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When modeling groundwater systems in Quaternary formations, one of the first steps is to
construct a geological and petrophysical model. This is often cumbersome because it
requires multiple manual steps which include geophysical interpretation, construction of a
structural model, and identification of geostatistical model parameters, facies, and
property simulations. Those steps are often carried out using different software, which
makes the automation intractable or very difficult. A non-automated approach is time-
consuming and makes the model updating difficult when new data are available or when
some geological interpretations are modified. Furthermore, conducting a cross-validation
procedure to assess the overall quality of the models and quantifying the joint structural
and parametric uncertainty are tedious. To address these issues, we propose a new
approach and a Python module, ArchPy, to automatically generate realistic geological and
parameter models. One of its main features is that the modeling operates in a hierarchical
manner. The input data consist of a set of borehole data and a stratigraphic pile. The
stratigraphic pile describes how the model should be constructed formally and in a
compact manner. It contains the list of the different stratigraphic units and their order in the
pile, their conformability (eroded or onlap), the surface interpolation method (e.g., kriging,
sequential Gaussian simulation (SGS), and multiple-point statistics (MPS)), the filling
method for the lithologies (e.g., MPS and sequential indicator simulation (SIS)), and the
petrophysical properties (e.g., MPS and SGS). Then, the procedure is automatic. In a first
step, the stratigraphic unit boundaries are simulated. Second, they are filled with
lithologies, and finally, the petrophysical properties are simulated inside the lithologies.
All these steps are straightforward and automated once the stratigraphic pile and its
related parameters have been defined. Hence, this approach is extremely flexible. The
automation provides a framework to generate end-to-end stochastic models and then the
proposed method allows for uncertainty quantification at any level and may be used for full
inversion. In this work, ArchPy is illustrated using data from an alpine Quaternary aquifer in
the upper Aare plain (southeast of Bern, Switzerland).
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1 INTRODUCTION

When constructing a 3D groundwater flow model, one of the first
steps is to build a geological model. This includes defining the
geometry of the stratigraphic units, filling them with a spatial
distribution of lithofacies, and finally filling the lithofacies with
petrophysical parameter values. The construction of these models
is often complex and involves multiple assumptions and
computing tools (Pyrcz and Deutsch, 2014; Ringrose and
Bentley, 2016; Wellmann and Caumon, 2018). It is necessary
to evaluate the uncertainties related to the parameter values, and
indeed, geological structures of the aquifer or inversion using
hydrogeological or geophysical data are also important sources of
uncertainty. It is therefore extremely important to be able to
construct all the components of these geological models in a
manner that is fully automated, well documented, and repeatable.
In this study, our aim is to introduce a new tool that can be used
for this purpose for Quaternary aquifers.

The history of geological modeling techniques is rich and
diverse (Matheron, 1963; Mallet, 1989; Koltermann and Gorelick,
1996; Ringrose and Bentley, 2016). However, some geological
features such as the Quaternary formations are still difficult to
model. These sediments were deposited during various
sedimentological events, acting at different scales, both
temporally and spatially, leading to complex relations and
hierarchical structures. Larger and bigger units are the results
of the aggregation of subunits of smaller hierarchical order that
can themselves be the results of the aggregation of sub-subunits of
even smaller hierarchical order, and so on (Miall et al., 1991;
Heinz and Aigner, 2003; Bridge, 2009). The definition of this
stratigraphic hierarchy is very important when analyzing field
data (Aigner et al., 1996; Ford and Pyles, 2014) but also to develop
stochastic modeling techniques.

However, one difficulty is that the concept of hierarchy is used
differently depending on the modeling techniques, and the
hierarchical modeling does not necessarily match exactly what
is meant by stratigraphic hierarchy. For example, Neuman (1990)
approached the question of the hierarchy by showing that it is
likely that the hydraulic conductivity of hierarchical sedimentary
deposits should have a truncated-power law variogram, while
Ritzi et al. (2004) used the same type of tools but derived different
types of variograms. In these approaches the sedimentological
heterogeneity is not represented explicitly but represented by
multi-Gaussian fields having specific correlation structures. On
the other hand, Scheibe and Freyberg (1995) and Ramanathan
et al. (2010) constructed highly detailed simulations of fluvial
deposits using the concept of hierarchical deposits to investigate
the effective properties of these types of sediment.

Whenmodeling aquifers, the word hierarchy is often used with
a slightly different meaning. It generally means that the modeling
of the hydraulic conductivity field includes several steps such as
the modeling of stratigraphic units using a given technique,
followed by the modeling of the lithofacies within the
stratigraphic units, and, finally, followed by the modeling of
the hydraulic conductivities within the facies. This hierarchical
modeling approach may include only two or all of these steps. It
was used in many case studies (Weissmann and Fogg, 1999;

Feyen and Caers, 2006; Comunian et al., 2011; Bennett et al.,
2019). We note that this approach can be refined by using
categorical geostatistical modeling methods to define
stratigraphic units in which subunits can be modeled again
using categorical simulations tools and so on to obtain
multiple levels of hierarchy (Zappa et al., 2006; Comunian
et al., 2016). But this last method does not account for the fact
that sedimentary units are usually deposited as subhorizontal
layers and that, in general, their geometry is controlled by a set of
stratigraphic rules. Other methods account for that information,
such as the implicit interpolation method implemented in
Geomodeller 3D or in Gempy software (Calcagno et al., 2008;
de la Varga et al., 2019). In this approach, the user defines the
order of the stratigraphic units and the relations between them,
allowing us to automatically model the volumes. This is
convenient for building complex models in an efficient
manner, but Zuffetti et al. (2020) showed that these tools
cannot properly handle the concept of subunits within a
stratigraphic unit. These authors therefore propose to
formalize the stratigraphic hierarchy and define rules allowing
us to automatically construct 3D models based on that concept,
and they show promising results.

All these observations show that there is still a need for a tool
that would facilitate stochastic 3D geological modeling. The tool
must allow the user to conduct a complete and proper uncertainty
quantification including uncertainty at the level of the unit
geometry as well as their lithologies and properties. The tool
must allow for carrying out cross-validation efficiently, meaning
that it must be possible to remove any type of data and
reconstruct an ensemble of models automatically. The model
must also be easy to update when new data are acquired or if the
geological interpretation is modified.

