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(57) Abstract: Models of underground formations. At least some of the
illustrative embodiments are methods including creating a model of an
underground formation. The creating may include: calculating a set of
probabilities associated with a first horizontal location, each probability
indicative of a likelihood of finding abutting geological layers; estimating
a plurality of successions of geological layers to create a plurality of es-
timated successions, and the estimating using the set of probabilities; de-
termining, for each of the estimated succession, a value indicative of how
closely each estimated succession matches a measured succession, the
measured succession determined by a seismic survey; and selecting from
the plurality of estimated successions based on the values, the selecting
creates a selected succession of geological layers, and the plurality of
modeled values associated with the first horizontal location determined
based on the selected succession of geological layers.
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METHODS AND SYSTEMS REGARDING MODELS OF UNDERGROUND
FORMATIONS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] None.
BACKGROUND
[0002] In order to optimize borehole placement and hydrocarbon extraction from
an underground formation, a model of the formation may be created. Using the
model, many simulations may be performed with varying parameters, the varying
parameters such as injection well placement, extraction well placement, and type
and volume of secondary recovery fluid.
[0003] However, creating a model such that the model accurately reflects the
underground formation can be a time consuming and complicated task. A model
may be initially created using data obtained from seismic surveys, and one or
more exploratory boreholes. A model may need to be updated when additional
boreholes are drilled, or when further seismic surveys are taken (e.g., time-lapse
(4D) seismic). Any advance which shortens the time to create a model, or which
helps the models more accurately reflect the underground formation, would thus
provide a competitive advantage.
BRIEF DESCRIPTION OF THE DRAWINGS
[0004] For a detailed description of exemplary embodiments, reference will now
be made to the accompanying drawings in which:
[0005] Figure 1 shows a perspective cut-away view of a hydrocarbon bearing
formation;
[0006] Figure 2 shows a combination side elevation view of the formation, and
overhead view of the surface;
[0007] Figure 3 shows a perspective view of a model of a hydrocarbon bearing
formation;
[0008] Figure 4 shows an example succession of geological layers in accordance
with at least some embodiments;
[0009] Figure 5 shows a high level overview of methods in accordance with at

least some embodiments;
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[0010] Figure 6 shows a method in accordance with at least some embodiments;
[0011] Figure 7 shows a method in accordance with at least some embodiments;
[0012] Figure 8 shows a method in accordance with at least some embodiments;
[0013] Figure 9 shows a method in accordance with at least some embodiments;
and

[0014] Figure 10 shows a computer system in accordance with at least some

embodiments.

NOTATION AND NOMENCLATURE

[0015] Certain terms are used throughout the following description and claims to
refer to particular components. As one skilled in the art will appreciate, different
companies may refer to a component by different names. This document does
not intend to distinguish between components that differ in name but not function.
[0016] In the following discussion and in the claims, the terms “including” and
“‘comprising” are used in an open-ended fashion, and thus should be interpreted
to mean “including, but not limited to... .” Also, the term “couple” or “couples” is
intended to mean either an indirect or direct connection. Thus, if a first device
couples to a second device, that connection may be through a direct connection
or through an indirect connection via other devices and connections.

[0017] “Creating a model”, with respect to an underground formation, shall include
not only the original creation of the model, but shall also include updating an
existing model based on additional data (e.g., a seismic survey taken after the
model was originally created, data obtained by a borehole drilled after the model
was originally created).

DETAILED DESCRIPTION
[0018] The following discussion is directed to various embodiments of the
invention. Although one or more of these embodiments may be preferred, the
embodiments disclosed should not be interpreted, or otherwise used, as limiting
the scope of the disclosure, including the claims. In addition, one skilled in the art
will understand that the following description has broad application, and the

discussion of any embodiment is meant only to be exemplary of that embodiment,
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and not intended to intimate that the scope of the disclosure, including the claims,
is limited to that embodiment.

[0019] The various embodiments are directed to systems and related methods of
creating a model of an earth formation. More particularly, the various
embodiments are directed to creating a model of an earth formation based on
estimated successions of geological layers (i.e., an estimated series of abutting
geological layers), the estimated successions of geological layers based on
actual data from one or more actual boreholes. Each estimated succession is
then compared to a succession of geological layers as determined by a seismic
survey, and an estimated succession that most closely matches a measured
succession may be taken as representative of the earth formation at the
respective location. The discussion is broken into three sections. First, the
discussion orients the reader to the subject matter and terminology. Second, a
non-mathematical description of various embodiments is provided. Finally, a
more mathematical treatment is provided.

[0020] Figure 1 shows a cross-sectional perspective view of a portion of the
surface of the earth as well as an underlying formation. In particular, Figure 1
shows a portion of the surface 100 of the earth and an underlying hydrocarbon
bearing formation 102 (hereafter just “formation 102”). The formation 102 resides
at some distance D below the surface, and the overburden between the
surface 100 and the top 104 of the formation 102 is not shown in Figure 1. The
precise shape of the formation 102, while illustrated as approximately rectangular,
will in actuality be determined by a variety of factors such as faulting, depositional
environment, differential compaction, location of an impervious rock layer above
the formation 102, and angle of the impervious rock layer with respect to the
surface.

[0021] The general shape of the formation 102 may be established by one or
more seismic surveys. For example, a plurality of geophones (e.g.,
geophones 106 and 108) in one or more cables (e.g., cable 110) may be placed
along the surface 100. A source of energy, such as from an explosive or from
specially designed trucks, creates energy waves that propagate through the
overburden and formation 102, with portions of the energy reflecting at each
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geological boundary. Based on the timing of arrival of reflected energy at the
geophones, and the amplitude of such energy, a low vertical resolution, but high
spatial resolution, “picture” of the formation 102 may be determined. In many
cases, the vertical resolution of a seismic survey may be on the order of
approximately 10 feet. In other words, in the array of information that forms the
“picture” of the formation 102, a single datum may represent about 10 vertical feet
of the formation 102. Thus, while seismic data may cover a broad horizontal
area, the vertical resolution of seismic data is low.

[0022] In addition to the seismic information, one may also have data regarding
the formation 102 from one or more boreholes. For example, boreholes 112,
116, and 118 may be drilled from the surface 100 into the formation 102, either
for exploratory purposes, for hydrocarbon extraction, or both. The illustrative
boreholes are displayed as vertical, but they can have any geometry. The
illustrative boreholes 112, 114, 116, 118, and 120 in Figure 1 include wellheads
122, 128, 124, 126 and 130, respectively. The wellheads signify that the
illustrative boreholes have been completed; however, information regarding the
formation 102 may be accumulated at any stage of creation of the illustrative
boreholes. For example, while drilling, the drill string may comprise logging tools
which measure formation characteristics. Further, during periods of time when
the drill string has been removed during the drilling process, or after the
boreholes have been completed, the formation 102 may be logged by wireline
logging tools lowered into the borehole.

