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(57) Abrege/Abstract:
A method of determining geological information related to a subsurface volume. In one embodiment, the method comprises

obtaining a seismic information related to a subsurface volume; determining a horizon volume that automatically maps the seismic
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(57) Abrege(suite)/Abstract(continued):

Information Into a flattened volume, wherein one axis of the flattened volume corresponds to chronostratigraphic time, and wherein
horizons represented by the seismic information are automatically accounted for in the horizon volume, and are shifted by the
horizon volume into the flattened volume to be substantially planar and substantially perpendicular to the axis of the flattened
volume that corresponds to chronostratigraphic time; determining a derivative of the horizon volume with respect to
chronostratigraphic time; and determining geological information related to the subsurface volume based on the derivative of the
horizon volume with respect to chronostratigraphic time.
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(57) Abstract: A method of determining geological infor-
mation related to a subsurface volume. In one embodi-
ment, the method comprises obtamning a seismic informa-
tion related to a subsurtace volume; determining a horizon
volume that automatically maps the seismic information
into a flattened volume, wherein one axis of the flattened
volume corresponds to chronostratigraphic time, and
wherein horizons represented by the seismic information
are automatically accounted for in the horizon volume,
and are shifted by the horizon volume into the flattened
volume to be substantially planar and substantially perpen-
dicular to the axis of the flattened volume that corresponds
to chronostratigraphic time; determining a derivative of
the horizon volume with respect to chronostratigraphic
time; and determining geological mformation related to
the subsurface volume based on the derivative of the hori-
zon volume with respect to chronostratigraphic time.
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METHOD FOR DETERMINING GEOLOGICAL INFORMATION
RELATED TO A SUBSURFACE VOLUME OF INTEREST

FIELD OF THE INVENTION

(02) The invention relates to systems and methods for determining geological intormation
related to subsurface volumes of interest. In particular, the invention involves determining a
metric related to a rate at which strata present within a subsurface volume of interest were

formed, and, in some instances, deriving further geological information from the derived metric.
BACKGROUND OF THE INVENTION

(03) Techniques for determining information related to a rate of deposition at which strata
present within a subsurface volume of interest were formed are known. However, these
techniques generally require manual analysis of seismic data related to the subsurface volume ot
interest (e.g., manual picking of horizons within the seismic data) and/or imprecise computation,
and typically result in data that 1s sparsely sampled and/or low resolution. As such the
usefulness of implementing the determined information in the derivation ot further geological

information 1s impaired.
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SUMMARY

(G4)  One aspect of the invention relates to a computer-implemented method of determining
nformation related to the formation of strata within a qubsurface volume. In one embodiment,
the method comprises obtaining seismic information related to g subsurface volume that
represents geological formations within the subsurface volume, wherein the parameters of the
obtained seismic information include (7} a two-dimensional position in a surface plane, and (i} a
seismic time; analyzing obtained seismic information to automatically identity a set of horizons
present within the subsurface volume that are represented by the obtained seismic information;
determining a horizon volume from the seismic information, wherein the horizon volume maps
the obtained seismic information into a flatiened volume such that in the flattened volume, each
of the identified horizons are shified to be substantially coplanar with a surface defined by the
horizon volume as an estimate of a single chronostratigraphic time, wherein the coordinates of
the flattened volume are (i) a two-dimensional position in the surface plane, and (i/) a metric
related to chronostratigraphic time; and determining, within the horizon volume, the dertvative of
seismic time with respect to chronostratigraphic time for a given chronostratigraphic time,
thereby providin g a strata formation metric related to a rate at which strata present at a surface in
the flatiened volume that corresponds to the given chronostratigraphic time was being formed at

the given chronostratigraphic time.

(05}  Another aspect of the invention relates to a method of determining geological information
related to a subsurface volume. In one embodiment, the method comprises obtaining seismic
information related to a subsurface volume, wherein the seismic information represents horizons
sresent in the subsurface volume; determining a horizon volume that automatically maps the

seismic information into a flatiened volume, wherein one axis of the flattened volume

2
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corresponds to chronostratigraphic tire, and wherein horizons represented by the seismic
‘nformation are automatically accounted for in the horizon volume, and are shified by the
harizon volume into the flattened volume to be substantially planar and substantially
perpendicular to the axis of the flattened volume that corresponds to chronostratigraphic time;
determining a derivative of the horizon volume with respect 1o chronostratigraphic time; and
determining geological information related to the subsurface volume based on the derivative of

the horizon volume with respect to chronostratigraphic time.