The aim of this study is to present the ArchPy approach. The
method includes the two types of hierarchy discussed earlier.
ArchPy defines the stratigraphic units from borehole data while
accounting for as many hierarchical levels as needed from a
stratigraphic point of view. But the method is also hierarchic in
the sense that the same method will include the modeling of the
stratigraphic units and then the modeling of the lithofacies within
the units and, finally, the modeling of the properties within the
lithofacies. ArchPy is a methodology but it is also a Python
module allowing the automatic generation of stochastic,
reproducible, and hierarchical models from borehole data and
a geological concept.

To minimize the user interventions during the simulations, we
rely on a formal description of the geological concept that ArchPy
uses to construct the hierarchical model. This type of formal
description is not new; it was described, for example, by Renard
and Courrioux (1994) for fracture networks, and is at the core of
Geomodeller 3D or Gempy in which a geological pile is defined to
express the relations between the geological events and must be
given explicitly (Calcagno et al., 2008). However, as revealed by
Zuffetti et al. (2020), the manner in which the pile is defined and
used in these codes does not allow us to describe the stratigraphic
hierarchy. It is therefore necessary to find more general ways to
describe the pile. One approach, using a tree, was proposed in the
study by Zuffetti et al. (2020). Here, we adjust this initial data
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structure, and we extend it to include additional information
allowing us to encapsulate all the knowledge required to
automatically build the 3D model. We call this formal
description the stratigraphic pile (SP). The SP contains the
description of the interpolation methods for all surfaces
bounding the stratigraphic units, as well as the description of
the simulation methods and parameters for filling the different
units with lithofacies and properties.

It is important to note that the geological data in boreholes
or outcrops are not always representing the actual position of
the boundary between two units; instead, they indicate that
this boundary should be lower or above these data. Such
situations arise in the presence of erosion or hiatus in the
deposition sequence or because a borehole is too shallow and
does not reach the base of a given unit. These data are frequent
and can be treated as inequalities (Dubrule and Kostov, 1986;
Mallet, 1989; Freulon and de Fouquet, 1993; Straubhaar and
Renard, 2021). The use of such data can significantly increase
the quality of the simulations as shown, for example, by
Freulon and de Fouquet (1993). In the ArchPy
methodology, we include not only the possibility of
interpolating the boundaries between stratigraphic units
using such inequalities but we also propose a method to
automatically identify the inequalities in the borehole data
to facilitate the automatic updating of models with large
borehole data sets.

ArchPy is also an object-oriented Python package allowing us
to illustrate the applicability and the benefits of the proposed
approach. While describing the methodology, we will also discuss
the key objects that are used to implement the concepts
underlying the approach. Its Python interface and open-source
nature facilitate its use for a large number of users.

The main novelty of the proposed approach and this software
is to allow fast and reproducible simulations of Quaternary
aquifers as well as their related uncertainties to any desired
hierarchical level (unit, subunits, facies, and properties).

This article first describes the different components of the
ArchPy approach and then illustrates its main features using a
synthetic and a real case example.

2 ARCHPY APPROACH

In this section, we first present a brief overview of the main
components of the proposed methodology. We then describe in
detail the concept of stratigraphic pile (SP) and the way we deal
with the stratigraphic rules (erosion and hiatus). All the
simulation steps and modeling guidelines are explained using
a synthetic case. In the following sections, for the sake of brevity,
the word unit will refer to the stratigraphic unit as defined in the
SP and lithology or facies will refer to the different lithofacies that
can be found inside these units.

2.1 General Overview
The final aim of ArchPy is to generate an ensemble of
petrophysical models (or property models) that describe the
spatial distribution of specified properties consistent with the

location of the units and facies. To achieve these results, ArchPy
proceeds in several steps (Figure 1). The input data are a
stratigraphic pile (SP) and a set of hard data (HD). The HD
can be either borehole data or punctual information (e.g., from
outcrops). First, the HD are processed to extract the contact
points (equalities and inequalities). Then, a whole simulation
takes place hierarchically in three main steps:

FIGURE 1 | Overview of the ArchPy approach.
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1) simulate the surfaces delimiting the unit boundaries and thus
allowing the definition of the stratigraphic unit domain;

2) simulate the facies to fill each unit using various geostatistical
methods according to prior geological knowledge; and

3) simulate the properties inside each facies independently.

All these steps are done conditionally to the HD. In the end,
the final models are validated by the user. If they are not satisfying
(based on expert knowledge or on some criterion), the SP can be
modified (e.g., on the simulationmethods), and previous steps are
re-executed, depending on the modified parameters.

ArchPy can be used in several manners. It can be used to
generate one or an ensemble of models to quantify uncertainty. It
can be used to facilitate the update of geological models when new
data are collected in the field. It can also be coupled with an
inversion technique to express the prior distribution of the
geological and petrophysical parameter values.

It is important to note that each step depends on the results of
the previous ones. For example, after a first complete simulation,
if the only parameters changed are those of the filling step, it will
only be required to simulate the facies in the units and,
subsequently, the properties inside them. Similarly, if only one
surface has been recomputed and the others have been kept, the
only unit domains that will need to be re-simulated (as well as
their filling) will be those impacted by a modification of this
surface. This flexibility is important for dealing with large inverse
problems as the number of unknown parameters can make the
problem tedious and difficult (Biegler et al., 2011). It allows us to
focus on particular units of interest and only simulate parts of the
domain at any desired level, without being forced to simulate the
whole system each time a modification is decided.

2.2 Stratigraphic Pile
The concept of stratigraphic pile (SP) is the backbone of the
ArchPy methodology. Indeed, it contains almost all the
information needed for the simulations, including the
stratigraphic relations between units and the description of
the simulation methods of the surfaces, the filling, and the
properties as well as the parameters controlling them
(Figure 2). The SP is made of different components (coded
as Python objects): units, surfaces, facies, properties, and
possible other piles. Following an object-oriented
programming logic, all these objects have different attributes
(name, color, interpolation method, etc.) that define and
differentiate them. These object attributes can also be
composed of other different objects. A practical example is
the unit object which has a list_lithofacies attribute,
containing the lithofacies objects that populate this unit.

1) Surfaces. They delimit the top of the units and are defined
using an interpolation (or simulation) method and by a
contact type to indicate if the surface is conformable
(onlap) or erosional (erode). The difference is that an
erode surface erodes older units where it is simulated
below their top surface while an onlap surface is simply
ignored in such locations, meaning there is no deposition
(see Section 2.3).