[0023] Data obtained by logging tools run within the boreholes have high vertical
resolution. In some cases, the resolution of data obtained within a borehole may
be on the order one foot resolution, and in some cases six inch resolution. In
other words, a datum taken by a logging tool within a borehole may represent one
foot of the formation 102, and in some cases a datum may represent six inches of
the formation 102. However, while logging tools may provide more accurate
information about the formation proximate to the borehole, the spatial coverage is
relatively low. For example, in some cases the interrogating energy (of whatever
form) may only extend a few feet into the formation surrounding a borehole. Thus,
logging data may be high vertical resolution, but low horizontal resolution.
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[0024] Still referring to Figure 1, the underground formation 102 may define
several features of interest. For example, the top 104 of the formation to the
bottom 132 of the formation (or vice versa) may be referred to as a “sequence”,
with the top 104 and bottom 132 considered the “sequence boundaries”. In other
cases, a sequence may refer to less than a complete formation. Moreover, within
the formation 102 (i.e., between the sequence boundaries), the formation may
define one or more “layers”, such as layers 134 and 136. The layers may be
defined by any suitable property of the rock that makes up the formation, such as
differing facies, rock types, varying rock physical characteristics (e.g., porosity,
permeability), or varying rock mechanical characteristics (e.g., brittleness,
Young’'s modulus).

[0025] A group of layers may be referred to as an “interval”. For example,
layers 134 and 136 considered together may be an interval 138. Further, one or
more of the interfaces between layers may be of particular interest. For example,
the interface 140 (shown in dash-dot-dash line) between layer 136 and 142 may
represent a surface of deposition at the same time that the shoreline is at its
maximum landward position, the time of maximum transgression. Such a surface
could be referred to as “maximum flooding surface”. Other surfaces of interest
can include sequence boundaries and transgression surfaces or any type of
surface that is used in described sequence-stratigraphy geometries. Finally, the
term “succession of geological layers” refers to a pattern of abutting layers. For
example, the succession of geological layers at the borehole 118 within the
formation 102 (considered from the bottom to the top) in the illustration of Figure
1 refers to layers 144, 146, 142, 136, and then 134. In the example situation of
Figure 1, a different succession of geological layers exists at the location of
borehole 116 than at the borehole 118.

[0026] In accordance with at least some embodiments, locations within the
formation (and possibly corresponding locations within the model) are identified
based on the combination of a horizontal location and a depth. Figure 2 shows a
side view of illustrative formation, along with an overhead view of the surface
comprising grid layout. In particular, Figure 2 shows a side elevation view of
formation 102, along with the surface 100 having a gird pattern superimposed
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thereon. The surface 100 shown in an overhead view is aligned horizontally with
the formation 102. Figure 2 also shows the horizontal location of the illustrative
boreholes by way of dashed lines. In particular, Figure 2 shows the horizontal
location of illustrative boreholes 112, 114, 116, 118, and 120. Dashed lines
running through the formation 102 depict the location boreholes as seen from the
viewing position of Figure 2. Each corner and/or intersection of the grid pattern
defines a horizontal location (i.e., an XY location) on the surface 100. For
example, corner 200 defines a first location, and intersection 202 of the grid
pattern defines a second horizontal location. It should be understood that the grid
pattern is a mathematical creation, and shall not be read to require actual grid-
lines created on the surface 100. Each corner and/or intersection may be
referred to in the industry as a common depth point (CDP). For example,
location 200 is a CDP location, and location 202 is a CDP location. Depths are
references by a CDP location and the elevation or depth below the surface (or
some other convenient measure, such as elevation above or below the maximum
flooding surface). Thus, a particular point within the formation 102 may be
explicitly located by the combination of a CDP location and a depth value.

[0027] Some or all of an underground hydrocarbon bearing formation may be
modeled by the use of a geocellular model. Figure 3 shows a perspective view of
an illustrative geocellular model. In particular, Figure 3 shows the surface 100, as
well as a geocellular model 300 of the formation 102. As the name implies, a
geocellular model comprises a plurality of cells (e.g., cell 302, and cell 304) where
all the cells considered together approximate the physical extent of the
formation 102 (or a relevant section). As illustrated in Figure 2, the cells 302
and 304 are rectangular, and all the cells are of approximately equal volume;
however, shape of the cells, and volume represented by each cell, may change
for each particular situation. For example, in portions of the formation known to
have significant hydrocarbon impregnation, the cell volumes may be relatively
small so that hydrocarbon movement may be more accurately modeled or
simulated. Locations in the formation that have very little hydrocarbon
impregnation, or which are a great distance from planned or actual injection wells

and/or extraction wells, may have larger volume as the precise hydrocarbon
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movement through these cells may have less of an impact on the overall
simulation.

[0028] It is to be understood that each cell (e.g., cells 302 and 304) is a
mathematical construct, not a physical construct. The illustration of Figure 3
showing the model 300 under the surface 100 is merely to orient the reader to the
idea of a geocellular model representing or modeling a formation 102. Each cell
“contains” or is made up of information regarding the portion of the formation
represented by the cell. For example, each cell may contain a value indicative of
the porosity of the formation represented by the cell. Each cell may contain an
indication of the permeability of the formation represented by the cell. Each cell
may contain an indication of hydrocarbon saturation of a portion of the formation
represented by the cell. Each cell may contain an indication of the oil-to-gas
saturation of the portion of the formation represented by the cell. The cells may
align with the grid used to define the CDP locations (i.e., the corners of the cells
align with the CDP locations), or the CDP locations may align with the center of
each cell. In other cases, the cells and CDP locations may be misaligned. Using
the model 300 then, response of the formation 102 may be simulated for many
different extraction techniques. For example, the model 300 may be used to
estimate the volume of fluid extracted from borehole 112 in response to pumping
of a secondary recovery fluid into the formation through borehole 116.

