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Space-Time Mathematical Framework
for Sedimentary Geology

Jean-Laurent Mallet?

Interpolating physical properties in the subsurface is a recurrent problem in geology. In sedimentary
geology, the geometry of the layers is generally known with a precision much superior to that which one
can reasonably expect for the properties. The geometry of the layers is affected by folding and faulting
since the time of deposition, whereas the distribution of properties is, to a certain extent, determined
at the time of deposition. As a consequence, it may be wise to model first the geometry of the layers
and then, “simplify the geologic equation” by removing the influence of that geometry. Inspired from
the work of H. E. Wheeler on “Time-Stratigraphy,” we define, mathematically, a new space where all
horizons are horizontal planes and where faults, if any, have disappeared. We surmise that this new
space, however approximative, is better to model physical properties of the subsurface whatever the
subsequent interpolation method used. The proposed mathematical framework also provides solutions
to complex problems such as determination of strains resulting from tectonic events and up-scaling of
permeabilities on structured and unstructured 3D grids.

KEY WORDS: property modeling, upscaling, stratigraphy, strain tensor.

INTRODUCTION

The interpolation of properties of the subsurface by geostatistical methods makes
intensive use of distances between data locations and locations where the interpola-
tion is performed (e.g., see Chiles and Delfiner, 1999; Deutsch and Journel, 1998;
Goovaerts, 1997; Journal and Huijbregt, 1978; Mallet, 2002; Matheron, 1968).
This raises the problem d¢fowthese distances should be computed. In the case
where the geological structures in the subsurface are not faulted and correspond
to horizontal layers, the best is to use an Euclidean coordinate systemzj

with (X, y) being the horizontal coordinates anthe vertical axis. However, if the
geological structures are folded, intuition suggests that a curvilinear coordinate
system (, v, t) with (u, v) axes parallel to the horizons and thaxis orthogonal
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to the layers, would be more appropriate to compute geodesic distances. On the
basis of these observations, we propose a Geo-Chronological model of the subsur-
face which can be seen as a mathematical formulation of the Time-Stratigraphy
concept introduced by H. E. Wheeler (1958).

There are many examples in physics where choosing an appropriate curvilin-
ear coordinate system reduces the complexity of problems. For example:

¢ the equations of flow through porous media are greatly simplified with a 3D
curvilinear coordinate systern (v, t) with (u, v) defining the isopressure
surfaces and the axis aligned with streamlines (e.g., see Mallet, 1971;
Thiele and others, 1996);

e the propagation of seismic front waves (surfaces) in the subsurface is sim-
plified if one chooses to use a 3D curvilinear coordinate system, )
where (@, v) match the seismic front wave andtorresponds to the ray
paths (e.g., see Cerveny, 1985; Hubral and Kery, 1980; Mallet, 2002);

e the equations describing the deformation of terrains around a tunnel are
simplified if a 3D cylindrical curvilinear system with axis aligned with the
tunnel is retained (e.g., see Sokolnikoff, 1956; Timoshenko and Goodier,
1970);

¢ we should also mention the critical role played by 4D curvilinear coordinate
systems in the theory of general relativity (Edington, 1923; Einstein, 1920).

As shown in Figure 1(A), the first generation of flow simulators used in
reservoir engineering was based on a decomposition of the subsurface into a set
of adjacent hexahedral cells whose edges never cross the horizons and the faults

Geological Space

Parametric Space
(B)

Distortions

Figure 1. Example of decomposition of a reservoir into a set of hexahedral adjacent 3D
cells adapted to the specific needs of a flow simulator. The edges of these cells never cross
the horizons nor the faults and are aligned to constitute a 3D curvilinear coordinate system
(u, v, t). There are distortions of the lengths of horizontal edges between the top and bottom
cells of the reservaoir.
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(Aziz and Settari, 1979). These cells are aligned to generate a “stratigraphic grid”
whose edges induce a curvilinear coordinate system, t) with t being oriented

in the vertical direction and thei(v) axes being parallel to the horizons (Mallet,
2002). Each point in the subsurface has an image inuhe, {) parametric do-
main and the images of the nodes of the stratigraphic grid in this parametric space
constitute a regular rectilinear grid where the horizons are horizontal and are not
faulted (see Fig. 1(B)). A current practice in geostatistics consists in using the
parametric domainy; v, t) so defined to compute Euclidean distances whose im-
ages in the geological domain are curvilinear distances (e.g, see Mallet, 2002).
Such curvilinear coordinates account for the shape of the horizons which them-
selves control geological continuity. There are however two drawbacks to this
approach:

e First, distortions of horizontal distances cannot be avoided when the faults
are oblique relative to the horizons. For example, as shown in Figure 1(A), a
pair of faults having a“V shape” in the vertical direction may generate large
distortions of horizontal cell sizes from the top to bottom of a reservoir. In
such a case, distances in the parametric space are irrelevant.

e Next, as shownin Figure 8, a new generation of flow simulators is using un-
structured grids based on a decomposition of the subsurface into polyhedric
cells which can no longer be used to compute curvilinear distances.

A new methodology for parametrization of the subsurface is proposed which
avoids the previous drawbacks while providing a method to populate the cells of
unstructured grids with geostatistical, structural distance-based, estimates. As a
byproduct, the strain tensor of terrains can be computed everywhere in the subsur-
face and a new way to implement upscaling techniques is proposed.

It is important to note that the purpose of this article is to define the theo-
retical basis and properties of such a modeling approach, not to provide practical
implementation techniques. However, hints leading to such implementations are
given.

GEOCHRON MODEL

In his pioneering paper, H. E. Wheeler (1958) presented, for the first time, the
concept of Time-Stratigraphy His approach was based on the initial premise that
stratigraphic units can be defined in a 3D space consistingaaf fateral space
(geographicaldimensions and a vertical tim@ghronological)dimensiori The
“Geo-Chronological model” proposed in this section and abbreviated “GeoChron
model,” can be seen as a mathematical formulation of the concepts introduced by
Wheeler.
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Figure 2. Geological space (abbreviat@space) and Geo-Chronological space (abbrevigted
space). Note that the imagk in theG-space of any horizoH; of theG-space is always a horizontal
plane. Note also that the transformatiofx) can (theoretically) be defined independently of any
grid covering theG-space.