(06)  Another aspect of the invention relates to a method of determining geological information
related to a subsurface volume. In one embodiment, the method comprises obtaining seismic
data, wherein the scismic data is generated based on the reception of seismic impulses reflected
from horizons formed within a subsurface volume; determining seismic information from the
seismic data, wherein the seismic information describes the three-dimensional position of the
horizons contained within the subsurface volume; determining a horizon volume that maps the
seismic information into a flatiened volume, wherein one axis of the flattened volume
corresponds to chronostratigraphic time, and wherein the horizon volume maps the seismic
information into the flatiened volume such that substantially all of the horizons described in the
seismic information are individually shifted to be substantially planar and substantially
perpendicular to the axis of the flattened volume that corresponds to chronostratigraphic time;
determining a derivative of the horizon volume with respect to chronostratigraphic time; and
determining geological information related to the subsurface volume based on the derivative of

the horizon volume with respect to chronostratigraphic time,

(17} Another aspect of the invention relates to a computer-implemented method of
determining information related to the formation of strata within a subsurface volume. inone

3



CA 02712465 2015-07-13

embodiment, the method comprises obtaining seismic information related to a subsurtace volume
that represents geological formations within the subsurface volume, wherein the coordinates of
the obtained seismic information are (i) a two-dimensional position 1n a surtace plane, and (i7)
seismic depth; analyzing the seismic information to automatically identify a set of horizons
present within the subsurface volume that are represented by the seismic information;
determining a horizon volume from the seismic information, wherein the horizon volume maps
the obtained seismic information into a flattened volume such that in the flattened volume, each
of the identified honzons are shifted to be substantially coplanar with a surface defined by the
horizon volume as an estimate of a single chronostratigraphic time, wherein the coordinates of
the flattened volume are (i) a two-dimensional position in the surface plane, and (i) a metric
related to chronostratigraphic time; and determining, within the horizon volume, the derivative of
seismic depth with respect to chronostratigraphic time for a given chronostratigraphic time,
thereby providing a strata formation metric related to a rate at which strata present at a surface 1n
the flattened volume that corresponds to the given chronostratigraphic time was being formed at
the given chronostratigraphic time.
(07a) In accordance with another aspect, there 1s provided a computer-implemented method of
determining information related to the formation of strata within a subsurface volume, the
method comprising;

obtaining seismic information related to a subsurface volume that represents geological
formations within the subsurface volume, wherein the parameters of the obtained seismic
information include (i) a two-dimensional position in a surface plane, and (7i) a seismic time;

analyzing obtained seismic information to automatically identify a set of horizons
present within the subsurface volume that are represented by the obtained seismic

information;
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determining a horizon volume from the seismic information, wherein the horizon
volume maps the obtained seismic information into a flattened volume such that in the
flattened volume, each of the identified horizons are shifted to be substantially coplanar with
a surface defined by the horizon volume as an estimate of a single chronostratigraphic time,
wherein the coordinates of the flattened volume are (i) a two dimensional position in the
surface plane, and (ii) a metric related to chronostratigraphic time; and

determining, within the horizon volume, the derivative of seismic time with respect to
chronostratigraphic time for a given chronostratigraphic time, thereby providing a strata
formation metric related to a rate at which strata present at a surface 1n the flattened volume
that corresponds to the given chronostratigraphic time was being formed at the given
chronostratigraphic time;

determining an 1sochron volume from the determined derivatives;

determining an 1sochore volume based on the determined isochron volume; and

determining an isopach volume from the flattened volume and the determined
1sochore volume.
(076) In accordance with a further aspect, there 1s provided a computer-implemented method of
determining information related to the formation of strata within a subsurface volume, the
method comprising:

obtaining seismic iformation related to a subsurface volume that represents geological
formations within the subsurtace volume, wherein the coordinates of the obtained seismic
information are (i) a two-dimensional position in a surface plane, and (i) seismic depth;

analyzing the seismic information to automatically identify a set of horizons present
within the subsurface volume that are represented by the seismic information;

determining a horizon volume trom the seismic information, wherein the horizon

volume maps the obtained seismic information into a flattened volume such that in the

da
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flattened volume, each of the identified horizons are shifted to be substantially coplanar with
a surface defined by the horizon volume as an estimate of a single chronostratigraphic time,
wherein the coordinates of the flattened volume are (i) a two dimensional position in the
surface plane, and (ii) a metric related to chronostratigraphic time; and

determining, within the horizon volume, the denivative of seismic depth with respect
to chronostratigraphic time for a given chronostratigraphic time, thereby providing a strata
formation metric related to a rate at which strata present at a surface in the flattened volume
that corresponds to the given chronostratigraphic time was being formed at the given
chronostratigraphic time;