[0029] The specification now turns to a non-mathematical description of creating
a model of an earth formation in accordance with at least some embodiments. As
mentioned above, data associated with a seismic survey have high horizontal
resolution, but low vertical resolution. Data associated logging tools used within
boreholes have low horizontal resolution, but high vertical resolution. Thus, at the
locations of boreholes into the formation, high vertical resolution information
about formation is known. At CDP locations that do not correspond to locations
of a borehole, only the low vertical resolution seismic information is known. The
various embodiments are directed to calculating sets of high vertical resolution
data at each CDP location based on actual data from the actual boreholes. From
the sets of high vertical resolution data, one set is selected to represent the
formation at the particular CDP location, and the selection is based on
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comparison of each set of the high resolution data to the data associated with the
seismic survey. An initial step in creating the sets of high resolution data at each
CDP location is the concept of a vertical transition probability.
[0030] In accordance with particular embodiments, creating the sets of high
resolution data at each CDP location initially involves determining what the
inventors herein have termed a “vertical transition probability”. More particularly,
the succession of geological layers at each actual borehole is known, and from
the known succession of geological layers at the actual boreholes probabilities
are calculated, where the probabilities are indicative of the likelihood of finding
abutting geological layers. Consider, for purposes of discussion, the simplified
situation of Figure 4. In particular, Figure 4 illustrates a succession of geological
layers encountered by way of a first borehole 400 and a second borehole 402. In
the case of borehole 400, from the bottom the succession of geological layers is:
geological layer A abutting geological layer B abutting geological layer C. In
borehole 402, again from the bottom, the succession of geological layers is:
geological layer A abutting geological layer B abutting geological layer D. From
the successions of geological layers considering both actual boreholes, a set of
probabilities may be calculated. For the illustrative four geological layers, the set
of probabilities takes the form:

{P(A[B), P(A|C), P(AID), P(BIC), P(BID), P(C|D)} (1)
where P(A|B) is the probability that geological layer A abuts geological layer B,
P(A|C) is the probability that geological layer A abuts geological layer C, P(A|D) is
the probability that geological layer A abuts geological layer D, P(B|C) is the
probability that geological layer B abuts geological layer C, P(B|D) is the
probability that geological layer B abuts geological layer D, and P(C|D) is the
probability that geological layer C abuts geological layer D. In this example, and
S0 as not to unduly complicate the discussion, it is assumed that the probabilities
are insensitive to direction abutment, such that P(A|B) is the same as P(B|A), and
thus a separate entry for P(B|A) is not included. Moreover, following the notion of
“vertical transition probability”, if a given facies (or rock type) is repeating over

multiple consecutive layers, that transition is not accounted for in the example.
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[0031] Using the illustrative succession of geological layers of Figure 4 (four total
layers, and two boreholes), the illustrative set of probabilities would be:

{P(A|B)=1, P(A|C)=0, P(A|D)=0, P(B|C)=0.5, P(B|D)=0.5, P(C|D)=0} (2)
For example, geological layer A abuts geological layer B in both borehole 400
and borehole 402. In this example at a CDP location in proximity to illustrative
boreholes 400 and 402, if geological layer A is present, the probability of
geological layer A abutting geological layer B is 1.0. In the illustrative situation of
Figure 4, geological layer B abuts geological layer C in borehole 400, but
geological layer B abuts geological layer D in borehole 402, and thus in this
example at a CDP location in proximity to illustrative boreholes 400 and 402, if
geological layer B is present, the probability of geological layer B abutting
geological layer C is 0.5, and the probability of geological layer B abutting
geological layer D is also 0.5. Before proceeding, it should be understood that
the situation of Figure 4 is simplified to convey the concepts of vertical transition
probability. In practice, more than three geological layers may be present, and
more than two actual boreholes may be used, and thus the set of vertical
transition probabilities may be of significant size. Moreover, the illustrative
probabilities above do not consider directional sensitivity, and in practice
directional sensitivity as to the probability of geological layers abutting may be
taken into account (i.e., a different probability for P(A|B) then P(B|A)).
[0032] In some cases, the vertical transition probabilities are calculated using the
actual succession of geological layers from all the actual boreholes into the
formation, and the set of probabilities are thus used for each CDP location. In
other cases, the set of probabilities may be calculated using a smaller subset of
the data from actual boreholes, for example only actual boreholes within a
predetermined distance of the CDP location. In yet still other cases, the set of
probabilities may be adjusted based on the horizontal distance of the CDP
location from the actual boreholes. For example, for a CDP location very close to
illustrative borehole 400, the set of probabilities may be more heavily weighted
based on the succession of geological layers in the borehole closest to the CDP

location. Determining the set of probabilities weighted for proximity of the CDP
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location to the actual boreholes may take any suitable form, such as an
interpolation technique (e.g., Kriging).

[0033] Once a set of probabilities are determined for a CDP location, a plurality of
succession of geological layers are estimated (i.e., “estimated successions”),
where the estimated successions are calculated using the set of probabilities.
More particularly, from a point at which the geological layer is known (e.g., the
top, bottom, or the maximum flooding surface), a succession of geological layers
is estimated. Consider, as an example, a CDP location in proximity to the
illustrative boreholes 400 and 402, and further consider the starting point for the
succession is layer A. Using the probabilities from equation (2) above, the
following plurality of successions may be estimated: {A, B, C}, and {A, B, D}.
[0034] After estimating the plurality of successions, a thickness of each geological
layer in each estimated succession may be determined. Estimating the thickness
of each geological layer within each estimated succession may take any suitable
form. In a particular embodiment, the actual thickness of each geological layer in
each actual borehole (or each actual borehole used to create the set of
probabilities) is determined. For example, the thicknesses of geological layers A,
B, and C in illustrative borehole 400 are determined, and the thicknesses of
geological layers A, B, and D in illustrative borehole 402 are determined. Using
the thicknesses determined, statistical sampling (e.g., Monte Carlo analysis) may
be used to estimate the thickness of each geological layer at the CDP location. In
other embodiments, any suitable interpolation technique may be used to estimate
the thickness of each geological layer at the CDP location.

[0035] In addition to the estimating thickness of each geological layer at the CDP
location, an estimate of the porosity of each geological layer at the CDP location
may be determined. Estimating the porosity of each geological layer within each
estimated succession may take any suitable form. In a particular embodiment,
the actual porosities of each geological layer in each actual borehole (or each
actual borehole used to create the set of probabilities) are determined. For
example, the porosities of geological layers A, B, and C in illustrative borehole
400 are determined, and the porosities of geological layers A, B, and D in
illustrative borehole 402 are determined. Using the porosities determined,
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statistical sampling (e.g., Monte Carlo) may be used to estimate the porosity of
each geological layer at the CDP location. In other embodiments, any suitable
interpolation technique may be used to estimate the porosity of each geological
layer at the CDP location. In a particular embodiment the statistical sampling
(e.g., Monte Carlo) may simultaneously estimate thickness and porosity.