G-Space, Horizons and Geological Time

As depicted in Figure 2, leG be a bounded volume of interest in the 3D
geological space as observed todaymay be cut by a series of faults and un-
conformities which, in turn, may induce a partition @finto a finite set of parts
called “fault blocks.” By definition, we propose to call “Geological-space” or,
more simply,G-space, the 3D space where the region of inteBedéefined above
is embedded. Any point belonging to tespace is denotedsuch that

X=X-X+y-Y+2z-Z Q)

where ¥, Y, Z) is a given right-handed orthogonal frame of unit vectors. For the
sake of conciseness, we will also denotextipe column matrix whose elements
are the componentg(y, z) of x in the (X, Y, Z) frame:

x=[xy,2' )

The terrains contained in th@-space are assumed to have been generated as
follows:

1. At geological time, particles of sediment are deposited on a phrof
a horizontal plane representing the surface of the earth (or the bottom of
the sea). Note that the horizontal bar abéiias proposed as a reminder
of the fact thatH; is (a part of) a horizontal plane.
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2. Because of tectonic events occurring during geological tinset, the
originally flat horizontal plané; is transformed into a surfadd, observ-
able today and called a “horizon,” which may be both faulted and folded.
Note that, with such a definition, a horizat is actually a “isochronal”
horizon which may not be coincident with a traditional “geophysical”
horizon extracted from a seismic cube.

Using seismic and well data and geomodeling techniques (e.g., Mallet, 2002),
it is possible to actually observe and build numerical representations of the finite
series of horizon§Hy,, Hy,, - - -, Hy,} sorted by chronological order:

to<ti<--- <ty 3)

Itis important to note that the geological timeo defined should not be confused
with the “age” of the terrains:

ti <tj <= H is older tharH,

Note also that, provided they honor the inequalities (3), the geological times
{to, t1, - - -} associated with the horizons need not be known with precision and
can even be chosen arbitrarily.

Paleogeographic Coordinates

At any geological time:, we are interested in building an image (map) of the
surface of the earth showing the distribution of the particles of sediment in the
region of interest. The mathematical model presented in this article is based on
two assumptions:

e any particle of sedimentinitially deposited at geological tine (At) then
eroded before being redeposited at tinig considered as a hew particle;

e the properties of the particles, as they are observed today, strongly depend
on their location at geological tinteof deposition. In other words, tectonic
movements (faulting and folding) affect locations but have no or few effects
on the particles properties.

As a consequence of the second hypothesis above, reconstructing images of the
location of particles at their geological time of deposition is critical for a geologi-
cally consistent interpolation of the present day distribution of physical properties
in the G-space.

As suggested in Figure 3, consider a geostationary satellite equipped with
a camera shooting vertically towards the surface of the earth in the region under
study. This camera is defined by a right-handed frame of three orthogonal unit
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Figure 3. é-space viewed as a continuous chronological stacking of images
{H} of the surface of the earth taken from a geostationary camera throughout
geological timet.

vectors (U, V, T) whereT is orthogonal to the surface of the earth and oriented
upward. These three vectors define the edges of a box where the images taken by
the camera are assumed to be stacked in chronological order during geological
time. For coherence with the geological processes, the camera is geostationary in
the sense that itd), V, T) axis are “attached” to the tectonic plate containing the
domain of interest.

Let H; be the horizontal plane orthogonal to the vedand corresponding
to the surface of the earth at geological tim&lote thatH; is parallel to the pair
of orthogonal unit vectord, V) which can thus be used as a frame ftyt As a
consequence, for any given reference ppinbelonging toH;, the pair of vectors
(U, V) induces a coordinate system ¢) on H; such that:

peH < 3(uv)e R?:p=po+u-U+v-V
At geological timet, the (, v) coordinate system so defined can thus be used to
locate any particle being depositedidn For this reason, we propose to cai) ¢)
the “paleogeographic coordinates” systemntpf

G-Space

As shown in Figure 3, imagine that we stack, “continuously” throughout
geological time, all the picturgsd;,, Hy,, - - -} in the 3D box defined by the vectors
(U, V, T) attached to the camera in such a way that:
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e each pictureH; is orthogonal to the vectdr and intersects this geological
time axis at abscisda B

e the paleogeographic coordinatas ¢) attached to each picture; are
parallel to the |, V) vectors.

We propose to call “Geo-Chronological space” or, more simpgBspace”
the U, V, T) parametric space identified to the box where the images are stacked.
The image of any particle of sediment deposited at geologicalttiatehe pale-
ogeographic locationu( v) is thus located at a point in this box in such a way
that:

u=u-U+v-V+t-T 4)

For the sake of conciseness, we will also denotei ltiye column matrix whose
elements are the components ¢, t) of u in the U, V, T) frame:

u=1[u,v,t] (5)

Any particle of sediment observed today, atlocatiamtheG-space, was deposited
at some locationuy, v) on a planeH; and can thus be characterized in a unique
way by its coordinatesu( v, t) in the G-space. As a consequence, as shown in
Figure 2 there exist three function§), v(x), andt(x) transforming any point of

the G-space into a point(Xx), v(x), t(x)) of the G-space. The vectorial function
u(x) defining that transformation is called &=parametrization” of th&-space:

X u(x)
x=|y|leG-S5uX)=|vx |ecG (6)
z t(x)

Note that there is an infinity of possib{@-parametrizations, each, say(x) =
[U(x), v'(x), t'(X)]!, being deduced from any other, safx) = [u(x), v(x), t(X)]*,

by rescaling the geological timieand rotating and translating the paleogeographic
coordinatesy, v) as follows:

u'(x) [cos(x) - sin(a)} ' [u(x)} Ay

V'(X) | =| | sin@) cosg) vX) | |+ ] A 7
t'(x) F(t(x) At
u'(x) ”

In such a reparametrizatioR(t) is assumed to be an arbitrary monotonic increas-
ing function,« is an arbitrary rotation angle whila,, A,, andA; are arbitrary
constants.



8 Mallet

u

7 § % Ero:ed o

Z — )

(i A
XY G-space UV Gospace

Figure 4. Vertical cross section showing an eroded zone irﬁk—mpace which does not
have any counterpart in th@-space.

Parametric Representation of theG-Space

Referring to Figure 4, one can observe that:

e any pointx in the G-space has an imaggx) in the é-space;
e due to erosion, there are points in Bespace which have no counterpart
in the present tim&-space.

_ To account for such erosions, introduce the notion of “parametric domain
Gy as the subset of thB-space whose points are images of points ofGhgpace:

U eGre= X eG i ux)=ueG (8)

In other words,Go corresponds, in th&-space, to terrains which have been
preserved throughout geological time. According to Wheeler's terminology, in
Time-Sedimentology the parametric dom@&@pso defined is calledolostromé
(holo = complete plustrom= layer).