determining an 1sochore volume from the determined derivatives; and

determining an 1sopach volume from the flattened volume and the determined
1sochore volume.
(08) These and other objects of aspects, features, and characteristics of the present
invention, as well as the methods of operation and functions of the related elements of
structure and the combination of parts and economies of manufacture, will become more
apparent upon consideration of the following description and the appended claims with
reterence to the accompanying drawings, all ot which form a part of this specification,
wherein like reference numerals designate corresponding parts in the various figures. It is to
be expressly understood, however, that the drawings are for the purpose of illustration and
description only and are not intended as a defimtion of the limits of the invention. As used in
the specification and 1n the claims, the singular torm ot “a”, “an”, and “the” include plural

referents unless the context clearly dictates otherwise.
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singular form of “a”, “an”, and “the” include plural referents unless the context clearly dictates

otherwise,

BRIEF DESCRIPTION OF THE DRAWINGS

09)  FIG. | illustrates a graphical representation of seismic information related to a subsurface
volume of interest that represents geological formations within subsurface volume of interest,

according to one embodiment of the invention.

(10} FIQG. 2 illustrates an elevation view of a eraphical representation of a flattened volume
that corresponds to a subsurface volume of interest, according to ong embodiment of the

nvention.

(ii}  FIG. 3 illustrates a method of determining a horizon volume for a subsurface volume of
interest, and processing the horizon volume to derive geological information related (o the

subsurface volume of interest, in accordance with one embodiment of the invention.

DETAFLED DESCRIPTION

(12}  Reflection seismology (or seismic reflection) s a method of exploration geophysics that
uses the principles of seismology to estimate the properties of a subsurface volume of interest
within the Earth's subsurface from seismic waves directed to and reflected from the subsurface
volume of interest. The method generally requires a source of seismic waves, such as explosives
(e.ir., dynamite/Tovex), a specialized air gun, a Vibrosess, and/or other sources. The source 18
used to introduce seismic waves into the subsurface volume of interest (usually at the surface),
and data is acquired by an array of seismometers {usually disposed at the surface) that detect

reflections of the seismic waves generated by the source as they arrive at the surface of the
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subsurface volume. The data acquired by the seismomelers is then processed (e.g., migrated,
eic.) to form a seismic data cube, which represents geological formations present within the
subsurface volume at an array of data points within the subsurface volume. Since the data points
within the seismic data cube are typically highly spatially sampled, the seismic dala cube 1S
effectively an image of the sirata present in the subsurface volume of interest. It should be
appreciated that in some instances, the seismic data can include fewer than the three dimensions
of the seismic data cube discussed hergin {e.g., one or (Wgo dimensional seismic data), and/or i

can include a time dimension as well as spatial dimensions.

(13} By way of illustration, FIG. | tilustrates an clevation view of g graphical representation
of seismic information related to a subsurface volume of interest 12 that represents geological
formations within subsurface volume of interest 12 (e.g., a seismic data cube obtamed from
nerforming reflection seismology on subsurtace volume of interest 12). While the graphical
representation provided by FIG. 1 depicts the seismic information as being contiguous, typically
seismic information will represent geological formations within subsurface volume of interest 12
at an array of data points within subsurface volume of interest 12. However, due to the high
spatial sampling of the seismic information (e.g., the proximity of the data points), the
information can be represented as contiguous for illustrative purposes. Further, although FI1G. |
only provides a two-dimensional view of the graphical representation of the seismic information,
this is purely for illustrative purposes, and it should be appreciated that a three-dimensional view
could be provided with an additional dimension into and cut of the plane of the figure. For
instance, in one embodiment, the parameters of the seismic information that represents
geological formations within subsurface volume of interest 12 ar¢ a two-dimensional position n

3 surface plane of subsurface volume of interest 12 {e.g., an x-axis 14, and a y-axis 16 that 1s
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orthogonal to the plane of FIG. 1} and a metric related to the seismic depth of subsurface volume
of interest 12 {e.g., @ r-axis 18, where f represents seismic time). The metric related (o the
seismic depth of subsurface volume of interest 12 may be a seismic time or a seismic depth.
Seismic time is related to the time it takes seismic waves {0 travel between a point in subsurtace

volume of interest 12 and the surface.

(14)  As can be seen in FIG. 1, subsurface volume of interest 12 includes a plurality of
horizons 0. A horizon is a surface formed at 3 boundary between two layers of differing
composition within the strata of subsurface volume of interest 12. Since horizons 20 represent
boundary changes in the composition of the strata of subsurface volume of interest 12, it is
assumed for analysis purposes that each horizon 20 represents a surface within subsurface
volume of interest 12 that was deposited at a common chronostratigraphic time. This is
reasonable because the impetus for a composition change in the strata being deposited in ong
area of subsurface volume of interest 12 would likely be an impetus for a similar change in the
composition of strata being deposited in another area of subsurface volume of interest 12,
Particularly where the boundaries indicating such a change in composition for both areas connect

