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Three-dimensional structural modeling is gaining importance for a broad range of quantitative
geoscientific applications. However, existing approaches are still limited by the type of structural
data they are able to use and by their lack of structural meaning. Most techniques heavily rely on spatial
data for modeling folded layers, but are unable to completely use cleavage and lineation information
for constraining the shape of modeled folds. This lack of structural control is generally compensated by
expert knowledge introduced in the form of additional interpretive data such as cross-sections and maps.
With this approach, folds are explicitly designed by the user instead of being derived from data. This
makes the resulting structures subjective and deterministic.

implicit modeling This paper introduces a numerical framework for modeling folds and associated foliations from typical
geological structures field data. In this framework, a parametric description of fold geometry is incorporated into the
f°1F1 ) interpolation algorithm. This way the folded geometry is implicitly derived from observed data, while
foliation being controlled through structural parameters such as fold wavelength, amplitude and tightness. A fold
vergence coordinate system is used to support the numerical description of fold geometry and to modify the
behavior of classical structural interpolators. This fold frame is constructed from fold-related structural
elements such as axial foliations, intersection lineations, and vergence. Poly-deformed terranes are
progressively modeled by successively modeling each folding event going backward through time.

The proposed framework introduces a new modeling paradigm, which enables the building of three-
dimensional geological models of complex poly-deformed terranes. It follows a process based on the
structural geologist approach and is able to produce geomodels that honor both structural data and
geological knowledge.
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1. Introduction

Three-dimensional modeling of geological structures is becom-
ing an essential component of quantitative geoscientific research.
For example, it helps to address challenges in sediment budget
assessment (Guillocheau et al., 2012), seismic mechanism and seis-
mic hazard studies (Li et al., 2014; Shaw et al., 2015), and nat-
ural resources characterization (Cox et al., 1991; Mueller et al.,
1988; Vollger et al., 2015). However, the construction of a three-
dimensional structural model from available observations remains
a challenging task. 3D structural modeling techniques are essen-
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tially data-driven processes honoring spatial observations (Jessell
et al., 2014). In most cases, these techniques rely on expert knowl-
edge for overcoming the sparsity and uncertainty of available
observations (Maxelon et al., 2009). Structural geology concepts
are generally incorporated in the process through interpretive el-
ements in the form of maps, cross-sections or control points
(Caumon et al., 2009). Because these elements cannot be easily
changed and represent the interpretation of the modeler, they also
make this process slow, deterministic, and difficult to reproduce.
Any expert editing is subjective and may introduce human bias
(Bond et al., 2007). This limits the understanding of uncertainties,
which have to be assessed for a structural model to fulfill its role
(Bond, 2015; Caumon, 2010; Lindsay et al., 2012; Wellmann and
Regenauer-Lieb, 2012). One way to study uncertainties consist in
producing a suite of possible models instead of a single determin-
istic one, but this approach is limited by the necessary expert edit-
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B. Structural interpretation

Fig. 1. Interference between multiple fold events. A: Photography of an outcrop in
Eldee Creek, Broken Hill block, Australia, showing complex bedding/cleavage ge-
ometry and overprinting relationships. B: Structural analysis reveals at least three
successive folding events with associated foliations. Note that the complexity of the
geometry increases with the age of each deformation event.

ing of classical structural modeling approaches. Moreover, struc-
tural modeling techniques are generally limited to stratigraphic
contact location and bedding orientation (Calgagno et al., 2008;
Caumon et al.,, 2013). Some types of structural data are often ig-
nored (Maxelon et al., 2009; Jessell et al., 2010, 2014), and part
of the knowledge collected in the field is actually lost in the pro-
cess of creating a geological model. A significant challenge is to
formalize conceptual information and combine these with all ob-
servations.

While the modeling of faults using implicit approach is rela-
tively developed (Calgagno et al., 2008; Cherpeau et al., 2010a,
2010b, 2012; Cherpeau and Caumon, 2015; Laurent et al., 2013),
folds have received little attention. Only few contributions provide
solutions to locally control fold-related geometries in interpolation
methods (Caumon et al., 2013; Hjelle et al., 2013; Mallet, 2004,
Maxelon et al., 2009). This is particularly difficult for hard rock
terranes, where the continuity of stratigraphic layers and folia-
tions are difficult to establish because of overprinting deformation
events (Forbes et al., 2004; Ramsay, 1962) (Fig. 1).

A variety of structural modeling approaches exists, which com-
bine numerical methods of interpolation (Calgagno et al., 2008;
Chilés et al., 2004; Cowan et al., 2003; Frank et al., 2007; Hillier et
al., 2014; Lajaunie et al., 1997; Mallet, 1992, 2014). Interpolation
techniques proceed by geometric smoothing between data points.
They perform well for dense data, but generate minimal sur-

faces when data are sparse, thus minimizing the curvature of the
produced surfaces. However, folds are precisely characterized by
specific, non-minimal curvature patterns (Lisle and Toimil, 2007;
Mynatt et al., 2007).

We propose a method of interpolation which is designed to
bridge the gap between data-driven and knowledge-driven meth-
ods, and addresses: (1) A better use of available data, in particular
structural information related to folds. (2) The development of a
time-aware data-driven method that takes into account the whole
folding history. This is achieved by modifying the behavior of in-
terpolation algorithms and incorporating a fold description in the
interpolation process.

Our description of folding is based on a fold frame (Section 2),
whose construction relies on observable structural elements (e.g.
axial foliation). Deformation events are modeled successively by
locally characterizing the relative orientation of their structural el-
ements (Section 3). This modeling strategy is implemented in the
framework of discrete implicit interpolation techniques (Caumon
et al.,, 2013; Collon-Drouaillet et al., 2015; Frank et al., 2007;
Mallet, 2014) through a set of specific numerical constraints (Sec-
tion 4). The principles of this modeling strategy are illustrated on
various examples of increasing complexity (Section 5).

For simplicity, we focus on the deformation of a conformable
stratigraphic sequence, excluding faults, intrusions or unconformi-
ties. These geological features may be handled as proposed by
Calgagno et al. (2008), Caumon et al. (2013), Laurent et al. (2013)
or Ree et al. (2014).

2. Structural description of folded structures

This section presents some basic structural concepts and struc-
tural elements associated with folds. From there, we define a coor-
dinate system used for parameterizing fold geometry and guiding
fold interpolation.

2.1. Structural data and notations

Various structural observations related to folding may be used
as data for building a geological model:

o Stratigraphic observations: They comprise the locations
where a given stratigraphic contact is observed, and the orien-
tation of bedding. These two observations are not necessarily
recorded at the same locations. For example, bedding orienta-
tion may also be observed inside a given layer.

o Direct structural element observations: Some of the fold fea-
tures can be directly observed, e.g. hinge locations, fold axis
directions or axial surface orientations. These features can be
observed along fold axial surfaces.

e Indirect structural element observations: Observations of ax-
ial surface cleavages, intersection lineations and vergence carry
indirect information about fold parameters (e.g. fold ampli-
tude, tightness, wavelength and location of the fold hinges).

The following symbols are used to refer to different strati-
graphic and fold features that are considered in this study: D: de-
formation event, F: folding event, S: foliation field (generally a
cleavage associated with a fold axial surface), L: intersection lin-
eation (generally associated with a fold axis).

Each of these features may be indexed by a number that rep-
resents the associated relative deformation event (e.g. S; for the
axial foliation of Dy). Bedding is referred to as Sp. When deal-
ing with the relationship between successive folding events, the
current event is denoted F;, and any previous or later fold are re-
spectively referred to as F;_; and Fjg.
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