Stratigraphic Coordinate
Transformation

Amir Mahdi Latifi' and Jeff Boisvert?

TUniversity of Alberta
2University of Alberta

Learning Objectives

« Understand stratigraphic coordinate transformation calculations

+ Recognize when stratigraphic coordinate transformations should be applied

+ Evaluate when different correlation grids should be applied

+ Assess the impact of stratigraphic coordinate transformation on spatial mod-
els

1 Introduction

Geostatistical modeling requires understanding the spatial continuity of variables, ide-
ally, this spatial continuity correctly considers geological features and represents a con-
sistent domain. When these features are linear and do not change within the modeling
domain, a Cartesian coordinate system is appropriate and distances can be calculated
along a straight line path between points i.e., the shortest distance between two points
is a straight line (Descartes, 1965). However, the use of a Cartesian coordinate system
and Euclidean distances in geostatistical modeling is not appropriate for complex ge-
ology containing non-linear features due to faulting, folding, and other deformations;
continuity in these types of deposits is often considered to follow along the geology.
In these cases, one method is to transform the domain to an alternative coordinate
system to support geostatistical techniques that rely on linear two-point pairings, such
as kriging or sequential Gaussian simulation (SGS) that use variograms to characterize
spatial continuity. One other approach is to use locally varying anisotropy and related
methods in domains that exhibit non-linear features (Boisvert, Manchuk, & Deutsch,
2009).

Multiple coordinate transformations exist, the focus here is stratigraphic coordinate
transformation. The purpose of stratigraphic coordinate transformation is to alter the
coordinates in a way that removes the distortive effects of non-linear features and cap-
tures the original geological continuity of the formation when it was deposited (i.e.,
layers). Performing simulation or estimation in these alternative coordinate systems
usually leads to better results because distances and spatial continuity are more con-
sistent with geology. It must be noted that the methods discussed here are not limited
to stratigraphic formations and other geological formations such as veins or high-angle
mineralized breccias can also benefit from these transformations [Caumon & Mallet
(2006)](Mallet, 2002).

The focus of this lesson is to explain the coordinate transformation process, high-
light when different transformations are appropriate for different geological settings,
and discuss the geostatistical modeling implications of these coordinate transforma-
tions.
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2 When to Apply Stratigraphic Coordinate Transformation

Stratigraphic formations are layered deposits consisting of multiple strata of sedimen-
tary rock, soil, or igneous rocks that are laid in parallel by natural processes. Upon de-
position, layers are often horizontally extensive with a smaller vertical dimension. The
original continuity of these layers can be altered by folding and faulting, which results
in the distorted layers present today. Modeling the non-linear spatial continuity along
these layers is important for boundary modeling and subsurface property modeling in-
cluding petrophysical properties, facies, rock types, and mineral grades in stratigraphic
deposits.

The distortion of the original strata can be reversed by modeling the bounding sur-
faces and correcting the coordinates of samples and grids within the strata. This cor-
rection results in a space where modeling with linear geostatistical techniques (e.g.,
SGS, kriging) is appropriate. This coordinate transformation is appropriate and neces-
sary for all distorted, but otherwise flat, formations including veins that are extensive
in one plane.

Examples of situations where stratigraphic transformation is appropriate are shown
in the figure below. Here, points A and B belong to the same stratum, but C does not.
The first formation (A) does not require a coordinate transformation, the relationship
between points is linear, and traditional geostatistical modeling workflows can be ap-
plied directly (B). The second formation (C) has been folded since deposition and re-
quires a coordinate transformation to flatten (D). Here, both bounding surfaces have
remained intact and are flattened. The third example (E) shows folding and subsequent
erosion of lower layers (green), followed by deposition (red). In this example, the green
layers must be transformed separately; but this flattening can only consider the lower
surface, as the top surface that would control this feature has been lost to erosion (F).
G is an example of a formation that has been filled from below, but the top bounding
surfaceisintact. Here, the green layers are transformed by flattening to the top surface.
I is an example of a faulted formation that cannot be transformed to its original shape
using stratigraphic coordinate transformation. ] shows a layer folded back on itself and
is inappropriate for stratigraphic coordinate transformation. However, example J can
be first processed with an unfolding transformation and the recumbent folds can then
apply a stratigraphic transformation.