and/or are of similar depth within subsurface volume of intergst 12,

(15} Ata given point on a horizon (or some other surface in subsurface volume of interest 12
that correspond to a single chronostratigraphic time), the horizon {or other surface} can be
described in terms of its location {e.g., X,v,¢ coordinates) and its “dip,” The "dip” 15 a
measurement of the orientation of the horizon with respect to the horizontal {or some other
nlanar surface, typically perpendicular to the “strike™). For exampie, in FIG. 1 the dip of a given

one of horizons 20 can be characterized by two components, an x-dip, or the angle of the given
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horizon 20 with respect to x-axis 14, and a y-dip, or the angle of the given horizon 20 with

respect (o y-axis 16,

({6 . As is shown in FIG. 1, horizons 20 within subsurface volume of interest 12 generally
have undulations and/or discontinuities. Some of these undulations and/or discontinuities may
be caused by various phenomena associated with the deposition of the strata. These phenomena
include, for example, variable sedimentation rates, variable erosion rates, surface undulations at
the time of deposition, variable lithologic composition, and/or other phienomena. The
undulations and/or discontinuities, in some cases, may be the result of various subsuriace forces
that impact the shape of horizons 20. These phenomena may include, for example, seismic
activity, voleanic activity, ground water flow, subsurface sediment flow (e.g., salt movement},
non-uniform loading, variable compaction rates, variable rates of diagenetic consolidation,

tectonically driven deformation (e.g., folding and/or faulting), and/or other phenomena.

/17) By analyzing seismic information that represents geological formations (e.g., horizons
20, layers of strata between horizons 20, esc.) within subsurface volume of interest 12, geological
information related to subsurface volume of interest 12 can be determined. One technique
employed to analyze such information is generally referred to as “flattening.” By way ot
example, FIG. 2 illustrates an elevation view of a graphical representation of flattened volume 22
that corresponds to subsurface volume of interest 12, In flatiened volume 22, some or alf of
horizons 20 present in subsurface volume of interest 12 are reshaped to correspond to some
common shape. The common shape is coplanar with a surface defined by the horizon volume as
an estimate of a single chronostratigraphic time of deposition. In Hlattened volume 22 show in
FIG. 2, horizons 20 have been reshaped to be coplanar with a surtace that 1s planar and

horizontal.
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(18}  Since each of horizons 10 is considered to represent a surface within subsurface volume
of interest 12 that was depostted at a common chronostratigraphic time, the vertical axis of
flattened volume 22 (illustrated in FIG. 2 and referred to herealter as chronostratigraphic time
axis 24) becomes a metric related to chronostratigraphic time of deposition, rather than seismic
depth. More specifically, the parameters of fiatiened volume 22 are a two-dimensional position
in the surface plane of flatiened volume 22, and a metric refated to information relaied to

chronostratigraphic time of deposition,

(19} Although in FIG. 2, horizons 20 have been flattened to be substantially coplanar with a
surface that is planar and orthogonal to chronestratigraphic time axis 24, this should not be
viewed as limiting. In some instances, horizons 20 may be flattened to be substantially coplanar
with a surface that is one or both of non-planar and/or non-orthogonal to chronostratigraphic
time axis 24 (e.2., flatiened to a surface that corresponds to the shape of one of horizons 20 in

subsurface volume of interest 12).

(20) By viewing the obtained seismic information in the form of flattened volume 22, an
interpreter {e.g., a user, a8 Computer, efc.} can view geclogical features within subsurface volume
of interest 12 as they were laid down originally, For example, after flattening, an interpreter
could view the preserved features of an entire flood plain complete with meandering channels in

a single image.

(21} One technique for flattening obtained seismic information is described, for example, in

ﬂﬂ TR W

3 3 3 3
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picking,” Lomask et al., Geophysics, Vol. 71, No. 4 (July-August 2006), pgs. 13-20; and

“Volumetric flattening: an interpretation tool,” Lomask et al., The Leading Edge, July 2007,

pgs. 888-897 (referred to collectively hereafter as “Lomask™). As is discussed in Lomask,
when the flattening technique described therein 1s applied to obtained seismic information,
the result includes a “horizon volume.” As used herein, a horizon volume is a data set that
maps the obtained seismic information into flattened volume 22, and vice versa. As such, in
one embodiment, the horizon volume can be conceptualized as a function that provides a

position within the seismic information (e.g., (X,y,f)) that corresponds to a given location in
flattened volume 22 as a function of its position within flattened volume 22 (e.g., (X,y,7)).

Since the two-dimensional location in a surface plane (e.g., X,y coordinates in FIGS. 1 and 2)

do not change between subsurtace volume of interest 12 and flattened volume 22, the
designation of ¢ for a given location (x,y, 7) in flattened volume 22 enables the information

from the designated f with the same two-dimensional surface position of the given location in
subsurface volume of interest 12 (e.g., the same x and y) to be mapped into flattened volume

22 at the given location within flattened volume 22.