[0036] Further, an estimate of the density and speed of sound (i.e., sonic velocity)
of each geological layer may be determined. Estimating the density and sonic
velocity of each geological layer within each estimated succession may take any
suitable form. In a particular embodiment, the actual density and actual sonic
velocity of each geological layer in each actual borehole (or each actual borehole
used to create the set of probabilities) are determined. Using the actual density
and sonic velocity, any suitable interpolation technique may be used to estimate
the density and sonic velocity of each geological layer at the CDP location.

[0037] Having now estimated thickness, porosity, density and sonic velocity of
each layer of the estimated succession at the particular CDP location, an acoustic
impedance trace may be calculated for each estimated succession. That is, the
acoustic impedance of each layer of each estimated succession is calculated,
resulting in an acoustic impedance trace for each estimated succession. In the
example discussed above having illustrative boreholes 400 and 402, and four
geological layers, two acoustic impedance traces are calculated. Before
proceeding, it should be understood that the acoustic impedance traces
calculated for each estimated sequence are high resolution data. That is, the
acoustic impedance traces will have the same or substantially the same vertical
resolution as data from the actual boreholes.

[0038] The next step in the illustrative process is selecting from the estimated
successions a succession of geological layers which is most likely to accurately
represent the formation at the at the particular CDP location. In a particular
embodiment, selecting from the estimated successions involves determining, for
each estimated succession, a value indicative of how closely the estimated
succession matches a measured succession, the measured succession such as
a low vertical resolution succession of geological layers as determined by a

seismic survey.
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[0039] However, a measured succession based on a seismic survey has low
vertical resolution; whereas, the each estimated succession has high vertical
resolution. Thus, in order to make the comparison, the data within each
estimated succession may be smoothed or averaged and calibrated such that the
resolution of the data substantially matches the resolution of the measured
succession. Based on the comparison, each estimated succession will have its
respective value indicative of how closely the estimated succession matches the
measured succession, and the estimated succession that most closely matches
the measured succession may be selected. It is noted that, after the
comparisons, the averaging used to make the resolutions similar is discarded,
and what remains is the high resolution version of the selected succession.
Modeled values at the CDP location are thus based on the high resolution data
from the selected succession.

[0040] This discussion to this point has been with respect to a single CDP
location. However, the process may be repeated at each CDP location (or each
CDP location of interest less than all CDP locations) such that a selected
succession exists for each CDP location of interest. From the selected
successions, the model may be created using the high resolution data. The
discussion now turns to a more mathematical description of the various
embodiments. The discussion that follows is somewhat repetitive in view of the
non-mathematical description above, but also presents further information not
discussed in the non-mathematical description.

[0041] Figure 5 shows a high level flow diagram of method in accordance with at
least some embodiments. In particular, the method starts (block 500) and
proceeds to computing variogram and co-variance for a prior model (block 502).
As will be discussed more thoroughly with respect to Figure 6, the steps
represented by block 502 are a precursor to calculating the vertical transition
probabilities. Next, the illustrative method comprises generating vertical transition
probability distributions (block 504). As will be discussed more thoroughly with
respect to Figure 7, the steps represented by block 504 create the vertical
transition probabilities (i.e., histograms for probability distribution functions) that
define the probability of finding abutting geological layers (i.e., the probability of
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finding abutting facies). Next, the illustrative method comprises generating
updates of rock properties (block 506). As will be discussed with respect to
Figure 8, the steps represented by block 506 compare the high resolution data
created for each CDP location to the measured data, and select sets of data to be
used for creation of the model. Next, the illustrative method comprises updating
reservoir properties (block 508). As will be discussed with respect to Figure 9,
the steps represented by block 508 create the model using the selected data.
Thereafter, the method ends (block 510).

[0042] Figure 6 shows a more detailed flow diagram of illustrative steps involved
in computation of the variogram and co-variance (block 502). The flow diagram
of Figure 6 is with respect to a single CDP location. The illustrative steps of
Figure 6 will be repeated for each CDP location of interest, and in some cases all
CDP locations. The illustrative method starts (block 600) and proceeds to reading
and/or interpreting data from actual boreholes (block 602). In a particular
embodiment, the data of interest are those directly or indirectly indicative of
porosity, density, and sonic velocity (for calculation of the acoustic impedance
trace). In some cases, the porosity, density, and sonic velocity are directly
measured within the actual boreholes, and thus may be directly read within data
associated with the actual boreholes. In other cases porosity, density, and sonic
velocity may need to be calculated from the data actually measured within the
boreholes.

[0043] The illustrative method then proceeds to computation (and storage) of the
variograms and co-variances of the data from the actual boreholes to the prior
geological model, in reference to the CDP location (block 604). A variogram is a
function that describes the spatial dependence of variables. Co-variance is a
measure of how two variables change together along a particular direction. In the
particular case, each co-variance characterizes the spatial continuity and
directionality between data from an actual borehole and the seismic property in
the prior geological model. One having ordinary skill knows how to determine a
variogram and co-variance, and now understanding application to the particular
situation could calculate such functions. In a particular embodiment, the reading
and/or interpreting of data from the actual boreholes (block 602) and the
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calculating of the variogram and co-variance (block 604) is with respect to a
particular interval, where there may be multiple intervals with a sequence. While
the illustrative interval 138 of Figure 1 is approximately horizontal, in many
situations an interval may have significant dip (i.e., change in depth with changing
horizontal location). Thus, in a particular embodiment the variogram and co-
variance are calculated taking into account the physical relationship of the
interval. Thus, a determination is made if further intervals are present with the
sequence (block 606). If so, the reading and computational steps are repeated
for the further intervals.

[0044] Although the discussion with respect to Figure 1 shows only a single
sequence, it is possible that a formation of interest may be logically broken into
multiple sequences. Thus, if there are further sequences (block 608), the reading
and computational steps are repeated for the further sequences, which further
sequences may comprise multiple intervals. Thereafter, the illustrative method
ends (block 610). Although the discussion with respect to Figure 6 is with respect
to a single CDP location, the various steps are repeated for some or all the CDP
locations.

[0045] The next step in the illustrative process is the generation of the vertical
transition probability distributions (block 504). Figure 7 shows a more detailed
flow diagram of the illustrative steps involved in generation of the vertical
transition probabilities distributions in accordance with at least some
embodiments. In particular, the method starts (block 700) and proceeds to
reading the number of layers in the interval (block 702). Thereafter, method
comprises reading and/or interpreting actual data from boreholes (block 704) for
the interval, and layer within the interval, under consideration.