3 Transformation Procedure

The original coordinates (X, Y, Z) are transformed into stratigraphic coordinates (X, Y,
Z'). Geostatistical modeling is performed using the new stratigraphic coordinates and
the modeling grid is back-transformed to the original coordinates (X, Y, Z). The first fol-
lowing figure demonstrates the process of modeling in stratigraphic coordinates. The
continuity of the variable of interest follows along the surfaces determined by the ge-
ologist. However, if stratigraphic coordinate transformation was not considered, conti-
nuity imposed on the model would be unrealistic and not follow the geology, as shown
in the second figure below.

Forward Transformation

The bounding surfaces of a layer might have been eroded, filled, or remained intact
since deposition. The original continuity can be restored by modifying the elevation of
points and flattening to the intact layers using bounding surfaces; if one layer has been
eroded, only one bounding surface is considered. These intact layers are considered to
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Figure 1: Examples A to H: Six conceptual stratigraphic formations and scenarios where
transformation is appropriate. Examples | to J: Two stratigraphic formations where
stratigraphic transformations are not appropriate. The red and black solid lines repre-
sent the bounding surfaces that have remained in place since the time of deposition.
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Figure 2: An illustration of the stratigraphic coordinate transformation procedure. Top
left: original samples in four boreholes. Top right: Samples after stratigraphic transfor-
mation, in this case the layer was flattened to the lower surface. Bottom left: modeling
of the subsurface property of interest. Bottom right: The model is transformed back
into original coordinates
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Figure 3: Modeling a variable in original elevations for a layer that shows non-linear
behavior leads to an incorrect estimation that does not respect geological boundaries
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be correlational surfaces and they define the correlation grid. There are four different
transformations depending on the nature of the top and bottom surface, proportional,
truncation, onlap, and combination (Pyrcz & Deutsch, 2014).

1- Proportional: top and bottom surfaces are intact and both surfaces are used to
transform elevations. The new elevation of each point is its relative position between
the top and bottom surface. This can be thought of as the proportion of the distance
into the layer where this point exists. The transformation equation and an interactive
example are shown below:

Z — Zep
Zret = Zet — Leb .

The calculation to obtain the transformed elevation Z,.,;, requires the current eleva-
tion of the point Z, and the elevation of the bottom and top surfaces Z, Z.. T is the
average thickness of the layer which standardizes the units of the transformed space, if
thisisignored (i.e., setto 1.0), the resulting coordinate system describes the proportion
of the distance into the layer.

2- Truncation: the top surface has been eroded but the bottom surface is intact,
only the bottom surface is used to transform elevations. Points are flattened to the
bottom surface and represent the distance from the bottom correlational surface. The
transformation equation and an interactive example are shown below:

Z’r‘el =7Z- Zcb

3- Onlap: used to represent filling and the bottom surface has been shifted in a way
that cannot be corrected. The top surface is intact and is used to transform elevations.
Points are flattened to the top surface and represent the distance from the top corre-
lational surface. The transformation equation and an interactive example are shown
below:

Zrel =7Z- th

4- Combination: used to describe a layer that has been both eroded and filled, as
a result, both the top and bottom surfaces have been altered in a way that cannot
be corrected. No correlational surface can be explicitly defined so the stratigraphic
coordinate transformation is not possible.