(22)  As was mentioned above, generally, seismic information will represent geological
formations within subsurface volume of interest 12 at an array of data points within subsurface

volume of interest 12. Therefore, another manner of conceptualizing the horizon volume is as an
tndex ot the data points in the obtained seismic information that are included in flattened volume
22, where the index designates a position of the data point in the seismic information related to

subsurtace volume of interest 12 that should be mapped into a given location of tlattened volume

22.

10
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(23) FIG. 3 illustrates a method 26 of determining a horizon volume and processing the
horizon volume to extract geological information related to a subsurface volume of interest. in
the description of method 26 and one or more of its operations below, specific reference is made
to the flattening technigue described in Lomask. However, this should not be viewed as limiting.
{nstead, method 26 should be appreciated as being usable with a variety of different flattening
techniques. Further, the particular arrangement of the operations of method 26 illustrated in Fil,
3 and described hereafter is not intended to be limiting. In some implementations, various ones
of the operations could be performed in an order other than the one set forth {or concomitantly
with other ones of the operations), various ones of the operations may be combined with others
and/or be omitted altogether, and/or various additional operations may be added without

departing from the scope of the disclosure, as should be appreciated.

(24} At an operation 28 of method 26, seismic information is obtained that is related to a
subsurface volume of interest that represents geological formations within the subsurface volume
of interest. In one embodiment, the parameters of the obtained seismic information inchude a
two-dimensional position in a surface plane, and a metric related to seismic depth. In some
instances, the seismic information obtained at operation 28 represents geological formations
present within the subsurface volume of interest at an array of data poinis within the subsurface
volume. In one embodiment, the seismic information obtained at operation 28 includes a seismic
data cube that represents the three-dimensional positions of geological formations present within

the subsurface volume of interest.

(25} At an operation 30, the seismic information obtained at operation 28 18 analyzed 1o
identify horizons present in the subsurface volume of interest. In one embodiment, identitying
horizons at operation 30 includes interpreting individual horizons represented within the

i
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obtained seismic information by associating each of the data points in the seismic information
obtained at operation 28 that is on a given one of the identified horizons with the given honzon,
For example, the horizons can be interpreted automatically according to the technique described

in Lomask.

26} In one embodiment, operation 30 identities horizons present in the subsurface volume of
interest with a density with respect to seismic depth/time {e.g., along #-axis 18 shown in FIG,
and described above) that is greater than a predetermined density threshold. The predetermined
density threshold may be configurable by a user, based on one of More parameters related to the
subsurface volume of interest, and/or based on parameters of the obtained seismic information).
An example of a predetermined density threshold may be at ieast one horizon for each seismic
period in a seismic time volume. An alternative horizon interpretation sirategy would be o

interpret every minimum or maximum or the seismic trace as a horizon.

(27) At an operation 32, a horizon volume is determined that maps the seismic information
obtained at operation 28 into a flattened volume such that in the {lattened volume, each of the
horizons identified at operation 30 are ordered according to chronostratigraphic time of
deposition and are shifted to be substantially coplanar with a surface defined by the horizon
volume as an estimate of a single chronostratigraphic time. As such, the coordinates of the
flattened volume are a two-dimensional position in the surface plane, and a metric related to
chronostratigraphic time of deposition. In one embodiment, the horizon volume maps the
seismic information obtained at operation 28 into the flattened volume by specifying values of

seismic time/depth that correspond to positions within the Hattened volume.

12
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(28 In one embodiment, the metric related to chronostratigraphic time of deposition is a
relative measurement of chronostratigraphic time. This witl typically be the case, since the
horizon volume orders the horizons identified at operation 30 according to chronostratigraphic
time of deposition, but does not specify an actual value for chronostratigraphic time of
deposition. However, in some instances, a user may specify a more absolute scale for the
chronostratigraphic times of deposition to be applied to the refative metric provided initially by

the horizon volume,

(29} In one embodiment, the surface defined by the horizon volume as an estimate of a single
chronostratigraphic time has a planar shape and is orthogonal to an axis that corresponds to the
metric related to chronostratigraphic time. In one embodiment, the surface defined by the
horizon volume as an estimate of a single chronostratigraphic time has a shape that corresponds

to the shape(s) of one or more of the horizons identified at operation 28.