[0046] Next, histograms for some or all the data from the actual boreholes are
accumulated (block 706). The histograms associated with block 706 may take
many forms, depending on the type of data available for each actual borehole. In
order to later calculate the acoustic impedance traces, what are ultimately desired
are thickness, density, and sonic velocity of each layer. With respect to density,
depending on the type of logging tools run through the actual borehole, density
may be directly available (e.g., density read by a gamma tool), or may be
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calculable from other readings (such as based on porosity readings from a
neutron tool). With respect to sonic velocity, depending on the type of logging
tools run through the actual borehole, sonic velocity may be directly available
(e.g., sonic velocity as read by a sonic tool), or may be calculable from other
readings. Moreover, the term “histogram” in this context shall mean a
representation of the distribution of the data, but shall not be read to require a
visual representation. That is, data from which a visual representation of a
histogram may be calculated shall still be considered a histogram for purposes of
this specification and claims.
[0047] The next step in the illustrative method is building of probability
distributions (block 708). The probability distributions in block 708 may be not
only vertical transition probability, but may include any other data of interest, such
as probability distributions for porosity, thickness, and density. As discussed in
the non-mathematical section above, the vertical transition probability is a
probability of finding abutting geological layers. The various data from the actual
boreholes discussed with respect to blocks 704 and 706 are not needed in
building of the vertical transition probability, except insofar as to identify to the
particular layers. Thus, in some embodiments building the vertical transition
probability distribution of block 708 may be accomplished before the previously
recited steps so long as the layers are identified in some form. In some
embodiments, the vertical transition probability may be expressed as:

P =p'A1I=-1),(I-2),(1=3)..)= p"((DIU-1) (3)
Where pis the vertical transition probability, / is an index over the actual borehole
location (e.g., p is the probability distribution for actual borehole 1), /is the layer
index. In words then, a probability p’ is calculated for each actual borehole i
across each layer. Thus, equation (3) takes the form of Markov chain, where the
transition matrix defines conditional probability of variable at layer /, given the
variable at layer /-7. In other case, the vertical transition probabilities could be
generated in the form of Embedded Markov Chains (EMC). Markov chains are
sensitive to the selection of the sampling interval, which is proportional to the
thickness of each layer. The difference between Markov chains and EMC in the

context of the current embodiments is most noticeable in the cases of changes of
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state (e.g., a layer that is not present in an actual borehole) versus continuous
change of layers, where, for example, the correlation between consecutive layers
(of fairly constant thickness) is assumed. In cases of very thick layers (such as
thick shale layers) that alter the continuous approach to creating the vertical
transition probabilities, EMCs may be implemented.

[0048] The next step in the illustrative method is to generate acoustic impedance
traces (block 710). Acoustic impedance is the product of sonic velocity and
density, and mathematically is represented as:

Al=vyxp (4)
where Al is acoustic impedance, v, is sonic velocity, and p is density. Thus, the
acoustic impedance is calculated using data obtained in blocks 702 and 704.
One having ordinary skill understands how to calculate acoustic impedance given
density and sonic velocity, and so as not to unduly complicate the discussion
further details are omitted. Moreover, the acoustic impedance is calculated for
each individual layer.

[0049] The next illustrative step is (optionally) converting the data created into a
“normal score” form (block 712). Normal score form is a mathematical term of art
that means the data has a mean of zero and a standard deviation of one. The
conversion to normal score form is a precursor to distributing the data calculated
to each CDP location by way of geostatistical simulations. That is, the data
calculated in the illustrative method of Figure 7 is with respect to well locations,
not CDP locations. If the data is to “spread out” to each CDP location by way of a
simulation technique, the normal score form of the data is needed. On the other
hand, the data may be “spread out” to the CDP locations by other techniques,
such as interpolation techniques (e.g., Kriging), in which case the normal score
form is not necessarily needed.

[0050] As alluded to in the paragraph above, from the data calculated with
respect to each actual borehole location, the next step in the illustrative method is
determining values at each CDP location (block 714) based data calculated with
respect to the actual borehole locations. Although versions of all the data may be
determined for each CDP location, in accordance with particular embodiments at
least the acoustic impedance of the layers are determined for each CDP location.
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Determining the values at each CDP may be accomplished by simulation
techniques, or by interpolation techniques (e.g., Kriging).

[0051] By definition, a sequence comprises multiple intervals, and thus if there
are further intervals (block 716), in the sequence, the various illustrative steps are
repeated for the further intervals. Moreover, there may be multiple sequences to
be considered (block 718), and the reading and computational steps are repeated
for the further sequences, which further sequences may comprise multiple
intervals and multiple layers in each interval. Thereafter, the illustrative method
ends (block 720).

[0052] The next step in the illustrative process is the generation of updates of
rock properties (block 506). Figure 8 shows a more detailed flow diagram of the
illustrative steps involved in generation of updates of the rock properties in
accordance with at least some embodiments. In particular, the method starts
(block 800) and proceeds to a comparison of the seismic-based acoustic
impedance trace with reference to a nearby actual acoustic impedance
(block 802), as a quality control step. That is, as between a seismic-based
acoustic impedance trace (Als) for a particular layer / at the particular CDP
location and a nearby actual borehole location (keeping in mind that an actual
borehole will rarely directly fall on a CDP location), a determination is made as
how to closely the seismic-based acoustic impedance trace matches. For
example, a misfit calculation may take the form:

AAL = AL, — Al (5)

where AAl is the misfit, Al is the closest actual borehole data, j is the particular
CDP location, and /is the layer. Corrections may be made to the seismic-based
data if the AA/ exceeds a predetermined threshold. If there is high confidence that
the seismic based acoustic impedance information matches the acoustic
impedance information from the actual boreholes, then illustrative block 802 may
be omitted.

[0053] Next, the illustrative method proceeds to calculation of a covariance matrix
Cp, which covariance matrix quantifies the linear correlation between the
acoustic impedance at an actual borehole to the seismic-based acoustic

impedance. In some embodiments, the covariance matrix may be calculated as:
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N cDP

DAL —m, ) Al —m,,; )

C. (AILAI )= 6
b S) N1 (6)

where Nc¢ppis the number of CDP locations, mg, is the mean value of the acoustic
impedance at the actual borehole, and my;s is the mean value of the seismic-
based acoustic impedance at the particular CDP location.