2) Units. They correspond to stratigraphic units that can be
observed in HD or on outcrops. Each unit belongs to an SP,
and has a specific order index to determine its position in the
pile. A unit also needs a surface object to determine its upper
boundary, and its lower boundary is defined by the surface at
the top of the underlying unit. Finally, the unit contains a
description of the filling method and a list of facies objects to
simulate inside the unit domain.

3) Facies. The facies describe the hydro- or lithofacies that are
contained inside the units. They can be very different
depending on the modeling purposes and data available
(e.g., stratigraphic facies, lithologies, or USCS codes). A list
of facies is given for each unit to indicate which ones to
simulate during the facies simulation. Furthermore, each
facies can be composed by one or more properties that are
simulated inside the facies domain (where a specific facies is
present).

4) Properties. They are independent ArchPy objects that
composed the different facies. For each property inside a
facies, some parameters can be set, such as the mean value
of the property (inside a specific facies), the covariance model,
and the method of simulation.

5) Stratigraphic Pile. An SP is the combination of all the objects
described before that synthesize the geological concept. Note
that an SP can be inserted as a filling method within a unit.
This allows us to construct a stratigraphic hierarchy. For
example, in Figure 2, the sub-pile PB is used as input for
filling unit B.

Thus, the stratigraphic pile is an object that can easily be
manipulated and modified. Using such an approach, the user
can focus more on the conceptual aspects of the modeling (unit
relations, erosional events, spatial distribution of the lithologies
or facies, etc.). In clear terms, the whole modeling process can be
easily reproduced because all the steps are documented in
the SP.

2.3 Erosion Rules
Erosion (stratigraphic) rules (ERs) describe how the surfaces
influence each other after having been simulated. They are
similar to those denominated “geological rules” by Calcagno
et al. (2008). Figure 3 shows a simple example of the
difference between onlap and erode behaviors. Here, two
surfaces are simulated: S1 (old) and S2 (young), while the gray
surface is simply set to the topography or the digital elevation
model (DEM). S1 is defined onlap and S2 has both behaviors. If
S2 is specified onlap, unit 2 (young, in black in the figure) is not
deposited where S2 is below S1, whereas if S2 is specified erode,
the effective top of unit 1 (young, in yellow in the figure) is set to
S2. This approach allows incorporating geological time directly by
choosing the appropriate truncation operation to remain
consistent with the sedimentological history (Wellmann and
Caumon, 2018). Another rule is that a surface cannot be
above (or below) the DEM (resp. bottom of the domain); if
this case arises, the surface will be automatically set to the DEM
(resp. bottom). These ER are applied each time a new surface is
simulated during the surface simulation.
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2.4 Synthetic Example
To illustrate the ArchPy capabilities, Figure 4 shows one stochastic
realization of hydraulic conductivity and porosity based on the SP
of Figure 2. The domain dimensions (x, y, z) are 3 × 1 × 0.2 km3

with a spatial resolution of 15 × 15 × 4 m3. The model is purely
synthetic, but it mimics a valley filled by a series of sedimentary
episodes. For this example, we assume that unit A is a moraine
deposit only filled with gravel and silt. The B formation is deposited
during three sub-steps (sub-pile PB, Figure 2). It represents a
fluvio-glacial environment including three stages (B1, B2, and B3).
On top of that, unit C is an important glacio-lacustrine phase
where only fine particles are deposited (clay and silt). Unit D ends
the process by setting up a fluvial environment that was more
active in the southern part of the area (toward the -y main axis).
The different steps to obtain this result will be explained in detail in
the following sections.

2.5 Data Pre-Processing
The main hard data to describe the geology in a Quaternary
environment are the borehole information. For each borehole,

ArchPy requires the following: a borehole ID, the depth, and
location (x, y, and z) of the borehole as well as a stratigraphic unit
log and/or a lithology log. Both logs contain the elevation of the
top of the interpreted units and lithologies in the simulation grid
reference system. These locations will be used as the conditioning
point for simulations. An important thing to note is that the logs
of borehole objects in the ArchPy interface only need top
elevation for each unit/lithology encountered. To facilitate the
geostatistical simulation of the properties, we consider only
regular Cartesian grids for the moment in ArchPy (to avoid
support effects). The extension and parameters of the grid are
provided by the user. The SP and eventual sub-piles are also given
as input. We then pre-process the borehole data (HD) to check
that they are consistent with the SP and to extract the contact
points between the units. The difficulty here (which is not
intuitive) is that a contact between two units in a borehole
does not necessarily correspond to the top of the unit located
below this contact because of possible erosion or sedimentation
hiatus. It is therefore necessary to analyze the borehole logs to
identify the information that the contacts bring about the possible
positions of the surfaces. To code this information, we will define
contact points where the position of the surface is perfectly
defined (equality contact point) and those which provide only
indirect information (inequality contact point). Formally, an
inequality contact point consists of a lower or upper bound
for the actual surface.

Figure 5 shows how HD are interpreted automatically in the
ArchPy pre-processing step given four different examples. We do
not fully detail each example for brevity, but the main points are
covered.

Considering the example showed in Figure 5A, three surfaces
need to be simulated: blue, green, and red tops (the yellow top is
defined by the DEM). Equality points can be safely attributed in
B1 between all contacts as there are no hiatus and no erosion layer
in the Pile. However, in B2 and B3 boreholes, as the blue outcrops
directly, its topmust go above the surface, assuming erosion at the

FIGURE 2 | Schematic representation of an ArchPy stratigraphic pile (B) given a geological concept (A); interp. method, interpolation method; GRF, Gaussian
random functions; DEM, digital elevation model; Prop method, property simulation method; MPS, multiple-points statistics; SIS, sequential indicator simulation; TPG,
truncated pluri-Gaussians; HO, homogeneous; K, hydraulic conductivity; FFT, fast Fourier transform; SGS, sequential Gaussian simulation.

FIGURE 3 | Schematic example of the erosion rules (ER) used in ArchPy.
The surfaces are first simulated from oldest to youngest and then adjusted
following the ER.
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surface. This means that the tops of the borehole B2 and B3 are
then lower bounds for the top of the blue unit. Also, the red unit is
not encountered by B2 which indicates that it must go below the
bottom of the borehole which is an upper bound for the top of the
red unit. The Figure 5B example adds an erosional event (the blue
top) that cross-cuts the green and red top layers. This implies that
we must add an inequality contact point (lower bound) in B3 for
the green top and equality contacts along the erosion surface (B2
and B3) for the blue top because of the ER. Indeed, the green top
in B3 cannot be considered as the actual green top since the green
unit has been eroded. The same event occurs in Figure 5C in B3
where the red unit has been eroded by an erosional event (the
green top).