/30) At an operation 34, the seismic information obtained at operation 28 is mapped into the
flatiened space according to the horizon volume. As is illustrated in FIG. 2, and discussed
above, this results in each of the horizons identified at operation 30 being shifted to be
substantially coplanar with the surface defined by the horizon volume to be an gstimate of a

single chronostratigraphic time of deposition,

(37} Atan operation 36, a derivative is taken of the horizon volume determined at operation
32 with respect to the metric related to chronostratigraphic time. Tor example, where the seismic
information obtained at operation 28 is parameterized by seismic depth, the derivative taken at
operation 36 is the derivative of seismic depth specified by the horizon volume with respect o

chronostratigraphic time. As another example, where the seismic information cbtained at

13
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operation 28 is parameterized by seismic time, the derivative taken at operation 36 is the
derivative of seismic time specified by the horizon volume with respect to the metric related to
chronostratigraphic time. In one embodiment, the derivative taken at operation 36 with respect
(o the metric related to chronostratigraphic time is taken within the horizon volume along a
surface that corresponds to a single chronostratigraphic time of deposition. One example of such
2 surface would be a horizon identified at operation 30, However, other surfaces that corrgspond

to a single chronostratigraphic time may also exist within the horizon volume.

/32 At an operation 38, a determination is made as to whether a derivative of the horizon
volume with respect to the metric related to chronostratigraphic fime has been taken along each
of a predetermined set of surfaces within the horizon volume that correspond to single
chronostratigraphic times. In one embodiment, the predetermined set of surfaces includes at

least the horizons identified at operation 30. [n one embodiment, the predetermined set of
surfaces excludes one or more of the horizons identified at operation 30. One or more of the
frequency of the surfaces with respect to chronostratigraphic time, the number of surfaces, the
frequency of the surfaces with respect to seismic depth/time, and/or other parameters of the set of
surfaces may be configurable by users and/or may be determined automatically {e.g., based on
the identification of horizons at operation 30, based on the seismic information obtained at

operation 28, ef¢. ).

(33)  If the determination is made at operation 38 that the derivative of the horizon volume
with respect to the metric related to chronostratigraphic time has not been determined at each
surface in the predetermined set of surfaces within the horizon volume, method 26 returns o
operation 36, and the derivative of the horizon volume with respect to the metric related to
chronostratigraphic time is taken along another one of the surfaces included within the

14
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predetermined set of surfaces. If the determination is made at operation 38 that the derivative ot
the horizon volume with respect to the metric related to chronostratigraphic time has been
determined along each surface in the nredetermined set of surfaces, then method 26 proceeds 1o

an operation 40,

(34} The derivative taken at operation 36 for a given point in the horizon volume can be
conceptualized as describing the rate at which the subsurface volume was getting “thicker” {e.g.,
the subsurface volume is increasing along the f-axis 18 in FIG. 1) at the point in the subsuriace
volume that corresponds to the given point in the horizon volume. During the formation of the
cubsurface volume of interest, the subsurface volume of interest gets “thicker” as additional
strata is deposited/formed. As such, the derivative(s) taken at operation 36 provide a strata
formation metric related to a rate at which strata present in the subsurface volume of interest was
formed. The strata formation metric is related to, for example, a sedimentation rate,
syndepositional growth rate, one or more diagenclic processes, seismic velocity, and/or other

factors related to the formation of strata within the subsurface volume of inierest.

735} At operation 40, geological information related to the subsurface volume of interest is
determined from the derivative(s) of the horizon volume taken with respect to the metric related
to chronostratigraphic time. Operation 40 may be performed antomatically (e.g., according {o
some predetermined algorithm), manually (e.g., by a user analyzing one or more derivatives
determined at operation 36), and/or by some combination of automatic and/or manual analysis,
In one embodiment, the geological information includes one or more reservoir properties of the
subsurface volume of interest (e.g., a porosity, a net-to-gross, a shale volume fraction, a
permeability, a lithology, a depositional facies, efc.). As should be appreciated from the
description of operations 42, 44, 46, 48, 30, 52, and/or 54, method 26 may include further

15
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operations to facilitate the determination of geological information from the dertvative(s) of the

horizon volume taken at operation 32,

(36}  In one embodiment, method 26 includes an operation 42, at which a gradient of the
derivative of the horizon volume with respect to the metric related (o chronostratigraphic time 18
determined. In some instances, the gradient determined at operation 42 1s for this dertvative
along s surface within the horizon volume that correspond to individual chronostratigraphic
times of deposition. In some instances, the gradient determined at operation 42 for the derivative
of the horizon volume with respect to the metric related to chronostratigraphic time is determined
over a three~-dimensional region {e.g., a three-dimensional region within the flattened volume, a
three-dimensional region within the subsuriace volume of interest, efc.). In some instances, the
gradient determined at operation 42 may be determined perpendicular to, or paraliel to, a
particular geological formation of interest. In some instances, the gradient determined at
operation 42 may include the gradient projected along radial lines spreading outward from g
particular geclogical formation of interest. The geological formation of interest, and/or s
boundaries, may be identified manually by a user and/or automatically identified. The
determination of the gradient {or gradients) at operation 42 may facilitate the determination of
geological information related to paleo-channel gradient, paleo-flow direction and rate, paleo-

topography, and/or other geological information.

