a geostatistical
method, is minimized. From this perspective, when the gauge number is fixed, the
average variance of the kriging estimation for a given area is used as an uncertainty
quantification to be considered by an Objective Function (OF), where the gauge
locations are the independent variables.
This OF is globally minimized using a metaheuristic technique, known as Firefly
Algorithm, and the gauge positions are defined at the OF minimum. Operatively, the
size of the new network is defined by adding one gauge at a time. No more gauges are
added when the average variance of the kriging estimation is not reduced significatively.
We discuss our experience using this methodology, considering five univariated and
multivariated geostatistical methods. Rain gauges networks were designed for the
Grande river basin, located in northern Colombia.
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A bstract The Urban Geology has been development recently as a new discipline; it is
an approach to transdiscipline of the earth sciences. The same one considers the
threats, the dangers and the potential damages that can affect the territory of any one
city, evaluating the aptitude of the lands and resources for their use. This approach
combines the planning of the utility of the territory taking into account the natural
threats that affect to the urbanizations. In the urban geology are treated some aspects
like the phenomenon geotechnician: siphoning, expansiveness of the clays,
overconsolidation.
At the present time, in Cuba, particularly the Pinar del Río city is affected by some of
the geotechnical phenomenon mentioned above. For example, the phenomenon of the
expansiveness of the clays is the reason for the construction affectations in the 49% of
the studies of pathologies carried out by the Construction Research Unit of Pinar del
Rio. The development of the underground erosion phenomenon, in occasions
identified by the literature as siphoning, it has caused the vials and sidewalks sinking, as
well as the collapse of floors of housings and technical networks of aqueduct and
sewer system. The Study was carried out in the “Hermanos Cruz” neighborhood
located in the city of Pinar del Rio under the following stages: (i) Primary assessment of
the potential expansiveness of soils, (ii) Modelling of geotechnical parameters utilizing
3D geostatistical methods and (iii) Cartographic representation of the potential
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expansiveness of soils on GIS platform at different depth zones which are of major
engineering importance.
The detailed knowledge (superiors scales than 1:10000) of the main factors that
control the occurrence of the geotechnical phenomenon mentioned above, it will
allow to define the natural aptitude of the territory for their use, either in the growth
of the existent urbanizations or in the identification of places where use changes or
remodeling should be carried out.
To determine the susceptibility to the occurrence of some of the geo-technical
phenomenon mentioned, mean values of those parameters are used in the empiric
equations. For this reason the characterization of the geologic formation or geologicengineer complex, possesses a great uncertainty.
In this work geostatistics methods of estimation and simulation are used to
characterize the geothermal parameters, in order to perform a rational use of the land
potentialities for the different urbanization activities. Two-dimensional and threedimensional representations are obtained making use of geographical information
systems.
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A b stra ct The instability of a regolith arch that bridges voids in carbonatic rock
complexes can cause the collapse of dolines in the Middle Tennessee karst
environment. In spite of the substantial complexity of geomorphic factors that
contribute to karst hazards, there are also a few simple external doline parameters
that have the potential to explain this variability of doline collapse. Morphometric
characteristics such as circularity, or the length-to-width doline ratio, the alignment of
the main doline axis with systematic joints indicate some relationship with cover
regolith doline collapse. Because these parameters also indicate spatial structure,
geostatistical modeling can be used to map the potential areas that are susceptible to
doline collapse.
The study has revealed the presence of short range spatial dependence in the
distribution of the dolines’ morphometric parameters such as circularity, the
geographic orientation of the main doline axes, and the length-to-width doline ratios;
therefore, geostatistics can be used to spatially evaluate the susceptibility of a karst
area for doline collapse using the probability of occurrence of these critical parameters
and delineate the regions of karst hazards.
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A bstract The aim of our study was improving currently applied methodology for spatial
disaggregation of mercury air emission by taking into account the additional limited
spatial data about urban heating network. District heating infrastructure changes
distinctly the spatial distribution of residential combustion, and hence distribution of
mercury air emission.
In this paper we analysed mercury air emissions from small residential coal combustion
sources due to their spatial scatteredness, making estimations difficult also huge local
and regional impact, considering deposition and concentration in ambient air (Pacyna
and Pacyna, 2014; Cofala and Klimont, 2012).
Considered sources are located in the central part of Silesian Agglomeration, southern
part of Poland. Large part of the area, apart from being strongly urbanized is supplied
with heat from highly developed district heating infrastructure. It allowed as for in deep analysis and detailed comparison of two approaches.
Our results, presented as spatial distribution of mercury air emission at studied area
were compared to the disaggregation system based only on population density
(Gallego and Peedell, 2001; Gallego, 2010). The important difference were found that
occurrence of developed district heating significantly changes
spatial distribution of air emission estimated using top-down approach. That fact
should help with preparing detailed (high resolution) emission inventories for air