[0054] With misfit and covariance matrix, the next step in the illustrative method is
calculation of the Bayesian posterior term (block 806). In a particular
embodiment, the Bayesian posterior term may be calculated by first calculating
the normalized Bayesian likelihood term:

1
exp
(27[)NCDP/2 |CD |1/2
_ 1
(27[)NCDP/2 |CD |1/2

Pap (dlm) = {-%((ﬂl—g(m))TCD_1 d —g(m))} =

(7)

exp{—%(AAI)TCD_I (AAI)}

where pgm is the normalized Bayesian likelihood term, d is a vector of acoustic
impedance values calculated from the actual borehole data, g(m) is a vector of
seismic-based acoustic impedance values, and T is the mathematical symbol for

the matrix transpose operation. Next, the Bayesian prior term may be calculated:

1 1 ONT g~ 1y 0
p,(m)= e IC, exp{—a(m—m )y C,, (m-m )} (8)

where pp, is the Bayesian prior term, and N corresponds to Nx * Ny * Nz, and Cy
is the model covariance. The definition of the Bayesian posterior term follows the

notation:

_ DPyn(dIm)*p_(m)
Pgmld) = o @ (9)

where pmq is the Bayesian posterior term, and p4(d) is the probability associated

with the data. The p«d) term is independent of the model parameters, and is
usually treated as a constant.

[0055] Once the Bayesian posterior term is calculated, a random sample is drawn
from the vertical transition probability distribution (block 808) previously
determined. In other words, working through the vertical transition probabilities,

an estimated succession of layers is created. Next, an update is generated based
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on the seismic-based acoustic impedance data (block 810). Mathematically the
updated may be expressed as:

g =g;+0¢ (10)
Where g* is the update, g; is the vector of acoustic impedance value calculated
from the actual borehole data for the particular CDP location |, 8 is the step-size
of Markov chain Monte Carlo process, and ¢ is the random sample from block
808.
[0056] Next, the illustrative method comprises upscaling the data (block 812). As
discussed above, the seismic-based acoustic impedance traces have low vertical
resolution, while the acoustic impedance traces calculated using the actual
borehole data have high vertical resolution. Thus, prior to making a comparison
to see how well the two acoustic impedance traces maitch, the data is upscaled
(e.g., averaged) such that the data resolution is substantially the same.
Thereafter, a comparison is made as between the acoustic impedance traces
(block 814). In some cases, the comparison is by way of a Metropolis-Hastings
sampling of the update calculated with respect to equation 10. The sampling

criteria may be given by:

9(g’ Igf)f(gf)} 1)
q(g"18")f(g")

where a is the value indicative of how closely the data match, f(g*) represents

ag,g) = min{l

the stationary distribution of the initial condition of Markov chain, while q(g*| d)
represents a conditional probability distribution function for proposing new update
candidates. In other words, a represents the probability for the transition from
Markov chain state jto Markov chain state j+7. Thus the equation (11) means that
g"*' = g with probability a(g”,g;)and g"' =g with probability (1- (g”, g,)) -
Thus, the data saved is the high resolution data, not the upscaled data used in
the illustrative Metropolis-Hastings sampling.

[0057] In the illustrative method of Figure 8, the analysis is performed layer by
layer, and thus a determination is made as to whether there are further layers
(block 818). If all the layers of interest have been analyzed, the illustrative
method ends (block 820). Although the discussion with respect to Figure 8 is with
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respect to a single CDP location, the various steps are repeated for some or all
the CDP locations.

[0058] The next step in the illustrative process is the update of reservoir
properties (block 508) in the model. Figure 9 shows a more detailed flow diagram
of the illustrative steps involved in the update of the reservoir properties in the
model, in accordance with at least some embodiments. In particular, the method
starts (block 900), and for a particular CDP location, proceeds to reading an
updated acoustic impedance value (block 902) for the particular layer. That is,
the acoustic impedance value (and other values, such as density and thickness)
for the particular layer at the particular CDP location (as may be saved in
block 816) is read. From the data read, one or more properties are sampled
(block 904). In other words, the property of interest is extracted.

[0059] In the illustrative method of Figure 9, the updating is performed layer by
layer, and thus a determination is made as to whether there are further layers
(block 906). If all the layers of interest have been analyzed, the illustrative
method proceeds to an optional quality control calculation (block 908). For
example, in a particular embodiment the variograms and co-variances are
recalculated using the new data. If significant differences exist between the
variograms and co-variances previously calculation (block 502), then such is an
indication that errors may have occurred in the processing.

[0060] Finally, the sampled properties are applied to the model (block 910), and
the method ends (block 912). Although the discussion with respect to Figure 9 is
with respect to a single CDP location, the various steps are repeated for some or
all the CDP locations. With respect to applying the sampled properties, in some
cases the CDPs align with cells of the geocellular model. In such a case, the
sampled properties are simply applied to the cells. In other cases, however, the
cells of the geocellular model may not align with the CDPs (e.g., CDP locations
have larger horizontal spacing). Application of the sampled properties to the
model may thus utilize a interpolation technique (such as Kriging).

[0061] The various embodiments discussed to this point have assumed that
acoustic impedance is used in the comparison between the seismic-based and
borehole-based data; however, other properties may be equivalently used. For
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example, rigidity, bulk modulus (i.e., incompressibility), Lame’s constant may all
be used, singly, in combination as the property calculated and compared between
the data types.

[0062] Figure 10 illustrates a computer system 1000 in accordance with at least
some embodiments, and upon which at least some of the various methods may
be implemented by way of software. In particular, computer system 1000
comprises a main processor 1010 coupled to a main memory array 1012, and
various other peripheral computer system components, through integrated host
bridge 1014. The main processor 1010 may be a single processor core device,
or a processor implementing multiple processor cores. Furthermore, computer
system 1000 may implement multiple main processors 1010. The main
processor 1010 couples to the host bridge 1014 by way of a host bus 1016 or the
host bridge 1014 may be integrated into the main processor 1010. Thus, the
computer system 1000 may implement other bus configurations or bus-bridges in
addition to, or in place of, those shown in Figure 10.

[0063] The main memory 1012 couples to the host bridge 1014 through a
memory bus 1018. Thus, the host bridge 1014 comprises a memory control unit
that controls transactions to the main memory 1012 by asserting control signals
for memory accesses. In other embodiments, the main processor 1010 directly
implements a memory control unit, and the main memory 1012 may couple
directly to the main processor 1010. The main memory 1012 functions as the
working memory for the main processor 1010 and comprises a memory device or
array of memory devices in which programs, instructions and data are stored.
The main memory 1012 may comprise any suitable type of memory such as
dynamic random access memory (DRAM) or any of the various types of DRAM
devices such as synchronous DRAM (SDRAM), extended data output DRAM
(EDODRAM), or Rambus DRAM (RDRAM). The main memory 1012 is an
example of a non-transitory computer-readable medium storing programs and
instructions, and other examples are disk drives and flash memory devices.