The more complex example (Figure 5D) shows that the
number of extracted data can become important, especially
when the number of layers increases. Here, additional outcrop
information has been added with unit contacts (C1 and C2) that
inform about a transition between two units. Yellow goes above as
it is the unit reaching the topography. The contact between yellow
and blue is an equality for blue (the only erode layer above blue is
yellow, but it has been deposited and thus cannot have eroded
blue). The bottom of B2 ends in the blue unit which indicates that
all layers below it (dark green and red) must go below the bottom
of the borehole. When two units in a borehole are separated by
two (or more) erosion surfaces, ArchPy assumes that the contact
belongs to the younger erosion surface. This is shown in

FIGURE 4 | Realizations of two different properties ((A) hydraulic conductivity and (B) porosity) for the synthetic case. (C) and (D) are 3D blocs of the (A) and (B)
realizations, respectively. The simulations used respective corresponding facies realizations of Figure 7 as simulation domains. Vertical exaggeration = 3x.

FIGURE 5 | Four examples (A–D) of how inequalities and equalities are extracted from boreholes and field data. (B) indicates borehole information and (C) a unit
contact (e.g., observed on the field). For each example, a stratigraphic pile is defined to indicate the relationships between the units and the nature of the surface contact
(straight line is onlap and corrugated is erode). Dashed lines represent simulated surfaces before applying erosion rules (see Section 2.3).
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Figure 5D at B4 between the orange and dark green units. In the
pile, these two units are separated by two other units (blue and
yellow) characterized by their erosional top. As yellow is younger
than blue, the equality point is attributed to yellow.

All boreholes are then processed this way, and HD are
extracted and assigned to respective surfaces. It is relevant to
note that this step is completely automated in ArchPy and the
only required inputs are the SP, the boreholes, and the
simulation grid.

2.6 Simulation of the Surfaces and Units
Using the HD and the information provided by the SP, ArchPy
performs a 2D simulation (interpolation) for each surface of the
SP over the complete domain. Simulations are generally
performed conditionally on HD, but unconditional simulations
are also possible by defining a mean altitude.

The surfaces are simulated successively from the oldest to the
most recent (for a hierarchic level). After having simulated a
surface, we apply the ER (see Section 2.3). The surfaces are also
simulated hierarchically, which implies that surfaces of higher
order (main units) are simulated before those of lower order
(subunits). For example, in the case of the pile in Figure 2,
ArchPy first computes the surfaces of the top of A, B, and C, and
only after, the surfaces of the top of B1 and B2 are computed
inside the unit B. It means that no surface of the top of these
subunits can go above or below the limits of B unit, even if it is an
erode surface. The other lower hierarchical units (if present) are
simulated following the same strategy. The top unit surface is not
simulated since it must be equal to the digital elevation model
(DEM) for consistency; it is then simply set as equal to the DEM.
Equivalently, as lower limits of all units are defined by the top of
the underlying unit, the bottom last unit must be defined. In
ArchPy, this is done by setting it to the bottom of the simulation
domain.

In the SP, the user must indicate an interpolation method
for each layer among the following choices: simple and
ordinary kriging (SK and OK, resp., Chilès and Delfiner,
2009), multi-Gaussian random functions with or without
inequalities (GRF, Chilès and Delfiner, 2009), basic 2D
interpolation methods (linear, nearest neighbors, and cubic)
using SciPy (Virtanen et al., 2020), and, finally, direct sampling
multiple-points statistics algorithm with or without
inequalities (MPS, Mariethoz et al., 2010; Straubhaar and
Renard, 2021). For the multi-Gaussian simulation methods,
a normal-score transform can be applied automatically to the
HD if they do not follow a Gaussian distribution. Most of the
methods are taken from the Python module Geone that
provides a set of geostatistical and MPS modeling tools. For
each method, the user has to provide the set of required
parameters. For example, for the kriging or multi-Gaussian
simulations, a variogram model must be provided. The
inference of the parameters can be done manually or
automatically if sufficient data are available using the Geone
toolbox. For the MPS approach, a training image and the
relevant parameters also need to be provided. Anisotropy can
be easily modeled by choosing appropriate variogram or MPS
parameters.

Once all the surfaces of the SP are defined, it is straightforward
to define the volumes representing the units (unit domains),
knowing the top and bottom surfaces for each unit according to
the ER. These volumes are discretized by defining which cells are
intersected by the surfaces for each (x, y) location. All the cells
lying vertically between these 2 cells are assigned to the unit
domain. Concerning the intersected cells, they belong to the unit
domain only if they go above (or below) the middle of the cell for
the top surface (or bot resp.).

Figure 6 shows two realizations of the unit domains. The
realizations are conditioned to the borehole data and the
stratigraphic pile. The effect of using subunits is clearly visible:
the B2 (middle green) top surface (which is set as erode) does not
cross-cut unit A (as expected) in the front cross-section of both
realizations. This approach allows for representing the
uncertainty of the position and extension of the units. By
running a large number of realizations, the uncertainty can be
quantified: for example, probability maps can be produced for
each unit by post-processing those results.

2.7 Simulation of the Facies
Once the stratigraphic unit volumes are defined, it is possible to
fill these volumes with different facies or lithologies using
different geostatistical methods. The simulation takes place in
each unit independently, even if the same facies is present in
different units, as in the example in Figure 2 where the sand
appears in B and D units. This means that only the sand HD
located inside the unit D will be taken into account when
simulating the facies (sand) inside unit D. If a certain facies
HD, which does not belong to a specific unit, is present inside its
domain (e.g., a sand HD in unit C, Figure 2), these HD will be
ignored. In such cases, warnings are issued by the software. This
situation leads to inconsistencies with facies HD that principally
reflect a probable mismatch in the HD (false geological
interpretation) or in the geological concept.

As facies (resp. property) simulations are dependent on unit
(resp. facies) simulation results, at least one facies (resp. property)
simulation must be done for each unit (resp. facies) realization. It
means that if the modeler chooses 100 unit realizations and 100
facies simulations, a total of 100 × 100 simulations will be
generated. The same logic applies for the property simulations.