It is now possible to define as follows a functiafu) on the parametric
domainGg:

UeGy — x(U)eG : uXu))=u* 9)

The functionx(u) so defined orGy is called the “parametric representation” of
the G-space associated with tiBparametrizatiom(x). Most of the time, for the
sake of simplicity it is useful to express this function as an explicit function of
the components afi and this is why we will also use the following equivalent
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notation:
u=[u,v,t]' = x(u, v, t) = x(u) (10)

As Figure 5 shows, note that:

o if t is fixed while {u, v) vary, thenx(u, v, t) moves on the horizohl;

e if (v, 1) are fixed whileu varies, therx(u, v, t) moves on a curve called a
u-line belonging to the horizohi;;

e if (u, t) are fixed whilev varies, therx(u, v, t) moves on a curve called a
v-line belonging to the horizokl;

e if (u, v) are fixed whilet varies, therx(u, v, t) moves on a curve called a
t-line cutting the stack of horizons.

Note also thatthe image ofdine in theG-space is a vertical line correspond-
ing to particles which where deposited at the same paleo-geographical coordinates
(u, v) across geological time. For this reason, most of the time in the following, the
name ‘t-line” is replaced by the name “Iso-Paleo-Geographic” line, abbreviated
“IPG-line,” which carries more explicitly the physical nature of these lines.

Notion of G-Frame (X, Xy, Xt)

As shown in Figure 5, at each poixt= x(u, v, t) in the G-space, the para-
metric representatiox(u, v, t) induces a curvilinear coordinate system consisting

Z

IPG-Line =t-Line

Y

v-Line

X X(u,v,1)

Geological space

(G-space)

U-Line

Figure 5. The parametric representatifu, v, t) induces a curvilinear coordinate system
in the G-space associated with @-frame &y, x,, ;). Note that %, x,) are tangent to
the horizonH; while the sedimentation velocit is equal to the length of the orthogonal
projection of the vectox; onto the directioN orthogonal toH;.
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of au-line, av-line, and at-line and the three tangent vectotgx), x,(x) and
Xt (X) defined as:

ax(u, v(x), t(x))

Xu(X) = au 0

XU(X) — W e (11)
XU, v, [

Xt (X) = _____5?_____t=ﬂﬂ

We propose to call the vectors,( x,, X;) so defined the (local)G-frame” asso-
ciated with theG-parametrizatiom(x).

In the following, we will show how the gradients of the componeifxg, v(x),
andt(x) of vectoru(x) can be used to compute the vectogs &, , X;) at any poini
in theG-space. For this purpose let us consider, as an example, the xgg)and
let (u*, v*) be the values afi(x) andv(x) at locationx. At this location, the-line
and its associated tangent vectd(ix) are parallel to the intersection of the tangent
planes to the isovalue surfaag&) = u* andv(x) = v* whose normal vectors are
themselves parallel tgrad u(x) andgrad v(x), respectively. As a consequence, if
we note & x b) the cross product of two vectoasandb, then we can write

grad u(x) x grad v(x)
[lgrad u(x) x grad v(x)||

xt(X) =& - [x(X)]] - (12)

wheres = £1 depends on the orientation of thé&ne. Now, let us try to determine
the modulug|x;(x)||. First, observe that the derivative of the curvilinear abscissa
s along thet-line passing by is such that:

ds

X GOl = | =

at (13)

Next, let us consider the unit vectd(x) = x¢(x)/||x:(x)|| tangent to the-line
passing by. Itis well known that the derivative d¢fx) relative to the displacement
sin the direction ofd(x) is equal to the following dot product:

dt
de = d(x) - grad t(x) (14)

As a consequence, from (12) and (14), it can be deduced that:

dt grad u(x) x grad v(x)
—=c -
ds [lgrad u(x) x grad v(x)||

-grad t(x) (15)
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According to (12), (13), and (15), we conclude that the vexttt) defined by the
third Equation (11) can be deduced as follows from the gradients of the functions
u(x), v(x), andt(x):

grad u(x) x grad v(x)

' (grad u(x) x grad v(x)) - grad t(x) (16)

Xe(X) = ¢

For consistencyx;(X) should be oriented in the same directiongaad t(x); in
other words¢ should be chosen in such a way that:

X¢(X) - gradt(x) > O a7

As a direct consequence of Equation (16) we concludesthaist be taken equal
to+1.

Using a circular permutation ofi( v, t), one can use exactly the same deriva-
tion to find the expressions for the vectaygx) andx,(x). Finally:

_ grad v(x) x gradt(x)
W) = GraduE) x grad v() - grad t(x)
_ gradt(x) x grad u(x)
X0 = (grad u(x) x grad v(x)) - grad t(x) (18)
% () = grad u(x) x grad v(x)
A (grad u(x) x grad v(x)) - grad t(x)

In differential geometry, the (twice covariant) “metric tensg(X) associated with
aframe kg, X,, %) is traditionally defined as follows at any poinin the G-space:

[[XulI? Xu = Xy Xy - Xt
g(x) = | Xy - Xu [Xu][? Xy - Xt (19)
Xt Xu Xt - %o |[%c]|?

It can be shown (e.g., see Mallet, 2002; Sedov, 1975; Sokolnikoff, 1964) that this
metric tensor characterizes metric properties such as lengths, angles, areas, and
volumes in the neighborhood &fand we will see, later in this article, how it can

be used to characterize the deformation of the terrains between geological time of
deposition and present time. According to Equations (18), it is interesting to note
that @@rad u, grad v, gradt) is the (contravariant) dual frame of(, x,, X;) from

which it can be deduced that the inversg(f) can be expressed as follows (e.qg.,
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see Sedov, 1975, p. 61):

[lgrad u||? gradu-gradv gradu-gradt
g~ X(x) = | gradv - gradu ||grad v||? gradv - gradt (20)
gradt-gradu gradt-gradv llgradt||?