[0064] The illustrative computer system 1000 also comprises a second
bridge 1028 that bridges the primary expansion bus 1026 to various secondary
expansion buses, such as a low pin count (LPC) bus 1030 and peripheral
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components interconnect (PCIl) bus 1032. Various other secondary expansion
buses may be supported by the bridge device 1028. In accordance with some
embodiments, the bridge device 1028 comprises an Input/Output Controller Hub
(ICH) manufactured by Intel Corporation, and thus the primary expansion
bus 1026 comprises a Hub-link bus, which is a proprietary bus of the Intel
Corporation. However, computer system 1000 is not limited to any particular chip
set manufacturer, and thus bridge devices and expansion bus protocols from
other manufacturers may be equivalently used.

[0065] Firmware hub 1036 couples to the bridge device 1028 by way of the LPC
bus 1030. The firmware hub 1036 comprises read-only memory (ROM) which
contains software programs executable by the main processor 1010. The
software programs comprise programs executed during and just after power on
self tests (POST) procedures as well as memory reference code. The POST
procedures and memory reference code perform various functions within the
computer system before control of the computer system is turned over to the
operating system.

[0066] The computer system 1000 further comprises a network interface card
(NIC) 1038 illustratively coupled to the PCI bus 1032. The NIC 1038 acts as to
couple the computer system 1000 to a communication network, such the Internet.
[0067] Still referring to Figure 10, computer system 1000 may further comprise a
super input/output (I/O) controller 1040 coupled to the bridge 1028 by way of the
LPC bus 1030. The Super I/O controller 1040 controls many computer system
functions, for example interfacing with various input and output devices such as a
keyboard 1042, a pointing device 1044 (e.g., mouse), game controller 1046,
various serial ports, floppy drives and disk drives. The super 1/O controller 1040
is often referred to as “super” because of the many 1/O functions it performs.
[0068] The computer system 1000 further comprises a graphics processing unit
(GPU) 1150 coupled to the host bridge 1014 by way of bus 1052, such as a PCI
Express (PCI-E) bus or Advanced Graphics Processing (AGP) bus. Other bus
systems, including after-developed bus systems, may be equivalently used.
Moreover, the graphics processing unit 1050 may alternatively couple to the
primary expansion bus 1026, or one of the secondary expansion buses (e.g., PCI
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bus 1032). The graphics processing unit 1050 couples to a display system 1054
which may comprise any suitable electronic display device or multiple distinct
display devices, upon which any image or text can be displayed. The graphics
processing unit 1050 comprises an onboard processor 1056, as well as onboard
memory 1058. The processor 1056 may thus perform graphics processing, as
commanded by the main processor 1010. Moreover, the memory 1058 may be
significant, on the order of several hundred gigabytes or more. Thus, once
commanded by the main processor 1010, the graphics processing unit 1050 may
perform significant calculations regarding graphics to be displayed on the display
system, and ultimately display such graphics, without further input or assistance
of the main processor 1010.

[0069] From the description provided herein, those skilled in the art are readily
able to combine software created as described with appropriate general-purpose
or special-purpose computer hardware to create a computer system and/or
computer sub-components in accordance with the various embodiments, to
create a computer system and/or computer sub-components for carrying out the
methods of the various embodiments, and/or to create a non-transitory computer-
readable storage medium (i.e., other than an signal traveling along a conductor or
carrier wave) for storing a software program to implement the method aspects of
the various embodiments.

[0070] The above discussion is meant to be illustrative of the principles and
various embodiments of the present invention. Numerous variations and
modifications will become apparent to those skilled in the art once the above
disclosure is fully appreciated. It is intended that the following claims be
interpreted to embrace all such variations and modifications.
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CLAIMS
What is claimed is:
1. A method comprising:
creating a model of an underground formation, the model defines a
plurality of modeled values for each of a plurality of horizontal
locations, the creating comprising:
calculating a set of probabilities associated with a first
horizontal location, each probability indicative of a
likelihood of finding abutting geological layers
associated with the first horizontal location;
estimating a plurality of successions of geological layers to
create a plurality of estimated successions, the
estimated successions associated with the first
horizontal location, and the estimating using the set of
probabilities;
determining, for each of the estimated succession, a value
indicative of how closely each estimated succession
matches a measured succession, the measured
succession determined by a seismic survey; and
selecting from the plurality of estimated successions based
on the values, the selecting creates a selected
succession of geological layers, and the plurality of
modeled values associated with the first horizontal
location determined based on the selected
succession of geological layers.

2. The method as in claim 1 wherein calculating the set of probabilities further
comprises:
determining a first actual succession of geological layers penetrated by a
first actual borehole;
determining a second actual succession of geological layers penetrated by
a second actual borehole; and
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calculating the set of probabilities based on the first and second actual

successions of geological layers.

3. The method of claim 2 wherein calculating the set of probabilities further
comprises adjusting the set of probabilities based on distance of the first
horizontal location from the first and second actual boreholes.

4. The method of claim 1 further comprising:

estimating a thickness of each geological layer of each estimated
succession;

estimating a porosity of each geological layer of each estimated
succession;

calculating a plurality of acoustic impedance traces, one each for each
estimated succession;

wherein determining further comprises determining, for each of the
estimated successions, the value based on the acoustic impedance
trace for the respective estimated succession and an acoustic
impedance trace associated with the measured succession.

5. The method of claim 4 wherein calculating the plurality of acoustic
impedance traces further comprises calculating such that each acoustic
impedance trace has at least one acoustic impedance datum for every twelve

inches of depth.

6. The method of claim 5 wherein calculating the plurality of acoustic
impedance traces further comprises calculating such that each acoustic
impedance trace has at least one acoustic impedance datum for six inches of
depth.

7. The method of claim 4 further comprising averaging data within each
acoustic impedance trace such that each acoustic impedance trace has no more
than one acoustic impedance datum for each foot of depth.
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8. The method of claim 7 wherein averaging further comprises averaging
such that each acoustic impedance trace has a data resolution substantially the

same as the acoustic impedance trace associated with the measured succession.