(37)  In one embodiment, method 26 includes an operation 44, at which a higher order
derivative of the horizon volume is taken with respect to the metric related to chronostratigraphic
time of deposition (higher than the first order derivative taken at operation 36). Inone
embodiment, operation 44 includes taking the higher order derivative along one or more surfaces
in the horizon volume that correspond to individual chronostratigraphic times. The

16
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determination of the higher order derivative at operation 44 may facilitate the determination of
geological information related to the timing of the onset and termination of periods of higher

sedimentation.

/38  In one embodiment, method 26 includes an operation 46, at which an isochron volume is
determined from the derivatives taken at operation 36. For example, in some instances where the
seismic information obtained at operation 28 is parameterized by seismic time {e.g., rather than
seismic depth), the isochron volume is determined by associating individual positions on the
surfaces for which the derivative of the horizon volume is determined at operation 36 with the
corresponding values for the derivative of the horizon volume with respect to the metric related
to chronostratigraphic time that are determined at operation 36. ASs such, the isochron volume
determined at operation 46 describes the derivative of seismic time specified by the honzon
volume with respect to the metric related to chronostratigraphic time as a function of location

within the flattened volume.

39)  In one embodiment, method 26 comprises an operation 48, at which an isochore volume
o determined from the derivatives taken at operation 36. For example, in some instances where
the seismic information obtained at operation 28 is parameterized by setsmic depth (e.g., rather
than seismic time), the isochore volume is determined by associating individual positions on the
surfaces for which the derivative of the horizon volume is determined at operation 36 with the
corresponding values for the derivative of the horizon votume with respect to the metric related
to chronostratigraphic time that are determined at operation 36. As such, the isochore volume
determined at operation 46 describes the derivative of seismic depth specified by the horizon
volume with respect to the metric related to chronostratigraphic time as a function of location
within the flattened volume. As another example, in some instances where the seismic

17
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information obtained al operation 28 is parameterized by seismic time (e.g., rather than seismic
depth), the 1sochore volume is determined based on the isochron volume determined at operation
46. For instance, the isochore volume may be determined by multiplying the values of the
derivative of seismic time specified by the horizon volume with respect to the metric related to
chronostratigraphic time included in the isochron volume, determined at operation 46, by one
half of the local seismic intervai velocity of the subsurface volume (or, by any scalar multiple of
the local seismic interval of velocity where the metric related to chronostratigraphic time is

relative, unscaled, chronostratigraphic time).

(40}  In one embodiment, method 26 includes an operation 30, at which an isopach volume is
dgetermined from the Hattened volume dertved at operation 34 and the isochore volume derived at
operation 48, In order to determine the isopach volume, the 1sochore values included within the
isochore volume derived at operation 48 are multiplied by the cosine of local dip. As was
discussed above, the iocal dip of a point on a given horizon within the flattened volume (which
was impiemented {0 determine the 1sochore volume) describes the orientation of the given
horizon with respect {o the horizonial i the unflatiened subsurface volume of interest.
Techniques tor determining {ocal dip within subsurface volumes are well-developed.
Accordingly, in one embodument, the local dip of points within the flatiened volume are
computed from the seismic information obtained at operation 28, and are then mapped into the
tlattened volume so that the 1sochore values determined at operation 48 can be multiplied by the

cosine of iocal dip to determine the isochron volume,

(41}  In one embodiment, method 26 includes an operation 52, at which one or more of the
isochron volumes derived at operation 46, the isochore volume derived at operation 48, and/or
the 1sopach volume derived at operation 50 are mapped, according to the horizon volume, back

&
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onto the parameters of the seismic information obtained at operation 28 (e.g., back into the
unflattened subsurface volume of interest). As such operation 52 provides one or more volumes
that include the isochron, isochore, or 1sopach values derived at operation 46, 48, or 50,
respectively, and represents the three dimensional shape and position of the horizons identified at

operation 30.

(42) In one embodiment, method 26 includes an operation 54 at which information is
displayed to users (e.g., via an electronic display). The information displayed at operation 54
may include information derived at one or more of operations 32, 34, 36, 42, 44, 46, 48, 50,
and/or 52. As such, the information displayed at operation 54 may enable the users to perform,
and/or monitor or control the performance operation 40. In some instances, operation 54 may
include the display of geological information (other than, or in addition to, the geological
information determined at one or more of operations 32, 34, 36, 42, 44, 46, 48, 50, and/or 52)
determined at operation 40. In such instances, operation 54 effects the display of the results (or

partial results) of operation 40.