The determinant of~1(x) can also be expressed as follows in function of the
gradients ofu(x), v(x), andt(x):

det(g~1(x)) = {(grad u(x) x grad v(x)) - grad t(x)}? (21)

Unit Normal Vector N(x)
LetN(x) be the unit normal vector orthogonal to the horizérpassing by the
pointx. This vector is parallel tgrad t(x) and should thus be defined as follows
to point towards the younger terrains:

_gradt(x)
NG = Tgrad o] (22)

As shown in Figure 5, the vectorg(X), X,(x)) are tangent to the horizoH;
passing by the point and are thus orthogonal t(x). In differential geometry
(DoCarmo, 1976), it is common practice to deflgx) as follows:

N = 00X %00

= %) x %] @3)

The two formulae (22) and (23), however, may result in opposite orientations for
N(X). To avoid such inconsistency, it is mandatory to choose the pair of functions
(u(x), v(x)) in such a way that:
(Xu(X) x X,(X)) - gradt(x) >0 VxeG (24)
Using the formula
(axb)yx(bxc)=—-{(axc)-b}-b

it can be shown that condition (24) is equivalent to:

(grad u(x) x gradv(x)) - gradt(x) >0 Vxe G (25)
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In the case where this consistency condition is not honored, one must change the
sign of one of the two first componentgx) or v(x), of u(x). In the rest of this
article, the condition (25) is assumed honored.

Image of the Frame (X, Xy, %) in the G—Space

According to the definition (11), the vectryg(x) is such that:

Yo%) = A'LTO X(u(x) + Au, v(X), t(:)d — x(u(x), v(x), t(X))

This implies that the image of,(x) in theé—space is thus a vectay(x) such that:

u(x) + Au u(x)
v(X) — | v(X)
0 = fim,
Au 1
. 1
=Ilm —.| 0 |=]0|=U
Au—0 AU
0

In other words, the image of,(X) in thec_a-space is identical to the unit vector
of the frame {, V, T) associated with our geostationary camera. The images of
Xy (X) andx;(x) in the G-space can be obtained in a similar way, thus:

Xu(x) =U
VXxeG:|X,(X) =V (26)
x(x) =T

As a consequence, any infinitely small veadY (x) in the G-space has an image
dW (u(x)) in the G-space such that:

dW(x) = du- xy(X) + dv - X, (X) + dt - X¢(x)

¢
dW(u() =du-U+dv-V+dt-T (27)
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It is easy to check that the componerdsi(dv, dt) in Equation (27) are such that

du dW(X) - Xu(x)
dv | =g7(x) - | dW(X) - x,(X) (28)
dt dW(X) - X¢(x)

SEDIMENTATION VELOCITY

_Itis clear that the images of the top and bottom horizons of a layer in the
G-space are parallel horizontal surfaces even though the layer thickness in the
G-space is variable. Sedimentation velocity is the key concept introduced in this
section to account for these thickness variations, if any.

Sedimentation Velocity(x)

As shown in Figure 6, let us consider the pages of a book as an analogue of a
thin sedimentary layer with a constant thicknedsbounded by a foot-walH; _ ¢

- G-space
At

= u(x)
= u(xz)

Figure 6. Pages of a book viewed as an analog of a geological thin layer folded according to a
“flexural slip” style. Note that the thicknegsh in the folded and unfolded states is constant and
equal to the sumh of the thickness of the pages. Note also that X2) is anIPG-line whose
image in theG-space is the vertical segment (uy).
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and a hanging-walH;. Note that:

e Whether the layer is folded or unfolded, its thickneshk is the length
of a segment orthogonal td; and H;_,; and is equal to the sum of the
thicknesses of the pages of the book. In other words, provided that there
is no compaction and assuming that the layers can slide on each others
without generating gaps according to a “flexural slip” tectonic style (e.g.,
see Couples, Lewis, and Tanner, 1998; Suppe, 1985}hitismesof the
layersis an invariantthroughout geological time whatever the curvilinear
coordinate systenmu( v, t).

e The gradient of the geological time functiogx) at locationx on H; is a
vector of theG-space such that

gradt(x) ~ % -N(x) (29)

whereN(x) is the unit normal vector orthogonal té at locationx posi-
tively oriented in the direction of the younger terrains (see Eq. 22)).

These observations suggest to introduce the sedimentation velfgitylefined
as follows at locatiox on H;:

V(X) ~ At (30)

More generally, at the limit whent tends towards zero, we deduce from Equa-
tions (29) and (30) that the sedimentation velodix) can be defined as follows
at any pointx in the G-space:

1

909 = Jigrad o]

(31)

The functiom$(x) so defined is an “apparent” sedimentation velocity which rep-
resents the “real” sedimentation velocity only if there is no compaction and if
the times assigned to the horizons correspond actually to real geological time.
Moreover, as shown in Figure 5, from Equations (18), (22), and (31) it can be
deduced that, the length of the projectiorxgfk) onto the directioN(x) is equal

to ¥(x):

1
Xt(X) - N(x) = 9(x) = m (32)
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Similarly, it can be deduced from (18) and (31) that:

gradt(x) = % -N(x) (33)

Decompacted Sedimentation Velocity ,(x)

The sedimentation velocity(x) as defined above does not account for the
compaction of the terrains which may have occurred from the geological time of
deposition to the present time. A column of sedimari(x) orthogonal to the
horizons observed today at locatigrin the G-space between two horizot
and H;_ ¢ corresponds actually to a vertical columiH (x) at geological time
of deposition such that:

Ah(x) = (1 - ¢(x) - AH(X)
with:0 <¢(X) <1

In this equation, the function(x) is called the “compaction coefficient” and de-
pends both on the trajectory of the particle across geological time and the nature
of the sediment observed at locatiofe.g., see Magara, 1976). As a consequence,
to account for compaction, the sedimentation velo¢ifx) must be replaced by
U4(x) called the “decompacted sedimentation velocity” and defined as:

95() = ) (34)

_
1-¢(x)

Thickness to Time Conversion
As a direct consequence of definition (30), the thickness of sedimé(tg

observed today at poimtin the G-space and corresponding to a geological time
lag At, can be deduced as follows from the sedimentation vela{xy:

Ah(X) = 9(x) - At

In a similar way, the decompacted thickness, (x) of sediments observed today
at pointx in the G-space and corresponding to a geological timeAdgcan be
deduced as follows fror?, (x):

Ah¢(X) = ’l9¢(X) - At
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Conversely, the equation above can be used to convert the thickigés) of a
thin layer or a geobody (e.g., a channel or a lens) observed today at logation
the G-space into a time lagt in the G-space:

_ Ahy(x)
A= Fy(X)

(35)

ASSESSING DEFORMATIONS IN THE G-SPACE

At geological timet, the horizonH; was a horizontal plankl; while, for any
At > 0, the neighboring horizoH;_A: was then already transformed into a curved
surfaceH;_ ¢ located right belowH;. Moreover, due to gravitation, at geological
timet the field of sedimentation velocities was afield of vectors constantly oriented
upward relative to the time axis. As a consequence, to restore the thin layer
{Ht, Hi_at} located between the horizo and H;_A; as it was at geological
timet, one can thus proceed in tl&space as follows:

e select the horizontal plarid,; 3
e build the curved surfackl;_: deduced fronH; as

u u
u=|v € _t — 0= v € |:|th’[ (36)
t— 9, At

where, for conciseness sal®, is set equal tad 4 (x(u)).