In the SP, the user must define one simulationmethod for each
unit. The choices available in the current version of the code are as
follows: homogeneous (one unique facies for the whole unit),
sequential indicator simulations (SIS, Journel, 1983; Journel and
Isaaks, 1984), Truncated pluri-Gaussians (TPG, Loc’h et al., 1994;
Mariethoz et al., 2009; Armstrong et al., 2011), multiple-points
statistics (MPS, Mariethoz et al., 2010; Straubhaar and Renard,
2021), and sub-pile which indicates that the unit will be populated
by another pile containing subunits (e.g., PB in Figure 2).

Thus, multiple facies simulation techniques can be used to
assess the uncertainty. Note that it is rather straightforward to
switch from one method to another. This capability allows us to
cover a broad uncertainty space by providing the user with
different simulation methods within the same framework.
Hence, if little geological knowledge is available for the spatial
distribution of the facies within a unit, SIS can be used since little
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user inputs are required, while if there is more detailed geological
knowledge available, other methods can be used, such as TPG or
MPS, if an analog geological concept can be defined (e.g., training
image). All the geostatistical methods used for this step are
included inside Geone except for the TPG that are directly
included inside ArchPy with various tools to define the
truncated flag or estimate the variogram parameters of the
underlying multi-Gaussian random fields.

Figure 7 shows two realizations of lithologies according to the
unit realizations (Figure 6). The spatial variability of the
lithologies is significant despite the fact that only four
lithologies have been defined. This is mainly due to the
combination of structural heterogeneity coming from the
stratigraphic units and the lithology distribution within these
units. This allows the exploration of many different plausible
realities that are consistent with the HD and the concept. We can
also observe the non-stationarity in unit D where the channels are
sparser in the back than in the front (along the y axis). Indeed, it is

important to mention that most of the facies simulation methods
available in ArchPy can be non-stationary, allowing amuch better
representation of geological trends and exploration of the
uncertainty.

2.8 Simulation of the Properties
Once the facies are simulated, the simulation of the properties is
straightforward and requires little input. Indeed, there are only
two requirements: define the properties that must be simulated
and define how to simulate them (method and parameters). The
available methods for the moment are multi-Gaussian Random
Fields (GRF) or homogeneous. If a GRF is used, two methods can
be used to generate them: fast Fourier transform moving average
(FFT, Ravalec et al., 2000) and sequential Gaussian simulation
(SGS, Deutsch and Journel 1992). As the FFT method needs to
perform the simulations on an entire grid, it can be less effective
than SGS, especially if there are many lithologies and units. It is
important to note that properties are simulated for a given

FIGURE 6 | Two realizations (A,B) of the units (1st step of the ArchPy simulations) for the synthetic case. (C) and (D) are lateral view of the realizations (A) and (B),
respectively. The colors of the units are those defined in the stratigraphic pile of Figure 2. They are presented with cross-sections for visualization purposes. Vertical
exaggeration = 3x.

FIGURE 7 | Two realizations (A,B) of the lithofacies (2nd step of the ArchPy simulations) for the synthetic case. (C,D) are 3D bloc realizations of (A) and (B),
respectively. The simulations used the respective corresponding units of Figure 6 as simulation domains. Vertical exaggeration = 3x.
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lithofacies, independently and sequentially for each unit. For
example, if we have a facies which is present in multiple units
(consider the sand in Figure 2), the properties will be simulated
first in the sand occurrences of the top unit and sequentially in the
other occurrences in underlying units. This allows us to avoid
spurious correlations that can arise if we consider the whole sand
domains at once. Indeed, if sands of different units are in contact,
they should not be considered as part of the same entity and thus
should not be simulated together.

Conditional simulations are available with punctual data (x, y,
z and property value). As some methods require at most one HD
per cell, values that lie in the same cell are averaged if necessary.

2.9 Implementation of ArchPy
The ArchPy methodology is coded in an open-source Python
code1. The code is designed using an object-oriented approach.
All the concepts described earlier are implemented using classes
of objects designed to match the concepts and to facilitate their
use. Most of the data imports and exports are based on simple text
files. The geostatistical kernel of ArchPy is based on the Geone2

Python library. For the visualization, ArchPy integrates some
functionalities to produce various figures (e.g., stratigraphic units
at a specific hierarchical level, only specified units, and cross-
sections). These plots are generated mainly using PyVista3. If
needed, data can also be exported in a vtk format for further use.
Post-processing tools are also provided, to estimate, for example,
the probability of encountering a specific unit (facies) or estimate
the excepted value of a property over a part of the simulation
domain. The structure and the principles underlying the ArchPy
code are designed to allow the user to script the construction of
the geological model in a very flexible manner. This also facilitates
the coupling of ArchPy with any forward or inverse simulator.
Some example Python notebooks are given on the online
repository of the code.

3 A FIRST FIELD APPLICATION

3.1 The Upper Aare Valley
The upper Aare Valley (Figure 8B) is a Quaternary alpine valley
located between the cities of Thun and Bern in Switzerland with a
complex and rich geological history due to its proximity to the
Alps (Kellerhals et al., 1981; Haeuselmann et al., 2007). Previous
studies on Quaternary deposits, on this particular site
(Schlüchter, 1989; Preusser and Schlüchter, 2004) or at a
regional scale (Preusser et al., 2011; Graf and Burkhalter,
2016), have shown the complex relations occurring between
multiple depositional and erosional processes (mainly glacial,
glacio-fluvial, and glacio-lacustrine). This led to the valley being
incised and filled with a wide variety of sediments and facies (tills/
moraines, fluvial gravels, glacio-lacustrine deposits, lake deposits,
alluvial cones, etc.) explaining the great heterogeneity of this type

of deposit. Two main aquifers have been identified in the valley: a
superficial one which is actively used for drinking water supply,
shallow geothermal energy, and some local industries and a deep
one that is poorly known due to its higher depth (only few
boreholes have reached it). Figure 8B shows that the superficial
aquifer is mainly composed of the Aare gravels, the Late Glacial
alluvial deposits, alluvial cones, and the Münsingen gravels.