291

GEOSTATS2016

quality modeling also improve quality of air emission maps and further - modeling
results in various scales.
Presented results should be useful for scientists and policymakers working on air
pollution management or greenhouse gases.
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A bstract The Canada Mining Innovation Council (CMIC) Data Integration Technology
Group, as part of a five-year commitment to research and innovation in mineral
exploration (the Footprints Project), is applying predictive analytics to characterize
quantitatively the footprints of well-known ore deposits in Canada. Data mining was
used to evaluate meaningful associations in geological, geophysical, geochemical,
mineralogical and petrophysical data at numerous sites and here we report initial
results on a case-study, conducted on the Millennium uranium deposit (indicated
resource of 75.9 million pounds U3O8 at grade of 2.39% U3O8, inferred resource of
29 million pounds U3O8 at grade of 3.19% U3O8).
Market basket analysis was used to establish sets of “association rules” among 3D
variables, including lithogeochemical, mineralogical, and geophysical variables, at various
distances from the core to periphery at the Millennium deposit. The methodology
implemented identifies “association rules” using BearingPoint, HyperCube® (HC) rule
mining technology. Different ranking statistics were applied to select optimal rule-sets
in the mineralized basement and in the overlying sandstone units of the Manitou Falls
Formation. To evaluate HC results, systematic exploratory data analysis (EDA) was
conducted to examine observed associations for all the variables considered.
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Results obtained suggest that HC correctly identifies the change in U associations due
to compositional variations attributed to different mineralogy of the host-rock.
Together, EDA and HC analyses show positive correlation of U with 206Pb/204Pb and
207Pb/204Pb ratios, Mo, and to a lesser extent V, in all analyzed stratigraphy: indicative
of primary dispersion. Positive associations of U and HREE+Y are dominant in
sandstones above the deposit, whereas at the fringes of the deposit, U is associated
with Rb, Pb, and Th in the basement. Anticorrelations with U were recorded for
major/trace elements in the basement (e.g., Mn, Si, Ca, Ba, Na, and Fe), reflecting the
transition from altered clay mineral-dominated assemblages to unaltered rocks with
plagioclase and K-feldspar. Anticorrelations with U in sandstone-cover for Ce, Th, Zr,
and Hf reflect a transition from U phases within detrital minerals (e.g., zircon,
monazite, apatite) to U in hydrothermal phases such as uraninite, APS, and other REE hosting minerals. Furthermore, HC simple lift analysis indicates that radiogenic
206Pb/204Pb ratios higher than 30 are located in the MFd unit above the deposit:
consistent with secondary dispersion of radiogenic Pb several hundreds of metres from
the deposit. CMIC-NSERC Exploration Footprints Network Contribution 086.
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A bstract Today's satellite images are richer than ever before. New Landsat-8 images
with their 11 bands carry much more information than first generation Landsat that
had only 4 bands. These differences present a major difficulty for assessing long-term
land surface changes. The easiest solution is to reduce the information of the most
recent product, for example by only keeping a subset of the Landsat-8 bands that
matches the old imagery. To avoid such loss of information, we propose a new method
based on intelligent multi band spatial pattern matching.
In this work, we are focusing on increasing the spectral resolution of archived satellite
images to the same level of spectral resolution and coverage as modern imagery. This
method uses source images of analogous scenes, taken from modern Landsat-8, which
have a high spectral resolution. These source images have conceptually the same role
as the training images used in multiple-point simulations. The spectral characteristics of
the source image are then transferred to an archive image (the target), where new
synthetic spectral bands are generated. A spatial pattern matching procedure is used to
control this transfer, resulting in preservation of spatial and spectral coherence in the
results. To guarantee this coherence, we use auxiliary variables present in both source
and target images. To illustrate our methodology, we test it with Landsat 1 -5 images
where synthetic spectral bands are added based on Landsa t 8.
The specific test cases are (i) to split the thermal band of Landsat 4-5 into two
narrower bands, and (ii) to add the missing blue band on Landsat 1-3 MSS.
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A bstract Fine topographic features play a fundamental role in controlling large-scale
geomorphic processes in Alpine environments. Connectivity patterns between rills and
gullies, for example, can affect the hydrological behavior of entire drainage systems.
High-resolution digital elevation models (HR-DEMs) are one of the most important
tools for understanding and modeling these surface processes.
In the last few years, remote sensing techniques have experienced a major
technological evolution, enabling fast and precise acquisition of HR-DEMs. Yet, sensors
designed to measure elevation data still feature different spatial resolution an d
coverage capabilities. Terrestrial altimetry allows the acquisition of HR-DEMs with
centimeter to millimeter-level precision, but only within small spatial extents and often
with shadow effect problems. Conversely, satellite radiometric sensors are able to
gather elevation measurements over large areas but with limited spatial resolution.
Developing methods for merging these different data sources would offer the
opportunity to generate high-resolution topographic data in areas where only coarse
elevation measurements are available.
In the present study, we propose a multiple-point simulation algorithm to downscale
low-resolution satellite-based digital elevation models (LR-DEMs) using topographic
patterns extracted from HR-DEMs derived from ground-based and airborne altimetry.
Initially, two or more collocated DEMs with different spatial resolutions are used to
construct a multivariate training image (TI) of topographic patterns. High -resolution
elevation patterns are then retrieved from the TI to downscale a target LR-DEM
through sequential simulation. Auxiliary variables on LR-DEMs serve as secondary
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information to evaluate which topographic patterns are more likely to occur at a given
location in the target LR-DEM. Simulated realizations exhibit the same spatial
resolution as the high-resolution patterns found on the TI and also reproduce the
spatial structure and statistics of the original DEM. The method is illustrated by a case
study in the Swiss Alps.
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A bstract Several environmental health studies suggest that Low Birth Weight (LBW)
outcomes (birth weight less than 2500 grams) are independently associated with
gestational exposure to air pollution. These outcomes have been extensively studied as
a proxy for infant mortality or morbidity. In ecological studies, in which the unit of
observation is aggregated groups rather than individuals, assessment of the associations
between air pollution and LBW, in a frequentist perspective, are typically conducted
through such regression models such as Poisson, quasi-Poisson or Negative Binomial,
simultaneous or conditional autoregressive models. Nevertheless, these models
assume a geographically-stationary process of random effects and may fail to capture
geographical variations in ecological associations (non-stationarity of the spatial
processes involved in the ecological associations).
In this study, we measured the ecological associations between LBW and exposure to
air pollutants in Portugal, by county, for the period 200 1-2010. LBW data was
collected from the National Statistics Office and air pollution data from the air quality
monitoring stations managed by the Portuguese Environment Agency. Because air
quality monitoring stations aren’t available in all counties, we used Regression Kriging
to predict air pollution concentrations in non-sampled counties. To cope with spatially
non-stationary distribution of air pollution concentrations, we considered the use of
land-use data as an auxiliary data for prediction of air pollution concentrations.
Regression Kriging interpolator was used with a sequential simulation algorithm to
deliver a measure of spatial uncertainty of air pollution concentrations. Finally, a
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generalized linear model framework is followed to model air pollu tion exposures
(simulated) on the odds of LBW outcomes, adjusting for several known risk factors.
We compare results from this approach, with results drawn from a logit model
typically used for assessment of the associations between air pollution and LBW.