The thin layer{ I-_|t, I:h,m} so defined is the image, at geological titnef de-
position, of the thin layerfH;, Ht,m}_ob~served today in th&-space and the
transformatiorR of {H;, Hi_a¢} into {H;, Hi_a¢} is called a “restoration”:

R — o~
{H, Hi—at} —> {Ht, Hi—at) (37)

To characterize this restoration procés$or any pointx in the neighborhood of
H;, itis proposed to determine the imade&, (X)), R(x, (X)), andR(x;(x)) of the
vectorsxy(X), X,(x), andx:(x), respectively. For this purpose, first observe that
according to Equation (11):

X(u(x), v(x), t(x)) — x(u(x), v(x), t(x) — At)
At

%00 = fm, )
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Note also that:

u u+ Au
R(x(u,v,t)) = | v and RX(U+Au,v+Av,t—At)=| v+ Av
t— 9y - At

For infinitesimal variations of, the restoration operatd®(x) can always be ap-
proximated linearly; according to Equation (38), the image: 0{) in the restored
layer{H;, Hi_at} is thus a vectoR(x;(x)) such that:

u(x) u(x)
v(x) | — v(X)
R(x(x) = lim_ Sl tA(:) —0 =
U
0
R(x¢(x)) = AQTO% 0 = 0 | =119l -T
By - At o

Using a similar proof, it can be shown that the imag¥g,(x)) and R(x,(x)) of
Xu(X) andx,(x) in the restored layefH;, Hi_ ¢} are constant vectors equaltb
andV, respectively. To sum up, for any poixin the G-space:

e the image of,(x) at geological time of deposition is the vectdr

e the image ok, (x) at geological time of deposition is the vectéy_

¢ the image ofx;(x) at geological time of deposition is the vecibfx) =
'19¢(X) -T.

The metric properties of the folded state observed today in the neighborhood

of x are characterized by the metric teng{k) associated with the locab-
frame &y (x), X,(X), x¢(x)) and defined by the Equation (19). Similarly, the vectors
(U, V, T(x)) constitute a local frame associated with the following metric tensor
0o(X) characterizing the metric properties of the neighborhood of the image of
in the restored state at geological time of deposition:

U2 UV U-TR)

o) =| V-U V2 VT

[T)-U TE)-V TP

[1 0 0

=(0 1 0 (39)

[0 0 [9y(x)?
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The 3D strain tensof (x) characterizing the deformations of tlespace in the
neighborhood ok between geological time of deposition and present time is then
defined as follows (e.g., see Mallet, 2002; Sedov, 1975; Sokolnikoff, 1964):

guu EUU guf 1
EX)=|Eu Enw &i|= 5 (9(x) — go(x)) (40)
Gu & G

Observe that the components&x) depend strongly on the 3D curvilinear co-
ordinate system induced by the functians), v(x), andt(x). However, it can be
shown (e.g., see Mallet, 2002; Sokolnikoff, 1964) that there are entities linked to
g(x) andgo(x) which are invariant if the scale of geological tirhés changed or

if the paleogeographic coordinatas () are rotated and translated according to
Equation (7). For example, consider an infinitely small element of voldWet
locationx in the infinitely thin layer{ H;, Hi_a:} and its imaged\j at deposition
timet in the layer{H;, H_a:}: it can be shown (e.g., see Mallet, 2002, p. 395)
that the cubic dilatation coefficieitdefined by

() = ——— (41)

is an invariant which can be computed as follows:

_ | det@(x)) | det(gy*(x))
"= detor) = et i) “2
Taking into account Equations (21), (39), (34), and (22), it can be concluded that:

1-9()

Y00 = J(gradup) x grad vG)) - NGOT

(43)

The above formulae clearly shows ttegk) is actually invariant if the scale of
geological timet is changed or if the paleogeographic coordinates) are ro-

tated and translated. There are also other invariants characterizing the “Principal
Strain Directions” at any locatior in the G-space which are deduced from the
eigen vectorgD(1)(X), D)(X), Dez)(X)} and eigen valueph1)(x), A2)(X). Az)(X)}

of matrix S(x) = g~1(x) - £(x) called the “Eulerian strain tensor”:

(@719 - £(0) -Diy() = 1)(¥) - Di(¥) Vi=1,2,3 (44)
S(x)
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For example, consider an infinitely small segmért= W - ||dx|| at locationx

in the infinitely thin layer{H;, Hi_:} and its imagelx, at deposition time in the
layer {H;, I:|t_At}. Assuming thalV is a unit vector, the elongation coefficient
e(W) defined as follows is clearly a function of the orientation of this vector:

_ ldx|l = [ldxoll

o) |1dXoll

(45)

It can be shown (e.g., see Mallet, 2002, p. 396) #{&Y) is extremum when
W is equal to one of the three directiof®/((x)} defined as follows where
(Dg)(x), D), Dfi)(x)) are the three components of the eigen ve@gj(x) of
S(x):

v t
W) = Di) Xu+Df %+ Dy x g (46)
|ID) - Xu + Dgjy - Xy + Dy - Xl

These vectorfW ;(x)} of theG-space are called “Principal Strain Directions” and

it can be shown (Mallet, 2002) that they are orthogonal and independent from the
parametrizationu(x), v(x), t(x)). The elongationge;(x) = (W)} correspond-

ing to the principal strain directions are also invariants and are deduced from the
eigen values o§(x) as follows:

1

ei)(X) = m

In practice, all these invariants can be considered as “structural attributes” which
may be linked to the fracturation of the terrains and the variations of the phys-
ical properties to be interpolated. For example, the permeability of the terrains
is positively correlated to the fracturation if there is no cementation posterior to
the generation of the fractures, otherwise it may be negatively correlated. As a
consequence, to account for postdepositional variations of the properties induced
by the fracturation, one could, for example, use co-Kriging based on the above
invariants rather than an ordinary or simple Kriging method (e.g., see Chiles and
Delfiner, 1999; Deutsch and Journel, 1998; Goovaerts, 1997; Mallet, 2002).