A major hydrogeological synthesis of the valley was
undertaken at the end of the 1970s and at the beginning of
the 1980s (Kellerhals et al., 1981). Since then, additional data
have been collected (Schlüchter (1989); Preusser and
Schlüchter (2004)) for various projects in different parts of
the valley, but no new hydrogeological synthesis has been
assembled and published. Among the new data, the Swiss
Geological Survey has systematically gathered the borehole
data for Quaternary sediments in several pilot sites and
homogenized the data and terminology (Volken et al.,
2016). This data set includes around 800 digitized boreholes
in the upper Aare Valley. A geological model of the valley
filling has also been produced by the Swiss Geological Survey
to illustrate how those data can be used. In addition, a valley
scale towed Transient Electromagnetic Survey has been
acquired and published in 2021 (Neven et al., 2021) by the
University of Neuchâtel to better constrain and characterize
the aquifer dimensions and its internal heterogeneity.

3.2 Modeling Area and Borehole Dataset
To illustrate the ArchPy approach, we chose an area with a high
density of boreholes located in the south of the Valley
(Figure 8B). The extent of this area is given by its coordinates
in the CH 1903+ - LV95 system: lower left corner, 2′611′000 m/
1′178′000 m, and upper-right corner, 2′613′000 m/1′182′000 m.

The depth of the boreholes rarely exceeds 50 m; they do not
reach the deepest aquifer and stay in the shallow one that is
50–60 m thick in this part of the valley (Kellerhals et al., 1981).
The data set contains a large part of the boreholes that have been
drilled over decades in the area (Volken et al., 2016). Each
borehole is described in terms of intervals with information
about the granulometry (lithofacies), the units encountered,
the quality of the interpretations, etc. However, unit data can
be missing, contrary to granulometry data, meaning that for
many boreholes, only lithofacies data are available. Granulometry
information is described with one, two, or up to three different
grain sizes, each defined with a USCS classification code
(Casagrande, 1948). No hydraulic conductivity data have been
taken into account.

The boreholes (133 in total) intercept a total of four major
stratigraphic units: Aare young gravel (YG, Holocene), Late
Glacial alluvial deposits (LGA, Holocene), late glacio-lacustrine
deposits (LGL, Holocene), and Late Glacial Till (LGT, late
Pleistocene). The LGT appears only on two boreholes on the
southern part of this section of the aquifer and will therefore be
difficult to model. YG and LGA are the most present units and
constitute the largest part of the shallow aquifer in this area while
LGL and LGT are more scattered and can be seen as its bottom.

Note that this stratigraphic pile is simplified given that 23
major stratigraphic units can be distinguished on the entire valley

1http://www.github.com/randlab/ArchPy.
2http://www.github.com/randlab/geone.
3https://www.pyvista.org/.
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(Volken et al., 2016). However, most of these units are absent in
the modeled area.

3.3 Modeling Settings
The extension of the simulation domain is 2 km in the W-E
direction and 3.3 km in the N-S direction. The elevation ranges
from 520 to 570 m a.s.l and the resolution is 15 × 15 × 1 m, which
implies a number of cells of 134 × 220 × 60 (nx × ny × nz). The top
of the domain is defined according to the DEM of Switzerland
with a resolution of 25 × 25 m (DHM25, Swisstopo) and the
bottom is defined by a raster map of the bedrock elevation
(TopFels25, Swisstopo), also with a resolution of 25 × 25 m,
both freely distributed by the Swiss Federal Office of Topography.

The units were defined mainly on the basis of the HD and the
geological knowledge of this area (Kellerhals et al., 1981). Five
units were recognized (Figure 8A). A superior unit (SUP) was
added which includes superficial (soil and peat) and artificial
(anthropogenic) deposits. No subunit has been defined as such
data are not available in this actual dataset. The top surfaces of the
units have been modeled with GRF to take the effect of
inequalities into account, except for the SUP top surface which
was set to the DEM as it is the most superficial unit. The
associated covariance models (variograms) were estimated
using an automatic fitting method (least squares optimization)
on the HD. The optimized parameters are shown inTable 1. Most

FIGURE 8 | (A) Schematic stratigraphic pile used for the ArchPy simulations of the local geological models in the upper Aare Valley. It shows the different units that
have been taken into account, their stratigraphic relations (which is above/below (i.e., younger/older)), the nature of its contact (erode or onlap), the interpolationmethods
used or the lithofacies (see Table 2), and the property to simulate (hydraulic conductivity (K) using sequential Gaussian simulations (SGS)). See Section 2.2 for more
details. (B) Situation and simplified geological map of the upper Aare Valley. Only unconsolidated deposits that are near the aquifer are shown. The moraines are
represented undifferentiated. The coordinates are presented in CH 1903+ - LV95 (epsg: 2056). All the data used come from the Swiss Geological Survey (Swisstopo).

TABLE 1 | Covariance model parameters (C: contribution and r: range) used for
the surface interpolation of each surface. All models are isotropic, except the
LGT one with an orientation of N-S for the major axis). No covariance model was
fitted for SUP as its surface is defined by the DEM. Subscripts exp and sph indicate
exponential and spherical covariance models.

Unit rsph [m] Csph [m2] rexp [m] Cexp [m2] Nugget [m2]

YG 2,986 8.9 5,000 17.8 0
LGA 2,854 24.8 4,846 49.5 1.0
LGL 2,531 19.0 3,942 38.1 1.0
LGT (2000, 4,000)a 200 - - -

a(Ranges in x and y directions, resp.).

TABLE 2 | Grouped USCS codes. It indicates in which group code the classical
USCS groups are rearranged.

Grouped code USCS classical groups

O (OH, OL, Pt)
G (G, G-GM, GW-GM, GP-GM, GP, GW, GP-GC, G-GC)
S (S-SM, S, SP-SM, SP, SW, S-SC, SP-SC, SW-SM)
GC (GM, GC, GC-GM)
SC (SM, SC, SC-SM)
C (ML, CL-ML, CL, CM, CH)
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of the surfaces were defined as onlap except the LGA top surface
which represents a former terrace of the Aare river, generally
deposited at a slightly higher altitude than YG (Kellerhals et al.,
1981).

In the HD, the lithofacies are described by up to three different
grain sizes. We chose to only take the most present one for each
layer and we also grouped certain similar USCS codes (Table 2) to
reduce the number of lithofacies to 7: others (O), gravel (G), sand
(S), clayey gravel (GC), clayey sand (SC), and clay (C). The other
facies regroup superficial codes such as OH or Pt. Facies were
then considered within a unit if their proportions exceed 5%
(inside that specific unit).