(43)  Although the invention has been described in detail for the purpose of illustration based
on what 1s currently considered to be the most practical and preferred embodiments, it 1s to be
understood that such detail 1s solely for that purpose and that the invention is not limited to the
disclosed embodiments, but, on the contrary, is intended to cover modifications and equivalent
arrangements that are within the scope of the appended claims. For example, it is to be
understood that the present invention contemplates that, to the extent possible, one or more
teatures of any embodiment can be combined with one or more features of any other

embodiment.
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What 1s claimed 1s:

1. A computer-implemented method of determining information related to the formation
of strata within a subsurtace volume, the method comprising:

obtaining seismic information related to a subsurtace volume that represents
geological formations within the subsurface volume, wherein the parameters ot the obtained
seismic information include (i) a two-dimensional position 1 a surface plane, and (ii) a
seismic time;

analyzing obtained seismic information to automatically identify a set of horizons
present within the subsurface volume that are represented by the obtained seismic
information;

determining a horizon volume from the seismic information, wherein the horizon
volume maps the obtained seismic information into a tlattened volume such that in the
flattened volume, each of the identified horizons are shifted to be substantially coplanar with
a surface defined by the horizon volume as an estimate of a single chronostratigraphic time,
wherein the coordinates of the flattened volume are (i) a two dimensional position in the
surtace plane, and (ii) a metric related to chronostratigraphic time;

determining, within the horizon volume, the derivative of seismic time with respect to
chronostratigraphic time tor a given chronostratigraphic time, thereby providing a strata
formation metric related to a rate at which strata present at a surface in the flattened volume
that corresponds to the given chronostratigraphic time was being formed at the given
chronostratigraphic time;

determining an 1sochron volume from the determined derivatives;

determining an 1sochore volume based on the determined isochron volume; and

determining an 1sopach volume trom the tlattened volume and the determined
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1sochore volume.

2. The method of claim 1, wherein the spacing between the set of horizons in the
flattened volume is related to the chronostratigraphic time between deposition of the set of

horizons.

3. The method of claim 1, wherein the derivative of seismic time with respect to
chronostratigraphic time for the horizon volume is determined for a plurality of

chronostratigraphic times.

4. The method of claim 1, wherein the 1sochore volume 1s determined by multiplying the
values of the derivatives of seismic time within the horizon volume included 1n the

determined 1sochron volume.

5. The method of claim 1, wherein the 1sopach volume 1s determined by multiplying the
1sochore values included within the 1sochore volume by the cosine of local dip points within

the horizon volume.

0. The method of claim 1, wherein the given chronostratigraphic time corresponds to a

horizon within the subsurtace volume.

7. The method of claim 1, further comprising mapping the derivative of seismic time
with respect to chronostratigraphic time for the horizon volume at the given

chronostratigraphic time back into unmapped coordinates ot the subsurface volume.
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8. The method of claim 1, further comprising implementing the derivative of seismic
time with respect to chronostratigraphic time tor the horizon volume at the given

chronostratigraphic time to infer geological information related to the subsurface volume.

0. The method of claim 1, further comprising determining the gradient of the dertvative
of seismic time with respect to chronostratigraphic time along the surtace in the flattened

volume that corresponds to the given chronostratigraphic time.

10.  The method of claim 1, further comprising generating a display that graphically

conveys the strata formation metric to a viewer.

11.  The method of claim 1, wherein the determined geological information comprises one

or more reservoir properties of the subsurtace volume.

12. The method of claim 1, wherein seismic information 1s obtained from seismic data,
wherein the seismic data is generated based on the reception of seismic impulses retlected

from horizons formed within a subsurface volume.

13. A computer-implemented method of determining information related to the formation
of strata within a subsurtace volume, the method comprising:

obtaining seismic information related to a subsurface volume that represents
geological formations within the subsurtace volume, wherein the coordinates ot the obtained

seismic information are (i) a two-dimensional position in a surface plane, and (7i) seismic

depth;
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analyzing the seismic information to automatically identify a set of horizons present
within the subsurface volume that are represented by the seismic information;

determiming a horizon volume from the seismic information, wherein the horizon
volume maps the obtained seismic information into a flattened volume such that in the
flattened volume, each of the identitied horizons are shitted to be substantially coplanar with
a surface defined by the horizon volume as an estimate of a single chronostratigraphic time,
wherein the coordinates of the flattened volume are (i) a two dimensional position in the
surface plane, and (7i) a metric related to chronostratigraphic time;

determining, within the horizon volume, the derivative of seismic depth with respect
to chronostratigraphic time for a given chronostratigraphic time, thereby providing a strata
formation metric related to a rate at which strata present at a surface in the flattened volume
that corresponds to the given chronostratigraphic time was being formed at the given
chronostratigraphic time;

determining an isochore volume from the determined derivatives; and

determining an i1sopach volume from the tlattened volume and the determined

isochore volume.

14.  The method of claim 13, wherein the 1sopach volume is determined by multiplying
the 1sochore values included within the determined isochore volume with the cosine of

local dip points within the horizon volume.
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