302

GEOSTATS2016

Covariance scale decomposition for the kriging of
large datasets
Thomas Romary 1, Nicolas Desassis1, Francky Fouedjio2

1 Mines

ParisTech

2 CSIRO

Keywords: low rank covariance, tapering, geostatistics
A bstract With the increasing deployment of remote sensing platforms and sensors
networks, the size of spatial datasets becomes increasingly large. Richer datasets allows
for more complex modeling but may also prevent from using straightforwardly classical
techniques. Consequently, the challenge of handling such datasets is to extract the
maximum of information they contain, especially non-stationarity over space and/or
time, while ensuring the numerical tractability of the associated inference and
prediction algorithms. In particular, the kriging predictor is not straightforwarldly
available as it requires the inversion of the covariance matrix of the data. The latter is
often even impossible to build due to limited memory storage.
Several approaches have been developed in the literature to address this problem.
These approaches can be classified into two families, both aiming at making the
inversion of the covariance matrix computationally feasible. The tapering approach
circumvents the problem by enforcing the sparsity of the covariance matrix, making it
invertible in a reasonable computation time. This implies however that the covariance
model fitted to the data is compactly supported with a short range, neglecting possible
larger scale variability. The second available approach assumes, on the contrary, a low
rank representation of the covariance function. It assumes that the covariance function
can be represented on a limited number of basis functions. Adding a nugget effect, i.e. a
local unstructured noise, to the modeling makes the inversion of the covariance matrix
feasible. The latter approach tends to overestimate the regularity of the spatial
phenomenon, failing to capture its local behavior.
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In this work, we propose a way to combine both approaches. The covariance model is
assumed to have the form sparse plus low rank, both terms being possibly non
stationary. The idea behind this is that a scale separation between the sparse and low
rank terms occurs naturally, as these two terms capture the variability of the
phenomenon under study at different scales. Consequently, the inference of both
terms can be conducted almost separately. An ad-hoc method of moments estimation
algorithm is developed. Furthermore, the choice of the basis functions sustaining the
low rank component is data driven and is achieved through a selection procedure.
Finally, contrarily to the above referenced approach, the proposed work consists in a
class of covariance models rather than in an approximation of a covariance model
unadapted to the analysis of large datasets.
To sum up, the idea implemented here consists in operating a scale separation
between small and intermediate scales fluctuations, while accounting for non stationarity at both scales.
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