—1 Vi=123 (47)

Comment

Classically, balanced restoration methods used in structural geology proceed
in two steps (e.g., see Dahlstrom, 1969; Gibbs, 1983; Mallet, 2002; Suppe 1985):

1. first, the top horizon is unfolded;
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2. next, the stack of layers (below the top horizon) is unfolded to follow the
movement of the top horizon while preserving the mass of the terrains.

It should be observed that the GeoChron method proposed above to compute the
strain tensor and its associated invariants must not be mistaken with restoration
methods for the following reasons:

e Contrary to classical restoration methods, in the GeoChron method the
layers in theG-space are not actually unfolded.

e Contrary to classical restoration methods, in the GeoChron method the
strain tensor and its associated invariants represerbthkedeformation
at any depth in the subsurface. Classical restoration methods only unfold
the neighborhood of the top horizon completely which implies that, with
these methods, the strain tensor can be evaluated correctly only in the
neighborhood of this top horizon: residual deformation in deeper regions
of the subsurface are not taken into account by these methods directly.

Several types of balanced restoration have been described in the literature
like, for example, the flexural slip and incline shear methods (Gibbs, 1983; Suppe,
1985). It should be observed that, in the GeoChron model, the choice of the field
of IPG-lines is a “model decision” which is equivalent to the choice of a particular
type of restoration.

INTRINSIC CONSTRAINTS FOR u(x)

The primary purpose of this article is to introduce a mathematical framework
designed for modeling properties in sedimentary geology, not to provide a tech-
nigue to actually build such a framework. Even though buildifg in practical
applications is beyond the scope of this article, it is possible to explicit some gen-
eral “intrinsic” constraints to be honored by the componelt3, v(x), andt(x) of
u(x) whatever the shape of the geological structures irrspace. In this section
we present a series of such intrinsic constraints which must be used to restrain the
set of possible functiong(x), v(x), andt(x) and thus help in designing methods
to actually buildu(x) in practical applications.

Intrinsic Piecewise Continuity Constraint

The GeoChron model presented in this article implicitly assumes that the
componentsi(x), v(X), andt(x) of u(x) are piecewise continuous (and derivable)
functions in theG-space. The only discontinuity which can affect these functions
correspond to fault surfaces and unconformity surfaces. As a consequence, this
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induces a piecewise continuity constraint which must be honored by any interpo-
lation method used to compute a valid transformatix).

Intrinsic IPG Constraints

It can be observed that atiyG-line is the intersection of an isovalue surface
ofthe functioru(x) with an isovalue surface of the functio(x). As a consequence,
for any givenlPG-line L, the functionau(x) andv(x) should honor the following
intrinsic constraints called thePG” constraints:

u(x) = ut
vxel:|v(x) =0t (48)
t(x) = t(x|L)

In this constraints:
e (ut, vl)is a pair of constants depending only brfsee Fig. 7).

e t(x|L)isafunction interpolating the values of the geological time observed
at the intersections df with the horizong Hy,, Hy,, - - -, Hy, }.

Intrinsic Iso-Geological-Time Constraints

By definition, a horizorH; corresponds to a set of particles deposited at the
same geological time As a consequence, for any horizbly, the functiont(x)

Y [PG-ine Hy

X

G-space

Figure 7. Intrinsic constraints are controlled by the geometry of the horizons and
IPG-lines in theG-space. Note thai-lines andv-lines are contained ity and
are tangent ta, andx,, respectively, while is tangent to atPG-line.
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should honor the following intrinsic constraints called the “iso-geological-time”
constraints (see Fig. 7):

VX e H, 1 tx) =t (49)

Intrinsic Flexural Slip Constraint

Restricting the two first componenta(k), v(x)) of the G-parametrization
u(x) to pointsx located on a horizokl, amounts to a parametrization of this hori-
zon, called the “induced parametrization” b . The properties of this induced
parametrization are linked to the propertieu@f) and can thus be used to con-
strainu(x) in a way consistent with the geological processes which genekated
throughout geological time.

First, observe that the image 6f; in the 2D parametric domain of the in-
duced parametrization is the horizontal plade which can be seen as an un-
folded/unfaulted version oH,. As a consequence, for any poiton H,, the
vectorsxy(x) andx,(x) are tangent tdH, and the 2D metric tensay(x|H,) of
H, associated with the induced parametrization at location H, is such that
(DoCarmo, 1976; Mallet, 2002):

(50)

G L) — [ 1% (117 xu(x)-xv(x)]

Xo(X) - Xu(X¥) 1%, (X)]]2

Similarly, the metric tensogg(x|H;) of H. associated with the induced paramet-
rization at locatioru(x) is such that:

Hy— i u-v|i |10 51
gO(X| r)— V.U ||V||2 - 0 1 ( )

The 2D deformation of the surfadé, between geological time of depositian
and present time is then characterized by the 2D strain t&h{gpt,) defined as
(e.g., see Mallet 2002; Sedov, 1975; Sokolnikoff, 1964):

gU u guv

E(XIH;) = |:g <
vu v

} =2 @XH) - gH) (52

Let us assume now that the studied geological layers have been folded according to
a “flexural slip” tectonic style (e.g., see Couples, Lewis, and Tanner, 1998; Suppe,
1985; and Fig6 ) without any compaction. In such a case:
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e the 2D deformation of, should be minimum;
e the variation of volume in the neighborhoodldf should be minimum.

In other words, the magnitude of the component£(f|H,) defined by
Equation (52) and the magnitude of the compaci¢x) and the cubic dilatation
0(x) defined by Equation (43) should be as small as possible for any yaint
H.. As a consequence, we conclude th@d) andv(x) should honor the following
intrinsic constraints that we propose to call the “flexural slip” constraints:

1) I = [Ix17 =~ 1
Vx e H,:|2) Xu(X) - X,(X) >~ 0 (53)
3) 6(xX)=0andp(x) =0

Let us introduce the projectiongrad,u(x) and gradyv(x) of the gradients
grad u(x) andgrad v(x) onto the horizorH = H,:

~|gradyu(x) = grad u(x) — {grad u(x) - N(x)} - N(x)

Vx € H; :
grad, v(x) = grad v(x) — {grad v(x) - N(x)} - N(x)

(54)

It can be observed that:

gradu(x) - grad, v(x) = grad u(x) - grad v(x)
—{grad u(x) - N(x)} - {grad v(x) - N(x)}  (55)