Back Transformation

After coordinate transformation and modeling in the stratigraphic coordinate system,
each grid cell in the model must be back-transformed to the original coordinates. The
surfaces used for transformation must be exhaustive in the modeling domain to permit
back-transformation of the grid between boreholes. The back-transformation formu-
las for each transformation style are:

1- Proportional:

Zre
7 = Zcb + Tl * (thZcb)

2- Truncation:

Z = Zrel + Zcb
3- Onlap:

Z = Lyel + Zet
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Figure 4: An example of a proportional stratigraphic coordinate transformation. The
green and red lines represent the bottom and top bounding layers. Left: grid of the
flattened layer after transformation. Right: back-transformation of the grid cells to
original elevations showing distorted grid cells

To reiterate, geostatistical modeling techniques often rely on two-point statistics
where the correlation between points is required to be linear (a.k.a. along a straight
line); spatial continuity is modeled with variograms, and then used in Kriging and SGS
workflows. When correlation is ‘along a surface’ rather than described by a straight
line, modeling accuracy is improved when implemented on stratigraphic coordinates
because spatial continuity is more consistent with the deposition of the feature of inter-
est. These equations for transformation and back-transformation are used to create a
space where the correlation between points mimics the original depositional environ-
ment and is along a straight line.

4 Modelling Considerations

Choosing the transformation style

Selecting which transformation is appropriate is typically based on a geological under-
standing of that layer (Pyrcz & Deutsch, 2014); this can be used to determine which
layers are intact and appropriate for flattening. If there is no geological understanding
available to determine correlational surfaces, different transforms can be tested and
the one that results in the most continuous horizontal variogram can be inferred to
be the best style to represent that layer (Mclennan, 2004). When several layers are
present in a stratigraphic formation, each layer must be modeled independently with
a transformation style that is appropriate for that layer.

Support and Volume Distortion

When coordinates are transformed into depositional space their volumetric support
also changes. Considering a regular grid in original units, these cells have different vol-
umetric support after transformation, as shown in the figure below (Bertoncello, Caers,
Biver, & Caumon, 2008). This issue is usually disregarded and support is assumed to
be consistent in both spaces, but this can lead to bias in the final back-transformed re-
sults if the change in cell volume varies significantly across the domain. This distortion
could lead to possible problems with the reproduction of target statistics, such as the
histogram or variogram reproduction.
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Figure 5: A dipping stratigraphic formation. Left: X and Z axes are rotated to reverse
the dip of the formation. Right: result of rotation

Steeply dipping strata

So far, it has been assumed that the base of the formation is horizontal. However, this
is not a requirement for stratigraphic coordinate transformation, the new coordinates
could be defined in relation to any arbitrary plane. In the case of large, steeply dipping
features, the base of the formation need not be horizontal; the reference plane is tilted
or the sample data are rotated to allow for the application of stratigraphic transforma-
tions. The following figure demonstrates a dipping stratigraphic formation. Rotating
the coordinates by 3 degrees permits flattening of the original formation, stratigraphic
coordinate transformation is now possible (Deutsch, 2015). Rotation can be accom-
plished by:

”

T cosacosf  —cosfsina —sinf| |x
Y| = sina cosa 0 Y
27 sinfcosa  —sinfsina  cosf z

In this equation, a is the strike angle and 3 is the dip angle of the formation. Rotating
the equation system to remove these angles makes transformation easier.

5 Summary

Stratigraphic coordinate transformation is the process of altering the coordinates of
points in space to restore the original spatial continuity of a deformed but generally
flat formation. This simple change in coordinates leads to a better quantification of
spatial continuity and improves model accuracy. The focus of this lesson was the cor-
relation grids method, which adjusts the elevation of points relative to one bounding
surface (truncation/onlap) or two bounding surfaces (proportional). Redefining coordi-
nates requires modeling the correlational surfaces exhaustively in the domain. Realiza-
tions of the surfaces should be generated when there is uncertainty in these surfaces.
After transforming the coordinates, traditional geostatistical modeling workflows can
be implemented in the new coordinates and then back-transformed to the original co-
ordinates after modeling.
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