For the sake of simplicity in that example, all the units were
filled using SIS. Prior variography analysis on the lithofacies HD
shows significant variability which required the SIS variograms to
be fitted manually; the chosen parameters are given in Table 3.
Only the hydraulic conductivity K property has been simulated
for that example using the covariance models given in Table 4.
Note that adding other properties is possible and very simple
since only the interpolation method and the covariance models
(for each facies) are required.

The ArchPy Aare model was run several times to illustrate its
applicability for uncertainty estimation. In that example, we
generated 10 simulations of the stratigraphic units. For each
stratigraphic unit simulation, we generated 10 facies simulations.
Finally, for each combined realization, we generated 1
unconditional simulation for K. This procedure resulted in a
total of 100 simulations (10 × 10 × 1). The code allows us to

proceed in this manner, but it also permits us to simulate all the
components successively for each realization (units, facies, and
properties). These different modes of simulation can be used for
quantifying the impact of these different sources of uncertainty
on the distribution of the properties but also on their
groundwater flow or geophysical responses.

Figures 9–12 show the results of ArchPy simulations
conditioned to the borehole data. The figures illustrate the
type of heterogeneity and complexity that can be modeled
rather simply using the ArchPy approach. For example, the
two unit realizations (Figures 9A,B) differ significantly while
being consistent and honoring both the borehole data. This
variability is important for quantifying the uncertainty. To
visualize that part of the uncertainty, ArchPy allows the user
to compute the probability of observing a specific unit. Figure 10
shows in yellow the locations where it is quite certain that a given
unit is present and with which thickness. For example,
Figure 10A shows that the unit YG is well constrained in the
eastern and northern part of the domain due to the important
number of boreholes that reach it. The unit LGA seems to be
more present in the southern part of the area (Figure 10B),
thinner than the unit YG and almost absent (or very thin) in the
north. The unit LGT (Figure 10C) does not display such trends
and has a more uncertain distribution, probably mainly due to a
lack of data (shallow boreholes).

Lithofacies simulations are shown in Figures 9C, 11 and are
the results of the filling of the simulations shown in Figure 9A.
These simulations honor both the borehole data and geometry of
the stratigraphic units. As for the stratigraphic units, it is possible
to compute and produce figures showing the probability of
occurrence of each facies.

Finally, two simulated hydraulic conductivity fields are shown
in Figure 12. They display a broad range of values that is expected
for this geology and that honor all the borehole data. It also shows
the complex relations between the property values, the
stratigraphic units, and the lithofacies. The variability between
the realizations suggests a strong heterogeneity that would have
been extremely difficult to model properly without the
hierarchical approach (e.g., Feyen and Caers 2006; Zappa
et al., 2006; Zech et al., 2021). The mean of the logarithm of K

TABLE 3 | Covariance model parameters (C: contribution and r: ranges in x, y, and z directions) manually adjusted and used for the SIS of each unit. For units where the
number of data points was too low (LGL and LGT), a default model was taken (“Default” row). The ranges are given in the three main axis directions without any rotation (x
axis goes toward E and y axis toward N). Subscripts exp and sph indicate exponential and spherical covariance models.

Unit (lithofacies) rsph [m] Csph [m2] rexp [m] Cexp [m2] Nugget [m2]

SUP (O) (200, 400, 5) 0.15 - - 0.1
SUP (C) (200, 200, 5) 0.11 - - 0
SUP (G) (200, 200, 5) 0.25 - - 0
SUP (GC) (300, 100, 4) 0.20 - - 0
YG (G) - - (50, 50, 15) 0.22 0
YG (GC) (200, 200, 1) 0.06 (300, 200, 6) 0.09 0
YG (S) (200, 200, 15) 0.03 (200, 200, 1) 0.03 0
LGA (G) (100, 200, 8) 0.12 (100, 200, 20) 0.12 0
LGA (GC) (100, 150, 15) 0.10 (100, 150, 15) 0.11 0
LGA (S) (50, 100, 15) 0.13 - - 0.01
Default (100, 100, 10) Variablea - - 0

aVariance was adjusted according to lithofacies proportions.

TABLE 4 |Covariance model parameters (C: contribution and r: ranges in x, y, and
z directions) used for the property simulations. Subscript exp indicates an
exponential covariance model.

Lithofacies rexp [m] Cexp [m2]

O (50, 50, 2) 0.1
G (50, 50, 2) 0.25
S (50, 50, 2) 0.16
GC (50, 50, 2) 0.2
SC (50, 50, 2) 0.2
C (50, 50, 2) 0.2
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(Figure 9E) highlights the location of the aquifer where the values
are likely to be especially high. These locations also coincide with
those where the standard deviation (Figure 9D) is low, indicating
that the property values are better defined inside the aquifer than
outside. Elsewhere, the standard deviation values may be quite
high, easily reaching 2 log10 (m/s), indicating an uncertainty of up
to two orders of magnitude. The variance is low around the
boreholes as expected.

4 DISCUSSION

One of the most important novel features of the ArchPy approach
is the extended concept of stratigraphic pile (SP) as compared to
the findings of Calcagno et al. (2008), for example. This concept
has been shown to be an effective way to formulate all the

geological knowledge into one entity (practically, a Python
object). Thanks to this representation, it is easy to embed
multiple SPs inside other SPs and to simulate the units to any
level of hierarchy and do this without any particular restrictions.
By including various interpolation and simulation methods
which can be applied independently for each unit, lithofacies,
and property, the ArchPy approach offers a high flexibility to the
user who can adapt the methods to the quantity of available data
and the complexity that he needs to represent for a specific site. In
addition, the use of inequality data that are automatically derived
from the SP and the borehole data allows ArchPy to extract a
larger amount of information from boreholes than what is usually
done in alternative geo-modeling tools.