Moreover, using the formula
(axb)-(cxdy=(a-c)-(b-dy—(b-c)-(a-d)

and the definitions (18) and (22), it can also be checked that:

IxGI2 = % (llgrad vl — grad v(x)-NX)?)
1
X()? = 509 -{llgrad u(x)|[*> — |grad u(x) - N(x)|*}
Xu() X, (0) = —ﬁ {gradu(x)- grad v(x) — {grad u(x)-N(¥)} - (grad v(x) - N(x)}}
(56)
with:

D(x) = |{grad u(x) x grad v(x)} - N(x)|? (57)
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Note that, according to equation (43):
{6(x) =¢(x) =0} = D(x) =1

From Equations (55) and (56), we can thus write:

1
X ()I1? = b6 |lgrady; v(x)||?
%, ()> = 56 |lgrad; u(x)||? (58)
Xu(X) - Xy (X) = 563 grady u(x) - grady v(x)

From Equations (57) and (58), at any poinin the G-space where there is no
variation of volume §(x) = ¢(x) = 0), it can be concluded that the intrinsic flex-
ural slip constraints defined by Equations (53) are equivalent to the following
constraints wherél = H(x) represents the horizon passing by the pgint

D) llgradyu()[| =~ [lgradyv(X)|| ~ 1

v G:
X € 2) gradju(x) - gradyv(x) ~ 0

(59)

It is important to note that, specifying a flexural slip tectonic style, thanks to these
constraints, implicitly specifies the shape of tR&-lines. As a consequence, the
flexural slip constraints and tHBG-lines constraints presented above should not
be used simultaneously.

APPLICATION TO PROPERTY MODELING

As mentioned in the introduction, the primary purpose of this article is to
propose a mathematical framework for building a consistent coordinate system for
modeling properties in the subsurface. In the following we show how the GeoChron
model introduced in the previous sections can be used to model properties at
different scales of resolution.

Property Modeling in the G-Space

Consider a particle of sediment observed today at location the horizon
H; and lety(x) be a physical property attached to this particle. According to
Equation (6), if it can be assumed that this property was kept unchanged throughout
geological time (no diagenesis), then there exists a funei{on defined in the
G-space such that:

¢() = ¢(u(x)) (60)
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At geological timet of deposition ofH;, the spatial variation op(u) on H; de-
pends strongly on the paleoenvironmey(u, v) which is also a function of the
G-coordinates. Even though postdepositional transformations (such as diagenesis)
do occur, the present day variationg(x) still depends strongly on the paleoen-
vironmente; (u, v). Moreover, if the componentgx) andv(x) of u(x) honor the
intrinsic minimum deformation constraints (see Eqg. (53)), then the geodesic curvi-
linear distances, the angles and areas on any hotipmare all approximately
equal to their Euclidean images on the pldtein the G-space. Consequently,
the modeling of a property by any method, including Discrete Smooth Interpo-
lation (DSI) (Mallet, 2002) and geostatistics (Chiles and Delfiner, 1999; Deutsch
and Journel, 1998; Goovaerts, 1997; Journal and Huijbregt, 1978; Mallet, 2002;
Matheron, 1968), is better performed in iBespace instead of th&-space.

In practice, to model the variations @{x) in the G-space in a way consistent
with the sedimentation process, it is thus proposed to proceed as follows:

1. Collect a set of pairgxg, o(Xx) : k=1,2,---, K} corresponding to
present dayalues ofp(x) observed on a set of sampling poirit}
in the G-space.

2. For any data poingxy, ¢(xx)} observed in thés-space, build its image
{uk = u(xx), o(uk) = @(xx)} in the G-space. Note that, if the present day
valuesp(xy) are affected by diagenesis, then these postdepositional mod-
ifications will be implicitly taken into account by any interpolation of the
valuesg(u) in the G-space. _

3. IntheG-space (see Fig. 2), build a rectilinear regular 3D grislich that:

(a) G covers, in theG-space, the image of the domain of interest which
was originally chosen in th&-space,

(b) the axes ofj are aligned with theld, V, T) vectors defining the ori-
entation of the geostationary camera,

(c) thegridgisassumedto be fine enoughto capture the scale of resolution
of the variations of(u).

4. Using a geostatistical method or the DSI method (Mallet, 2002), build an
estimation ofp(u) at all nodes of;. If needed, these interpolation methods
(e.g., collocated co-Kriging) can be tuned to account for postdepositional
transformations of this property induced, for example, by diagenesis or
fractures correlated to the invariants of the strain tensor.

5. At any pointx where the value af(x) is needed, proceed as follows:

(a) determine the celC(u) of G where the image = u(x) is located,

(b) use a local interpolator (e.g., see Mallet, 2002; Mortenson, 1985) to
determine the value af(u) from the values previously estimated at
the vertices ofC(u),

(c) return the value(x) = ¢(u(x)).
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Note that this procedure, never uses the funckir) transforming a point of

the G-space into a point of the G-space. Thus, it works even if there exists some
eroded parts in the studied domain (see Fig. 4). Moreover, from a practical point
of view, it can be observed that:

1.

2.

3.

as opposed tp(x), the functiong(u) is not affected by discontinuities
induced by faults and unconformities, if any;

as opposed tp(x), the functiony(u) is not affected by the folding of the
horizons, if any;

as opposed tp(x), the functiong(u) is not affected by eroded zones, if
any;

. in thec_a-space, to simplify the implementation of geostatistical methods,

it is always possible to rotate the,(v) coordinate system to align it with
the principal directions of anisotropy @{u), if any.

Why Using the GeoChron Model ?

It is now possible to point out some important benefits that one can expect
from using the GeoChron model to interpolate properties in the subsurface:

1.

From a theoretical point of view, modeling the properties inGhspace
rather than in th&-space short cuts the complexity induced by the geom-
etry of the geological structures: in a sense, using the GeoChron model,
we have simplified the “geological equation.” This is quite similar to the
common practice used to get rid of a known solution when solving an alge-
braic equation: if a trivial solutior* is known (equivalent to the geometry

of our geological structures), then a simpler equation having the same re-
maining solutions can be obtained by dividing the original equation by
(X — x*).