9. The method of claim 4 wherein estimating thickness of each geological
layer of each estimated sequence further comprises:
determining actual thickness of each geological layer penetrated by a first
actual borehole;
determining actual thickness of each geological layer penetrated by a
second actual borehole;
performing statistical sampling to estimate thickness of each geological
layer of each estimated succession, the statistical sampling based
on the actual thicknesses from the actual borehole.

10. The method of claim 1 further comprising repeating the calculating,
estimating, determining and selecting for each location of the plurality of

horizontal locations.

11. A computer system comprising:
a processor;
a memory coupled to the processor;
wherein the memory stores a program that, when executed by the
processor, causes the processor to:
calculate a set of probabilities associated with a first
horizontal location relative to an underground earth
formation, each probability indicative of a likelihood of
finding adjacent geological layers associated with the
first horizontal location;
estimate a plurality of successions of geological layers to
create a plurality of estimated successions, the
estimated successions associated with the first



WO 2012/102716 PCT/US2011/022659

27

horizontal location, and the estimate using the set of
probabilities;

determine, for each of the estimated successions, a value
indicative of how closely each estimated succession
matches a measured succession, the measured
succession determined by a seismic survey; and

select from the plurality of estimated successions based on
the wvalues, the selection creates a selected
succession of geological layers, and the plurality of
modeled values associated with the first horizontal
location determined based on the selected

succession of geological layers.

12.  The computer system of claim 11 wherein when the processor calculates
the set of probabilities, the program further causes the processor to:
determine a first actual succession of geological layers penetrated by a
first actual borehole;
determine a second actual succession of geological layers penetrated by a
second actual borehole; and
calculate the set of probabilities based on the first and second actual

succession of geological layers.

13.  The computer system of claim 12 wherein when the processor calculates
the set of probabilities, the program further causes the processor to adjust the set
of probabilities based on distance of the first horizontal location from the first and
second actual boreholes.

14.  The computer system of claim 11 wherein the program further causes the
processor to:
estimate a thickness of each geological layer of each estimated sequence;

estimate a porosity of each geological layer of each estimated sequence;



WO 2012/102716 PCT/US2011/022659

28

calculate a plurality of acoustic impedance traces, one each for each
estimated sequence;

wherein when the processor determines, the program further causes the
processor to determine, for each of the estimated successions, the
value based on the acoustic impedance trace for the respective
estimated succession and an acoustic impedance trace associated

with the measured succession.

15.  The computer system of claim 14 wherein when the processor calculates,
the program further causes the processor to calculate such that each acoustic
impedance trace has at least one acoustic impedance datum for every twelve
inches of depth.

16.  The computer system of claim 16 wherein when the processor calculates,
the program further causes the processor to calculate such that each acoustic
impedance trace has at least one acoustic impedance datum for six inches of
depth.

17.  The computer system of claim 14 wherein the program further causes the
processor to average data within each acoustic impedance trace such that each
acoustic impedance trace has no more than one acoustic impedance datum for

each foot of depth.

18.  The computer system of claim 17 wherein when the processor averages,
the program further causes the processor to average such that each acoustic
impedance trace has a data resolution substantially the same as the acoustic

impedance trace associated with the measured sequence.

19.  The computer system of claim 14 wherein when the processor estimates
thickness of each geological layer of each estimated succession, the program

further causes the processor to:
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determine actual thickness of each geological layer penetrated by a first
actual borehole;

determine actual thickness of each geological layer penetrated by a
second actual borehole;

perform statistical sampling to estimate thickness of each geological layer
of each estimated succession, the statistical sampling based on the

actual thicknesses from the actual borehole.

20. A non-transitory computer readable medium storing a program that, when
executed by the processor, causes the processor to:
calculate a set of probabilities associated with a first horizontal location
relative to an underground earth formation, each probability
indicative of a likelihood of finding abutting geological layers
associated with the first horizontal location;
estimate a plurality of successions of geological layers to create a plurality
of estimated successions, the estimated successions associated
with the first horizontal location, and the estimate using the set of
probabilities;
determine, for each of the estimated successions, a value indicative of
how closely each estimated succession matches a measured
succession, the measured sequence determined by a seismic
survey; and
select from the plurality of estimated successions based on the values, the
selection creates a selected succession of geological layers, and
the plurality of modeled values associated with the first horizontal
location determined based on the selected succession of geological

layers.

21.  The non-transitory computer readable of claim 20 wherein when the
processor calculates the set of probabilities, the program further causes the

processor to:
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determine a first actual succession of geological layers penetrated by a
first actual borehole;

determine a second actual succession of geological layers penetrated by a
second actual borehole; and

calculate the set of probabilities based on the first and second actual

succession of geological layers.

22. The non-transitory computer readable of claim 21 wherein when the
processor calculates the set of probabilities, the program further causes the
processor to adjust the set of probabilities based on distance of the first horizontal

location from the first and second actual boreholes.

23.  The non-transitory computer readable of claim 20 wherein the program
further causes the processor to:
estimate a thickness of each geological layer of each estimated sequence;
estimate a porosity of each geological layer of each estimated sequence;
calculate a plurality of acoustic impedance traces, one each for each
estimated succession;
wherein when the processor determines, the program further causes the
processor to determine, for each of the estimated successions, the
value based on the acoustic impedance trace for the respective
estimated succession and an acoustic impedance trace associated

with the measured succession.

24.  The non-transitory computer readable of claim 23 wherein when the
processor calculates, the program further causes the processor to calculate such
that each acoustic impedance trace has at least one acoustic impedance datum

for every twelve inches of depth.

25. The non-transitory computer readable of claim 24 wherein when the

processor calculates, the program further causes the processor to calculate such



WO 2012/102716 PCT/US2011/022659

31

that each acoustic impedance trace has at least one acoustic impedance datum
for six inches of depth.

26. The non-transitory computer readable of claim 23 wherein the program
further causes the processor to average data within each acoustic impedance
trace such that each acoustic impedance trace has no more than one acoustic

impedance datum for each foot of depth.

27 The non-transitory computer readable of claim 26 wherein when the
processor averages, the program further causes the processor to average such
that each acoustic impedance trace has a data resolution substantially the same
as the acoustic impedance trace associated with the measured succession.

28. The non-transitory computer readable of claim 23 wherein when the
processor estimates thickness of each geological layer of each estimated
sequence, the program further causes the processor to:
determine actual thickness of each geological layer penetrated by a first
actual borehole;
determine actual thickness of each geological layer penetrated by a
second actual borehole;
perform statistical sampling to estimate thickness of each geological layer
of each estimated sequence, the statistical sampling based on the

actual thicknesses from the actual borehole.
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