The results obtained for the upper Aare Valley illustrate the
type of stochastic models that can be easily and rapidly
constructed for Quaternary deposits using the ArchPy

FIGURE 9 | Aare aquifer results obtained for (A,B) two unit realizations, (C) one facies realization (within model (A)), and (D,E) K standard deviation and mean
simulated along the 100 models; units are in log10 (m/s). Vertical exaggeration = 3x.
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approach. Due to the simple assumptions made about the geology
and the concepts (simplified SP and use of SIS to fill the units),
some aspects of the proposed method could not be illustrated in
this example. Several limitations in the data set were also
identified. For example, the LGT unit is not well constrained
because only a few boreholes reach it. Indeed, most boreholes in
this area are drilled for hydrogeological purposes (Kellerhals et al.,
1981), and local communities are generally not interested in
reaching the LGT unit because of its lower hydraulic conductivity
as compared to the YG or LGA unit. A sampling bias is also
expected in the lithofacies inside the LGL and LGT units. Indeed,
we observe that the simulations of these units tend to have more
sand (S code) than expected in glacio-lacustrine or till deposits.
This can be due to a sampling bias in the borehole database
because the areas of high permeability are preferentially drilled
while clay and silt areas are generally avoided. Since the simulated
proportions of lithofacies are conditioned on the HD, the
lithofacies simulations can reflect this bias. It is, however,
possible to correct it by imposing proportions that differ from
those of the HD, but further secondary information should then

be used to guide the simulations. One possible method to correct
that bias could also be to use geophysical data, as we will discuss
more in detail below.

Another important feature of the ArchPy approach is that it
allows quantifying the uncertainty by generating an ensemble of
models. The uncertainty can be evaluated at any desired
hierarchical level among the units, subunits, sub-subunits,
lithofacies, or properties. The uncertainty on the geological
concept and stratigraphic pile (SP) itself can also be evaluated.
This type of uncertainty was not covered in the example of the
upper Aare valley, where the concept was simple. But there are
situations in which different geological concepts or different
geostatistical models for the different components of the SP
are plausible. Using the ArchPy approach and its scripting
possibilities, it is straightforward to automatically explore all
these possibilities and generate an ensemble of models that
covers this uncertainty.

Due to its recent existence, ArchPy still lacks some interesting
features and has several limitations. First of all, it is only usable
through scripts in Python, which may prevent a certain number

FIGURE 10 | Probability of occurrence along the 100 models for units YG (A), LGA (B), and LGL (C). Vertical exaggeration = 3x.
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of people from using it. However, examples are provided and can
easily be edited; therefore, it is not necessary to be an expert in
Python to use ArchPy. This approach has many advantages such
as ensuring efficient model update when new data are acquired or
accurately documenting the model construction steps. In future,
one could construct a graphical user interface (GUI). The main

limitation of ArchPy for the moment is that it assumes that the
boundaries of the stratigraphic units can be modeled using
functions that can be represented on a 2D grid. Therefore,
ArchPy cannot, at the moment, represent overturned folds. It
also does not include faults. We consider that these situations are
extremely rare in Quaternary environments; adapting ArchPy to

FIGURE 11 | (A, B) Two facies realizations that are the results of the filling of the unit realization in Figure 9A. Boreholes show the spatial distribution of the HD.

FIGURE 12 | (A, B) Two property realizations made on the two facies realizations in Figure 11.
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account for these structures would be feasible but is not currently
a priority. ArchPy is also limited by the set of geostatistical
methods that are proposed. It implies, for example, that the
code may be slow if the number of borehole data and inequalities
is important. We will continue to optimize the methods as much
as possible. Concerning the simulation of non-Gaussian data, a
normal-score transform should always be considered before
using any GRF method. But the user must be aware that this
kind of transformation is only suitable when the number of data is
sufficient (a Cumulative Function Distribution can be built).
When data are sparse, it is simply possible to assume that the
data follow a normal distribution or the use of other available
methods can be considered (MPS). Moreover, GRF simulations,
performed on data normally transformed, do not guarantee that
the covariance will be preserved in the original data space. The
use of more advanced simulation methods such as Direct
Sequential Simulation (Soares, 2001) could be a solution. The
final note is about the trends in the data (surface elevations or
facies proportions). Such behaviors can be modeled but not in a
fully automated manner as it requires user-inputs (e.g., local
facies proportions over the domain). These must be computed or
derived externally. However, implementing such routines in
future updates is straightforward.

Because it is simple and easy to run ArchPy automatically, it is
straightforward to conduct parameter sensitivity analysis. We
even suggest that the parameters should be tested as well as the
stratigraphic pile, including all its various geostatistical
components, using cross-validation. This approach should be
used to test and compare different alternative SPs. The procedure
consists in splitting the borehole data and applying a K-fold
cross-validation approach as we discussed in a previous study
(Juda et al., 2020). An ensemble of models is generated to predict
the units, lithologies, and properties at the location of a subset of
the boreholes (removed from the HD). A score can then be
computed to compare the quality of the stochastic predictions
with the actual data. We plan to incorporate cross-validation
frameworks inside the ArchPy architecture.

To go a step further, ArchPy is already coupled with several
geophysical and groundwater flow simulation tools Cockett et al.
(2015); Bakker et al. (2016). Property models generated using
ArchPy (e.g., resistivity, gravity, storativity, and hydraulic
conductivity) can be passed to forward models. The outputs
are retrieved and compared with real field measurements
which are then used to adapt the ArchPy models to reduce
the misfit between both actual and simulated data. For
example, this adaptation could be done in a Monte Carlo
scheme (Tokdar and Kass 2010) or with ensemble methods
(Chen and Oliver, 2012). This approach opens the way toward
geologically constrained joint inversion involving different
forward models.

5 CONCLUSION

The ArchPy approach that is proposed in this study combines
many techniques that are well known (geostatistical simulation
techniques for continuous or categorical variables). One important

novelty is to formally separate the description of the list of tasks
that are required to construct themodel and the construction of the
model itself. This is done by embedding all the geological and
geostatistical knowledge in an object called “stratigraphic pile.”
Based on this formalism, a piece of software can be constructed that
can automate all the tedious tasks of the model construction. The
Python module that implements the ArchPy approach allows the
fast and reproducible creation of an ensemble of stochastic models
respecting both the conditional data and the user inputs (geological
concepts). The only inputs required are the digital elevation model,
the borehole data, and how to interpolate and simulate the different
components of the model (surfaces, lithofacies, and properties); the
rest is up to ArchPy. The simulations take place during three main
phases: simulation of the units, of the lithofacies, and then of the
properties. Each step depends on the previous ones. A major
novelty is that the stratigraphic pile allows defining a
hierarchical stratigraphy and therefore allows modeling
automatically consistent subunits of any hierarchical level
within units of higher levels. The code allows quantifying
uncertainty using a sound geostatistical model. It also allows
updating the model easily when new data are available or
embedding the model construction into an inverse procedure.
The code is open-source and freely distributed. Due to its open-
source nature, the coupling with other software is facilitated. It
opens the doors to an easier and more accessible geological
modeling of Quaternary aquifers.
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