. From a computer-science point of view, the storage of the property in the

rectilinear regular 3D grig/ covering theG-space is very efficient for the

three following reasons:

e Many modern geostatistical software (Deutsch and Journal, 1998) make
an intensive use of rectilinear regular grids. As a consequence, these
geostatistical tools can be used without any modification to interpolate
a propertyp(u) on the gridg in the G-space.

e Contrary to curvilinear grids (see Figs. 1 and 8), there is no need for
storing the coordinates and the connectivities of the node&s dhis
allows a very simple and compact storage () in a 3D array whose
entries correspond to the nodesof

e Compact storage @f(u) in the gridG allows the steps of this rectilinear
regular grid to be chosen very small to model fine variationg(aj.”
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Figure 8. Example of decomposition of a reservoir into a set of polyhedric adjacent 3D cells adapted
to the specific needs of a flow simulator. Note that the edges of the cells never cross the horizons and
the faults surfaces.

3. From a practical point of view, it can be observed that property modeling
based on the GeoChron model is independent from any grid covering
the G-space. As a consequence, it is possible to buildifiedproperty
model whatever its future uses to populate different types of grids. For any
specific type of grid required in th®-space by a particular application, it
is thus possible to:

e build the application gricfterthe modeling of the properties;
e adapt, locally, the geometry of the application grid to the variations of
the properties.

Upscaling

In reservoir engineering, oil and gas reservoirs located inGkspace are
often decomposed into a set of adjacent polyhedric 3D cells, called “flow-cells,”
whose edges never cross the faults or the horizons (see Figs. 1 and 8). In practice,
the geometry of these cells is adapted to the specific needs of the flow simulator and
a common problem consists in populating each cell with a field of permeabilities
corresponding to the terrains it contains. Note that the average size of these flow-
cells is typically an order of magnitude larger than the frequency of the variations
of these permeabilities. As a consequence, for each flow-cell, a process called
“upscaling” must be used to replace the set of all within-cell permeabilities by
a unigue cell-permeability tensor. Many technigues have been proposed in the
literature (e.g., see Chiles and Delfiner, 1999; Darman and others, 2000; Gautier,
Blunt, and Christie 1999; Renard and de Marsily, 1997, Wen and others, 2003;
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G-space %
u(x) QAded Pd
Z
T <z
L)UV gridding
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Xt(XC)
€ 3 foiso
Xy (x°) o transforming

Figure 9. Upscaling the permeabilities of a célin the G-space: The celC centered
onx® in the G-space is associated with a bBy which is centered on(x®) and whose
edges are parallel to th&)(V, T) directions in theG-space. Note thaB; may overlap
eroded or faulted regions without introducing artifacts in the upscaling process.

Trykozko, Zijl, and Bossavit, 2001) and all of them assume that the variations of
scalar permeabilities are known in each flow-cell. _

Modeling the field of scalar permeabilities directly in thespace allows these
upscaling methods to be implemented in a very simple way for any polyhedric flow-
cellC defined in th&s-space. For this purpose, assumihgmall enough to ensure
thatxy(x), x,(X), andx;(x) are approximately constant withiD, we suggest to
proceed as follows (see Fig. 9):

1. Look for the center of gravity® of C and determine its image€ = u(x®)
in the G-space.

2. Determine the sizeg;, o°, ando of C in the directions parallel tey (x°),
X, (X), andx;(x°), respectively.

3. In theG-space, build an hexahedral b8 centered onu® whose edges
are paraIIeI to theld, V, T) vectors and have sizes such that:
e Al = ¢/ is the size ofB; in the directionU;
] A° = o is the size ofB; in the directionV;
. A° = 0¢/]|94(X°)|| is the size ofB in the directionT (see Eq. (35)).

4. CoverBC with a rectilinear regular 3D grig; corresponding to the part
of the fine 3D gridG covering theG-space and contained in the b8y
(see Figs. 2B and 9).
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5. “Paint” the hexahedral “microcells” af. with the permeabilitieg(u)
previously computed and storeddn B
6. Transform the rectilinear regular 3D gigd into a rectilinear regular 3D
grid G located in theG-space and such that:
¢ the edges ofj; are parallel tox,(x®), x,(x%), andx.(x®), respectively
(note that, although the edges@fare orthogonal, this is generally not
the case for the edges Gf);
e the sizes ofj; in the x,(x°), x,(x°), andx;(x®) directions are equal to
o, of, andof, respectively;
¢ the numbers of nodes 6% in thex,(x%), x,(x°), andx;(x°) directions
are equal to the numbers of nodegjfin theU, V, andT directions,
respectively; _
¢ the permeabilities(u) attached to the microcells ¢% are transferred
to their corresponding microcells in the gid.
7. Apply any relevant upscaling algorithm to convert the permeabilities con-
tained in the gridj; into an unique and equivalent permeability tenBér
assigned to the flow-ce€.

This procedure is relevant because:

¢ the images of the vectorg, x,, andx; in the G-space are identical to the
constant vectort, V, andT, respectively (see Egs. (26));

¢ thesizes¢S, of, of) of the cellC are assumed to be small enough to ensure
that the vectors(x), X,(X), andx;(x) are more or less constant when
moves inC; _ _

¢ intheG-domain, the bo)B. and thus the grid., are not affected by faults
or erosion and thus contains only the image of terrains whose permeabilities
are “coherent” with those contained within the cgll

As a consequence, X, (x), X,(x), andx;(x) can be assumed to be approx-
imately constant withirC, the permeability tensoP® resulting from the above
upscaling technique is representative of the average behavior of flow through the
flow-cellC. More generally, one can easily transpose the above proposed technique
to upscale any kind of property db.

CONCLUSIONS

In this article, we have proposed a mathematical framework for the transfor-
mation of the geological spa¢ginto a new spac& corresponding to the image
of the terrains at geological time of deposition. The initial motivation behind this
transformation comes from the fact that physical properties of sedimentary terrains
inherit from the paleoenvironment at geological time of deposition. For this reason,
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we surmise that modeling properties in tRespace is more relevant than the clas-
sical approach which consists in modeling these properties iGtbgace directly.

This suggests splitting the modeling of the properties of sedimentary terrains into
three successive steps:

1. afirst step where the geometry of the geological structures, horizons, and
faults, is modeled,;

2. asecond step where the influence of the geometry of the geological struc-
tures is removed,;

3. afinal step where the properties are modeled.

Adopting such “divide and conquer” approach should result in better modeling

of the properties of the sedimentary terrains whatever the interpolation method
used. As a consequence, the proposed approach appears as a complement to all
the present and future geostatistical methods.

The mathematical framework, called GeoChron, introduced in this article also
provides solutions to problems as different as determination of strains resulting
from tectonic events and upscaling of permeabilities on structured and unstructured
grids. This shows that this framework may be useful to solve, in an unified way,
complex theoretical and practical problems.
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